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Prokaryotes have a complex cell envelope which has several important functions, including 
providing a barrier that protects the cytoplasm from the environment.  Along with its associated 
proteinaceous structures, it also ensures cell stability, facilitates motility, mediates adherence 
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Single and dividing Ca. A. hamiconexum cells, connected by filamentous structures, the hami.
Image by G. Wanner, C. Moissl-Eichinger taken from Perras AK, Daum B, Ziegler C, Takahashi 
LK, Ahmed M, Wanner G, Klingl A, Leitinger G, Kolb-Lenz D, Gribaldo S, Auerbach A, Mora 
M, Probst AJ, Bellack A and Moissl-Eichinger C (2015) S-layers at second glance? Altiarchaeal 
grappling hooks (hami) resemble archaeal S-layer proteins in structure and sequence. Front. 
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to biotic and abiotic surfaces, and facilitates communication with the  extracellular environ-
ment.  Viruses have evolved to take advantage of cell envelope constituents to gain access to the 
cellular interior as well as for egress from the cell. While many aspects of the biosynthesis and 
structure of the cell envelope are similar across domains, archaeal cell envelopes have several 
unique characteristics including, among others, an isoprenoid lipid bilayer, a non-murein-based 
cell wall, and a unique motility structure, (important features that give archaeal cell envelopes  
characteristics that are significantly different from those of bacterial cell envelopes – possibly 
out).  Recent analyses have revealed that the cell envelopes of distantly related archaea also display 
an immense diversity of characteristics. For instance, while many archaea have an S-layer, the 
subunits of S-layers of various archaeal species, as well as their posttranslational modifications, 
vary significantly. Moreover, like gram-negative bacteria, recent studies have shown that some 
archaeal species also have an outer membrane. In this collection of articles, we include contribu-
tions that focus on research that has expanded our understanding of the mechanisms underlying 
the biogenesis and functions of archaeal cell envelopes and their constituent surface structures.

Citation: Albers, S-V., Pohlschroder, M., eds. (2016). Archaeal Cell Envelope and Surface Struc-
tures. Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-773-6 
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Bang et al. Biofilm formation of methanoarchaea

FIGURE 3 | Growth of methanogens on mica examined by

SEM. Methanosarcina mazei, Methanobrevibacter smithii, and
Methanosphaera stadtmanae were grown on mica in hungate
tubes with 3 ml of the respective medium. After 48 h

(Methanosarcina mazei and Methanosphaera stadtmanae) and 72 h
(Methanobrevibacter smithii ) of growth, cells were fixed to mica
by 2% glutaraldehyde. Images are representative for the respective
sample.

ConA signal (Figure 4, green signal) closely co-localized with
the DAPI stained cells (Figure 4, blue signal). On the contrary,
the IB4 signal (Figure 4, yellow signal), which is specific for
α-galactosyl sugar residues, was only detected in very few clusters
in all three biofilms and appeared not to be directly co-localized
with cells.

The bottom layers of the static biofilms formed by
Methanosarcina mazei, Methanosphaera stadtmanae, and
Methanobrevibacter smithii were imaged in order to calculate
the respective surface coverage of the biofilms. This analysis
revealed 50% higher coverage of the surface at the bottom of
the μ-dish in the Methanosarcina mazei biofilm, when compared
to the Methanobrevibacter smithii biofilm (Figure 5). Moreover,
the surface coverage of the bottom layer of biofilms formed by
Methanosphaera stadtmanae was found to be only 30% of the one
from Methanosarcina mazei and about 70% of the Methanobre-
vibacter smithii biofilm (Figure 5). However, it cannot completely
ruled out that the surface coverage analysis of Methanosarcina
mazei was affected by the potential EPS structures surround-
ing cells of Methanosarcina mazei, which were observed during
SEM-analysis (Figure 3).

DISCUSSION
Although the knowledge on the functional importance of mucosal
biofilms clearly increased in the last decade, the diversity

