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Sphagnum mosses harbour highly specific
bacterial diversity during their whole lifecycle
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Knowledge about Sphagnum-associated microbial communities, their structure and their origin is
important to understand and maintain climate-relevant Sphagnum-dominated bog ecosystems.
We studied bacterial communities of two cosmopolitan Sphagnum species, which are well adapted
to different abiotic parameters (Sphagnum magellanicum, which are strongly acidic and
ombrotrophic, and Sphagnum fallax, which are weakly acidic and mesotrophic), in three Alpine
bogs in Austria by a multifaceted approach. Great differences between bacterial fingerprints of both
Sphagna were found independently from the site. This remarkable specificity was confirmed by a
cloning and a deep sequencing approach. Besides the common Alphaproteobacteria, we found
a discriminative spectrum of bacteria; although Gammaproteobacteria dominated S. magellanicum,
S. fallax was mainly colonised by Verrucomicrobia and Planctomycetes. Using this information for
fluorescent in situ hybridisation analyses, corresponding colonisation patterns for Alphaproteo-
bacteria and Planctomycetes were detected. Bacterial colonies were found in high abundances
inside the dead big hyalocytes, but they were always connected with the living chlorocytes. Using
multivariate statistical analysis, the abiotic factors nutrient richness and pH were identified to
modulate the composition of Sphagnum-specific bacterial communities. Interestingly, we found that
the immense bacterial diversity was transferred via the sporophyte to the gametophyte, which can
explain the high specificity of Sphagnum-associated bacteria over long distances. In contrast to
higher plants, which acquire their bacteria mainly from the environment, mosses as the
phylogenetically oldest land plants maintain their bacterial diversity within the whole lifecycle.
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Introduction

Bog ecosystems belong to the oldest vegetation
forms, with more or less constant conditions for
thousands of years. It covers 4 million km2, approxi-
mately 3% of the earth’s surface, and have a high
value for biodiversity conservation, as reservoir of
fresh water, for human welfare and our world
climate due to its extraordinary role in carbon
sequestration (Raghoebarsing et al., 2005). The latter
resulted in a net cooling effect on the global
radiation balance (Dise, 2009). On the other side,
these long-existing ecosystems are extremely sensi-
tive to changing abiotic factors connected with
climate change (Belyea and Malmer, 2004; Dise,
2009). When peatlands degrade, the stored carbon

will be released. For example, drainage of peat soils
results in CO2 and N2O emissions of globally 2–3 Gt
CO2-eq per year (Joosten and Couwenberg, 2009).
For Alpine bog ecosystems, profound changes are
expected due to global change (Theurillat and
Guisan, 2001). The bryophyte genus Sphagnum,
consisting of approximately 300 different species, is
distributed world wide and forms the dominant
component of bog vegetation (Daniels and Eddy,
1985). Therefore, Sphagnum moss has been used
globally as an indicator of climate change (Whinam
and Copson, 2006; Granath et al., 2009), and micro-
bial communities living in Sphagnum were shown
early indicators of ecosystem disturbances in a
microcosm experiment (Jassey et al., 2011). Hence,
knowledge concerning microbial ecology is impor-
tant to protect, maintain and manage Sphagnum bog
ecosystems.

Sphagnum mosses form a unique habitat for
microorganisms such as high acidity and low
temperature; water saturation, together with extre-
mely low concentrations of mineral nutrients, are
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characteristic abiotic factors. Furthermore, Sphag-
num leaves are highly specialised; they form a
special tissue of living, chlorophyll-containing
chlorocytes and dead cell content-free hyalocytes,
which are responsible for their huge potential to
store water. Sphagnum species also produce bio-
active secondary metabolites influencing microbial
colonisation (Opelt et al., 2007a). So far, mainly the
microbial populations involved in CH4 cycling
living on dead Sphagna (Dedysh et al., 1998; Dedysh
et al., 2001; Horn et al., 2003; Pankratov et al., 2008;
Rahman et al., 2010) have attracted research interest.
Recently, we could show that living Sphagnum
mosses are colonised in high abundances with
specific microorganisms, which fulfil important
functions like nutrient supply and pathogen defence
for moss growth and health (Opelt et al., 2007a;
Opelt et al., 2007b). New questions thus arose: (i) do
new molecular and microscopic techniques allow
deeper insights into Sphagnum-associated bacterial
diversity?; (ii) what are the main drivers of this
diversity?; and (iii) how is this specific bacterial
diversity acquired? Regarding the latter, from higher
plants, we know that bacterial communities have a
certain degree of plant specificity, but the majority
of bacteria is environment-acquired and only a few
bacterial strains are transferred within the lifecycle
(reviewed in Berg and Smalla, 2009). Although for
higher plants, the sporophyte generation makes up
almost their whole life cycle, bryophytes have a
dominant photosynthetically active gametophyte
stage. Bryophytes represent the phylogenetically
oldest group of land plants, and due to the specific
communities (Opelt et al., 2007c), our hypothesis
was that this diversity is transferred directly from
the sporophyte to the gametophyte and vice versa.

