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MINIREVIEW

Cell Surface Structures of Archaea�

Sandy Y. M. Ng,1 Behnam Zolghadr,2 Arnold J. M. Driessen,2 Sonja-Verena Albers,2 and Ken F. Jarrell1*
Department of Microbiology and Immunology, Queen’s University, Kingston, Ontario, Canada K7L 3N6,1 and Department of

Molecular Microbiology, University of Groningen, Kerklaan 30, 9751 NN Haren, The Netherlands2

Prokaryotes possess various kinds of cell surface organelles
serving versatile biological roles depending on the environ-
mental niche of the organism. The formation of these struc-
tures involves fascinating machineries, as not only do the pro-
tein components need to travel across the cytoplasmic
membrane like all secreted proteins, but they also need to do
so in a precisely coordinated manner for proper assembly.
Most commonly found on the surface of bacteria are flagella
used for swimming (47); the type III secretion injectisome
(needle structure) (21), which is used to deliver effector mol-
ecules from pathogenic organisms into host cells; and a wide
variety of thinner organelles that fall under the broad desig-
nation of pili (13, 33, 58, 64, 69, 78). Different classes of these
structures (type I pili, type IV pili, sex pili, etc.) which differ
significantly in their structure, assembly, and function have
been identified. Their many roles include adhesion, twitching
(or surface) motility, and delivery of DNA and toxins, as well
as functioning as electrically conductive “nanowires.” Other,
less commonly studied appendages have also been reported,
such as spinae (9).

Archaea, representing the third domain of life, have been
isolated from the most extreme environments known to harbor
life (15). They have been cultivated from environments that
mark the upper limits of life in regard to temperature, pH, and
salt concentration. Furthermore, molecular techniques have
indicated that archaea are common in a variety of less extreme
niches, such as ocean waters, freshwater sediments, and soil
(20, 23, 66). Evidence points to a broader and more significant
role in the ecosystem for archaea than previously believed (12,
14, 49).

Both directed studies of surface structures in archaea, as
well as electron microscopic observations of a variety of diverse
archaea, have indicated a number of different types of surface
structures. Some, like the archaeal flagella and pili, appear at
first glance to be similar to their bacterial counterparts but
possess significant differences and archaeal twists. Other struc-
tures, such as cannulae and hami, appear to be unique to the
archaeal domain. Still other structures, such as the bindosome,
are predicted to exist from genetic and biochemical data al-
though direct electron microscopic evidence is, as yet, lacking.
Studies on archaeal extracellular structures have enriched our

understanding of a variety of topics, including protein export,
posttranslational modifications, assembly mechanisms, and
metabolism. They have also provided unique examples of ad-
aptations to their environments not observed in bacteria. The
capacity of some archaea to assemble these structures in ex-
treme conditions that bacterial structures often fail to with-
stand is of great interest from both fundamental and applied
viewpoints.

FLAGELLA

The best studied of all archaeal surface structures is the
archaeal flagellum. Flagella are widely distributed throughout
all the major subdivisions of cultivatable archaea from both
Crenarchaeota and Euryarchaeota (38, 55), including halo-
philes, haloalkaliphiles, methanogens (Fig. 1), hyperthermo-
philes, and thermoacidophiles (see Fig. 7B), with at least some
studies on flagella in representatives of all these groups (11, 17,
28, 30, 32, 41, 54, 61, 63, 76).

Generally, flagellated archaea have a single major identified
genetic locus involved in flagellation (55). This locus usually
begins with multiple structural flagellin genes (flaA and/or flaB
genes), followed by fla-associated genes flaC to -J or some
subset of these genes (an exception is the single flagellin gene
found in Sulfolobus species [(3]). Most of the complete fla-
associated gene sets are found in Euryarcheota while the Cre-
narchaeota have only a subset of these genes. The preflagellin
peptidase gene, flaK/pibD, which encodes an essential signal
peptidase required for flagellin processing, is usually located
elsewhere on the chromosome. The functions of flaC to -J are
mainly unknown, although FlaI contains ATPase activity (1)
and, due to its homology to type IV pilus system ATPases
(10), is believed to be critical for assembly. Various genetic
studies, especially with Methanococcus and Halobacterium,
have indicated that (probably) all of the flaC to -J gene
products are necessary for proper assembly and function of
the flagella (17, 61).

While performing the same function as bacterial flagella, the
flagella of archaea are thought to be a unique motility appa-
ratus (80). Evidence accumulated over the years has led to the
proposal that archaeal flagella are more similar to bacterial
type IV pili than to bacterial flagella (10, 29, 55, 81). At the
gross morphological level, archaeal flagella are rotating struc-
tures with a filament, as seen in bacterial flagella (8, 22, 43).
However, archaea do not possess any homologues of genes
found in bacteria that are involved with bacterial flagellum
structure or assembly (27, 59). On the other hand, archaeal
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flagellins have conserved amino acid sequences at their N
termini, both in the mature proteins and in their class III signal
peptides, which are similar to type IV pilins (29, 75). Like type
IV pilins, archaeal flagellins are made as preproteins with
short, atypical signal peptides, which are cleaved by a specific
prepilin peptidase-like enzyme that is conserved in both the
type IV pilus and archaeal flagellum systems (3, 6, 7, 74). Much
work has been done on the specific peptidase in Methanococ-
cus and Sulfolobus. Mutants lacking this enzyme cannot make
flagella and their flagellins retain the signal peptide, indicating
that processing of the signal peptide is a critical step in the
assembly of the flagellum structure (6). Studies of the critical
amino acids of the substrate flagellins needed for processing
indicate the importance of the highly conserved �1 (relative to
the cleavage site) glycine as well as other amino acid positions
in the signal peptide, although the Sulfolobus PibD enzyme
appeared to be more flexible in its requirements (6, 74). This
has been interpreted to mean that PibD perhaps has less strin-
gent requirements than other processing peptidases, which is
supported by the additional substrates recognized by Sulfolo-
bus solfataricus PibD, i.e., a variety of sugar binding proteins (3,
75). Site-directed mutagenesis of the FlaK/PibD enzymes has
indicated the critical importance of two aspartic acid residues
for activity and has demonstrated that the archaeal prepilin
peptidase-like enzymes are indeed members of the prepilin
peptidase enzyme class (6, 74).

