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Abstract

Sphagnum-dominated bogs represent a unique yet widely distributed type of terrestrial

ecosystem and strongly contribute to global biosphere functioning. Sphagnum is colo-

nized by highly diverse microbial communities, but less is known about their func-

tion. We identified a high functional diversity within the Sphagnum microbiome

applying an Illumina-based metagenomic approach followed by de novo assembly and

MG-RAST annotation. An interenvironmental comparison revealed that the Sphagnum
microbiome harbours specific genetic features that distinguish it significantly from mi-

crobiomes of higher plants and peat soils. The differential traits especially support

ecosystem functioning by a symbiotic lifestyle under poikilohydric and ombrotrophic

conditions. To realise a plasticity–stability balance, we found abundant subsystems

responsible to cope with oxidative and drought stresses, to exchange (mobile) genetic

elements, and genes that encode for resistance to detrimental environmental factors,

repair and self-controlling mechanisms. Multiple microbe–microbe and plant–microbe

interactions were also found to play a crucial role as indicated by diverse genes neces-

sary for biofilm formation, interaction via quorum sensing and nutrient exchange. A

high proportion of genes involved in nitrogen cycle and recycling of organic material

supported the role of bacteria for nutrient supply. 16S rDNA analysis indicated a

higher structural diversity than that which had been previously detected using PCR-

dependent techniques. Altogether, the diverse Sphagnum microbiome has the ability to

support the life of the host plant and the entire ecosystem under changing environ-

mental conditions. Beyond this, the moss microbiome presents a promising

bio-resource for environmental biotechnology – with respect to novel enzymes or

stress-protecting bacteria.
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Introduction

Bog ecosystems belong to the oldest vegetation forms on

earth; they have a high value for biodiversity conserva-

tion, are a reservoir for freshwater and play an extraor-

dinary role in carbon sequestration to benefit both

human welfare and our world climate (Succow & Joosten

2001; Raghoebarsing et al. 2005; Dise 2009). However,

these long-existing ecosystems are extremely sensitive to

changing abiotic factors connected with climate change

(Strack 2008; Dise 2009). For example, degraded peat-

lands release their stored carbon in the form of green-

house gases, and drainage of peat soils results in CO2

and N2O global emissions of 2–3 Gt CO2-eq per year (Jo-

osten & Couwenberg 2009). Mosses of the genus Sphag-

num are among the most abundant and cosmopolitan in
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bog vegetation in the Northern hemisphere and greatly

contribute to both global carbon turnover and global cli-

mate (Jassey et al. 2011). The ecological significance of

bogs is directly related to the physical, morphological

and chemical characteristics of Sphagnum peat mosses,

which belong to the poikilohydric plants that undergo

repetitive desiccation and oxidative stress (Daniels &

Eddy 1985). Moreover, Sphagnum mosses are able to

change their environments: living Sphagna have extraor-

dinarily high cation exchange capacity and therefore

acidify their environment by exchanging tissue-bound

protons for basic cations in surrounding water (Soudzi-

lovskaia et al. 2010).

Recently, the plant microbiome was identified as one

of the key determinants of plant health and productiv-

ity (rev. in Berg et al. 2013b; Bulgarelli et al. 2013; Phil-

ippot et al. 2013). Sphagnum mosses are interesting

models to study plant, especially phyllosphere microbi-

omes, and an enormous associated bacterial diversity

was already detected (Opelt et al. 2007a; ¸ Bragina et al.

2012b, 2013), including different methanotrophic com-

munities (Raghoebarsing et al. 2005; Larmola et al. 2010;

Kip et al. 2011; Putkinen et al. 2012). As these phyloge-

netically old plants have no roots, the leaf-associated

bacteria fulfil important functions such as nutrient sup-

ply and pathogen defence for moss growth and health

(Opelt et al. 2007b). Host specificity of moss-associated

microbiomes was detected independent of geographic

region at both structural and functional levels (Bragina

et al. 2012a, 2013). Additionally, the degree of host spec-

ificity varied between distant and closely related moss

species and corresponded to spectra of secondary

metabolites produced by plants (Bragina et al. 2012b).