and characteristics of microbial communities associated with
the human gut mucosa are still poorly understood (Dongari-
Bagtzoglou, 2008). In addition, most studies dealing with the
development and composition of human gut mucosal biofilms
did only involve bacterial or fungal species (Swidsinski et al.,
2005; Macfarlane and Dillon, 2007; Macfarlane et al., 2011).
Thus, to our knowledge, this is the first report demonstrat-
ing biofilm formation of methanogenic archaea that frequently
inhabit the human gut. By assessing static growth on differ-
ent surfaces (mica and uncoated plastic μ-dishesTM) we showed
that the studied methanoarchaeal strains, Methanosarcina mazei,
Methanobrevibacter smithii, and Methanosphaera stadtmanae,
form biofilms with distinctive features. As it has been shown
for other few archaeal species that form biofilms such as Sul-
folobus spp. (Koerdt et al., 2010, 2011), the SM1 Euryarchaeon
(Probst et al., 2013), several haloarchaeal strains (Fröls et al., 2012)
and Pyrococcus furiosus as well as Methanopyrus kandleri (Schopf
et al., 2008), each studied strain showed strain-specific charac-
teristics during biofilm formation that were observed by using
various microscopic techniques such as CLSM and SEM. In
particular, significant differences in biofilm forming capabili-
ties of the human gut inhabitants Methanosphaera stadtmanae
and Methanobrevibacter smithii were observed. In μ-dishesTM,
Methanobrevibacter smithii biofilms reached heights up to 40 μm,
whereas Methanosphaera stadtmanae biofilms grew only up to a
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FIGURE 4 | Structures of static biofilms formed by Methanosarcina

mazei, Methanosphaera stadtmanae, and Methanobrevibacter smithii.

Cells were grown in 4 ml standard medium in μ-dishesTM under the
respective gas atmosphere. After 72 h of growth, the biofilms were treated

with DAPI (blue channel), ConA (green channel) and IB4 (yellow channel) and
visualized by CLSM; single channels and overlays of the images are displayed.
Both top view (upper lane) and side view (lower lane) of the biofilms are
shown. The scale bar is 20 μm.

height of 2 μm. However, surface coverage of Methanosphaera
stadtmanae (∼11%) was found to be almost similar to that
obtained for Methanobrevibacter smithii (∼15%). Regarding to
this, it has been shown in earlier studies that biofilm thickness
and density increase with the number of participating microor-
ganisms within the community (Costerton et al., 1995; Donlan,
2002). Thus, biofilm-forming communities consisting of both,
bacteria and archaea, may reach significantly higher heights and

surface coverage as has been shown for various environmental
biofilms (Orell et al., 2013). Furthermore, it has been demon-
strated that bacterial human mucosal biofilm formation is favored
in fluid flow or tissue motility such as the human gut (Tolker-
Nielsen et al., 2000; Donlan, 2002; Dongari-Bagtzoglou, 2008).
Hence, the determined static biofilm formation of methanoar-
chaeal strains might underestimate their overall in vivo ability to
form mucosal biofilms within the human gut. Interestingly, the

Frontiers in Microbiology | Microbial Physiology and Metabolism July 2014 | Volume 5 | Article 353 | 25
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FIGURE 5 | Analysis of the surface coverage of biofilms formed by

Methanosarcina mazei, Methanosphaera stadtmanae, and

Methanobrevibacter smithii. Differential interference contrast (DIC) pictures
(A, left panel) were taken from the bottom layer of static biofilms and

converted into black/white (B/W; A, right panel) to calculate the surface
coverage. The ratio of B/W pixels was determined and used to obtain the
surface coverage (B). The mean and standard deviations of three biological
replicates are shown.

observed biofilm forming capabilities of the tested methanoar-
chaeal strains differed within the two used systems. In particular,
Methanosphaera stadtmanae’s biofilm formation on mica plates
appeared more pronounced when compared to the growth in
μ-dishesTM. While the used mica plates are very smooth and
hydrophilic, the surface of uncoated μ- dishesTM is more rough-
ened and hydrophobic. Thus, surface properties are likely to
influence the overall ability of methanoarchaeal strains to form
biofilms.

By using several lectins, only very low amounts of EPS were
detected in these methanoarchaeal biofilms (Figure 4). This obser-
vation might be due to the fact that the tested lectins did not
exhibit the specificity needed to detect the secreted polysaccha-
rides, since SEM analysis revealed high production of EPS for at
least Methanosphaera stadtmanae and Methanobrevibacter smithii.
The tested lectin ConA mainly recognizes glucose and mannose
residues, which form major components of EPS. However, the
ConA signal was mainly co-localized with the DAPI stained cells;
thus implying that the stained compound did not correspond to
secreted exopolysaccharides, but most likely to the N-glycans that
cover the outmost sheath of proteins or heteropolysaccharides sur-
rounding the methanoarchaeal cell surface (König, 1988, 2010;
Kandler and König, 1998). In addition, the lectin IB4, specific
for α-galactosyl residues, was rarely observed in all three biofilms.
In this respect, further analysis is required to determine carbohy-
drate moieties of secreted EPS by methanoarchaeal strains. On the
other hand, high amounts of extracellular DNA (eDNA) have been
observed in archaeal biofilms during earlier studies, particularly
located in regions of sessile cell aggregates (Fröls et al., 2008; Koerdt
et al., 2010; Orell et al., 2013). Hence, future studies should also

include examination of eDNA with an membrane-impermeable
DNA-intercalating dye as well as detection of secretion proteins.