Further evidence that supports a relationship between
archaeal flagellum and type IV pilus systems is the conser-
vation of two other proteins. Critical for assembly of both
structures is an ATPase (10), i.e., PilT in the pilus assembly
system (Pseudomonas nomenclature is used) and FlaI in the
flagellum system, as well as a conserved membrane protein,
i.e., PilC and FlaJ (62). A final piece of evidence is that the
architecture of type IV pili and archaeal flagella is also

shared and is different from that of bacterial flagella (19,
81). Recently, it has been shown that the flagella of two
phylogenetically distant members of the Archaea, the ex-
tremely halophilic Halobacterium salinarum and thermoaci-
diphilic Sulfolobus shibatae, share a common subunit pack-
ing which is unlike that of bacterial flagella (18). The results
indicate a symmetry for flagella of this domain that sepa-
rates them from their bacterial counterparts. Critical in this
analysis is the lack of a central channel in archaeal flagella
(Fig. 2) (18, 19), a feature essential for bacterial flagellum
assembly. The majority of the external portion of the bac-
terial flagellum (rod, hook, and filament) is assembled by
means of a type III secretion system located at the base of
the MS ring (46). Through this complex, substrates which
lack cleaved signal peptides are pushed through the hollow
structure itself so that the subunits assemble at the distal tip
furthest from the cell body. Clearly, with archaeal flagella
lacking a central channel large enough to accommodate
structural proteins, the assembly mechanism cannot be as in
bacterial flagella. Based on the similarities to type IV pili
already mentioned, it was proposed that assembly of ar-
chaeal flagella might occur with subunits added at the base
(Fig. 3) (39).

Much work has been done recently on the glycosylation of
the archaeal flagellins. Unlike the case for bacterial flagel-
lins, which have, on occasion, been shown to bear O-linked
glycans (45), in both halobacteria and methanococci the
attached glycan is N linked. In Methanococcus voltae the
glycan is a trisaccharide (83). Following a model for N-
linked glycosylation based on similar systems in bacteria and
eukaryotes, it was expected that three glycosyltransferases
would be needed to assemble the M. voltae trisaccharide
glycan on the lipid carrier, dolichol phosphate. Once assem-
bled, the glycan is thought to be flipped to the external side
of the cytoplasmic membrane by a flippase and then at-
tached to the flagellin at an asparagine residue within a
conserved sequence of Asn-X-Ser/Thr. This final step is
catalyzed by an oligosaccharide transferase. In M. voltae, the
glycosyltransferase catalyzing the transfer of the final sugar
to the glycan was identified (AglA), as was the oligosaccha-

FIG. 1. Methanococcus maripaludis showing presence of flagella
and thinner pili (arrows). Flagella are approximately 12 nm in diam-
eter, and pili are about 6 nm. The sample was negatively stained with
2% phosphotungstic acid, pH 7.

FIG. 2. Comparison of the flagellar filament of S. shibatae to that of
H. salinarum. (a and b) Contoured cross-sections of the three-dimen-
sional reconstructions of S. shibatae (a) and H. salinarum (b) are shown
side by side to scale. The inner core domain (broken circle), which was
modeled in H. salinarum as �-helices (arrows), is similar in size and
shape in both archaea. The difference in diameters (14 nm and 11 nm,
respectively) stems from the dimensions of the outer domains. In the
helically arranged structure there appear to be additional interactions
between the outer domains in S. shibatae. (c) Three-dimensional struc-
ture of the S. shibatae flagellar filament. (Reprinted from reference 18
with permission of the publisher.)
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ride transferase (AglB), which was homologous to PglB of
bacteria and the Stt3 subunit of yeast (16). More recently,
the first glycosyltransferase (AglH), which transfers N-acetyl-
glucosamine to dolichol, was identified by the ability of the
M. voltae gene to complement a conditional lethal mutation
in the equivalent yeast gene product Alg7 (71). Attempts to
delete the methanogen gene directly repeatedly failed, in-
dicating its possible essential nature. In addition, a glyco-
syltransferase (AglC) needed for the transfer of the second
sugar was also recently identified (B. Chaban, S. M. Logan,
and K. F. Jarrell, unpublished data). To date, the expected
flippase has not been reported. Interestingly, mutants miss-
ing or with a truncated glycan on the flagellins were either
nonflagellated or poorly flagellated, indicating a critical role
for glycosylation in flagellum assembly (16). Glycosylation
of flagellins appears to be a widespread trait in archaea (38),
including many that thrive in extreme environments, sug-
gesting that another possible role for glycosylation may be to
aid in protein stability in coping with such harsh niches (25).

Many archaea are known to be chemotactic and/or pho-
totactic (38, 60, 68). The ability of archaea to respond to
changes in their environment is through a system very sim-
ilar to the chemotaxis system found in bacteria. Indeed, a
complete set of che genes can be found in many flagellated
archaea. In addition, archaeal flagella are known to be able
to switch their rotation (53, 59). In bacteria, the connecting
point of chemotaxis and flagella occurs when phosphory-
lated CheY binds to the switch component FliM of the
flagella (5, 77). However, while cheY genes are readily found
in the genomes of flagellated archaea, the corresponding
interacting switch protein has never been reported, and the

site of interaction of the chemotaxis system and the flagella
remains a mystery.

Flagella of bacteria perform many roles in addition to their
key role in swimming in liquid environments. Flagella can also
be used by certain bacteria to swarm across solid surfaces (34).
Sometimes, this is performed even by a flagellar system (lateral
flagella) that is separate and independent from the one respon-
sible for swimming (48, 50). Furthermore, it was recently
shown that bacterial flagella can sense wetness, as well as be
involved in adhesion and biofilm formation (85). While much
less studied, it seems that archaeal flagella may also play roles
in addition to just being a swimming organelle. For example,
they have been shown to be essential for swarming motility on
plates in S. solfataricus (76). In addition, in Pyrococcus, flagella
appear to act as cables connecting cells, perhaps as an initial
prerequisite for genetic transfer, and in adhesion to abiotic
surfaces (54). Recently, it has been shown that interactions
between Pyrococcus furiosus and Methanopyrus kandleri can
occur through flagella as well as cell-to-cell contact, resulting in
the formation of a structured bispecies biofilm (70).

Two archaea, Methanopyrus kandleri and Pyrobaculum
aerophilum, have been described as being motile and flagel-
lated, but typical archaeal flagellin genes could not be identi-
fied in the sequenced genomes. In M. kandleri, where polar
tufts of flagella have been reported (44), open reading frames
encoding extremely short, flagellin-like proteins and clustering
near flaHIJ homologues have been identified. If these are au-
thentic flagellin-encoding genes, the resulting flagellins would
be much shorter (approximately 80 amino acids in length) than
typical flagellins. In P. aerophilum, bundles of flagellum-like
filaments, with the typical diameter of 10 nm often reported for

FIG. 3. Proposed model for assembly of archaeal flagella using Methanococcus voltae as a model. A three-sugar glycan is assembled via the
activity of glycosyltransferases (AglH, AglC, and AglA) onto a dolichol phosphate lipid carrier, flipped to the external face of the cytoplasmic
membrane via an unknown mechanism, and then transferred to the flagellins via an oligosaccharyltransferase (AglB). Upon removal of the signal
peptide by FlaK, the processed flagellins are incorporated into the base of the structure, likely with the aid of the ATPase FlaI. (Reprinted from
reference 37a.)
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archaeal flagella, were observed (84), but flagellin and fla-
associated genes have not been identified.