The objective of this work was to study the
structure and origin of Sphagnum-associated bacter-
ia, which were detected in three different Alpine bogs
in Austria. To analyse differences between different
Sphagnum species, two dominant and cosmopolitan
species were selected: Sphagnum magellanicum and
Sphagnum fallax. S. magellanicum BRID (section
Sphagnum) is typical for strong acidic, oligo-
trophic and ombrotrophic habitats, whereas S. fallax
H. KLINGGR (section Cuspidata) grows in weakly
acidic, more mesotrophic situations influenced by
minerotrophic groundwater (Daniels and Eddy, 1985).
A polyphasic approach was applied to study bacte-
rial communities on gametophytes and sporophytes:
(i) microbial fingerprints by PCR–SSCP (single-strand
conformation polymorphism) of 16S rRNA genes,
(ii) clone libraries and phylogenetic analysis of
clones, (iii) deep-sequencing of Alphaproteobacteria
and (iv) fluorescent in situ hybridisation with univer-
sal and group-specific probes, coupled with confocal
laser scanning microscopy (FISH–CLSM) and image
analysis. Results taken together showed that Sphag-
num gametophytes, as well as sporophytes, have a
similar intimate and highly specific interaction with
their associated bacteria.

Materials and methods

Experimental design and sampling procedure
To analyse differences between two Sphagnum
species, S. magellanicum BRID (section Sphagnum)
and S. fallax H. KLINGGR (section Cuspidata) were
selected. Both bryophytes belong to the typical and
cosmopolitan vegetation in peat bogs (Daniels and
Eddy, 1985). Adult gametophytes of moss species
were sampled in three different natural habitats in
Alpine bogs in Austria in September 2009 (Table 1).
Ecological characters of the habitats were described
by composition of plant communities and average
Ellenberg’s indicator values for vascular plants and
bryophytes (Ellenberg et al., 1991). From each of
three investigated bogs, four single replicates per
Sphagnum species consisting of 15–20 plantlets
were collected and stored separately. The living
green parts of the plantlets were placed into sterile
plastic bags and transported to the laboratory.
S. fallax plants forming sporophytes were solely
detected in the Rotmoos bog. Sporophyte samples of
S. fallax consisting of enclosed spore capsules were
collected and processed separately. In general,
sporophytes of S. magellanicum are uncommonly
found.

Total community DNA isolation
Before DNA isolation, the bacterial fraction asso-
ciated with gametophytes was extracted according to
the slightly modified protocol of Opelt and Berg,
2004. Briefly, 5 g of plant material were physically
disrupted with sterile pestle and mortar, and
resuspended in 10 ml of 0.85% NaCl. A volume of
2 ml of suspension were centrifuged at 13000 r.p.m.
for 20 min at 4 1C, and the pellet was used for
isolation of the total community DNA as described
before (Martin-Laurent et al., 2001). For mechanical
lysis, the cells were homogenised twice in a FastPrep
FP120 Instrument (QBiogene, BIO101, Carlsbad, CA,
USA) for 30 s at speed 5.0 m sec�1. Extraction of
bacteria associated with sporophyte of S. fallax was
carried out by grinding of 10 closed-spore capsules
with the FastPrep FP120 cell disrupter (30 s, speed
5.0 m sec�1). Before grinding, the capsules were
surface sterilised as described previously (Opelt
et al., 2007a). Cell lysis and isolation of DNA was
performed similarly to the cell pellets of gameto-
phytes. The obtained DNA was purified using the
FastDNA SPIN Kit for Soil (MP Biomedical, Solon,
OH, USA) according to the manufacturer’s protocol.
Final aliquots of the total community DNA were
further used for PCR-based approaches.

Microbial fingerprinting by PCR–SSCP of 16S
rRNA genes
PCR-based SSCP analysis of the microbial 16S rRNA
genes was carried out with universal bacterial primers
Com1, Unibac-II-927rP (Schwieger and Tebbe, 1998).
PCR and preparation of the single-stranded DNA
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were performed according to Schwieger and Tebbe
(1998). The amplicons were separated using the
TGGE Maxi system (Biometra, Göttingen, Germany)

at 400 V and 26 1C for 26 h in 8% (wt/vol) acryl-
amid gel followed by silver staining. Gel profiles
were digitalised by transmissive scanning (Epson

Table 1 Sampling sites and ecological parameters of the habitats

Bog Moss
species

Sample
number a

Geographical parameters Abiotic parametersc

Coordinates Altitude
(m)

Soil
reaction
value

Nutrient
value

Light
value

Moisture
value

Temperature
value

Rotmoos
(Styria)

S. magellanicum RM1 N47 41.030
E15 09.276

699 1.4 1.4 7.8 7.5 3.4

RM2 N47 41.021
E15 09.245

699 — — — — —

RM3 N47 40.971
E15 09.270

698 — — — — —

RM4 N47 41.017
E15 09.319

693 — — — — —

S. fallax RF1 N47 40.908
E15 09.244

693 3.0 2.8 7.0 8.2 3.9

RF2 N47 40.958
E15 09.175

691 — — — — —

RF3, RFSb N47 41.041
E15 09.232

690 — — — — —

RF4 N47 41.055
E15 09.264

689 — — — — —

Wasenmoos
(Salzburg)

