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Type IV pili play important roles in a wide array of processes, including surface adhesion and twitching motility. Although ar-
chaeal genomes encode a diverse set of type IV pilus subunits, the functions for most remain unknown. We have now character-
ized six Haloferax volcanii pilins, PilA[1-6], each containing an identical 30-amino-acid N-terminal hydrophobic motif that is
part of a larger highly conserved domain of unknown function (Duf1628). Deletion mutants lacking up to five of the six pilin
genes display no significant adhesion defects; however, H. volcanii lacking all six pilins (�pilA[1-6]) does not adhere to glass or
plastic. Consistent with these results, the expression of any one of these pilins in trans is sufficient to produce functional pili in
the �pilA[1-6] strain. PilA1His and PilA2His only partially rescue this phenotype, whereas �pilA[1-6] strains expressing
PilA3His or PilA4His adhere even more strongly than the parental strain. Most surprisingly, expressing either PilA5His or
PilA6His in the �pilA[1-6] strain results in microcolony formation. A hybrid protein in which the conserved N terminus of the
mature PilA1His is replaced with the corresponding N domain of FlgA1 is processed by the prepilin peptidase, but it does not
assemble functional pili, leading us to conclude that Duf1628 can be annotated as the N terminus of archaeal PilA adhesion
pilins. Finally, the pilin prediction program, FlaFind, which was trained primarily on archaeal flagellin sequences, was success-
fully refined to more accurately predict pilins based on the in vivo verification of PilA[1-6].

Biofilms are considered a natural state for most microbes and
allow protection from environmental stresses (1–3). Biofilm

formation begins with attachment of cells to a surface. As organ-
isms accumulate, they begin to spread along the surface and ag-
gregate, forming microcolonies while at the same time producing
a thick exopolysaccharide matrix (EPS) and eventually developing
into the macrocolonies that are found in a mature biofilm (4).

Bacterial type IV pili are thin, multifunctional, filamentous
protein complexes that can extend from the cell surface, attach to
a foreign surface, and retract. Thus, pili facilitate adherence to
abiotic surfaces, the formation of close intracellular associations,
and twitching motility, all functions that are critical to biofilm
formation (5–9).

Pilin precursor proteins are translocated through the cytoplas-
mic membrane via the Sec translocation pathway (10, 11). How-
ever, while most Sec substrates contain class I or class II signal
peptides, which are processed at sites subsequent to the mem-
brane-inserted hydrophobic portion of the signal peptide (H do-
main), a specific prepilin peptidase, PilD (PibD in archaea),
cleaves the class III signal peptides of pilin precursors at a site
preceding the H domain (12–14). Integration of the mature pilins
into pili occurs after the release of the H domain from the mem-
brane. Extracellular interactions between hydrophobic N termini
of the pilins that result in the formation of a hydrophobic central
core provide a scaffold for assembly of a pilus (15–17).

In addition to the prepilin peptidase, two other highly con-
served proteins are crucial to the biosynthesis of a pilus filament:
PilB, an ATPase that transforms the energy necessary for pilus
assembly, and PilC, a multispanning membrane protein that may
serve as an assembly platform (18, 19). The retraction of type IV
pili, which has thus far been observed only in Gram-negative bac-
teria in which these structures have been studied most extensively,
also requires a second ATPase, PilT (20, 21). While the assembly of
functional type IV pili in Gram-negative bacteria requires several
additional components, the exact functions of many of these other
components are unknown (18, 19).

Typically, a type IV pilus is composed of major pilins, the pri-
mary structural component of the pilus, and several minor pilin-
like proteins that play important roles in pilus assembly or func-
tion or both (22). Deletion of the gene encoding the major pilin
results in loss of pilus structure and function in most organisms,
while deleting genes that encode minor pilins can have a variety of
effects (23–25).

A single species can display a diverse set of pili. This diversity
may be required for different functions, although pili may also
exhibit some functional overlap depending on growth conditions.
For example, Vibrio cholerae grown in culture medium expresses
the MshA pili, which the organism uses to adhere to borosilicate,
while expressing distinct type IV pili, the TcpA pili, to attach to
epithelial cells in vivo (26, 27).