CANNULAE

Members of the genus Pyrodictium have been isolated from
various hydrothermal marine environments all over the world
(72, 73), with growth temperatures ranging from 80 to up to
110°C. A unique feature of this group of organisms is that cells
grow in a network of tubules termed cannulae (Fig. 4), which
connect the cells with each other. Cannulae are hollow tubes
with an outside diameter of 25 nm, and they appear empty
when cross-fractured or thin-sectioned (65). They consist of at
least three different, but homologous, glycoprotein subunits
with identical N termini but with different molecular masses of
20, 22, and 24 kDa (57, 65). The structure of the cannulae is
highly resistant to heat as well as denaturing agents, as no
morphological changes were observed after 60 min of incuba-
tion at 140°C or 10 min at 100°C and 2% sodium dodecyl
sulfate (65). During the analysis of cell division of Pyrodictium
abyssi TAG11, it became evident that two newly formed daugh-
ter cells always stay connected with the growing cannulae (36),
leading to a dense network of cells and cannulae at the end of
the cultivation. The final length of the cannulae varied between
30 and 150 �m with an elongation rate of 1.0 to 1.5 �m/min,
which is significantly higher than the elongation rate for bac-
terial flagella, e.g., Salmonella (0.16 �m/min in in vitro mea-
surements) (37).

Three-dimensional reconstruction of cannula-cell connec-
tions showed that cannulae clearly enter the periplasmic space
but not the cytoplasm, while other cannulae barely touched the
S-layer (57). This was the first evidence that cannulae function
as an intercellular connection of periplasmic spaces between
different cells. Interestingly, certain marine bacteria produce
an unusual tubular surface structure, termed spinae, that is
capable of forming a broadly similar network. Approximately
11 nm in diameter and apparently open tubes, these spinae
have been demonstrated to connect cells over distances of
several micrometers. Ultrathin sections show that the inner
and outer membranes are often joined at the site of spina
insertion, leading to the hypothesis that spinae might allow
exchange of signals between the connected cells (9). However,
the function of the cannula network is still unclear. It might act
to anchor cells to each other or as a means of communication

for the exchange of either nutrients or even genetic material.
Currently, little is known about the mechanisms and kinetics of
diffusion of biological materials within a cannula tubule.

HAMI

Another fascinating, recently reported archaeal cell surface
appendage is the archaeal “hamus” (52). This structure repre-
sents a novel filamentous cell appendage of unexpectedly high
complexity. Archaeal cells bearing these structures are found
in macroscopically visible string-of-pearls-like arrangements
among bacterial filaments, mainly Thiothrix (SM) or IMB1
proteobacterium (IM) growing in cold (�10°C), sulfidic
springs (67). The individual pearl can reach a diameter of up to
8 mm. Scanning electron microscopy and fluorescent in situ
hybridization revealed that the filamentous bacteria form the
outer, whitish part of the pearl, as well as the connecting
threads, with each interior of the pearl dominated by up to 107

euryarchaeal SM1 cells. The archaeal cells are coccoids ap-
proximately 0.6 �m in diameter. Attached to each archaeal cell
are approximately 100 filamentous hami, each 1 to 3 �m in
length and 7 to 8 nm in diameter (Fig. 5a) (52). The hamus
filament has a helical basic structure, with three prickles (each
4 nm in diameter) emanating from the filament at periodic
distances (46 nm). At the distal end, a tripartite, barbed grap-
pling hook, 60 nm in diameter, was identified (Fig. 5b and c).
The hamus is composed mainly of a 120-kDa protein. Chem-
ical testing revealed that the hami remain stable over broad
temperature and pH ranges (0 to 70°C; pH 0.5 to 11.5). As
such, these filamentous structures mediate strong cellular ad-
hesion for the archaeal cells to surfaces of different chemical
compositions.

Recently, in a sulfidic spring near Regensburg, Germany,
slime-like, milky drops consisting almost entirely of the SM1
euryarchaeon were harvested (35). This organization differs
from the previously described string-of-pearls structures in sev-
eral remarkable ways. While the archaeon-to-bacterium ratio
in the string-of-pearls community is approximately 1:1, the
SM1 biofilm is dominated by archaeal cells, representing the
first archaeal monospecies biofilm in nature. Confocal laser
scanning microscopy revealed a constant and regular three-
dimensional arrangement of the archaeal cells, with cells being
approximately 4 �m apart. The regular distance is speculated
to be caused by the hami of neighboring cells, which have an
average length of 2 �m. The hamus also forms the main pro-
tein component of the extracellular polymeric substances,
thereby contributing to the biofilm structure. Several gaps,
resembling the typical water channels in bacterial biofilms,
were also observed. Henneberger and colleagues (35) pro-
posed that the hami function in surface attachment and biofilm
initiation, much like flagella and pili can in bacterial biofilm
formation.

PILI

Weiss reported as early as 1973 that Sulfolobus cells taken
freshly from a hot spring are attached to sulfur particles by
numerous 5-nm-wide pili (87). Pili have also been observed in
many other archaea (24, 42, 51), but a detailed analysis of the
identity of the subunits or their assembly mechanisms has not

FIG. 4. Part of a network of Pyrodictium cells and cannulae, with
tubules in a regular array. Scanning electron microscopy was used. Bar,
1 �m. (Reprinted from reference 65 with permission of the publisher.)
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been reported yet. The FlaFind program (75) predicted a va-
riety of possible pilin-like proteins in sequenced archaeal ge-
nomes. The genes of many of these predicted proteins are
located in operons together with genes encoding homologues
of TadA and TadC. This suggests that these operons encode
proteins that assemble pili or pilus-like structures. The FlaFind
analysis also identified a group of putative pilins with a
DUF361 domain which have a different cleavage site consen-
sus sequence than the other prepilins that are processed by
FlaK/PibD-like proteases. These putative pilins are present
only in the euryarchaeota, and they appear to be processed by
a specialized class III signal peptidase, EppA (75). EppA is a
substantially larger protein than FlaK, as it contains four ad-
ditional predicted transmembrane domains.

