
Effects of Antimicrobial Peptides on Methanogenic Archaea

C. Bang,a A. Schilhabel,a K. Weidenbach,a A. Kopp,b T. Goldmann,c T. Gutsmann,b and R. A. Schmitza

Institute for General Microbiology, Christian-Albrechts-Universität zu Kiel, Kiel, Germanya; Research Center Borstel, Division of Biophysics, Borstel, Germanyb; and Research
Center Borstel, Division of Clinical and Experimental Pathology, Borstel, Germanyc

As members of the indigenous human microbiota found on several mucosal tissues, Methanobrevibacter smithii and Methano-
sphaera stadtmanae are exposed to the effects of antimicrobial peptides (AMPs) secreted by these epithelia. Although antimicro-
bial and molecular effects of AMPs on bacteria are well described, data for archaea are not available yet. Besides, it is not clear
whether AMPs affect them as the archaeal cell envelope differs profoundly in terms of chemical composition and structure from
that of bacteria. The effects of different synthetic AMPs on growth of M. smithii, M. stadtmanae, and Methanosarcina mazei
were tested using a microtiter plate assay adapted to their anaerobic growth requirements. All three tested methanoarchaea were
highly sensitive against derivatives of human cathelicidin, of porcine lysin, and a synthetic antilipopolysaccharide peptide
(Lpep); however, sensitivities differed markedly among the methanoarchaeal strains. The potent AMP concentrations affecting
growth were below 10 �M, whereas growth of Escherichia coli WBB01 was not affected at peptide concentrations up to 10 �M
under the same anaerobic growth conditions. Atomic force microscopy and transmission electron microscopy revealed that the
structural integrity of the methanoarchaeal cells is destroyed within 4 h after incubation with AMPs. The disruption of the cell
envelope of M. smithii, M. stadtmanae, and M. mazei within a few minutes of exposure was verified by using LIVE/DEAD stain-
ing. Our results strongly suggest that the release of AMPs by eukaryotic epithelial cells is a potent defense mechanism targeting
not only bacteria, but also methanoarchaea.

Members of the domain Archaea, the third domain of life, are
ubiquitous and show a wide phylogenetic diversity (9, 10).

During the last 3 decades, several strictly anaerobic archaea were
found to be associated with the human mucosa (11, 12, 56, 57).
Methane breath studies, cultivation of isolates, and PCR-based
detection assays demonstrated the presence of methanoarchaea in
the human gut (11, 12, 25, 56, 57). Here, a crucial role of those is
the modulation of the fermentation balance by converting bacte-
rial primary fermentation products, like acetate, methanol, hy-
drogen, and carbon dioxide, to methane (54, 64). The first species
identified as part of the human indigenous gut microflora was
Methanobrevibacter smithii, whose genomic adaptations to the
human intestine are apparently the reason for its predominance
compared to the later detected species Methanosphaera stadt-
manae (25, 65).

Besides competition for nutrients and niches with their habitat
mates, all members of the human microflora are exposed to vari-
ous epithelial defense mechanisms to prevent invasion or coloni-
zation of organs and to maintain homeostasis (53). One line of
epithelial defense is the secretion of antimicrobial peptides
(AMPs) that are considered to be an essential part of the innate
immunity of eukaryotes (15, 16, 73). AMPs are derived from dif-
ferent origins and have diverse structural motifs (74). They are
assumed to exert their antimicrobial mechanism via interaction
with the negatively charged membrane of bacteria, fungi, proto-
zoa, and viruses, thereby disturbing membrane integrity (33, 43,
46, 50). The biochemical effects of various AMPs on bacterial cell
membranes and their properties are well characterized. In con-
trast to the bacterial membrane lipids consisting of fatty acid es-
ters, archaeal membrane lipids are built from glycerol diethers of
isoprenoid alcohols arranged as a bilayer or in several archaea also
from glycerol tetraethers that form monolamellar membrane
patches (14, 22). In addition, the compounds of the archaeal cell
wall polymer are structurally highly diverse, ranging from pseu-

domurein, surface-layer (S-layer) proteins to methanochondroi-
tin (47). Due to the unique composition and biochemical struc-
ture of the archaeal cell envelope, if and how AMPs affect their cell
membrane was not evident, nor have such data been available
until now.