S. magellanicum WM1 N47 18.373
E12 24.927

1216 1.5 1.4 7.6 7.2 3.2

WM2 N47 18.363
E12 24.944

1216 — — — — —

WM3 N47 18.337
E12 25.119

1214 — — — — —

WM4 N47 18.315
E12 25.126

1208 — — — — —

S. fallax WF1 N47 18.387
E12 24.871

1211 2.6 2.7 6.9 7.8 3.6

WF2 N47 18.391
E12 24.866

1215 — — — — —

WF3 N47 18.385
E12 24.882

1217 — — — — —

WF4 N47 18.347
E12 24.980

1213 — — — — —

Pürgschachen
Moor (Styria)

S. magellanicum PM1 N47 34.905
E14 20.402

637 1.6 1.4 7.7 7.8 3.6

PM2 N47 34.910
E14 20.454

639 — — — — —

PM3 N47 34.839
E14 20.497

640 — — — — —

PM4 N47 34.805
E14 20.493

639 — — — — —

S. fallax PF1 N47 34.789
E14 20.398

638 2.5 2.3 6.8 7.3 3.8

PF2 N47 34.814
E14 20.356

636 — — — — —

PF3 N47 34.824
E14 20.346

635 — — — — —

PF4 N47 34.848
E14 20.344

634 — — — — —

Abbreviations: F, Sphagnum fallax; M, Sphagnum magellanicum; P, Pürgschachen Moor; R, Rotmoos; RFS, sporophyte sample of S. fallax;
S, sporophyte sample of S.fallax; W, Wasenmoos.
aLetters indicate bogs and Sphagnum species: R, W, P, F, M and S. Arabic numerals specify replicates.
bRFS was collected at the same sampling point as sample RF3.
cAbiotic parameters were expressed by average Ellenberg’s indicator values for vascular plant and bryophyte species. Numbers indicate properties
of the habitat along ther ecological gradients (soil reaction: 1¼ extremely acidic, 9¼ calcareous; nutrient richness: 1¼ extremely nutrient poor,
9¼ extremely nutrient rich; light exposure: 1¼deep shadowed, 9¼ full light exposed; moisture: 1¼ extremely dry, 9¼ extremely wet;
temperature: 1¼ extremely cold, 9¼ extremely warm).
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perfection 4990 Photo, Long Beach, CA, USA)
and further analysed with the GelCompare II
version 5.1 software package (Applied Maths,
Kortrijk, Belgium). A similarity matrix was con-
structed using Pearson’s correlation coefficients (r)
and cluster analysis was done by the unweighted
pair group method with average linkages. The
resulting clusters of samples were examined for
statistical significance by applying permutation test
with 10 000 random permutations of the single
samples (Kropf et al., 2004).

SSCP is based on the differences in the confor-
mation of single-stranded DNA fragments. The
electrophoretic mobility of the single-stranded
DNA fragments depends on their three-dimensional
conformation. Each of the amplification products
was identified by its electrophoretic distance on
SSCP gel and the number of DNA fragments.
According to the distance of the bands, the SSCP
gels were theoretically divided into operational
taxonomic units. The presence or absence of
individual amplified product DNA bands in each
group was scored. The obtained matrix was used to
compare statistically (see statistics).

Construction and analysis of 16S rRNA gene
clone libraries
Total community DNA samples of the mosses from
the site of the highest diversity determined by
fingerprints (S. magellanicum: Pürgschachen Moor
and S. fallax: Wasenmoos) were pooled together and
used as template. 16S rRNA gene fragments were
amplified with 799f/1492r primers, which avoid
plant-derived amplicons substantially (Lane, 1991;
Chelius and Triplett, 2001). The clone libraries were
constructed as previously described (Sun et al.,
2008). PCR fragments for sequencing were generated
with USP (50-GTAAAACGACAACCAGT-30) and RSP
(50-CAGGAAACAGCTATGACC-30) vector-specific
primers (Sigma-Aldrich, Taufkirchen, Germany).
To exclude transformants with chloroplast-derived
DNA, we applied restriction test with SphI-HF (New
England Biolabs, Frankfurt am Main, Germany).
Restriction profiles of chloroplast sequences were
calculated in silico (data not shown). PCR products
were sequenced with the Applied Biosystems
3130 Genetic Analyser (Foster City, CA, USA). The
sequences were submitted to the EMBL Nucleo-
tide Sequence Database under accession numbers
FR832168–FR832348.

Taxonomic affiliation of the partial 16S rRNA
gene sequences was defined by alignment with refer-
ence sequences from GenBank, using the BLASTn
algorithm. A Bellerophon programme was applied
to screen the clone libraries for the presence of
chimeric sequences (Huber et al., 2004). Multi-
alignments of the selected sequences were produced
by ClustalX software version 2.0.12 (Larkin et al.,
2007). Neighbour-joining phylogenetic trees were
reconstructed using PHYLIP software package

version 3.69 (Felsenstein, 1989). Confidence levels
for the internal branches were assessed by bootstrap
analysis with 100 resamplings.