Very recently, several reports have appeared that, for the
first time, address the structure, function, and genetics of pili in
a variety of archaea, including Methanococcus, Sulfolobus, and
Methanothermobacter. In Methanococcus maripaludis, a flaK
gene deletion mutant was constructed (S. Ng et al., unpub-
lished data). This mutant is nonmotile and nonflagellated; ob-
servations by electron microscopy revealed that this strain pos-
sessed pili as the sole cell surface appendage (Fig. 6). The pili
were isolated at high purity following detergent extraction of
cells and polyethylene glycol precipitation. Subsequent sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis re-
vealed the presence of a single major band of �17 kDa that
was presumed to be the major pilin protein. Mass spectrometry
analysis of the pilus preparation identified one of the products
(MMP0236) of the putative gene cluster identified earlier (75).
In-frame deletion of the putative major pilin gene, MMP0236,
rendered the cells nonpiliated. Complementation led to a res-
toration of piliation, providing direct genetic evidence linking
the gene to this novel structure (Ng et al., unpublished data).

An interesting recent finding linked the glycosylation path-
way to the assembly of both flagella and pili in M. maripaludis.
Deletion of an acetyltransferase gene involved in the biosyn-
thesis of the glycan that is N linked to the flagellins resulted in
nonflagellated cells. Unexpectedly, this mutant also lacked pili
on the cell surface. Pili were found in the culture supernatant,

FIG. 5. (a) Electron micrograph of a platinum-shadowed SM1 eu-
ryarchaeal coccus. About 100 hami emanate radially from the cell
surface. (b) Electron micrographs of grappling hooks located at the
distal ends of the hami. Arrowheads indicate locations of barbs. (c)
Electron micrograph of high-level-structured SM1 hami. The hami
show prickles and grappling hooks. (Reprinted from reference 52 with
permission of the publisher.)

FIG. 6. Pili on the surface of a flaK mutant of Methanococcus maripaludis. This mutant cannot make flagella, leaving the peritrichously located
pili evident as the only surface structure remaining on the cell surface. The sample was negatively stained with 2% phosphotungstic acid, pH 7.
Bar, 200 nm. Courtesy of S.-I. Aizawa, reproduced with permission.
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indicating that deletion of the gene did not affect pilus forma-
tion per se but rather affected attachment of the pili to the cell
surface (82).

Recent structural studies on the M. maripaludis pili indi-
cated that even though the pilins had similarities to bacterial
type IV pilins, the structure formed by the archaeal pilins was
unlike that seen in any of the known bacterial pili (86). Two
subunit packing arrangements were found, and both were
found to coexist within the same filaments. In addition, the pili
contain a central lumen only slightly smaller than that observed
in bacterial flagella and type III secretion system needle struc-
tures that grow by addition of subunits at the distal end.

A recent study on UV stress in Sulfolobus showed that Sul-
folobus cells start to aggregate and form pili upon treatment
with UV light (31). An operon containing possible pilin pro-
teins, SSO0117/118, and a secretion ATPase, SSO0120, was
highly induced (1, 31). A deletion mutant of the assembly
ATPase SSO0120 rendered cells unable to form pili and ag-
gregate after UV stress (S. Froels et al., unpublished data).
The pili are thought to play a role in cell aggregation prior to
conjugation (Fig. 7).

In Methanothermobacter thermoautotrophicus, pili were iso-
lated and shown to be composed of the mth60 gene product.
Antibodies raised to the pilin protein produced in Escherichia
coli reacted with the 16-kDa pilin glycoprotein and could be
used to detach adhering M. thermoautotrophicus cells from
surfaces. Cells grown on surfaces had many more pili than cells
grown in liquid culture. This study demonstrated yet another
role for pili in archaea, namely, that of adhesion (79).

Investigation of the biochemistry, genetics, and functions of
archaeal pili has only recently begun. Consequently, it is pres-
ently unclear if archaea possess the vast diversity of pilus types,
with assorted functions and assembly mechanisms, presently
known to occur in bacteria.

BINDOSOME

An interesting proposed archaeal structure of unique func-
tion is the bindosome in S. solfataricus (2). So far, the actual
structure has not been visualized in the membranes of S. sol-
fataricus, but rather it is thought to be a pilus-like structure
close to the cytoplasmic membrane or integrated within the
S-layer (Fig. 7). The main evidence in support of the presence
of this hypothesized structure is that the proposed structural
components, the substrate binding proteins (SBPs), contain
class III signal peptide sequences, a feature typical of proteins
which are well known to form oligomeric structures in both
archaea and bacteria. The oligomerized complex is proposed
to play a role in facilitating sugar uptake, a function that
enables S. solfataricus to grow on a broad variety of substrates.

Sulfolobus species are hyperthermophilic acidophiles typi-
cally found in volcanic springs, with optimal growth at around
pH 2 to 3 in the temperature range of 75 to 80°C. One inter-
esting distinction that draws S. solfataricus apart from other
Sulfolobus species, such as S. tokodaii and S. acidocaldarius, is
the ability to grow on a wide variety of sugars as its only carbon
source. Previous studies showed that S. solfataricus has a wide
range of ABC transport systems for sugar uptake (4, 26). ABC
transporters encompass the actual transport domain in the
membrane and cytoplasmically located ATPases, which drive
the transport of the substrate by ATP hydrolysis. At the
periplasmic side of the membrane, SBPs bind the substrate and
deliver it to the transport domain. Interestingly, the signal
peptides from one class of sugar binding proteins of S. solfa-
taricus resemble class III signal peptides found in archaeal
flagellins or bacterial pilins. In vitro assays demonstrated that
precursors of these binding proteins are indeed processed by
the class III signal peptidase, PibD, of S. solfataricus (3). In
contrast to FlaK, PibD showed a quite broad substrate speci-
ficity, as it is able to process not only the SBPs but also the

FIG. 7. (A) Model of the assembly of surface structures in the cell envelope of Sulfolobus solfataricus: Precursor proteins (SBPs, prepilins, or
preflagellins) are processed by PibD and are then inserted by their specific assembly system either in the bindosome structure, the UV inducible
pili or the flagellum. The exact nature of the bindosome structure is not known yet, and an alternate format, shown attached to the S-layer, is also
indicated. All three assembly systems share the same core of the machinery: an integral membrane protein and a cytoplasmic ATPase. (B) Electron
micrograph of flagellated S. solfataricus P2 cells. Flagella are present all around the cells and do not appear bundled. Bar, 1 �m.
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flagellin and pilin SSO0118 of S. solfataricus (3; S. Albers,
unpublished data).