Thus, we examined the effects of several AMPs with regard to
growth inhibition and morphological changes of the methanoar-
chaeal strains M. smithii and M. stadtmanae, which are considered
to be inhabitants of the human gut (66), and of one member of the
Methanosarcinales, Methanosarcina mazei strain Gö1. To deter-
mine inhibitory concentrations of the AMPs, the establishment of
a system to reproducibly analyze the anaerobic growth of these
strains in parallel small culture volumes was essential. Further-
more, the present study included a time-dependent examination
of AMP-induced killing of archaea and an ultrastructural analysis
of AMP-treated methanoarchaeal strains by atomic force micros-
copy (AFM) and electron microscopy.

MATERIALS AND METHODS
Strains and growth media of methanoarchaea. M. mazei strain Gö1
(DSM 3647), M. stadtmanae (DSM 3091), and M. smithii (DSM 861) were
obtained from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ; Braunschweig, Germany). All strains were grown at
37°C in minimal medium under strict anaerobic conditions, as described
for M. mazei (32) with minor modifications. The reductant Na2S was
completely omitted; instead the medium was solely reduced with cysteine
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(2 mM). The gas phase used for M. mazei cultures was N2-CO2 (80/20
[vol/vol]), whereas M. stadtmanae and M. smithii were grown with 1.5
atm H2-CO2 (80/20 [vol/vol]). A 150 mM concentration of methanol was
added as the carbon and energy source for M. mazei and M. stadtmanae,
whereas H2-CO2 of the gas phase served as sole carbon and energy source
for M. smithii. To prevent bacterial contamination, the medium for all
strains was in general supplemented with 100 �g/ml ampicillin.

Bacterial strain. E. coli strain WBB01 (17) was grown in LB (Luria-
Bertani) medium or in the minimal medium that was used for the metha-
noarchaea, except that 20 mM glucose was added instead of methanol as
the carbon and energy source. Cultures were grown in microtiter plates
with constant shaking at 37°C for aerobic conditions and at 37°C without
shaking for anaerobic conditions.

AMPs. The AMPs tested in this study were derivatives of the human
cathelicidin LL37 (LL20 and LL32) (41), derivatives of porcine NK-lysin
(NK2 and C7S) (8), and a synthetic antilipopolysaccharide (anti-LPS)
peptide, Lpep 19-2.5 (5). (All were purified from chemical peptide syn-
thesis and kindly provided by O. Holst, Division of Structural Biochem-
istry, and J. Andrä, Division of Biophysics, Research Center Borstel, Bor-
stel, Germany.) Peptides were stored at �20°C and diluted in anaerobic
aquadest prior use.

Microtiter plate assay for AMP susceptibility test. The antimicrobial
activity of the peptides was determined by growth inhibition of M. mazei,
M. stadtmanae, and M. smithii. Thus, the commonly used microtiter plate
assay for antimicrobial testing (6) was adapted to the anaerobic growth
conditions required for the methanoarchaeal strains. A microtiter plate
reader (Sunrise; Tecan Group, Ltd., Crailsheim, Germany) was set up in
an anaerobic chamber with an atmosphere of N2-CO2-H2 (78/20/2 [vol/
vol/vol]), and the microtiter plates for the AMP susceptibility tests were
prepared under anaerobic conditions. To maintain at least semisterile
conditions within the chamber, the gas atmosphere was constantly circled
over a 0.3-�m filter system (Coy Laboratory Products, Inc., Grass
Lake, MI).

Precultures of the methanoarchaeal strains were grown in 50 ml an-
aerobic medium as described above. Growth of precultures was moni-
tored by the optical density at 600 nm (OD600), and cell numbers were
generally determined by microscopic counting using a Thoma counting
chamber during the growth period (at least three technical replicates). For
AMP susceptibility tests, 1 � 107 cells from the mid-exponential growth
phase of precultures were inoculated into 250 �l minimal medium in
U-bottom polystyrene microtiter plates (Microlon; Greiner Bio-One
GmbH, Frickenhausen, Germany) supplemented with different AMP
concentrations. Microtiter plates were covered with gas-permeable mem-
branes (Carl Roth GmbH and Co., KG, Karlsruhe, Germany), and in the
case of M. stadtmanae and M. smithii, transferred to an anaerobic jar with
a side tube for manipulation of the gas phase (Schuett-Biotec GmbH,
Göttingen, Germany) to continuously supply H2-CO2. Growth was mon-
itored in constant intervals until the stationary phase was reached. To
monitor microbial contamination under the semisterile working condi-
tions in the anaerobic chamber during experiments, a control containing
minimal medium was routinely included and the autofluorescence of the
potential contaminating cells was monitored by fluorescence microscopy
following the growth measurements. All values or data obtained are in
general based on three independent experiments, each performed at least
in duplicate.