Moreover, environmental factors such as acidity and

nutrient richness were defined as the main ecological

drivers for microbial diversity, and plant specificity of

functional bacterial groups is determined by their role

within the ecosystem (Bragina et al. 2013). A core

microbiome of Sphagnum mosses not only contained

mostly potential beneficials, but was also shared

between the moss generations and transferred within

the spore capsules that emphasize the importance of

the microbiome for mosses as the oldest phylogenetic

land plants on earth (Bragina et al. 2012a). Although

this high diversity of the Sphagnum microbiome is now

well studied, less is known about its functional diver-

sity. Omics technologies significantly contribute to a

functional understanding of microbial ecosystems

(Gilbert et al. 2011), but very little is known for plants

(Knief et al. 2012; Sessitsch et al. 2012).

The objective of this study was to unravel the func-

tional diversity associated with Sphagnum mosses. We

applied an Illumina-based metagenomic approach, and

through de novo assembly and MG-RAST annotation, we

revealed specific biochemical pathways and adaptive

strategies within the moss metagenome (Meyer et al.

2008). We analysed the Sphagnum microbiome with a

special focus on plasticity, stability and interactions and

performed a comparison with other published metage-

nomes of plants, peat soils, as well as aquatic systems to

discover unique features and potential differences.

Methods

Sampling procedure

For this metagenomic study, we selected peat moss

Sphagnum magellanicum BRID. (section Sphagnum), a typi-

cal and widespread vegetation component of the acidic

peat bogs (Daniels & Eddy 1985) illustrated in Fig. S1

(Supporting information). Gametophyte samples of

S. magellanicumwere collected from the Alpine bog Pirker

Waldhochmoor (N46°37038.66″ E14°2605.66″) in Austria in

December 2011. Four independent replicates consisting of

the living moss plants were collected from the sampling

points situated at a distance of at least 150 m. The col-

lected samples were placed into sterile plastic bags,

cooled (4–8 °C) and transported to the laboratory.

Total community DNA isolation

To isolate the total community DNA of the S. magellani-

cum microbiome, 200 g of each sample was transferred

into Stomacher bags (20 g/bag) and supplied with 0.85%

NaCl solution (50 mL/bag). The diluted samples were

shaken in a Stomacher laboratory blender (BagMixer, In-

terscience, St. Nom, France) for 3 min. To remove the

plant debris, the suspension was subsequently strained

through two sieves (500 and 63 lm) and the resulting

liquid was centrifuged in 50-ml tubes at low speed

(5000 g, 5 min, 4 °C). The supernatant was discarded,

and the pellets were resuspended in 1.5 mL 0.85% NaCl.

After centrifugation at high speed (10 000 g, 20 min,

4 °C), the obtained pellets were stored at �70 °C. The
total community DNA was extracted using the FastDNA

Spin Kit for Soil (BIO 101, Carlsbad, USA) according

to the manufacturer’s protocol and quantified using

spectrophotometer NanoDrop 2000c (Thermo Scientific,

Waltham, MA, USA). Finally, DNA aliquots from all

samples were pooled together in an equimolar ratio and

sent to Eurofins MWG Operon (Ebersberg, Germany,

http://www.eurofinsgenomics.eu/) for Illumina

sequencing.

Sequencing and bioinformatic analysis

The sequencing was performed with an Illumina HiSeq

2000 system (2 9 100 bp). Prior to sequencing, the total
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community DNA was split into two aliquots. The first

aliquot was sequenced untreated, and the second ali-

quot underwent a normalization treatment that allowed

removal of the most dominant sequence patterns for

deeper ecological analysis. The normalization was

achieved through one cycle of denaturation and reasso-

ciation of the DNA, followed by separation of the reas-

sociated dsDNAs from the remaining ssDNAs

(normalized DNA) by passing the mixture over a

hydroxylapatite column. After hydroxylapatite chroma-

tography, the ssDNAs were sequenced according to the

Eurofins MWG Operon protocol. The generated paired-

end reads of the normalized metagenome were de novo

assembled using the CLC GENOMIC WORKBENCH version

4.5.1 (CLC Bio, Aarhus, Denmark) and default settings.

The complete metagenome, which resulted from

untreated DNA sequencing, was used for abundance-

based analyses, while normalized metagenome was

used to study ecologically-relevant functional patterns.

The functional composition of the S. magellanicum

microbiome was analysed using the Metagenomic RAST

(MG-RAST) server (Meyer et al. 2008). For this purpose,

both the complete and the normalized metagenomes

were uploaded to the server and initially processed

with default parameters: filtered for artificial replicate

sequences (Gomez-Alvarez et al. 2009), low quality (Cox

et al. 2010) and short sequences, and sequences contain-

ing ambiguous bases. The annotation was done using

hierarchical classification with default parameters: SEED

subsystems as an annotation source, a maximum

e-value of 10�5, a minimum identity of 60% and a mini-

mum alignment length of 15 measured in aa for protein

and bp for RNA databases. Within the annotated me-

tagenomes, each single subsystem represented a group

of sequences that encode for a specific biological pro-

cess or structural complex as defined by Overbeek et al.