SEM analysis in this study revealed not only adhesion of
methanoarchaeal strains to the smooth mica surface, but also
strong cell-to-cell adhesion of at least Methanosphaera stadtmanae
and Methanobrevibacter smithii during biofilm formation. The
functional role of bacterial type-IV-pili-like structures and non-
type-IV-pili-like structures involved by various archaeal species in
biofilm formation has been confirmed in earlier studies (Fröls
et al., 2008; Henche et al., 2012). However, the genomes of
Methanosphaera stadtmanae and Methanobrevibacter smithii lack
coding sequences for archaellar or pili-like structures as well as
for peptidases involved in processing pre-archaellins or pre-pilins
indicating they cannot assemble an archaellum (archaeal flag-
ellum) or type-IV-pili (Fricke et al., 2006; Samuel et al., 2007).
Thus, adhesion of cells to the smooth surface of mica plates
might also occur via interactions of either the heteropolysac-
charide layer surrounding the cells of these two strains or by
attachment of unknown cell appendages. Besides, under vari-
ous stress conditions such as the treatment with human-derived
antimicrobial peptides, alterations of the cell wall structure and
increased cell aggregation of Methanosphaera stadtmanae were
observed in an earlier study (Bang et al., 2012). Furthermore,
investigations of Methanobrevibacter smithii fecal strains as well
as of Methanosphaera stadtmanae revealed genomic adaptations to
the human gut ecosystem such as the production of surface glycans
resembling those found in the gut mucosa and a regulated expres-
sion of adhesion-like proteins (ALPs) (Fricke et al., 2006; Samuel
et al., 2007). The expression of Methanobrevibacter smithii’s ALPs
was later shown to differ between studied strains and to depend on
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the existing concentration of formate (Hansen et al., 2011). Since
biofilm formation often occurs during strong variations in living
conditions such as nutrient limitations (Donlan, 2002; Dongari-
Bagtzoglou, 2008), it might also be possible that biofilm formation
of methanoarchaeal strains is induced under certain stress condi-
tions involving differential gene expression of ALPs among others.
In this respect, it has also been shown that Methanosarcina mazei
strain S-6 establishes multicellular forms (lamina) under certain
stress conditions, which is thought to occur in adaptation to envi-
ronmental changes (Mayerhofer et al., 1992). Besides, in response
to changing culture conditions Methanosarcina mazei is able to
switch between growth as (sarcina)packages and single cells (Sow-
ers and Gunsalus, 1988). Thus, for Methanosarcina mazei it is
also likely that it diversifies its cellular growth under static growth
conditions in order to form a biofilm.

In summary, the present study demonstrated for the first time
that methanoarchaeal strains inhabiting the human gut have the
ability to build up biofilms under static conditions. Though
focusing on the evaluation of biofilm formation on abiogenic
substrates, strong evidence was obtained that Methanosphaera
stadtmanae and Methanobrevibacter smithii might occur as an
additional microbial part of mucosal biofilms in the human gut.
This is in agreement with previous studies that demonstrated
the interaction of these methanoarchaeal strains with bacterial
gut commensals such as Bacteroides species (Samuel and Gordon,
2006; Samuel et al., 2007). Microbial communities that occur in
biofilms on the mucosal surface are currently thought to be cru-
cially involved in modulating the host’s immune system, since
they are closer to the epithelium compared to microorganisms in
the lumen (Macfarlane and Dillon, 2007; Macfarlane et al., 2011).
More importantly, mucosal biofilms have been shown to be asso-
ciated with many human infectious diseases that are reviewed in
(Dongari-Bagtzoglou, 2008). In particular, the composition and
density of mucosa-associated biofilms have been shown to alter
in individuals with IBD, hence revealing evidence for an impact
of sessile communities to human’s gut diseases (Swidsinski et al.,
2005). Regarding to this, increased prevalence of Methanosphaera
stadtmanae was recently found in patients with IBD (Blais-Lecours
et al., 2014). Moreover, we recently demonstrated severe activa-
tion of human innate immune responses after exposure to this
methanoarchaeal strain, which might implicate its contribution
to pathological conditions in the human gut (Bang et al., 2014).
Thus, the observation in the present study demonstrating biofilm
formation of mucosa-associated methanoarchaeal strains might
be important for the influence of Methanosphaera stadtmanae and
Methanobrevibacter smithii on the immunomodulation within the
human gut that needs to be further elucidated.
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