LIVE/DEAD staining. LIVE/DEAD staining was performed with the
LIVE/DEAD BacLight bacterial viability kit (Invitrogen GmbH, Darm-
stadt, Germany). Cultures were grown to mid-exponential growth phase
under anaerobic conditions, kit reagents were added according to the
manufacturer’s protocol, and 1-ml aliquots of cultures supplemented
with reagents were dispensed to anaerobic Hungate tubes. AMPs were
supplemented to different final concentrations, as given in the Results
section. At different time points of incubation, cells were microscopically
examined at a �1,000 magnification using an Axio Lab microscope (Carl
Zeiss MicroImaging GmbH, Jena, Germany) supplied with a digital cam-

era (AxioCam Mr5, Carl Zeiss MicroImaging GmbH, Jena, Germany).
Fluorescent micrographs with filter sets for propidium iodide and SYTO 9
fluorescence and phase-contrast micrographs in the same visual fields
were captured using the digital image analysis software AxioVision Re-
lease 4.7.1 (Carl Zeiss MicroImaging GmbH, Jena, Germany).

Atomic force microscopy. Cultures were grown to the mid-exponen-
tial growth phase as described above and adjusted to 1 � 107 cells in fresh
minimal medium. The indicated AMP concentrations were supple-
mented, and the cells were further incubated for 4 h at 37°C. After brief
agitation, 20 �l of each preparation was dropped on glass slides coated
with mica (29) and dried in an anaerobic chamber. Samples were washed
twice with water to remove the large amounts of salt in the sample prep-
aration. Dried archaea were imaged with an MFP-3D atomic force micro-
scope (Asylum Research, Santa Barbara, CA). Images were taken under
normal atmosphere in contact mode using a CSG11-A cantilever (k � 0.1
N/m; NT-MDT, Moscow, Russia). The set point was adjusted to guaran-
tee applying minimal forces to the sample. Further image editing (flatten-
ing) was done with the MFP-3D software under IGOR Pro (Lake Oswego,
OR). The images shown are representative for the overall measurements.

Electron microscopy. Transmission electron microscopy (TEM)
analysis was performed as described previously (8). Ten milliliters of mid-
exponential growth-phase cultures was incubated in the presence of the
indicated AMP concentrations for 4 h under anaerobic conditions, while
the following procedures were done under aerobic conditions. Prepara-
tions were centrifuged for 30 min at 3,200 � g, and the supernatant was
discarded. Five milliliters of 10% LB agar was then added to each tube, and
the mixture was centrifuged at 4°C for 15 min at 3,200 � g to concentrate
cells in the setting agar. Shown images are representative for the respective
samples.

RESULTS

The aim of this study was to examine the effects of several AMPs
with regard to growth inhibition and morphological changes of
the methanoarchaeal strains M. smithii, M. stadtmanae, and M.
mazei.

Establishment of growth analysis of methanoarchaea in mi-
crotiter plates under anaerobic conditions. The broth microdi-
lution assay routinely used for antimicrobial testing of AMPs and
other antimicrobial active substances with bacterial strains (6) was
assigned to meet the growth requirements of methanoarchaea.
Strains had to be grown under reducing conditions in minimal
medium supplied with the respective carbon and energy sources
and gas atmospheres (according to Materials and Methods) to
enable methanogenesis. The culture volume was reduced to a
minimum of 250 �l. Optimal and reproducible growth was en-
abled in U-bottom polystyrene microtiter plates covered with a
gas-permeable membrane. Under these conditions, M. mazei was
able to grow from an inoculum of 1 � 106 cells per 250 �l, whereas
growth of M. stadtmanae and M. smithii was not observed until an
initial cell number of 1 � 107 cells per 250 �l. Growth progression
at 37°C was recorded up to 96 h and confirmed that the growth of
all methanoarchaeal strains as well as of Escherichia coli WBB01
was comparable to growth in higher culture volumes using Hun-
gate tubes or closed bottles. Independent from inoculated cell
numbers, cultures of methanoarchaea reached their maximum
OD600 after 50 h (M. mazei) to 96 h (M. stadtmanae and M.
smithii) but resulted in different optical turbidities at the end of
cultivation due to different sedimentation behaviors (data not
shown). A starting cell number of 1 � 107 cells per 250 �l medium
was chosen for all methanoarchaeal and bacterial strains in the
study presented here.