(2005). For the normalized metagenome, sequences from

the single subsystems were aligned against a nonredun-

dant protein sequences (nr) database using BLASTX algo-

rithm to check their affiliation. Distribution of the

functional subsystems within the normalized metage-

nome was visualized using Krona plot (Ondov et al.

2011). Enzymes involved in nitrogen metabolism from

the complete and normalized metagenomes were visu-

alized using KEEG mapper tool of the MG-RAST server

with default parameters.

The interenvironmental comparison of the complete

S. magellanicum metagenome with publicly available me-

tagenomes was performed using the principal coordinate

analysis (PCoA) tool of the MG-RAST server. Relevant

publicly available metagenomes obtained from peat soils,

freshwater habitats, plant tissues and human bodies are

summarized in Table S1 (Supporting information). PCoA

analysis was performed for the metagenomic data sets

that were annotated using hierarchical classification with

default parameters. For each data set, sequence counts

were normalized and scaled according to the algorithm,

which is specified at the MG-RAST server (http://blog.

metagenomics.anl.gov/howto/mg-rast-analysis-tools/).

The distance matrix for PCoA analysis was calculated

using Bray–Curtis as a distance metric (Bray & Curtis

1957). The interenvironmental comparison of the metage-

nomes was expanded by constructing a heatmap of the

complete S. magellanicum, higher plant, and peat soil

metagenomes and their functional subsystems using the

MG-RAST heatmap tool. The selected metagenomes

(Table S2, Supporting information) were grouped using

complete linkage clustering with Bray–Curtis distance.

For these metagenomes, Kolmogorov–Smirnov test (Mas-

sey 1951) was applied on the raw abundances to test

probability distributions of each subsystem (Table S2,

Supporting information). Scale normalization factors

were calculated to scale the raw library sizes prior to sig-

nificance analysis. To make the count data ready for lin-

ear modelling, raw counts were transformed using the

voom function (Law et al. 2014). The probability distribu-

tion of each group was visualized before and after data

transformation using density plots (Fig. S2, Supporting

information). Changes of the subsystems included in the

heatmap between the different groups were assessed by

statistical analysis using the linear modelling approach

implemented by the R Bioconductor package LIMMA (ver-

sion 3.16.8) (Smyth 2004). Significance analysis within

LIMMA was performed by the moderated t-statistic, which

was computed for each probe and each contrast. To

account for multiple comparisons, P-values were

adjusted by the method described by Benjamini & Hoch-

berg (1995). Adjusted P-values of <0.05 were considered

as statistically significant.

The taxonomic structure of the Sphagnum-associated

bacterial community was determined on the basis of

16S rRNA genes derived from total metagenomic qual-

ity reads of the complete metagenome. Prior to taxo-

nomic assignment, reads that comprised exclusively

partial 16S rRNA genes were extracted after alignment

to references of the whole 16S rRNA gene by a homol-

ogy-based approach using BLASTN algorithm. Only reads

which consisted of 16S rRNA gene sequences covering

a length between 80 and 100 bp were retained and

processed using QIIME pipeline with default parameters

(release 1.7.0, Caporaso et al. 2010). In detail, sequence

clustering was performed at 97% similarity using UCLUST

algorithm and a predesigned taxonomy map

(Edgar 2010) implemented in the QIIME workflow

pick_open_reference_otus.py. Taxonomic assignment of

representative sequences was done using RDP na€ıve

Bayesian rRNA classifier (Wang et al. 2007) based on

the reference database Greengenes release 13_5
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(DeSantis et al. 2006). In addition, taxonomic hits distri-

bution was deduced from the complete metagenome for

both the sequences with predicted protein-coding

regions and ribosomal rRNA genes using all reference

databases available at the MG-RAST server.

Fluorescent in situ hybridization and confocal laser
scanning microscopy

Single gametophytes of S. magellanicum were fixed with

4% paraformaldehyde/phosphate-buffered salt (3:1, v/

v) and stained by in-tube FISH (Grube et al. 2009). The

samples were consequently hybridized with rRNA-tar-

geting probes (genXpress, Wiener Neudorf, Austria)

specific for Alphaproteobacteria (ALF968) (Loy et al.