In archaea, the first proteins shown to be processed by a prepi-
lin peptidase were flagellins which, unlike bacterial flagellins, are
not transported to the tip of a flagellum via a type III secretion
system (28, 29). The abundant archaeal major and minor flagellin
sequences available were used to train an archaeal prepilin predic-
tion program, FlaFind, which predicted a large diverse set of type
IV pilin-like proteins in euryarchaea and crenarchaea by detecting
signal peptide signals similar to those of the flagellins (30). In vivo
studies on Methanococcus maripaludis have confirmed that a sub-
set of pilins containing a unique EppA prepilin peptidase process-
ing site is involved in surface adhesion (31). Two additional sets of
adhesion pilins have been identified in the Sulfolobales, one of
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which was also involved in Sulfolobus acidocaldarius autoaggrega-
tion (32, 33). Microcolony formation has been observed in many
archaeal species, including S. acidocaldarius and Sulfolobus solfa-
taricus (34, 35).

As in other archaeal species, haloarchaea in biofilms display
cell surface structures (36). Moreover, Haloferax volcanii, which
has a genome that encodes 38 potential pilin-like proteins as pre-
dicted by FlaFind, can adhere to abiotic surfaces (30, 37). This
surface adhesion requires the presence of a functional PibD, im-
plicating type IV pili in this process. However, unlike many other
prokaryotes, H. volcanii surface adhesion does not require the
presence of flagella (37).

In this study, we have shown that six H. volcanii pilins play an
important role in the surface adhesion of this haloarchaeon. Sur-
prisingly, each of these pilins can, by itself, promote pilus forma-
tion and rescue, to some degree, the adhesion defect of an H.
volcanii strain that lacks all six pilins. However, the rescued adhe-
sion phenotypes vary depending upon the pilin expressed. Each of
these proteins contains a domain of unknown function, Duf1628,
that is essential to the function of the pilin. Since this domain is
conserved in many pilins that have been identified in other ar-
chaeal species, our results have important implications for these
species. Finally, two of these six H. volcanii pilins have negative
charges at the �2 position. Only positive charges had been ob-
served at the �2 position in the initial flagellin training set for the
FlaFind prepilin prediction program (30). Therefore, our results
have also allowed us to refine FlaFind, which may lead to more-
accurate predictions of archaeal PilA pilins.

MATERIALS AND METHODS
Reagents. All enzymes used for standard molecular biology procedures,
except iProof high-fidelity DNA polymerase, which was purchased from
Bio-Rad, were purchased from New England BioLabs. The ECL Plus
Western blotting system detection and horseradish peroxidase-linked
sheep anti-mouse antibodies were purchased from GE Healthcare. The
polyvinylidene difluoride membrane, MF membrane filters (0.025 �m),
and the Ultracel-3K membrane were purchased from Millipore. DNA and
plasmid purification kits and anti-His antibodies were purchased from
Qiagen. NuPAGE gels, buffers, and reagents were purchased from Invit-
rogen. Difco agar and Bacto yeast extract were purchased from Becton,
Dickinson, and Company. Peptone was purchased from Oxoid. 5-Fluo-
roorotic acid (5-FOA) was purchased from Toronto Research Biochemi-
cals. All other chemicals and reagents were purchased from either Fisher
or Sigma.

Strains and growth conditions. The plasmids and strains used in this
study are listed in Table 1. H. volcanii strains were grown at 45°C in liquid
or on solid semidefined Casamino acid (CA) medium (38) or complex
modified growth medium (MGM) (38). Plates contained 1.5% (wt/vol)
agar unless otherwise noted. To ensure equal concentrations of agar in all
plates, the agar was completely dissolved prior to autoclaving, and the
autoclaved medium was stirred before plates were poured. Strain H53
(39) was grown in CA medium supplemented with tryptophan and uracil
(50-�g/ml final concentration) or MGM without any supplements. For
the selection of the �pilA deletion mutants (see below), 5-FOA was added
at a final concentration of 150 �g/ml in CA medium and uracil was added
at one-fifth of its normal concentration, i.e., a 10-�g/ml final concentra-
tion, during 5-FOA selection. Strain H53 and the pilA deletion mutants
transformed with pTA963 were grown in CA medium supplemented with
tryptophan. Escherichia coli strains were grown at 37°C in NZCYM me-
dium supplemented with ampicillin (200 �g/ml) (40).