Inhibitory effects of AMPs on methanoarchaea. Cathelicidin
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derivatives LL32 and LL20 (41), NK-lysine derivatives NK2 and
C7S (8), and the synthetic peptide Lpep 19-2.5 originating from
Limulus anti-lipopolysaccharide (anti-LPS) factor (LALF) (5)
were used to study their antimicrobial effects on the methanoar-
chaea M. mazei, M. stadtmanae, and M. smithii. The minimal pep-
tide concentrations necessary to inhibit archaeal growth (MICs)
were determined with the microdilution assay described above in
at least three independent experiments. The percentage of growth
was calculated from the optical densities in the stationary phase
compared to that of a noninhibited control. Except for a certain
strain-dependent manner, all peptides showed activity against M.
mazei, M. stadtmanae, and M. smithii at concentrations below 10
�M (summarized in Table 1). Concerning the three methanoar-
chaeal strains, the AMPs LL20, LL32, NK2, C7S, and Lpep 19-2.5
are most effective against M. mazei, with MICs between 0.5 and 4
�M. Against M. stadtmanae and M. smithii, they display only
moderate effectiveness, with the exception of LL32 and Lpep 19-
2.5 being similarly effective against M. smithii as against M. mazei
(Table 1, Fig. 1A and C, and Fig. 2A).

M. stadtmanae was able to grow in medium containing higher
concentrations of cathelicidins (Fig. 1B) and lysins (Fig. 2B), but
growth was also inhibited at low concentrations of Lpep 19-2.5
(Fig. 2A). Interestingly, only in assays containing NK2 did the
relative growth of methanoarchaea appear to be promoted by the
peptide at low concentrations compared to that in the nontreated
controls (Fig. 2B). Microscopic evaluation of cultures at the end of
cultivation revealed coagulation of cells to different extents due to
AMP treatments.

Except for Lpep 19-2.5, the growth of E. coli WBB01 was not
affected by the peptides, tested under the set experimental condi-
tions using 1 � 107 cells and an anaerobic gas atmosphere (Table
1 and Fig. 2). However, functionality of the peptides was verified
using E. coli WBB01 and a starting cell number of 1 � 105, as
described for the general broth microdilution assay under aerobic
conditions using Luria-Bertani medium (data not shown).

Confirmation of the effects of AMPs on methanoarchaea us-
ing LIVE/DEAD staining. Evaluation of partly inhibited cultures
after cultivation in AMP-containing medium by light microscopy
demonstrated coagulation of cells for all methanoarchaeal strains.
As this coagulation might result from sedimentation in microtiter
plates, the short-term effects of AMPs at their MICs on the three
methanoarchaeal strains were studied with the LIVE/DEAD stain-
ing assay. This assay contains two fluorescent dyes, propidium
iodide, which penetrates cells with damaged membranes, and
SYTO 9, which accumulates only in living cells. Thus, unaffected
archaeal cells with intact membranes show the green fluorescence
of SYTO 9, while cells with damaged membranes show the red
fluorescence of propidium iodide.

LL32 and Lpep 19-2.5 were added to cell cultures at the mid-
exponential growth phase containing the LIVE/DEAD staining
components, and aliquots were examined under the microscope
after 10, 30, 60, and 120 min in comparison to those of untreated
controls. The tested methanoarchaeal strains reacted differently
on the application of AMPs. First effects became visible for all
strains after 10 min of incubation with AMPs (Fig. 3). About 1/3 of
M. mazei cells were enlarged after the addition of 1 �M Lpep
19-2.5 or 1 �M LL32. The highest enlargement of cells (about 5- to
10-fold increase in cell diameter) could be observed in cultures
containing Lpep 19-2.5 (Fig. 3). Increased cell size led to bursting
of cell membranes, which could also be observed during micro-
scopic examination (Fig. 3B). In contrast, LIVE/DEAD staining of
M. stadtmanae and M. smithii treated with both peptides revealed

FIG 1 Growth inhibition of M. mazei, M. stadtmanae, and M. smithii by LL32.
A total of 1 � 107 cells were incubated with the indicated concentrations of the
human cathelicidin derivative LL32 at 37°C in 250 �l minimal medium under
anaerobic conditions. Turbidity of cultures at 600 nm (OD600) was measured
at different time points. Error bars represent standard deviations of three par-
allel cultures in one experimental setup. (A) M. mazei; (B) M. stadtmanae; (C)
M. smithii.