Deletion mutant studies identified an assembly system that is
required for the correct cell surface localization of the SBPs
(88). The Bas (bindosome assembly system) operon contains
five genes: basABC, three small genes that encode pilin-like
proteins with class III signal peptides; basE, encoding an
ATPase; and basF, encoding an integral membrane protein.
BasE and -F are homologues of TadA and -C of Aggregatibacter
(Actinobacillus) actinomycetemcomitans, respectively, which
are involved in the assembly and export of Flp pili, which are
needed for tight adherence (40). Analysis of S. solfataricus
mutants showed that the deletion of basABC only moderately
affected growth on rich media, whereas the �basEF strains
showed a profound decrease in growth rate. However, growth
on minimal sugar media containing sugars (arabinose or glu-
cose) that are transported by SBPs with class III signal peptides
was abolished in the �basEF strain, while only slight growth
was apparent in the �basABC strain. Growth on a sugar (mal-
tose) that enters the cell via an SBP with a class I signal peptide
was normal for both knockout strains (88). Although in these
deletion strains the glucose binding protein was inserted into
the membrane and active in substrate binding, no glucose
uptake could be observed. This suggested that the Bas system
is essential for the correct surface localization of the SBPs to
enable them to function in substrate uptake. BasABC might
regulate the assembly of the binding proteins by a mechanism
similar to that of the assembly of pseudopili that are functional
domains of type II secretion systems, whereas BasEF may form
the core of the assembly machinery in the membrane (88). A
program designed to identify proteins with class III signal
peptides (FlaFind) (75) predicted the presence of SBP precur-
sors in many sequenced archaeal genomes; S. solfataricus con-
tains eight such proteins, whereas most other archaea seem to
contain only one predicted SBP with a class III signal peptide.
Methanosarcina acetivorans harbors six predicted SBPs (75).
This suggests that the bindosome is more widely distributed
among archaea.

The controlled assembly/surface localization of SBPs prob-
ably enables the organism to scavenge nutrients more readily
from the environment to concentrate substrates in the
periplasmic space between the S-layer and the cytoplasmic
membrane. The bindosome may represent an affinity cascade
that channels substrates to the ABC transporters. Whether the
SBPs are assembled into a pilus-like structure or are attached
in a controlled manner to the S-layer remains to be determined
(Fig. 7).

CONCLUDING REMARKS AND OUTLOOK

While the study of archaeal cell surface structures is fasci-
nating in its own right, its scope extends far beyond that and
has enriched our understanding of many processes central to
archaeal cellular functions. The archaeal flagellum has been
the prototype for a specialized secretion system in the domain
Archaea. Its study has broadened our understanding of ar-
chaeal signal peptides and the archaeal preflagellin peptidase,
an enzyme with an amalgam of bacterium-like and archaeon-
specific traits (56). The bindosome structure in S. solfataricus is
a proposed unique case that has adopted the utilization of the

archaeal flagellum/bacterial type IV pilus mode of secretion/
assembly for an entirely different type of cell surface organelle
involved in sugar uptake.

The recent expansion of information on the archaeal pili has
generated much excitement; their possible cellular function is
an area of active research in several diverse archaeal species.
While the specificity and exclusivity of the prepilin peptidase-
like enzymes in the flagellum system versus the pilus system
have been demonstrated (75), the proposed commonalities in
the assembly of the two surface structures make it tempting to
speculate that some of the accessory proteins could be shared.
Studies need to be undertaken to further characterize the two
systems, independently of each other as well as addressing
possible interrelatedness.

Hami and cannulae are archaeon-specific cell surface struc-
tures that represent unique adaptations to the environment
that are not observed on bacterial cells. The assembly mecha-
nisms of such unusual structures are expected to be novel and
to contribute new information and strategies on how surface-
localized structures may be assembled in prokaryotes. Unrav-
eling of their mysteries will be dependent upon advances in
understanding the genetics of these organisms.

Due to the increasing availability of improved genetic tools
for many archaea, we have witnessed an expansion of knowl-
edge in archaeal research in general and on archaeal cell sur-
face structures in particular. In comparison to the wealth of
information available about bacterial surface structures, our
current knowledge on archaeal counterparts is just the tip of an
iceberg. Continued effort is needed to yield a better under-
standing of the assembly and functions of the fascinating struc-
tures discovered to date, as well as to discover and characterize
the ones yet unknown to us.

ACKNOWLEDGMENTS

Research in the Jarrell laboratory is supported by a Discovery Grant
from the Natural Sciences and Engineering Research Council of Can-
ada (NSERC) (to K.F.J.). S.Y.M.N. was supported by a postgraduate
award from NSERC. S.-V.A. and B.Z. were supported by a VIDI grant
from the Dutch Science Organization (NWO).

We are grateful to S. Aizawa, S. Trachtenberg, and R. Rachel for
permission to use their figures.

REFERENCES

1. Albers, S. V., and A. J. M. Driessen. 2005. Analysis of ATPases of putative
secretion operons in the thermoacidophilic archaeon Sulfolobus solfataricus.
Microbiology 151:763–773.

2. Albers, S. V., Z. Szabo, and A. J. M. Driessen. 2006. Protein secretion in the
Archaea: multiple paths towards a unique cell surface. Nat. Rev. Microbiol.
4:537–547.

3. Albers, S. V., Z. Szabo, and A. J. M. Driessen. 2003. Archaeal homolog of
bacterial type IV prepilin signal peptidases with broad substrate specificity.
J. Bacteriol. 185:3918–3925.

4. Albers, S. V., M. G. Elferink, R. L. Charlebois, C. W. Sensen, A. J. M.
Driessen, and W. N. Konings. 1999. Glucose transport in the extremely
thermoacidophilic Sulfolobus solfataricus involves a high-affinity membrane-
integrated binding protein. J. Bacteriol. 181:4285–4291.

5. Baker, M. D., P. M. Wolanin, and J. B. Stock. 2006. Signal transduction in
bacterial chemotaxis. Bioessays 28:9–22.

6. Bardy, S. L., and K. F. Jarrell. 2003. Cleavage of preflagellins by an aspartic
acid signal peptidase is essential for flagellation in the archaeon Methano-
coccus voltae. Mol. Microbiol. 50:1339–1347.

7. Bardy, S. L., and K. F. Jarrell. 2002. FlaK of the archaeon Methanococcus
maripaludis possesses preflagellin peptidase activity. FEMS Microbiol. Lett.
208:53–59.

8. Bardy, S. L., T. Mori, K. Komoriya, S. Aizawa, and K. F. Jarrell. 2002.
Identification and localization of flagellins FlaA and FlaB3 within flagella of
Methanococcus voltae. J. Bacteriol. 184:5223–5233.