Generation of chromosomal pilA deletions in H53. Chromosomal
deletions were generated by using a homologous recombination (pop-in/
pop-out) method previously described by Allers and Ngo (41). Plasmid

constructs for use in the pop-in/pop-out knockout process were gener-
ated using overlap PCR as described previously by Tripepi et al. (37)
(primers used are listed in Table S1 in the supplemental material). These
methods result in an in-frame markerless deletion. Thus, to confirm that
the chromosomal replacement event occurred at the proper location on
the chromosome, the genomic DNA isolated from colonies derived using
these techniques was screened by PCR (primers used are listed in Table S1
in the supplemental material). The identities of the PCR products were
verified by sequencing using the primers lying outside the gene of interest
(see Table S1 in the supplemental material). The pilA deletion mutants
generated in strain H53 are listed in Table 1.

Surface adhesion assay. Surface adhesion was assayed using a modi-
fied air-liquid interface (ALI) assay protocol (42) as follows: 3 ml of cul-
ture in CA medium, supplemented with tryptophan and/or uracil as nec-
essary, at an optical density at 600 nm (OD600) of �0.3 was incubated in
each well of a 12-well plate. Plastic coverslips (22 by 22 mm; 0.19 to 0.25
mm thick) were inserted into each well at an angle of 90°. Lids were placed
over the wells; the plates were then placed on wet paper towels to limit
evaporation. The wrapped plates were incubated at 45°C without shaking.
Coverslips were incubated overnight and then removed from the wells
using forceps, submerged for 3 min in 2% (vol/vol) acetic acid, and al-
lowed to air dry. Dry coverslips were stained in 0.1% (wt/vol) crystal violet
for 10 min. The coverslips were then washed three times with distilled
water. Stained coverslips were air dried and then examined using light
microscopy.

Protein extraction, LDS-PAGE, and Western blotting. Liquid cul-
tures were grown until the mid-log phase (OD600 � �0.5). Cells were
collected by centrifugation at 4,300 � g for 10 min at 4°C. Cell pellets were
resuspended and lysed in 1% (vol/vol) NuPAGE lithium dodecyl sulfate
(LDS) supplemented with 50 mM dithiothreitol (DTT) and stored at
�20°C. The electrophoresis of protein samples was performed with 12%
(vol/vol) Bis-Tris NuPAGE gels under denaturing conditions using mor-
pholinepropanesulfonic acid (MOPS) buffer at pH 7.7. Proteins were
transferred from the gel onto a polyvinylidene difluoride membrane using
a Bio-Rad Transblot-SD semidry transfer cell at 15 V for 30 min. Western
blots of whole-cell lysates grown to early log phase (OD600 � �0.3) of
strains expressing C-terminally His-tagged constructs with a 3-amino-
acid linker sequence were probed with an anti-His antibody at a dilution
of 1:1,000, followed by a secondary anti-mouse antibody at a dilution of
1:10,000. Antibody-labeled protein bands were identified using the Am-
ersham ECL Plus Western blotting detection system.

Electron microscopy. A total of 500 �l of cell culture was fixed in CA
medium with 2% (vol/vol) glutaraldehyde and 1% (vol/vol) paraformal-
dehyde for 1 h. A total of 10 �l was put onto glow-discharged carbon grids
for 10 min. The grids were rinsed two times in double-distilled water
(ddH2O) and negatively stained using 1% (wt/vol) uranyl formate. Grids
were then analyzed using a Philips Tecnai 12 operating at 120 kV and a
Gatan US1000 2K-by-2K (2,024- by 2,024-pixel) camera. Ten-microliter
samples of CsCl gradient density fractions were applied onto copper grids
coated with carbon-Formvar. The grids were left for 5 min at room tem-
perature, washed with water, blotted with a filter paper, and stained with
2% (wt/vol) uranyl acetate for 10 s. Grids were then analyzed using a
Philips Tecnai 12 instrument operating at 120 kV and a Gatan US1000
2K-by-2K (2,024- by 2,024-pixel) camera.