TABLE 1 Antimicrobial activities of various AMPs against
methanogenic archaea and E. coli strain WBB01 in minimal medium
under anaerobic conditions

Organism

MIC (�M) of:

LL32 LL20 NK2 C7S Lpep 19-2.5

M. mazei 1 4 0.5 0.5 1
M. stadtmanae 5 �10 10 �10 �10
M. smithii 1 �10 3 �10 3
E. coli WBB01 �10 �10 �10 �10 �10
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no obvious increase in cell size before destruction (Fig. 3). Addi-
tion of 5 �M LL32 and 10 �M Lpep 19-2.5 to cultures of M.
stadtmanae increased cell coagulation, whereas such an effect was
not visible for cultures of M. mazei or M. smithii (Fig. 3B).

Influence of peptides on the ultrastructure of methanoar-
chaea. The morphological changes of the methanoarchaea upon
treatment with LL32 and Lpep 19-2.5 were visualized by atomic
force microscopy (AFM) and transmission electron microscopy
(TEM). Mid-exponential-phase cultures were treated with AMPs
at the respective MICs for 4 h and compared to controls, as de-
scribed in Materials and Methods. As depicted in Fig. 4, both
AMPs had a dramatic impact on the structural integrity of M.
stadtmanae and M. smithii compared to untreated controls. Cells
of both strains showed different sensitivities against the used
AMPs within a given culture and were therefore not affected to the
same extent. The addition of LL32 to M. smithii increased surface
roughness but appeared not to disturb the strain’s cellular mor-
phology, whereas M. stadtmanae cells lost their typical spherical
shape. Lpep 19-2.5 destroyed the cell morphology of both strains.
In general, adhesion of cells of M. stadtmanae and M. smithii to the
mica plates used for AFM decreased significantly upon peptide
treatment. The adhesion of M. mazei cells to mica plates upon
peptide treatment was reduced to a much higher extent, making
AFM analysis impossible.

Using TEM, it was possible to obtain a more detailed picture of
the morphological changes resulting from AMP treatment of M.
stadtmanae and M. smithii. As was already observed by AFM, not
all cells of a culture were affected to the same extent, indicating
heterogeneity of the methanoarchaeal cultures. Probably due to
the preparation procedures, transmission electron micrographs of
cells of M. mazei could not be obtained.

For M. smithii, similar morphological effects of both tested
peptides were observed. LL32 induced membrane ruffling and
membrane detachment, which in strongly affected cells appeared
to lead to release of cytoplasmic material from the cells of M.
smithii (Fig. 5). On the other hand, when treated with Lpep 19-2.5,
only membrane ruffling and partial membrane destruction was

FIG 2 Growth inhibition of M. mazei, M. stadtmanae, M. smithii, and E. coli
WBB01 in cultures containing Lpep 19-2.5 and NK2. A tota1 of 1 � 107 cells
were incubated with different concentrations of the peptide Lpep 19-2.5 (A) or
NK2 (B) at 37°C in 250 �l minimal medium. The turbidity of control cultures
at 600 nm (OD600) in the stationary phase (M. mazei, 50 h; M. stadtmanae, 72
h; M. smithii, 96 h; E. coli WBB01, 6 h) was set to 100%. Error bars represent
standard abbreviations of three parallel cultures in one experimental setup.

FIG 3 Microscopic analysis of methanoarchaea after treatment with LL32 and Lpep 19-2.5. Cultures of M. mazei, M. stadtmanae, and M. smithii were grown to
the mid-exponential growth phase, LIVE/DEAD staining kit reagents were added according to the manufacturer’s protocol, and 1-ml aliquots of cultures were
dispensed to anaerobic Hungate tubes. AMPs were added at the following concentrations: M. mazei, 1 �M LL32 or 1 �M Lpep 19-2.5; M. stadtmanae, 5 �M LL32
or 10 �M Lpep 19-2.5; M. smithii, 1 �M LL32 or 3 �M Lpep 19-2.5. (A) Fluorescent micrographs with filter sets for propidium iodide and SYTO 9 fluorescence
taken after 10 min of incubation in the presence of AMPs (or in the absence for control cultures). (B) Phase-contrast micrographs taken after 60 min of incubation
in the presence of AMPs (or in the absence for control cultures). Pictures are representative for the respective sample.
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observed. M. smithii cells from untreated controls showed a dense
cell wall that is surrounded by a secondary diffuse layer. In con-
trast to control cells, the cell wall of AMP-treated cells seemed to
be less dense and the outer layer was diminished (after treatment
with LL32) or even more diffuse (after treatment with Lpep 19-
2.5) than in control cells.