VOL. 190, 2008 MINIREVIEW 6045

 at U
niversity of G

roningen on O
ctober 17, 2008 

jb.asm
.org

D
ow

nloaded from
 

http://jb.asm.org


9. Bayer, M. E., and K. Easterbrook. 1991. Tubular spinae are long-distance
connectors between bacteria. J. Gen. Microbiol. 137:1081–1086.

10. Bayley, D. P., and K. F. Jarrell. 1998. Further evidence to suggest that
archaeal flagella are related to bacterial type IV pili. J. Mol. Evol. 46:370–
373.

11. Beznosov, S. N., M. G. Pyatibratov, and O. V. Fedorov. 2007. On the multicom-
ponent nature of Halobacterium salinarum flagella. Microbiology (Russia) 76:
435–441.

12. Brazelton, W. J., M. O. Schrenk, D. S. Kelley, and J. A. Baross. 2006.
Methane- and sulfur-metabolizing microbial communities dominate the Lost
City hydrothermal field ecosystem. Appl. Environ. Microbiol. 72:6257–6270.

13. Burrows, L. L. 2005. Weapons of mass retraction. Mol. Microbiol. 57:878–
888.

14. Cavicchioli, R. 2006. Cold-adapted archaea. Nat. Rev. Microbiol. 4:331–343.
15. Chaban, B., S. Y. Ng, and K. F. Jarrell. 2006. Archaeal habitats—from the

extreme to the ordinary. Can. J. Microbiol. 52:73–116.
16. Chaban, B., S. Voisin, J. Kelly, S. M. Logan, and K. F. Jarrell. 2006.

Identification of genes involved in the biosynthesis and attachment of Meth-
anococcus voltae N-linked glycans: insight into N-linked glycosylation path-
ways in Archaea. Mol. Microbiol. 61:259–268.

17. Chaban, B., S. Y. Ng, M. Kanbe, I. Saltzman, G. Nimmo, S. I. Aizawa, and
K. F. Jarrell. 2007. Systematic deletion analyses of the fla genes in the
flagella operon identify several genes essential for proper assembly and
function of flagella in the archaeon, Methanococcus maripaludis. Mol. Mi-
crobiol. 66:596–609.

18. Cohen-Krausz, S., and S. Trachtenberg. 2008. The flagellar filament struc-
ture of the extreme acidothermophile Sulfolobus shibatae B12 suggests that
archaeabacterial flagella have a unique and common symmetry and design.
J. Mol. Biol. 375:1113–1124.

19. Cohen-Krausz, S., and S. Trachtenberg. 2002. The structure of the arche-
abacterial flagellar filament of the extreme halophile Halobacterium salina-
rum R1M1 and its relation to eubacterial flagellar filaments and type IV pili.
J. Mol. Biol. 321:383–395.

20. Conrad, R., C. Erkel, and W. Liesack. 2006. Rice Cluster I methanogens, an
important group of Archaea producing greenhouse gas in soil. Curr. Opin.
Biotechnol. 17:262–267.

21. Cornelis, G. R. 2006. The type III secretion injectisome. Nat. Rev. Microbiol.
4:811–825.

22. Cruden, D., R. Sparling, and A. J. Markovetz. 1989. Isolation and ultrastruc-
ture of the flagella of Methanococcus thermolithotrophicus and Methanospi-
rillum hungatei. Appl. Environ. Microbiol. 55:1414–1419.

23. DeLong, E. F. 2005. Microbial community genomics in the ocean. Nat. Rev.
Microbiol. 3:459–469.

24. Doddema, H. J., J. W. M. Derksen, and G. D. Vogels. 1979. Fimbriae and
flagella of methanogenic bacteria. FEMS Microbiol. Lett. 5:135–138.

25. Eichler, J., and M. W. Adams. 2005. Posttranslational protein modification in
archaea. Microbiol. Mol. Biol. Rev. 69:393–425.

26. Elferink, M. G., S. V. Albers, W. N. Konings, and A. J. M. Driessen. 2001.
Sugar transport in Sulfolobus solfataricus is mediated by two families of
binding protein-dependent ABC transporters. Mol. Microbiol. 39:1494–
1503.

27. Faguy, D. M., and K. F. Jarrell. 1999. A twisted tale: the origin and evolution
of motility and chemotaxis in prokaryotes. Microbiology 145:279–281.

28. Faguy, D. M., S. F. Koval, and K. F. Jarrell. 1994. Physical characterization
of the flagella and flagellins from Methanospirillum hungatei. J. Bacteriol.
176:7491–7498.

29. Faguy, D. M., K. F. Jarrell, J. Kuzio, and M. L. Kalmokoff. 1994. Molecular
analysis of archael flagellins: similarity to the type IV pilin-transport super-
family widespread in bacteria. Can. J. Microbiol. 40:67–71.

30. Faguy, D. M., D. P. Bayley, A. S. Kostyukova, N. A. Thomas, and K. F.
Jarrell. 1996. Isolation and characterization of flagella and flagellin proteins
from the thermoacidophilic archaea Thermoplasma volcanium and Sulfolo-
bus shibatae. J. Bacteriol. 178:902–905.

31. Frols, S., P. M. Gordon, M. A. Panlilio, I. G. Duggin, S. D. Bell, C. W.
Sensen, and C. Schleper. 2007. Response of the hyperthermophilic archaeon
Sulfolobus solfataricus to UV damage. J. Bacteriol. 189:8708–8718.

32. Gerl, L., and M. Sumper. 1988. Halobacterial flagellins are encoded by a
multigene family. Characterization of five flagellin genes. J. Biol. Chem.
263:13246–13251.

33. Hansen, J. K., and K. T. Forest. 2006. Type IV pilin structures: insights on
shared architecture, fiber assembly, receptor binding and type II secretion. J.
Mol. Microbiol. Biotechnol. 11:192–207.

34. Harshey, R. M. 1994. Bees aren’t the only ones: swarming in gram-negative
bacteria. Mol. Microbiol. 13:389–394.

35. Henneberger, R., C. Moissl, T. Amann, C. Rudolph, and R. Huber. 2006.
New insights into the lifestyle of the cold-loving SM1 euryarchaeon: natural
growth as a monospecies biofilm in the subsurface. Appl. Environ. Microbiol.
72:192–199.

36. Horn, C., B. Paulmann, G. Kerlen, N. Junker, and H. Huber. 1999. In vivo
observation of cell division of anaerobic hyperthermophiles by using a high-
intensity dark-field microscope. J. Bacteriol. 181:5114–5118.