2007) and with a set of universal bacterial probes

(EUB338/EUB338II/EUB338III) (Amann et al. 1990; Da-

ims et al. 1999). Hybridization was carried out at 41 °C
using hybridization buffer with 35% and 15% formam-

ide, respectively. Negative control was hybridized with

nontarget NON-EUB probe (Amann et al. 1990) at the

same stringency conditions applied for the positive

FISH probes. Confocal laser scanning microscopy

(CLSM) was performed with a Leica TCS SPE confocal

microscope (Leica Microsystems, Mannheim, Germany)

as previously described (Bragina et al. 2012a) followed

by volume rendering of confocal stacks and three-

dimensional modelling using the software IMARIS 7.3

(Bitplane, Zurich, Switzerland).

Results

The Sphagnum metagenomic data set

Illumina HiSeq 2x100 paired-end sequencing resulted in

172 590 841 reads (41.8 Gbps in total) and 141 411 216

reads (32.0 Gbps) from the untreated and the normal-

ized metagenomic DNA of Sphagnum moss, respectively

(Table S3, Supporting information). De novo assembly of

the normalized metagenome yielded 1 115 029 scaffold-

ed contigs totalling 558 360 453 bps with an average

length of 501 bps. For both metagenomes, all sequences

passed the quality control (QC) pipeline during

MG�RAST statistical analysis. Of the 172.6 M

sequences, 153.8 M (89.1%) produced a total of 151.7 M

predicted protein-coding regions. The assembled data

set derived from the normalized library contained

1 115 029 contigs, of which 1 075 645 (96.5%) were

translated into 1 430 118 protein fragments that

encoded 1 411 717 predicted protein-coding regions.

Based on their best e-value scores (Fig. S3, Supporting

information), SEED subsystems were selected as an

annotation source for functional analysis of the moss

metagenome (Overbeek et al. 2005). The subsystems

approach allowed us to precisely assign metagenomic

sequences to the groups with known or hypothetical

biological functions with the exception of clustering-

based and miscellaneous categories.

Within the complete metagenome, the most dominant

subsystems represented carbohydrate and protein

metabolism (amino acids and protein metabolism) as the

most important biochemical processes for all forms of

life (Fig. 1). Less dominant subsystems contained me-

tagenomic sequences that encode pathways for biological

monomers (nucleoside and nucleotides), more complex

biochemical compounds (cofactors, vitamins, prosthetic

groups, pigments; aromatic compounds; fatty acids, lip-

ids and isoprenoids) and structural elements such as the

cell wall and capsule. Subsystems corresponding to envi-

ronmental information processing such as membrane

transport, stress responses, virulence, disease and

defence followed. Among the less dominant subsystems,

several subsystems were crucial for processing genetic

information in- and outside the cells (DNA and RNA

metabolism; phages, prophages, transposable elements,

plasmids). Subsystems responsible for single chemical

element cycling (N, S, P, K, Fe) comprised a minor por-

tion of all subsystems with the highest relative abun-

dance for sulphur metabolism. Genetic features that

characterize cellular processes were irregularly distrib-

uted within the annotated metagenome and found in the

less dominant subsystems of cell regulation and signal-

ling, cell division and cycle, in the minor subsystems of

motility and chemotaxis, and dormancy and sporulation.

Taxonomic diversity and spatial structure of the
S. magellanicum microbiome

A total of 7318 reads containing partial 16S rRNA genes

were obtained from metagenomic sequences to charac-

terize the structure of bacterial communities (Fig. 2). At

phylum level, the majority of reads were assigned to

Proteobacteria (65.8%) followed by Acidobacteria (11.4%),

Actinobacteria (5.6%), Bacteroidetes (4.2%) and Verrucomi-

crobia (2.0%). The remaining portion of the classified

reads was distributed among 13 bacterial phyla which

notably contained Planctomycetes. At class level, Alpha-

proteobacteria and Betaproteobacteria were the most

abundant taxa among the phylum Proteobacteria, while

Gammaproteobacteria represented a subdominant

taxon. The classes Acidobacteria, Actinobacteria and

Sphingobacteria dominated the phyla Acidobacteria,

Actinobacteria and Bacteroidetes, respectively.