FISH and CLSM
Single gametophytes of S. magellanicum and
S. fallax were fixed with 4% paraformaldehyde/
phosphate-buffered salt (3:1, v/v). Separated leaves
and stems, sectioned with a razor blade, were
stained by in-tube FISH (Grube et al., 2009).
Sporophytes of S. fallax were fixed likewise game-
tophytes. For fixation, surface-sterilised capsules
containing spores were disclosed by vortexing in
phosphate buffer. Staining of spores was carried out
on glass slides. The samples were hybridised with
rRNA-targeting probes (genXpress, Wiener Neudorf,
Austria) specific for Alphaproteobacteria and Plancto-
mycetes, as dominant phylogenetic groups revea-
led by the clone libraries and with a set of universal
bacterial probes. Hybridisation was carried out at
41 1C. The probes and corresponding stringency
conditions are listed in Supplementary Table S1.

CLSM was performed with a Leica TCS SPE con-
focal microscope (Leica Microsystems, Mannheim,
Germany). Fluorescent dyes Cy3 and Cy5 labelled
to the FISH probes were sequentially excited
with 532 and 635 nm laser beams, respectively;
the emitted light was detected in the range of
556–607 and 657–709 nm, respectively. An addi-
tional channel (excitation at 488 nm; emission range
508–556 nm) was applied for acquiring the auto-
fluorescence of the moss cells. Photomultiplier gain
and offset were individually optimised for every
channel and every field of view to improve the
signal/noise ratio. Confocal stacks were acquired
with a Leica ACS APO � 40 OIL CS objective
(NA: 1.15) and a Leica ACS APO � 63 OIL CS objec-
tive (NA: 1.30) by applying a Z-step of 0.4–0.8 mm.
Three-dimensional reconstructions were created
with the software Imaris7.0 (Bitplane, Zurich,
Switzerland).

Deep sequencing and bioinformatic analysis of
Alphaproteobacteria
Pooled samples of the total-community DNA of
S. fallax and S. magellanicum gametophytes were
investigated by barcoded pyrosequencing approach
(Binladen et al., 2007) with the Alphaproteo-
bacteria-specific primers ADF 681f/1492r (Blackwood
et al., 2005). Total-community DNA of S. fallax sporo-
phyte was explored with universal bacterial primers
799f/1492r (Lane, 1991; Chelius and Triplett, 2001).
Pyrosequencing libraries were generated by LGC
Genomics, Berlin, Germany, using the Roche/454
GS FLX Titanium platform (454 Life Science
Corporation, Brandford, CT, USA).

Raw-sequencing reads were quality filtered and
trimmed by length (X150 bp). Rarefaction analysis
was performed for phylotype clusters at 0.03, 0.05
and 0.1 genetic distance, corresponding to the levels
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of the species, genera and families, respectively
(Schloss and Handelsman, 2006; Hur and Chun,
2004). Due to the different number of sequences
among samples, the data were normalised consider-
ing the same number of sequences to all samples.
Richness estimates and diversity indices were
calculated for normalised data sets, using default
settings in the open source software package QIIME
(http://qiime.sourceforge.net/), which allows analy-
sis of high-throughput community sequencing data
(Caporaso et al., 2010).

Compositional analysis was performed using the
BLAT pipeline integrated into the web interface
SnoWMAn version 1.8 (https://epona.genome.tugraz.
at/snowman/). Greengenes database was used as a
reference database. Taxonomic assignment to family
and genus levels was accomplished by the integrated
Ribosomal Database Project classifier with 50%
confidence threshold. For reads corresponding to
S. fallax sporophyte, relative abundances of taxonomic
groups within Alphaproteobacteria were recalculated
to the total number of reads affiliated to the class.

Multivariate statistics: ecological analysis of bacterial
and plant communities
Correspondence analysis was used to answer the
question whether a correlation exists (1) between
the independently sampled bacterial communities
(defined as operational taxonomic units) of the
different sampling points and (2) between bacterial
communities and environmental data. For the latter,
unweighted average indicator values by Ellenberg
et al., 1991 for the vascular plants and bryophytes
were applied as independent variables (Table 1). We
used the canonical correspondence analysis for
unimodal data of the software package Canoco 4.5
(Lepš and Smilauer, 2003). Significance of the
environmental variables for the microbial commu-
nities was tested by Monte-Carlo test with 1000
permutations.

Results

Insights into bacterial diversity by fingerprints and
clone libraries
SSCP profiling of 16S rRNA genes amplified with
universal primers showed highly diverse and speci-
fic bacterial communities on both Sphagnum species.
Statistical analysis resulted in two distinct clusters of
S. fallax- and S. magellanicum-originated profiles at
similarity level of 9% (Figure 1). Within each
species-specific cluster, only several of the samples
from the different geographical sites were grouped
together. Microbial fingerprints obtained from Sphag-
num species of different bogs showed also a high
similarity to each other, for example, S. magellani-
cum from Rotmoos and Wasenmoos (RM4, WM1).