Phase-contrast microscopy. Liquid cultures were grown to early log
phase (OD600 � �0.3). A 1-ml sample of cell culture was put onto a
35-mm petri dish with a glass coverslip over a hole in the bottom of the
plate for optimal visualization of the cells. The cells were maintained at
45°C and viewed in the same position at �100 magnification using phase-
contrast microscopy on an Eclipse TE2000-U inverted microscope
(Nikon) with a Plan Apo �100 1.0 Na objective and Cascade 512B charge-
coupled device (CCD) camera (Photometrics) driven by Metamorph im-
aging software (Molecular Devices) over the course of 10 h.

Duf1628 sequence characterization. Sequences of predicted Duf1628
proteins from the 28 archaeal species listed in Table 2 were downloaded
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TABLE 1 Strains and plasmids

Strain or plasmid Relevant characteristic(s)a Reference or source

Plasmids
pTA131 Ampr; pyrE2 under a ferredoxin promoter 39
pTA963 Ampr, pyrE2 and hdrB markers, inducible ptna promoter 48
pRE1 pTA131 containing chromosomal pilA2 flanking regions 700 bp upstream and 700 bp downstream This study
pRE3 pTA963 containing pilA2His This study
pRE8 pTA131 containing chromosomal pilA1 flanking regions 700 bp upstream and 700 bp downstream This study
pRE32 pTA963 containing pilA3His This study
pRE33 pTA963 containing pilA4His This study
pRE34 pTA963 containing pilA5His This study
pRE35 pTA963 containing pilA6His This study
pRE36 pTA963 containing pilA1hybridHis This study
pMT1 pTA131 containing chromosomal flgA1-flgA2 flanking regions 700 bp upstream and 700 bp downstream 37
pMT24 pTA963 containing pilA1His This study

Strains
E. coli

DH5� F� 80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA enda1 hsdR17(rK� mK�) supE44 thi-1 gyrA relA1 Invitrogen
DL739 MC4100 recA dam-13::Tn9 47

H. volcanii
H53 �pyrE2 �trp 39
RE10 H53 �pilA2 This study
RE12 H53 �pilA2 �pilA3 �pilA4 �pilA5 �pilA6 This study
RE13 H53 containing pMT24 This study
RE17 MT4 containing MT24 This study
RE19 H53 containing pRE3 This study
RE23 MT4 containing pRE3 This study
RE27 H53 �pilA1 This study
RE29 H53 �pilA1 �pilA3 �pilA4 �pilA5 �pilA6 This study
RE30 RE43 containing pTA963 This study
RE37 H53 containing pRE34 This study
RE38 MT4 containing pRE34 This study
RE39 MT4 containing pRE35 This study
RE40 H53 containing pRE32 This study
RE41 H53 containing pRE33 This study
RE42 MT4 containing pRE33 This study
RE43 H53 �pilA1 �pilA2 �pilA3 �pilA4 �pilA5 �pilA6 This study
RE44 RE43 containing pRE34 This study
RE45 RE43 containing pMT24 This study
RE46 H53 �pilA1 �pilA2 �pilA3 �pilA4 �pilA5 �pilA6 �flgA1 �flgA2 This study
RE47 H53 �pilA1 �pilA2 This study
RE48 H53 containing pRE35 This study
RE49 MT4 containing pRE32 This study
RE50 RE43 containing pRE35 This study
RE51 RE43 containing pRE32 This study
RE52 RE43 containing pRE33 This study
RE53 RE43 containing pRE3 This study
RE55 RE43 containing pRE36 This study
RE58 H53 �pilA3 �pilA4 This study
RE59 H53 �pilA3 �pilA4 �pilA5 �pilA6 This study
RE61 MT4 containing pRE36 This study
RE71 RE46 containing pRE36 This study
RE72 RE46 containing pMT24 This study
RE73 RE46 containing pRE3 This study
RE74 RE46 containing pRE32 This study
RE75 RE46 containing pRE33 This study
RE76 RE46 containing pRE34 This study
RE77 RE46 containing pRE35 This study
RE78 RE46 containing pTA963 This study
RE79 H53 containing pRE36 This study
MT2 H53 �flgA1 �flgA2 37
MT4 H53 �pibD 37
MT13 H53 containing pTA963 43
MT44 MT2 containing pTA963 M. Tripepi, unpublished