The taxonomic hits distribution of metagenomic

sequences with predicted protein-coding regions and

ribosomal rRNA genes (Fig. S4, Supporting information)

revealed highly similar dominant patterns to the 16S

rRNA genes data. Within the reads assigned to domain
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Bacteria (61 528 765 sequences), dominant portion was

composed of Proteobacteria (61.9%), Acidobacteria (13.1%),

Actinobacteria (8.3%), Bacteroidetes (4.2%) and Verrucomi-

crobia (3.0%). The minor fraction of functional bacterial

reads was distributed among 16 phyla that were not cov-

ered by partial 16S rRNA genes. Consequently, FISH and

CLSM techniques were used to visualize Alphaproteo-

bacteria – one of the most abundant bacterial patterns in

S. magellanicum gametophytes. In general, Sphagnum

mosses are characterized by unique morphology that dis-

tinguishes them from other bryophytes (Daniels & Eddy

1985). In particular, Sphagnum leaves are composed of a

single-layer cell net of photosynthetic chlorocytes and

dead hyalocytes, which contain large pores. By applying

FISH–CLSM approach, we demonstrated that hyalocytes

of moss leaves serve as a main colonization compartment

for bacteria (Fig. S5, Supporting information). Alphapro-

teobacteria represented up to 31.9% of the detected bacte-

rial cells that coincided with its relative abundance in

metagenomic data sets (30.2%).

Unique plant–microbe biocoenosis assessed using
comparative metagenomics

To study the specificity of the Sphagnum microbiome, the

complete S. magellanicum metagenome was compared

with publicly available metagenomes accessible through

MG-RAST. We selected metagenomes obtained from

peat soils, freshwater habitats and plant tissues most rel-

evant to the moss metagenome and metagenomes

obtained from human bodies as outgroups to all tested

environmental metagenomes (Table S1, Supporting

information). PCoA analysis showed that the Sphagnum

metagenome has a distinct position outside all examined

groups (Fig. 3). On the PCoA plot, the closest group of

metagenomes originated from higher plants, such as rice,

clover, soybean and thale cress. The heatmap and statis-

tical analyses revealed a high specificity for the func-

tional traits that underlie the Sphagnum–microbe

biocoenosis (Fig. S6, Table S4, Supporting information).

Statistical analysis resulted in a significant difference

(P < 0.05) for 106 functional groups that were differen-

tially abundant between the S. magellanicum and higher

plant metagenomes, of which 51 groups were signifi-

cantly enriched in the moss metagenome. In contrast to

the higher plant metagenomes, the Sphagnum metage-

nome contained significantly higher abundances of func-

tional groups that are responsible for siderophore

production and genetic plasticity of the microbiome

(gene transfer agents, GTA). The Sphagnum metagenome

was also enriched in subsystems involving genetic traits

for interactions with other microbes and plant host

Fig. 1 Functional composition of the complete S. magellanicum metagenome. Distribution of 35 702 611 metagenomic sequences anno-

tated using functional subsystems of SEED database with max. e-value cut-off of 10�5, min. identity cut-off of 60% and min. alignment

length of 15 aa (protein annotations) or bp (rRNA annotations). All functional groups are shown at the subsystems level 1.
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including various secretion systems. Comparison of

moss and peat soils metagenomes revealed 37 differen-

tially abundant functional groups, of which 20 groups

were significantly enriched in the moss metagenome.

The moss metagenome significantly differed from the

peat soils metagenomes by higher abundances of func-

tional groups that are responsible for respiration (reverse

electron transport and sodium-ion-coupled energetics)

and motility of bacteria (social motility and nonflagellar

swimming of bacteria). Compared with both the plant

and the peat soils metagenomes, the moss metagenome

was significantly enriched in functional groups of stress

response: desiccation and oxidative stress, and spore

DNA protection. In conclusion, we demonstrated that

the Sphagnum microbiome harbours highly specific

genetic features that distinguish it from microbial com-

munities of higher plants and peat soils.

Functional versatility of the moss metagenome

Functional subsystems were further studied in terms of

plasticity, stability and interaction as main maintenance

strategies of the Sphagnum–microbe biocoenosis

(Table 1). For this purpose, we analysed the normalized

and assembled metagenomic data set that comprised

657 466 sequences assigned to certain functional subsys-

tems of SEED database (Fig. S7, Supporting information).