TEM micrographs of M. stadtmanae illustrated a composition
of the cell envelope similar to that observed for M. smithii, con-
sisting of a bilayer membrane, a cell wall, and an outer layer (Fig.
5, control). Treatment of M. stadtmanae with LL32 and Lpep 19-
2.5 revealed different effects of the peptides on cell morphology.
For LL32-treated cells, filamentous structures obviously originat-
ing from the outer layer were observed. Cell size, cell membrane,
and cellular organization appeared not to be affected after 4 h of
incubation (Fig. 5). However, after Lpep 19-2.5 treatment, a part
of the outer layer was detached from the cell wall and expanded.
For some cells, this layer was already destroyed while their cell wall
was still intact. In general, in all cells only a minor increase in cell
size was observed; however, their membranes were ruffled to dif-
ferent extents.

DISCUSSION

The fact that archaea not only occupy extreme environments but
are also permanent part of the human microbiota (11, 12, 30, 49,
57, 72) has become accepted in the last decade (19, 31, 51). How-
ever, since their abundance and diversity in humans are far below
those reported for bacteria (30, 51, 55, 60, 62, 69) and obviously no
archaeal pathogen has been reported so far (19, 31), archaea were
omitted or overlooked in many studies dealing with microbial
composition and antimicrobial susceptibility. Only a few studies
have been reported on the efficiency of clinically relevant antibi-
otics on archaea (26). Moreover, to date research on the efficiency
of AMPs has been mainly focused on bacteria. This attracted us to
study the effects of several AMPs with regard to growth inhibition
and morphological changes of two methanoarchaeal strains that
are considered to be inhabitants of the human gut (66).

FIG 4 Effects of LL32 and Lpep 19.2-5 treatment on the morphology of M. stadtmanae and M. smithii examined by AFM. AFM images of untreated cultures
(controls) and of cultures incubated with respective MICs in the presence of 5 �M LL32 or 10 �M Lpep 19-2.5 for M. stadtmanae and 1 �M LL32 or 3 �M Lpep
19-2.5 for M. smithii. Cultures were grown until the mid-exponential phase at 37°C, adjusted to 1 � 107 cells in fresh minimal medium, and incubated in the
presence of AMPs for 4 h. Images were taken in air in alternating current (AC) (tapping) mode and are representative of the samples examined. The length (scale
in �m) and height (color code) are indicated.

FIG 5 Effects of LL32 and Lpep 19.2-5 treatment on the morphology of M.
stadtamanae and M. smithii examined by transmission electron microscopy
(TEM). Shown are the TEM results from untreated cultures (controls) and
cultures that were incubated with their respective MICs: 5 �M LL32 or 10 �M
Lpep 19-2.5 for M. stadtmanae and 1 �M LL32 or 3 �M Lpep 19-2.5 for M.
smithii. Cultures were grown until the mid-exponential phase at 37°C, ad-
justed to 1 � 107 cells in fresh minimal medium, and incubated with AMPs for
4 h. Images are representative of the respective samples.

Antimicrobial Peptides Affect Methanoarchaea

August 2012 Volume 56 Number 8 aac.asm.org 4127

http://aac.asm.org


Growth analysis of methanoarchaea in anaerobic microtiter
plates. The effects of AMPs are generally tested by counting CFU
on agar plates or using a broth microdilution assay (39, 44). Both
assays conflict with the growth requirements of the methanoar-
chaea tested in this study: besides the anoxic atmosphere, the in-
ability to grow on agar plates and the need for a specific gas atmo-
sphere containing gases like hydrogen and carbon dioxide as
growth substrates further complicate such tests. Using the respec-
tively adapted microdilution assays for methanoarchaea, we were
able to demonstrate that structurally different AMPs, like catheli-
cidin and NK-lysin derivatives, as well as a synthetic antilipopoly-
saccharide peptide (Lpep), affect methanoarchaea. Due to the
higher starting cell number that has to be used for the anaerobic
cultivation of methanoarchaea, the MICs of the AMPs determined
here are not directly comparable to MICs reported for bacteria (5,
8). However, under test conditions comparable to that used for
the methanoarchaea, growth of E. coli WBB01 was only slightly
influenced by the presence of the tested AMPs in concentrations
inhibitory for methanoarchaea. Since peptides were functionally
active against E. coli WBB01 under common test conditions using
1 � 105 cells in 250 �l, the results presented here argue for an AMP
sensitivity of methanoarchaea comparable to or even higher than
that reported for bacteria, which are well inhibited or killed by
AMPs in the nanomolar concentration (20- to 200-nM) range, as
described for LL37 (70). Collaterally, the insensitivity of E. coli
under the chosen test conditions might probably result from the
amount of peptides sequestered by more bacterial lipopolysaccha-
ride (LPS) due to the higher cell number (7) and/or a changed net
charge, structural order, or fluidity of the E. coli inner membrane
under the changed physiological conditions during anaerobic
growth in minimal medium. The latter growth conditions have
been described by other groups to be variables influencing anti-
microbial efficiency of AMPs (18, 23, 42, 58).