data
MT60 H53 �pilA5 �pilA6 This study

a Ampr, ampicillin resistant.
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from the Pfam v26.0 database entry for Duf1628 (http://pfam.sanger.ac
.uk/family/DUF1628). The set of Duf1628 proteins (from here on referred
to as PilA pilins) was scanned with the PERL program FlaFind 1.2 (http:
//signalfind.org/flafind.html), searching for the signal sequence motif [K
RDE][GA][ALIFQMVED][ILMVTAS]. This program was extended
from the original program FlaFind 1.0 (30) to allow for glutamate and
aspartate at the �2 position.

Colocalization of pilA genes with putative pilin and pilus biosynthe-
sis genes. A gene was considered a putative pilin and pilus biosynthesis
gene if it (i) was annotated as a PibD, PilB, or PilC homolog, (ii) was
FlaFind 1.2 positive, and (iii) contained Duf1628. Using the NCBI Se-
quence Viewer graphical display on the gene report page, the annotation
of the two genes upstream and downstream of pilin genes was determined.
Moreover, these four local genes were analyzed with FlaFind 1.2 and fur-
ther screened with Pfam to determine whether the genes encoded a
Duf1628-containing protein not recognized by FlaFind 1.2.

Prepilin prediction and sequence analysis. Complete genome pro-
tein sequences from the 28 archaeal species listed in Table S2 in the sup-
plemental material were downloaded from the NCBI website (http://www
.ncbi.nlm.nih.gov) and analyzed using FlaFind 1.2.

RESULTS
H. volcanii expresses type IV pili. Based on mass spectrometry,
flagellum biosynthesis is inhibited in a deletion mutant lacking the
oligosyltransferase aglB. However, CsCl purification studies re-
vealed that an aglB deletion strain unable to make flagella still has
surface filaments (43). To determine whether these structures are
type IV pili, we analyzed cells of H. volcanii H53, the parent strain
used in this study, from here on referred to as the wild type (wt), as
well as H. volcanii strains lacking either the flagellin genes flgA1
and flgA2 or pibD by electron microscopy (Fig. 1). Consistent with

TABLE 2 In silico analysis of archaeal PilA and non-PilA pilins

Species

No. of sequences containing PilA (Duf1628)

No. of FlaFind 1.2
positives (no. with D/no.
with E) at �2Pfam

No. of FlaFind 1.2 positives
(no. with D/no. with E)
at �2

Colocalized with
putative pilins

Crenarchaeota
Ignicoccus hospitalis KIN4/I 0 18/3
Acidianus hospitalis W1 0 13/2
Thermoproteus neutrophilus (Pyrobaculum neutrophilum V24Sta) 1a 0/0 1 17/3
Sulfolobus acidocaldarius DSM 639 0 20/1b

Sulfolobus solfataricus P2 0 28/0
Sulfolobus tokodaii strain 7 0 25/1
Aeropyrum pernix K1 1 1/0 0 19/1
Pyrobaculum aerophilum strain IM2 0 20/2

Euryarchaeota
Archaeoglobus fulgidus DSM 4304 1 1/0 0 19/4c

Ferroglobus placidus DSM 10642 3 3/0 0 31/6
Haloarcula marismortui ATCC 43049 8 3/2 1 48/11
Haloferax volcanii DS2d 9 7/2 4 47/9
Natronomonas pharaonis DSM 2160 7 6/0 3 34/5
Methanocaldococcus jannaschii DSM 2661 0 19/5
Methanococcus maripaludis C5 0 16/1
Methanosarcina mazei Go1 7 5/2 5e 18/5
Methanospirillum hungatei JF-1 19 8/6 16 20/12
Picrophilus torridus DSM 9790 0 9/1
Pyrococcus furiosus DSM 3638 0 18/1
Pyrococcus horikoshii OT3 0 23/3
Thermococcus kodakaraensis KOD1 0 38/0
Thermoplasma acidophilum DSM 1728 2 2/0 0 6/2