A first insight into the specific biodiversity was
achieved by construction of two individual clone
libraries: total community DNA isolated from

S. magellanicum and S. fallax from one site was
used as template. First, we solved the methodo-
logical problem to avoid the analysis of a high
proportion of clones with plant-derived DNA.
Introduction of a restriction assay with SphI before
sequencing allowed to recognise and to eliminate
plant-derived clones. Composition of microbial
communities of S. fallax and S. magellanicum was
clearly different (Figure 2). Altogether, S. magella-
nicum clone library consisted of 110 clones repre-
senting 12 taxonomic groups. The dominant
bacterial fraction belonged to Alphaproteobacteria
(29.1%), followed by sub-dominant Gammaproteo-
bacteria (11.8%). S. fallax-associated community
was recreated from 71 clones affiliated to eight taxa.
Dominant groups belonged to Verrucomicrobia
(35.2%), Planctomycetes (22.5%) and again Alpha-
proteobacteria (18.3%).

BLASTanalysis resulted in a high proportion of not-
yet-cultivated bacteria. To perform the phylogenetic
analysis of clones, we constructed a phylogenetic tree
for each community. Sequences of Sphagnum-asso-
ciated bacterial clones and reference strains clustered
together within defined taxonomic groups with high
bootstrap values (X50; Supplementary Figure S1).
Only three clones were closely related (X97% simi-
larity) to taxonomically described bacterial species.

Pearson correlation [0.0%-100.0%]

10
0

908070605040302010
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Figure 1 Dendrogram based on amplified 16S rRNA gene
fragments of bacterial communities associated with S. magellani-
cum (M) and S. fallax (F; FS¼ sporophyte) from different sites
in Austria (R, Rotmoos; W, Wasenmoos; P, Pürgschachen Moor)
obtained by using eubacterial primers and separated by single-
strand conformation polymorphism (SSCP). The patterns obtained
were grouped by unweighted pair group method with average
linkages.
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A certain number of clones possessed sequence
similarities X97% with clones from northern terres-
trial habitats and acidic environments of different
geographical regions. Interestingly, several clusters of
Verrucomicrobia and Planctomycetes were solely
formed by Sphagnum clones. BLASTn alignment of
the sequences within these Sphagnum-specific clus-
ters resulted in a sequence identity p95% with
database sequences. Thus, microbial diversity of
Sphagnum comprised bacteria occurring also in other
habitats, as well as Sphagnum-specific bacteria never
found elsewhere, yet.

Deep insight into Alphaproteobacteria by
pyrosequencing
As a dominant component of both Sphagnum com-
munities, Alphaproteobacteria group was selected

for a deep sequencing study. The rarefaction
analysis of the amplicon libraries is shown in
Supplementary Figure S2. Comparison of the rare-
faction analyses with the number of phylotype
clusters estimated by Chao1 richness estimator
revealed that pyrosequencing effort reached 57.7–
68.9% of estimated richness at the taxonomic level
of families (Supplementary Table S2). Richness
estimates of the genera and species showed that
45.9–50.3% and 31.9–32.5% of estimated richness,
respectively, was recovered. The deepest classifica-
tion was obtained at the ranks of families and genera
(Figure 3).

Comparison of the classified reads revealed
that the two investigated bryophyte species
shared dominant bacterial groups and considerably
differed in spectrum of sub-dominant and minor
groups. Gametophytes of both moss species were
dominated by members of the Acetobacteraceae
family, followed by Caulobacteraceae and Rhodos-
pirillaceae. Abundances of sub-dominant Bradyrhi-
zobiaceae, Sphingomonadaceae, Methylocystaceae
and Rhizobiaceae were clearly higher among
S. fallax-associated Alphaproteobacteria than on
S. magellanicum. A low number of Kordiimonada-
ceae and Phyllobacteriaceae were uniquely detected
in S. magellanicum, whereas Rhodobacteraceae and
Methylobacteraceae were detected only associated
with S. fallax.

At genus level, more differences of the commu-
nities were revealed. In total, amplicon library of the
gametophytes included sequences of 54 genera.
S. magellanicum harboured 41 of them and S. fallax
harboured 37. The Sphagnum species shared 24
bacterial genera. Both bryophytes were dominated
by three alphaproteobacterial genera (Acidocella,
Magnetospirillum and Acidisphaera), whereas sub-
dominant genera (Rhodopila, Phenylobacterium,
Bradyrhizobium, Novosphingobium and Caulobacter)
occurred in different abundances.

Diversity of bacterial species was explored by
Shannon diversity index (H‘) calculated at
the genetic distance of 3%. Shannon values indi-
cated higher diversity of Alphaproteobacteria for
S. magellanicum (7.92) than for S. fallax (7.67).