Inhibitory effects of AMPs on methanoarchaea. Although all
methanoarchaeal strains tested were sensitive against the tested
AMPs, M. mazei showed the highest susceptibility. Microscopic
examination using LIVE/DEAD staining confirmed a tremendous
increase in cell size, followed by cell disruption already after short
incubation times, probably due to the osmotic stress proposed by
the membrane lytic activity of the tested peptides. This sensitivity
may be rooted to the cell wall and cell membrane chemistry of M.
mazei. The strain lacks the pseudomurein cell wall of M. stadt-
manae and M. smithii. Instead, its cell wall is composed of a porous
proteinaceous surface layer (S-layer) covered with methanochon-
droitin (2, 47), an acidic heteropolysaccharide similar to the eu-
karyotic chondroitin, which is essential for the formation of the
sarcinal clusters (63). The S-layer of M. mazei is composed of an
unusual high number of glycosylated and nonglycosylated pro-
teins that result in a weaker or not crystalline behavior, as is typical
for most S-layers composed of only two proteins (35). This might
facilitate the passage of the peptides to the cell membrane.

Beyond probable intracellular modes of action, which have
already been described for some AMPs (18, 45), the first event
interfering with cellular functions and viability is the interaction
of a peptide with the microbial cell membrane. The M. mazei cell
membrane has a different composition related to the cytoplasmic
membranes of M. smithii and M. stadtmanae, consisting only of
archaeols and hydroxyarchaeols that constitute a bilayer mem-
brane (48, 67). The membranes of M. smithii and M. stadtmanae
are composed of substantial amounts of caldarcheols (13 to 40%),

the monolayer-forming tetraether lipids (68) that influence the
ordered structure of the membrane (1, 40, 71). A dependence of
bacterial AMP susceptibility on the structural order of mem-
brane lipids has been shown for the Gram-positive bacterium
Staphylococcus aureus being less sensitive against human de-
fensins when carotenoids increase rigidity of its cell membrane
(58). The archaeols and hydroxyarchaeols of M. mazei are com-
posed of the phosphatidylserine, ethanolamine, glycerol, and
inositol derivatives of the isoprenyl ethers (48, 67). Especially
phosphatidylserine and phosphatidylglycerol, which also occur
as hydrophilic head groups in the fatty acid esters of bacterial
membranes and make up the majority of polar head groups of
M. mazei (67), are responsible for the negative membrane
charge and thus increase the influence of the interaction of the
cationic charged peptide with the membrane (4, 21, 24). Fur-
thermore, in contrast to M. mazei, the membrane lipids of M.
stadtmanae and M. smithii are composed of nonpolar phos-
phoglycolipids to a great extent: �80% in M. stadtmanae and
�50% in M. smithii (68). Phosphoglycolipids are described to
stabilize the archaeal membrane structure (71). Thus, the
higher AMP sensitivity of M. mazei compared to those of M.
smithii and M. stadtmanae might result from a more disor-
dered, less rigid, and a more negatively charged cytoplasmic
membrane. Besides, it should also be considered that mem-
brane proteins modify the structure and fluidity of the mem-
brane (27) and will thereby contribute to the interactions of
membrane compounds with AMPs. To verify these assump-
tions and to gain an insight into the modes of action of the
AMPs, biophysical studies on planar membranes and mem-
brane vesicles built from isolated membrane compounds of the
methanoarchaeal strains are under way.