Regarding plasticity traits, we detected highly abundant

subsystems responsible for genetic exchange: (i) temper-

ate bacteriophages (prophages) and their GTA ana-

logues; (ii) plasmids likely involved in natural

competence; and (iii) type IV pili and conjugative trans-

port systems. Genetic attributes of microbiome stability

were found in subsystems that encode for resistance to

environmental factors, repair and self-controlling mecha-

nisms. For instance, we identified a set of pathways that

contribute to the oxidative stress response and DNA

repair. These subsystems encode enzymatic responses of

the cells and damage elimination caused by the oxidative

stress. Notably, the highest diversity was observed

among subsystems essential for bacterial interaction

within the microbiome. In particular, quorum sensing

was represented by autoinducer-2 (AI-2), acyl homo-

serine lactones (AHLs) and gamma-butyrolactones

a

b

Fig. 2 Taxonomic composition of S. ma-

gellanicum-associated bacterial commu-

nity. 16S rRNA gene sequences were

retrieved from the complete metagenome

and classified using RDP classifier with a

confidence threshold of 80%. Pie charts

represent relative abundance of bacterial

taxa at phylum (a) and class (b) level.

Taxa below 1% of relative abundance are

shown as separate bar charts.
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signalling pathways. Other mechanisms coupled with

biofilm formation were the production of surface adhe-

sins and extracellular polysaccharides, motility, and che-

motaxis. To restrict our search of bacterial interactions

based on the food web, we focused on the nitrogen cycle

as one of the bottlenecks in bog ecosystems. Interestingly,

subsystems of nitrogen acquisition and conservation

strongly prevailed over subsystems of nitrogen release

and efflux from the ecosystem (Fig. S8, Supporting infor-

mation). Moreover, bacterial protein degradation, which

corresponds to organic nitrogen recycling (mineraliza-

tion), was shown among highly abundant subsystems.

Discussion

We revealed a versatile genetic potential by analysing

our metagenomic data set for the Sphagnum moss

microbiome: a model for the first and phylogenetically

oldest land plants. Moreover, we found a unique com-

bination of the functional traits in terms of plasticity,

stability, and microbe–microbe and plant–microbe inter-

actions.

By employing an interenvironmental comparison, we

demonstrated that the examined moss microbiome is

distinct from microbial communities of higher plants

and peat soils by its genetic content. The Sphagnum

microbiome contained significantly higher abundances

of genetic systems encoding for siderophores that are

produced by antagonistic bacteria associated with

Sphagnum mosses (Opelt & Berg 2004; S. Maier, A.

Bragina, G. Berg, unpublished) and bacteria supporting

plant nutrition under low concentrations of bio-avail-

able iron (Jin et al. 2010), which is characteristic for om-

brotrophic peatlands. The moss microbiome differed

from the peat soils microbiomes by increased abun-

dance of several genetic systems responsible for bacte-

rial respiration, which differ along the vertical oxygen

gradient (Tveit et al. 2013), and bacterial motility that

plays an important role for establishing of plant-associ-

ated microbiome (Delmotte et al. 2009). Moreover, the

Sphagnum microbiome was significantly enriched in

stress response systems, especially those coupling with

oxidative stress, which was also shown as an essential

functional trait of rice root endophytes in waterlogged

paddy soils (Sessitsch et al. 2012).

These differences indicate the specific interactions

established between Sphagnum mosses and their microb-

iome. Previous research proposed that the Sphagnum

microbiome intimately cooperated with the host plants

via nutrient supply and defence against pathogens

(Raghoebarsing et al. 2005; Opelt et al. 2007b; Bragina

et al. 2013), but Illumina sequencing of the moss

Fig. 3 Interenvironmental comparison of

the complete S. magellanicum and pub-

licly available metagenomes by principal

coordinate analysis (PCoA). PCoA plot is

based on the Bray–Curtis distance matrix

of metagenomes that were assigned to

functional subsystems of SEED database

and normalized. Single metagenomes are

shown by coloured dots with MG-RAST

identical numbers (IDs) and grouped

according to biome types (coloured ellip-

ses). Eigenvalues (k) correspond to varia-

tion explained by each principal

coordinate, respectively.
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Table 1 Ecologically relevant functional subsystems of S. magellanicum metagenome

Category Function Level 2 subsystems

Sequence,

abundances* Details References

Plasticity Genetic exchange Phages, prophages† 15 076 Temperate bacteriophages

(prophages) responsible

for horizontal gene transfer

Canchaya

et al. (2003)

Protein and nucleoprotein

secretion system, type IV†
12 187 Plasmids carrying type IV

secretion system genes,

type IV pili and conjugative

transport systems

‒

Genetic transfer

agents (GTA)†
2047 Phage-like elements in Bacteria Lang et al.