Spatial structure of the bacterial communities
Due to the unique morphology of Sphagnum
plantlets, the next step was to analyse the colonisa-
tion pattern of bacteria on/in Sphagnum. Especially
the cell structure of leaves forms regular and
peculiar microenvironments for the microbial com-
munities; one-layer net of photosynthetically active
cells (chlorocytes) is alternated with dead hyaline
cells (hyalocytes). The latter possess large pores
and are temporally filled with water. Combina-
tion of FISH, CLSM and computer-assisted three-
dimensional reconstructions revealed colonisation
patterns of Sphagnum gametophytes by two specific
groups of microorganisms: Alphaproteobacteria

Alpha-
proteobacteria

32 (29.1%)

Gamma-
proteobacteria;

13(11.8%)

Bacteroi-
detes

9 (8.2%)
Beta-

proteobacteria
8 (7.3%)

Delta-
proteobacteria

8 (7.3%)

Planctomycetes
6 (5.5%)

Verru-
comicrobia
5 (4.5%)

Actinobacteria
4 (3.6%)

Acidobacteria
4 (3.6%)

Chlamydiae
2 (1.8%)

Firmicutes
2 (1.8%)

Subdivision TM7
2 (1.8%)

Unidentified
15 (13.6%)

Verrucomicrobia
25 (35.2%)

Planctomycetes
16 (22.5%)

Alpha-
proteobacteria

13 (18.3%)

Gamma-
proteobacteria

4 (5.6%)

Beta-
proteobacteria

2 (2.8%)

Delta-
proteobacteria

1 (1.4%)

Acidobacteria
1 (1.4%)

Cyanobacteria
1 (1.4%)

Unidentified
8 (11.3%)

Figure 2 Bacterial community composition revealed by 16S
rRNA gene clone libraries. Absolute and relative abundances of
the taxonomic groups are shown for the S. magellanicum- (a) and
S. fallax-associated (b) bacterial communities.
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and Planctomycetes. Bacterial micro-colonies
were observed on the outer surface, as well as in
the inner space of the gametophytes of both
Sphagnum species (Figure 4). Three-dimensional
reconstructions showed attachment of the bacteria
to the cell wall of the Sphagnum cells. Internal
spaces of the hyalocytes were densely colonised by
micro-colonies closely associated to each other
(Figure 5).

In general, using different probes (Supplementary
Table S2), both Sphagnum species were charac-
terised by similar colonisation patterns. Analyses
using group-specific probes showed differences for
the colonisation of Sphagnum leaves by Alphapro-
teobacteria and Planctomycetes. On both moss
gametophytes, Alphaproteobacteria occurred in
various morphological forms: coccoid, rod-shaped
and vibroid cells, tetrads and sarcina-like aggregates

(Figure 5a). Regarding the occurrence of Plancto-
mycetes, we observed more colonies associated with
S. fallax than S. magellanicum. Usually they formed
less abundant colonies of coccoid cells (Figure 5d).
Noteworthy, the outer cortex of the S. fallax stem
tissues was occupied by Alphaproteobacteria in
contrast to the non-colonised stems of S. magellani-
cum (Supplementary Figure S3).

Ecological factors driving the bacterial communities
Primary characterisation of the niches occupied
by Sphagnum revealed differences in the composi-
tion of plant communities and abiotic conditions.
S. magellanicum frequently grew together with
S. fuscum, Eriophorum vaginatum, Vaccinium
oxycoccos, Andromeda polifolia, Calluna vulgaris
and Drosera rotundifolia, whereas S. fallax was
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mainly accompanied by S. angustifolium, S. palus-
tre, Carex rostrata, Dryopteris carthusiana, Frangula
alnus, Molinia caerulea and Vaccinium myrtillus.
On the basis of Ellenberg’s indicator values of bryo-
phytes and vascular plants, both Sphagnum species
showed distinctive preferences along ecological
gradients (Table 1). In contrast to S. fallax, S. magell-
anicum habitats were characterised by lower values
of soil reaction, moisture and temperature, lower
amount of nutrients and more intensive exposure to
the sun light.

The influence of the environmental conditions
on the microbial communities of bryophytes was
examined using multivariate statistical analysis
(Figure 6). By the Monte-Carlo permutation test, a
statistical significance was proved for nutrient rich-
ness (Po0.001, correlation with first axis 0.8992)
and for soil reaction (Po0.002, correlation with first
axis 0.8876). Both have the character of co-variables.

Comparison of sporophyte- and gametophyte-
associated communities
High similarity of microbial communities of S. fallax
sporophyte and gametophyte was initially detected
by molecular fingerprinting of 16S rRNA genes
with universal bacterial primers (Figure 1). DNA
pattern of the S. fallax sporophyte community
shared up to 55% similarity with gametophyte

samples. The microbial diversity of the sporo-
phyte- and gametophyte-associated microbial com-
munities was investigated in more detail by a
deep sequencing approach for Alphaproteobacteria
and by FISH–CLSM. For the amplicon library
of Alphaproteobacteria associated with the sporo-
phyte, the saturation at the family level reached
77.0% (Supplementary Figure S3). Sporophyte
library remained unsaturated at the genera and
species levels: 55.0% and 50.8% of the estimated
richness was uncovered.