37. Hotani, H., and S. Asakura. 1974. Growth-saturation in vitro of Salmonella
flagella. J. Mol. Biol. 86:285–300.

37a.Jarrell, K. F., and M. J. McBride. 2008. The surprisingly diverse ways that
prokaryotes move. Nat. Rev. Microbiol. 6:466–476.

38. Jarrell, K. F., S. Y. Ng, and B. Chaban. 2007. Flagellation and chemotaxis,
p. 385–410. In R. Cavicchioli (ed.), Archaea: molecular and cellular biology.
ASM Press, Washington, DC.

39. Jarrell, K. F., D. P. Bayley, and A. S. Kostyukova. 1996. The archaeal
flagellum: a unique motility structure. J. Bacteriol. 178:5057–5064.

40. Kachlany, S. C., P. J. Planet, M. K. Bhattacharjee, E. Kollia, R. DeSalle,
D. H. Fine, and D. H. Figurski. 2000. Nonspecific adherence by Actinoba-
cillus actinomycetemcomitans requires genes widespread in bacteria and ar-
chaea. J. Bacteriol. 182:6169–6176.

41. Kalmokoff, M. L., and K. F. Jarrell. 1991. Cloning and sequencing of a
multigene family encoding the flagellins of Methanococcus voltae. J. Bacte-
riol. 173:7113–7125.

42. Koval, S. F., and K. F. Jarrell. 1987. Ultrastructure and biochemistry of the
cell wall of Methanococcus voltae. J. Bacteriol. 169:1298–1306.

43. Kupper, J., W. Marwan, D. Typke, H. Grunberg, U. Uwer, M. Gluch, and D.
Oesterhelt. 1994. The flagellar bundle of Halobacterium salinarium is in-
serted into a distinct polar cap structure. J. Bacteriol. 176:5184–5187.

44. Kurr, M., R. Huber, H. Konig, H. W. Jannasch, H. Fricke, A. Trincone, J. K.
Kristjansson, and K. O. Stetter. 1991. Methanopyrus kandleri, gen. and sp.
nov. represents a novel group of hyperthermophilic methanogens, growing at
110oC. Arch. Microbiol. 156:239–247.

45. Logan, S. M. 2006. Flagellar glycosylation—a new component of the motility
repertoire? Microbiology 152:1249–1262.

46. Macnab, R. M. 2004. Type III flagellar protein export and flagellar assembly.
Biochim. Biophys. Acta 1694:207–217.

47. Macnab, R. M. 2003. How bacteria assemble flagella. Annu. Rev. Microbiol.
57:77–100.

48. McCarter, L. L. 2004. Dual flagellar systems enable motility under different
circumstances. J. Mol. Microbiol. Biotechnol. 7:18–29.

49. Mehta, M. P., and J. A. Baross. 2006. Nitrogen fixation at 92 degrees C by
a hydrothermal vent archaeon. Science 314:1783–1786.

50. Merino, S., J. G. Shaw, and J. M. Tomas. 2006. Bacterial lateral flagella: an
inducible flagella system. FEMS Microbiol. Lett. 263:127–135.

51. Miroshnichenko, M. L., G. M. Gongadze, F. A. Rainey, A. S. Kostyukova,
A. M. Lysenko, N. A. Chernyh, and E. A. Bonch-Osmolovskaya. 1998. Ther-
mococcus gorgonarius sp. nov. and Thermococcus pacificus sp. nov.: hetero-
trophic extremely thermophilic archaea from New Zealand submarine hot
vents. Int. J. Syst. Bacteriol. 48:23–29.

52. Moissl, C., R. Rachel, A. Briegel, H. Engelhardt, and R. Huber. 2005. The
unique structure of archaeal ‘hami’, highly complex cell appendages with
nano-grappling hooks. Mol. Microbiol. 56:361–370.

53. Montrone, M., M. Eisenbach, D. Oesterhelt, and W. Marwan. 1998. Regu-
lation of switching frequency and bias of the bacterial flagellar motor by
CheY and fumarate. J. Bacteriol. 180:3375–3380.

54. Nather, D. J., R. Rachel, G. Wanner, and R. Wirth. 2006. Flagella of Pyro-
coccus furiosus: multifunctional organelles, made for swimming, adhesion to
various surfaces, and cell-cell contacts. J. Bacteriol. 188:6915–6923.

55. Ng, S. Y., B. Chaban, and K. F. Jarrell. 2006. Archaeal flagella, bacterial
flagella and type IV pili: a comparison of genes and posttranslational mod-
ifications. J. Mol. Microbiol. Biotechnol. 11:167–191.

56. Ng, S. Y., B. Chaban, D. J. VanDyke, and K. F. Jarrell. 2007. Archaeal signal
peptidases. Microbiology 153:305–314.

57. Nickell, S., R. Hegerl, W. Baumeister, and R. Rachel. 2003. Pyrodictium
cannulae enter the periplasmic space but do not enter the cytoplasm, as
revealed by cryo-electron tomography. J. Struct. Biol. 141:34–42.

58. Nudleman, E., and D. Kaiser. 2004. Pulling together with type IV pili. J. Mol.
Microbiol. Biotechnol. 7:52–62.

59. Nutsch, T., D. Oesterhelt, E. D. Gilles, and W. Marwan. 2005. A quantitative
model of the switch cycle of an archaeal flagellar motor and its sensory
control. Biophys. J. 89:2307–2323.

60. Nutsch, T., W. Marwan, D. Oesterhelt, and E. D. Gilles. 2003. Signal pro-
cessing and flagellar motor switching during phototaxis of Halobacterium
salinarum. Genome Res. 13:2406–2412.

61. Patenge, N., A. Berendes, H. Engelhardt, S. C. Schuster, and D. Oesterhelt.
2001. The fla gene cluster is involved in the biogenesis of flagella in Halobac-
terium salinarum. Mol. Microbiol. 41:653–663.

62. Peabody, C. R., Y. J. Chung, M. R. Yen, D. Vidal-Ingigliardi, A. P. Pugsley,
and M. H. Saier, Jr. 2003. Type II protein secretion and its relationship to
bacterial type IV pili and archaeal flagella. Microbiology 149:3051–3072.

63. Pyatibratov, M. G., K. Leonard, V. Y. Tarasov, and O. V. Fedorov. 2002. Two
immunologically distinct types of protofilaments can be identified in Natri-
alba magadii flagella. FEMS Microbiol. Lett. 212:23–27.

64. Reguera, G., R. B. Pollina, J. S. Nicoll, and D. R. Lovley. 2007. Possible
nonconductive role of Geobacter sulfurreducens pilus nanowires in biofilm
formation. J. Bacteriol. 189:2125–2127.