(2012)

Stability Stress tolerance Oxidative stress† 15 355 Glutathione-, mycothiol-,

rubrerythrin-mediated

reactions, etc.

‒

Cold shock 1207

Repair DNA repair 7967 Base excision and mismatch

repair, nonhomologous end

joining, homologous

recombination and

SOS-response systems

‒

Resistance Resistance to antibiotics

and toxic compounds

18 512 Cobalt–zinc–cadmium

resistance, multidrug resistance

efflux pumps

‒

CRISPRs 652 Clustered regularly interspace

short palindromic repeats

(CRISPRs) – resistance to

exogenous genetic

elements

Horvath &

Barrangou

(2010)

Self-control Programmed cell death

and toxin–antitoxin
systems

5045 Various toxin–antitoxin

(programmed cell death)

systems: PhD-Doc, YdcED,

MazEF, etc.

Van Melderen

(2010)

Interaction Motility and

chemotaxis

Flagellar motility in

Prokaryota†
7788 Flagellar biosynthesis proteins

and transcription initiation

factors

‒

Social motility and

nonflagellar

swimming in

bacteria†

307 Rhamnolipids (biosurfactants) in

Pseudomonas

D’aes et al.

(2010)

Quorum sensing,

biofilm formation

and signalling

Quorum sensing

and biofilm

formation†

7313 Biofilm adhesion biosynthesis,

autoinducer-2 and acyl

homoserine lactone biosynthesis

and processing, symbiotic

colonization and sigma-

dependent biofilm formation, etc.

Nadell et al.

(2009)

Capsular and

extracellular

polysaccharides

6087 Biosynthesis of rhamnosylated

glycans

M€aki &

Renkonen

(2004)

Proteolytic pathway 3341 Regulatory intramembrane

proteolysis in Bacteria‡
Wiegert 2010;

Bacterial cytostatics,

differentiation factors

and antibiotics†

1726 c-butyrolactones and other

morphogens

Kato et al.

(2007)

Attachment Adhesion† 2465 Adhesins from nonpathogenic

bacteria‡
Danhorn &

Fuqua (2007)

Desiccation stress† 562 O-antigen capsule

important for plants

Barak et al.

(2007)
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metagenome obtained a much higher functional diver-

sity than previously reported. To elucidate this pro-

found diversity, we developed a framework in the form

of plasticity–stability interaction that integrates genetic

signatures of symbiosis (Gilbert et al. 2012) within the

plant–microbe biocoenosis (Fig. 4). Specifically, the

moss metagenome contained a relatively high number

of mobile elements which were also found in the me-

tagenomes of symbiotic bacterial consortia and consid-

ered to play an important role in the evolution of

bacterial genomes for symbiosis with their hosts

(Ochman & Moran 2001; Thomas et al. 2010). Further-

more, Sphagnum mosses belong to the poikilohydric

plants that undergo repetitive desiccation and oxidative

stress (Daniels & Eddy 1985; Scheibe & Beck 2011). Due

to the high diversity and abundance of genes responsi-

ble for the oxidative stress response in the studied me-

tagenome, we proposed that the bacterial capacity to

tolerate oxidative stress may determine the effective

and stable colonization of the Sphagnum mosses. In

regard to interaction traits, vegetation in peatland eco-

systems is strongly limited by nitrogen availability and

therefore requires prokaryotic associates for nitrogen

supply (Rydin & Jeglum 2006). Since Granhall & Hof-

sten (1976) observed nitrogen-fixing symbiotic Cyanobac-

teria in Sphagnum for the first time, diazotrophic

communities of Sphagna have been characterized by a

high taxonomic diversity and shown to transfer fixed

nitrogen to the host plants (Bragina et al. 2012b, 2013;

Berg et al. 2013a). In the current study, we observed

and determined the entire nitrogen turnover of the

moss microbiome. The pathways for bacterial nitrogen

acquisition and conservation strongly prevailed over

those for nitrogen release and efflux processes within

the metagenome. These data are consistent with a

recent study by Lin et al. (2014) that showed a high

abundance and diversity of nitrogen fixation genes and

suggested active degradation of organic nitrogen in the

upper zone of an ombrotrophic peatland. Overall, we

provided evidence that the Sphagnum microbiome car-

ries essential genetic potential for sustainable function-

ing in association with the host plants and within the

peatland ecosystem.

This metagenome study provided also new insights

into the taxonomic diversity of the Sphagnum-associated

microbiome. Our approach allowed for a deep analysis

of the 16S rRNA gene diversity without PCR bias.