Alphaproteobacteria associated with sporophyte
and gametophyte showed substantial similarities
(Figure 3). Like in the gametophyte, dominant
clusters in the sporophyte were affiliated with
Acetobacteraceae, Rhodospirillaceae and Caulobac-
teraceae families. Bradyrhizobiaceae and Sphingo-
monadaceae were present at similar abundances
in both gametophyte and sporophyte. Certain
differences in contrast to gametophyte were
found; Rhizobiaceae and Rhodobacteraceae pre-
sented a dominant fraction only in the sporophyte.
Bejerinckiaceae, Methylocystaceae, Brucellaceae,
Aurantimonadaceae and Methylobacteriaceae were
detected only in the gametophyte. Alphaproteo-
bacterial sequences from the sporophyte of
S. fallax were classified into 14 genera. Sporophyte-
and gametophyte-associated communities shared
eight genera (Acidocella, Magnetospirillum,

Figure 4 Localisation of bacteria in moss gametophytes. Fluorescent in situ hybridisation (FISH) of S. fallax leaves showed colonisation
of the outer surface (a and b) and hyaline cells (c and d). Violet: cell walls of Sphagnum cells; green: chlorophyll-containing Sphagnum
chlorocytes; yellow: Alphaproteobacteria; red: other bacteria. Images acquired by confocal laser scanning microscopy (CLSM; panels a and c)
and processed by 3D computer reconstruction using Imaris7.0 (b and d). Scale bar¼10mm.
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Phenylobacterium, Bradyrhizobium, Stella, Novo-
sphingobacterium, Caulobacter, Rhizobium), but
their abundances was different. Magnetospirillum,
Rhizobium and Novosphingobium were detected in
higher abundances in sporophyte than in the game-
tophyte. Six sub-dominant genera Stappia, Stella,
Acidomonas, Rhodobium, Afipia and Xanthobacter
were specific for the sporophyte. The genera
Bejerinckia, Methylocystis, Rhodoblastus and Sphin-
gomonas were exclusively found in the gametophyte.

Using FISH–CLSM, inside the sporophyte cap-
sules, directly connected with spores, but embedded
in a matrix, bacterial cells in high amount were
observed (Supplementary Figure S4).

Discussion

The main aim of this study was to analyse both the
structure and the origin of Sphagnum-associated
bacterial communities. Remarkable differences
in structural diversity between the S. fallax and
S. magellanicum communities were found. Abiotic
parameters, which also determine the occurrence of
Sphagnum species inside the bog, were identified
as drivers of the Sphagnum-specific community

composition. To find out the origin of this specific
bacterial diversity, we compared the gametophyte-
associated communities with those of the sporo-
phyte, and found a high similarity. This led to the
conclusion that a high portion of bacterial popula-
tions is transferred during the whole life cycle from
the gametophyte to the sporophyte and vice versa.
In the following, we will answer our questions/
hypotheses.

New molecular and microscopic techniques
allowed deeper insights into the structure of
Sphagnum-associated bacterial diversity. For exam-
ple, using FISH, combined with CLSM and three-
dimensional modelling. In comparison with Opelt
and Berg (2004), we gained new insights into the
spatial structure of Sphagnum-associated bacteria.
Although the whole Sphagnum gametophytes were
densely colonised by bacterial micro-colonies, espe-
cially the dead big hyalocytes of the branch, leaves
were occupied by bacteria. Interestingly, all colonies
and single cells were attached to cell walls con-
nected with the living cells. This connection sup-
ports the symbiotic character of the moss–microbe
interaction, which was also confirmed by first func-
tional studies. For example, methanotrophic bacte-
ria provide approximately 10–30% of Sphagnum

Figure 5 Localisation of bacteria in hyalocytes of Sphagnum. Internal space of hyalocytes of S. fallax (a and b) and S. magellanicum
(c and d) hybridised with Alphaproteobacteria- and Planctomycetes-specific probes. Yellow: Alphaproteobacteria (a and c) or
Planctomycetes (b and d) indicated by arrows; red: other bacteria; green: algae. Scale bar¼ 10mm (a and b) or 5 mm (c and d).
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carbon (Larmola et al., 2010). Moreover, Sphagnum
harboured a high diversity of nitrogen-fixing bacteria
and bacterial populations responsible for pathogen
defense (Opelt et al., 2007a; Opelt et al., 2007b).
In the CLSM images, differences in the occurrence
of Alphaproteobacteria and Planctomycetes were
found between both moss species. Although Alpha-
proteobacteria dominated colonisation of S. magel-
lanicum, in microscopic pictures of S. fallax, more
colonies of Planctomycetes were found. This was
in accordance with our other results obtained by
the analysis of microbial fingerprints and clone
libraries. Besides of common Alphaproteobacteria,
we found a discriminative spectrum of bacteria
in clone libraries; although Gammaproteobacteria
dominated S. magellanicum, S. fallax was mainly
colonised by Verrucomicrobia and Planctomycetes.
Unfortunately, representatives of Verrucomicrobia
could not be detected by CLSM, although appro-
priate probes were applied. In contrast to the leaves,
the stems were less colonised by bacteria. For stem
tissues of S. fallax, similar colonisation patterns
than for methanotrophs observed in S. cuspidatum
were detected (Raghoebarsing et al., 2005). In con-
trast, the stem of S. magellanicum was not colonised
by bacteria. A different morphology of the stem can
explain this difference; the stem of S. magellanicum

is more sclerotised than the stem of S. fallax.
Furthermore, analysis of the bacterial communities
by 16S rRNA gene clone libraries led to a highly
discriminative community composition. Deep sequ-
encing of the common Alphaproteobacteria showed
more similarities especially for the dominant taxa,
whereas differences for sub-dominant and minor
taxa were calculated. Nevertheless, we reported the
highest differences ever found between species in
the plant kingdom (reviewed in Berg and Smalla,
2009). Altogether, our applied multifaceted ap-
proach led to matching results and to a comprehen-
sive picture of specific Sphagnum-associated
bacterial communities. Not to forget that results
from the clone libraries, which yielded in a high
amount of yet-not-described species, and the deep
sequencing approach, where only up to half of
the estimated richness was recovered, indicate a
hidden, still unknown bacterial diversity, which has
to be discovered.