65. Rieger, G., R. Rachel, R. Hermann, and K. O. Stetter. 1995. Ultrastructure
of the hyperthermophilic archaeon Pyrodictium abyssi. J. Struct. Biol. 115:
78–87.

6046 MINIREVIEW J. BACTERIOL.

 at U
niversity of G

roningen on O
ctober 17, 2008 

jb.asm
.org

D
ow

nloaded from
 

http://jb.asm.org


66. Riesenfeld, C. S., P. D. Schloss, and J. Handelsman. 2004. Metagenomics:
genomic analysis of microbial communities. Annu. Rev. Genet. 38:525–552.

67. Rudolph, C., G. Wanner, and R. Huber. 2001. Natural communities of novel
archaea and bacteria growing in cold sulfurous springs with a string-of-
pearls-like morphology. Appl. Environ. Microbiol. 67:2336–2344.

68. Rudolph, J., and D. Oesterhelt. 1996. Deletion analysis of the che operon in
the archaeon Halobacterium salinarium. J. Mol. Biol. 258:548–554.

69. Sauer, F. G., M. Barnhart, D. Choudhury, S. D. Knight, G. Waksman, and
S. J. Hultgren. 2000. Chaperone-assisted pilus assembly and bacterial at-
tachment. Curr. Opin. Struct. Biol. 10:548–556.

70. Schopf, S., G. Wanner, R. Rachel, and R. Wirth. An archaeal bi-species
biofilm formed by Pyrococcus furiosus and Methanopyrus kandleri. Arch.
Microbiol., in press. doi:10.1007/s00203-008-0371-9.

71. Shams-Eldin, H., B. Chaban, S. Niehus, R. T. Schwarz, and K. F. Jarrell.
2008. Identification of the archaeal alg7 gene homolog (encoding N-acetyl-
glucosamine-1-phosphate transferase) of the N-linked glycosylation system
by cross-domain complementation in Saccharomyces cerevisiae. J. Bacteriol.
190:2217–2220.

72. Stetter, K. O. 1982. Ultrathin mycelia-forming organisms from submarine
volcanic areas having an optimum growth tempearture of 105oC. Nature
300:258–260.

73. Stetter, K. O., H. Konig, and E. Stackebrandt. 1983. Pyrodictium gen. nov.,
a new genus of submarine disc-shaped sulfur reducing archaebacteria grow-
ing optimally at 105oC. Syst. Appl. Microbiol. 4:535–551.

74. Szabo, Z., S. V. Albers, and A. J. M. Driessen. 2006. Active-site residues in
the type IV prepilin peptidase homologue PibD from the archaeon Sulfolo-
bus solfataricus. J. Bacteriol. 188:1437–1443.

75. Szabo, Z., A. O. Stahl, S. V. Albers, J. C. Kissinger, A. J. M. Driessen, and
M. Pohlschroder. 2007. Identification of diverse archaeal proteins with class
III signal peptides cleaved by distinct archaeal prepilin peptidases. J. Bac-
teriol. 189:772–778.

76. Szabo, Z., M. Sani, M. Groeneveld, B. Zolghadr, J. Schelert, S. V. Albers, P.
Blum, E. J. Boekema, and A. J. M. Driessen. 2007. Flagellar motility and
structure in the hyperthermoacidophilic archaeon Sulfolobus solfataricus. J.
Bacteriol. 189:4305–4309.

77. Szurmant, H., and G. W. Ordal. 2004. Diversity in chemotaxis mechanisms
among the bacteria and archaea. Microbiol. Mol. Biol. Rev. 68:301–319.

78. Telford, J. L., M. A. Barocchi, I. Margarit, R. Rappuoli, and G. Grandi.
2006. Pili in gram-positive pathogens. Nat. Rev. Microbiol. 4:509–519.

79. Thoma, C., M. Frank, R. Rachel, S. Schmid, D. Nather, G. Wanner, and R.
Wirth. The Mth60-fimbriae of Methanothermobacter thermoautotrophicus are
functional adhesins. Environ. Microbiol., in press. doi:10.1111/j.1462-
2920.2008.01698.x.

80. Thomas, N. A., S. L. Bardy, and K. F. Jarrell. 2001. The archaeal flagellum:
a different kind of prokaryotic motility structure. FEMS Microbiol. Rev.
25:147–174.

81. Trachtenberg, S., and S. Cohen-Krausz. 2006. The archaeabacterial flagellar
filament: a bacterial propeller with a pilus-like structure. J. Mol. Microbiol.
Biotechnol. 11:208–220.

82. VanDyke, D. J., J. Wu, S. Y. Ng, M. Kanbe, B. Chaban, S. I. Aizawa, and
K. F. Jarrell. 2008. Identification of putative acetyltransferase gene,
MMP0350, which affects proper assembly of both flagella and pili in the
archaeon Methanococcus maripaludis. J. Bacteriol. 190:5300–5307.

83. Voisin, S., R. S. Houliston, J. Kelly, J. R. Brisson, D. Watson, S. L. Bardy,
K. F. Jarrell, and S. M. Logan. 2005. Identification and characterization of
the unique N-linked glycan common to the flagellins and S-layer glycopro-
tein of Methanococcus voltae. J. Biol. Chem. 280:16586–16593.

84. Volkl, P., R. Huber, E. Drobner, R. Rachel, S. Burggraf, A. Trincone, and
K. O. Stetter. 1993. Pyrobaculum aerophilum sp. nov., a novel nitrate-reduc-
ing hyperthermophilic archaeum. Appl. Environ. Microbiol. 59:2918–2926.

85. Wang, Q., A. Suzuki, S. Mariconda, S. Porwollik, and R. M. Harshey. 2005.
Sensing wetness: a new role for the bacterial flagellum. EMBO J. 24:2034–
2042.

86. Wang, Y. A., X. Yu, S. Y. M. Ng, K. F. Jarrell, and E. H. Egelman. 2008. The
structure of an archaeal pilus. J. Mol. Biol. 381:456–466.

87. Weiss, R. L. 1973. Attachment of bacteria to sulfur in extreme environments.
J. Gen. Microbiol. 77:501–507.

88. Zolghadr, B., S. Weber, Z. Szabo, A. J. M. Driessen, and S. V. Albers. 2007.
Identification of a system required for the functional surface localization of
sugar binding proteins with class III signal peptides in Sulfolobus solfataricus.
Mol. Microbiol. 64:795–806.

VOL. 190, 2008 MINIREVIEW 6047

 at U
niversity of G

roningen on O
ctober 17, 2008 

jb.asm
.org

D
ow

nloaded from
 

http://jb.asm.org