Although the dominant bacterial taxa detected using

Illumina sequencing were similar to those revealed by

PCR-dependent approaches (Bragina et al. 2012a), their

relative abundance considerably differed. As such, we

observed a low number of Planctomycetes 16S rRNA

genes that contrasts with their relatively high abun-

dance in the Northern peat bogs and Arctic peat soils

(Serkebaeva et al. 2013; Tveit et al. 2013). Despite these

differences, we were able to prove the dominance of Al-

phaproteobacteria in Sphagnum microbiome by FISH–

CLSM analysis. Furthermore, the microbiome composi-

tion was complemented with several taxa through

sequencing of the metagenome that were not observed

Table 1 Continued

Category Function Level 2 subsystems

Sequence,

abundances* Details References

colonization

(Yih family proteins)

Nutrition (N-cycling) Nitrogen metabolism, – 14 751 Dominant: nitrate and

nitrite ammonification,

nitrogen fixation and

ammonium assimilation;

Minor: dissimilatory

nitrite reductase, allantoin

utilization, nitric oxide

synthase, cyanate

hydrolysis, denitrification

and nitrilase

Rydin &

Jeglum (2006)

Protein degradation† 9114 Proteolysis in bacteria,

eukaryotic and

bacterial proteasomes

Schimel &

Bennett (2004)

*Sequence abundances correspond to the normalized metagenome that accounts for 657 455 assembled metagenomic sequences.
†

Differentially abundant subsystems show statistically significant difference (P < 0.05) between metagenomes of S. magellanicum,

higher plants and/or peat soils.
‡

According to the BLASTX alignment.
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in previous studies (Bragina et al. 2012a; Serkebaeva

et al. 2013), for instance subdivisions 5 and 6 (Acidobac-

teria) and Phycisphaerae (Planctomycetes). Additionally,

we found evidence of the dominant functional groups

(subsystems) of Proteobacteria, which were reported as

the most abundant nitrogen-fixing bacteria associated

with Sphagnum mosses (Bragina et al. 2012b, 2013) and

subsurface peat layers (Lin et al. 2014). Moreover, genes

that encode for autoinducers produced by Proteobacte-

ria for quorum sensing (Miller & Bassler 2001) were

shown among the dominant functional groups of the

S. magellanicum metagenome.

For the interpretation of metagenomic data, several

limitations have to be considered (Committee on Me-

tagenomics 2007; Thomas et al. 2012). For example, high-

throughput sequencing of the metagenome provides

only a partial DNA sampling, which, however, might

have to be used to predict general features rather than

analyse the total functional diversity of the sample (Prak-

ash & Taylor 2012). Furthermore, automatic in silico

annotation is characterized by a relatively high error rate

and disregards proteins of unknown function as well

(Teeling & Gl€ockner 2012). However, through the combi-

nation of the newly discovered genetic features and

knowledge of ecological ontology of the samples, we can

cautiously interpret the metagenomic data in terms of

microbiome biodiversity and functioning. For the inter-

environmental comparison, we used publically available

and S. magellanicum metagenomes that were generated

using Roche 454 and Illumina technologies, respectively.

Although these technologies vary in sequencing depth

and reads length, they provide comparable view of the

sampled communities (Luo et al. 2012). Despite this fact,

this technical source of error cannot be completely

excluded. Moreover, sampling strategies, DNA isolation

procedure and library preparation can be potential con-

founding factors of the analysis.

Besides the importance of the Sphagnum microbiome

for ecosystem function in association with the host

plants – seen as meta-organisms – and within the

Fig. 4 Model for Sphagnum–microbiome biocoenosis. Interaction, stability and plasticity traits of microbiome were deduced from me-

tagenomic sequences that were annotated using functional subsystems of SEED database. Examples in the brackets are the most pro-

nounced and differentially abundant genetic signatures. EPS: extracellular polysaccharides; GSH: glutathione; MSH: mycothiol; Rr:

rubrerythrin; TA: toxin–antitoxin; GTAs: genetic transfer agents.
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peatland ecosystem, this microbiome presents a prom-

ising bio-resource for environmental biotechnology.

For example, drought resistance is one of the major

challenges for sustainable agriculture influenced by cli-

mate change (Berg et al. 2013b). Stress-protecting bacte-

ria that have co-evolved in association with the

poikilohydric Sphagnum moss can contribute to solve

these problems as already shown by Zachow et al.

(2013).
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