Influence of peptides on the ultrastructure of methanoar-
chaea. The peptides LL32 and Lpep 19-2.5 show distinct MICs
against M. smithii and M. stadtmanae, and in addition, AFM and
TEM micrographs underline different modes of action on the ul-
trastructure of cells of both strains. In accordance with other de-
scriptions, LL32 as a derivative of the human peptide LL37 is pro-
posed to have a membrane lytic effect (28, 61), which is also clearly
visible for Lpep 19-2.5 on cells of M. smithii. The increased rough-
ness of the outermost layer of M. smithii cells induced by the
synthetic peptide points toward an additional interaction of the
peptide with polysaccharides of the cell envelope, as described for
the interaction of AMPs with anionic heparan sulfate of mamma-
lian surfaces (45). Both strains of M. smithii and M. stadtmanae
possess the genetic equipment to vary their capsular polysaccha-
rides according to the host environment (36, 65) as has been
shown for M. smithii in mouse colonization experiments (64).

A weak membrane lytic effect of both peptides has also been
observed on cells of M. stadtmanae, although TEM micrographs
exhibit a more pronounced effect on the cell wall of this archaeal
strain. The appendages on M. stadtmanae cells caused by treat-
ment with LL32 could be either part of the cell wall polymer dis-
mantled from the cell’s surface or aggregated pili (R. Rachel, Uni-
versity of Regensburg, personal communication). Type IV pili and
archaeal flagella with diameters of �10 to 20 nm are known from
several archaea to fulfill different tasks (3). In the hyperthermo-
phile crenarcheaon Sulfolobus solfataricus, type IV pili are induced
by environmental stress and formation of pili appears to be a
highly dynamic reaction occurring within 1.5 h (37, 38). However,
no pili have been detected on the surface of M. stadtmanae so far,
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and the genetic machinery necessary to build these structures has
not been detected in its genome (36). On the other hand, M. stadt-
manae cells easily aggregate in biofilms (C. Ehlers, University of
Kiel, personal communication). Whether this process is sup-
ported by exopolysaccharide disposal or by formation of pili is not
known, but both processes are accompanied by cellular aggrega-
tion. The effect obtained after treatment with Lpep 19-2.5 clearly
demonstrates its severe interaction with capsular polysaccharides
of M. stadtmanae, leading to a swelling of the surrounding layer,
which is detached from the cell wall and almost twice as thick as
the layer without treatment. The interaction of AMPs (�-de-
fensins, LL37, and hBD3) with bacterial exopolysaccharides of
lung pathogens has already been described (13, 34, 52). Although
this was found to reduce the activity of the AMPs on E. coli, an
about 3-fold enlargement of the exopolysaccharide fibers has been
observed using AFM (34). Further experiments might show if the
extended polysaccharide layer could also be a result of a rapid
response of M. stadtmanae by induced polysaccharide produc-
tion. Such studies might be hampered by our observation that not
all cells in a certain growth phase of M. stadtmanae and M. smithii
appeared to be equally sensitive to the peptides and thus resulted
in differently affected cells detected by TEM. Those observed dif-
ferences might result from a different metabolic or cell cycle state
of the cells. This is also evident by constantly observed variations
of the intrinsic fluorescence caused by cofactor F420, an electron
carrier in methanogenesis and thus a marker for metabolically
active cells during cultivation. This observed heterogeneity within
the methanoarchaeal cultures may be responsible for the inhomo-
geneous effects of the AMPs and could thus be a survival strategy
with regard to their natural living habitats. Additionally it is likely
that cells in a culture do not necessarily have a homogenous
membrane architecture, since, e.g., the tetraether lipids are also
discussed to influence membrane bending (59) and proteins are
assembled to the membrane in a specific manner, thereby influ-
encing the membrane structure and properties (27).

Conclusions and outlook. Our studies clearly show that the
methanoarchaea M. stadtmanae and M. smithii as a part of the
human gut microbiota are, like bacteria and eukaryotic cells,
prone to the lytic effects of AMPs, whose release is an essential
eukaryotic epithelial defense mechanism. Whether the effects of
the AMPs could be mainly ascribed to the membrane interaction
with the structurally different ether lipids or an additional intra-
cellular mode of action has to be further studied using biophysical
and molecular biological methods. Furthermore, evaluation of the
efficiency of human-derived AMPs secreted by gut epithelial cells
(e.g., �- and �-defensins), against methanoarchaeal strains in
comparison to bacteria is compulsory in order to speculate if and
how those AMPs might influence the community structure of the
human gut flora.
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