Our research also addressed the question which
factors drive the high specificity of Sphagnum-
associated microbial communities? Using multi-
variate statistical analysis, abiotic factors, especially
nutrient richness and pH, were identified to signi-
ficantly influence the microbial communities. We
used Ellenberg’s indicator values, which are long-
term indicator values established for plants to assess
moisture, nitrogen and soil reaction (represents pH)
in soil (Schaffers and Sỳkora, 2000). Interestingly,
nutrient richness was identified as main influencing
parameter in the nutrient-poor bog environment.
The content of nutrients is important for both plant
and microbial communities, although in the oppo-
site way (Opelt et al., 2007c). pH expressed as soil
reaction factor also significantly influenced Sphag-
num-associated communities. This factor was often
reported as the main driver, for example, in a global
study of microbial communities in soil (Lauber
et al., 2009). In microcosm experiments under
controlled conditions, Jassey et al. (2011) identified
similar abiotic drivers of the S. fallax-associated
microbial community, such as pH, conductivity and
temperature. Especially, due to the latter, they
suggest microbial communities living with Sphag-
num as early indicators for ecosystem disturbance,
especially climate change. The key question is
whether the abiotic factors modulate the composi-
tion of host-specific bacterial communities, or
whether these factors are primary drivers of bacterial
community composition. There are several facts
supporting the first point. In Opelt et al. (2007a),
the profile of secondary metabolites including
antimicrobial substances was found to be different
for S. fallax and S. magellanicum, which can be one
reason for host specificity. A second hint is the
specific colonisation of the sporophyte, which
indicates a direct transfer of the host-specific
bacteria. Furthermore, the high degree of specificity
was not only shown at community level, but also at
clone level. The same clones were found in
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Norwegian, Dutch, German and Sibirian bogs (NCBI
database). On the other side, for methanotrophs,
Larmola et al. (2010) found for transplanted Sphag-
num species bacterial pattern and activity typical for
the abiotic parameters of the destination site.
However, this was an artificial experiment; the
majority of approximately 300 Sphagnum species
have very narrow ecological amplitudes (Daniels
and Eddy, 1985). Moreover, Sphagnum mosses are
not only able to adapt to their environment, but to
change it; living Sphagna have extraordinarily high
cation-exchange capacity and therefore acidify their
environment by exchanging tissue-bound protons
for basic cations in surrounding water (Soudzilovs-
kaia et al., 2010). In conclusion, the highly specific
core microbiome of Sphagnum, which is maintained
during the whole life cycle, can be subsequently
modified by abiotic factors.

To find out how this specific bacterial diversity
is acquired, we decided to include also the sporo-
phyte generation into our sampling design. The
sporophyte develops from the zygote within the
female sex organ or archegonium, and in its early
development, is therefore nurtured by the gameto-
phyte. Inside the sporophyte capsules, embedded
within thousands of spores, we observed bacteria
in high abundance and diversity. Although the
proportion differed, we found a high degree of
qualitative similarity between the microbial com-
munities of the sporophyte and the gametophyte,
including genera well known for their beneficial
plant interaction, for example, Rhizobium, Brady-
rhizobium and Caulobacter. The direct transfer of
bacteria within the whole life cycle is an interesting
observation. From microbial ecology studies of
higher plants, we know that plants, which represent
the diploid sporophyte, acquire their populations
mainly from soil (Garbeva et al., 2004; Berg and
Smalla, 2009), which was also found for endophytes
(Hallmann et al., 1997; Berg et al., 2005). However,
recently, it was shown that seeds also harbour
microorganisms, which originate from the mother
plants (Van Overbeek et al., 2011).

There are several reasons that suggest Sphagnum
mosses as unique models to study plant-associated
microbial diversity, as well as plant–microbe inter-
action: (i) they were the first land plants and
had a long time of co-evolution, (ii) they harbour
a highly specific microbial diversity, (iii) they
are not influenced by soil due to their ombro-
trophic lifestyle, (iv) they present a bridge between
terrestrial and aquatic habitats, (v) they are easy
to investigate microscopically, because they
consist only of a one cell-layer network, (vi) they
can be cultivated in vitro to study specific inter-
actions, and (vii) they are relevant for our climate
on earth. In our study, we found a remarkable
bacterial diversity on Sphagnum mosses. This is,
besides the impact on climate change, one more
reason to protect this hidden beautiful biodiversity
inside bogs.
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