Nanoarchaeota
Nanoarchaeum equitans Kin-4-M 0 6/0

Korarchaeota
“Candidatus Korarchaeum cryptofilum” OPF8 0 12/3

Thaumarchaeota
Cenarchaeum symbiosum A 0 15/3
Nitrosopumilus maritimus SCM1 0 10/0
“Candidatus Caldiarchaeum subterraneum” 1 1/0 1 18/3
“Candidatus Nitrosoarchaeum limnia” SFB1 0 19/3

a Only FlaFind 1.2 positive with the second predicted transmembrane (TM).
b Additional putative motif with �2K/R predicted for one of these proteins.
c Additional putative motif with �2K/R predicted for two of these proteins.
d Hvo_0308 is FlaFind 1.2 positive after reannotation.
e One gene is colocalized with a pilB homologue.
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these filaments being type IV pili, while �flgA[1-2] cells have sur-
face filaments, the �pibD strain lacks surface structures (Fig. 1).
Similarly, CsCl gradient density purification of filaments in super-
natants of these strains confirms the absence of any detectable
filaments in the �pibD strain (data not shown). Fitting with the
observation of type IV pili on the �flgA[1-2] cells, microarray data
identified a set of predicted type IV pilins that, unlike the ma-
jority of H. volcanii FlaFind positives, appeared to be expressed,
albeit at varied levels, under the growth conditions used in the
adhesion assays (C. Daniels, unpublished data). These pilins
(from here on referred to as PilA[1-6]) contained a highly con-
served domain of unknown function (Duf1628) that starts at
the predicted �2 position of the PibD motif and has an iden-
tical amino acid sequence across the whole 30-amino-acid H
domain (Fig. 2). H. volcanii has three additional genes encod-
ing proteins containing the Duf1628 domain, two of which
have a predicted PibD processing site (Hvo_2704 as well as
Hvo_0308 upon reannotation of the start codon) while the
third protein lacks an amino acid sequence that resembles a
PibD motif (see Fig. S1 in the supplemental material). The
amino acid sequences of the H domains of these proteins, while

sharing significant homology, are not identical to the signal
peptide/pilin core domains of PilA[1-6].

PilA pilins are processed by PibD. Unlike previously charac-
terized subunits of archaeal flagella and other type IV pilus-like
structures, the �2 positions in the pilins predicted to contain
Duf1628 do not appear to be limited to arginine and lysine; rather,
they include the aspartate and serine amino acid residues that are
allowed in bacterial PilD processing motifs (44). Consistent with
the inclusion of aspartate in PibD processing motifs, we previously
showed that PilA5His, which contains an arginine at the �2 posi-
tion (�2R), and PilA3His (�2D) migrate more slowly under elec-
trophoresis when expressed in a �pibD mutant, indicating the lack
of signal peptide processing (37). The expression of PilA1His
(�2D), PilA4His (�2R), and PilA6His (�2R) shows a similar
change, while a size shift is not clearly observed for PilA2His
(�2S) (Fig. 3).

PilA pilins are required for surface adhesion. Previous data
have shown that �pibD mutants cannot adhere to glass or plastic
surfaces (37). To determine which of the PibD-dependent PilA
pilins were required for adhesion, deletion mutants were con-
structed for each pilA gene, pilA1 and pilA2, or the colocalized

FIG 1 H. volcanii expresses nonflagellum type IV pili. Electron micrograph of wild-type (wt), �flgA[1-2], and �pibD cells fixed in 2% glutaraldehyde and 1%
paraformaldehyde and stained with 1% uranyl formate. Surface filaments are observed on the wt and �flgA[1-2] cells (arrows). Bars, 200 nm.

FIG 2 Six predicted pilins contain a highly conserved Duf1628. Amino acid sequence alignment of PilA[1-6] was formulated by Clustal Omega (46). The amino
acid sequence of the H domain (gray shading) starting at the �1 position of the PibD processing site (arrow) is completely conserved.
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genes pilA[3-4] and pilA[5-6]. Knockouts were confirmed by PCR
(data not shown). Since none of these deletion mutant strains
exhibits significant adhesion defects on glass (data not shown) or
plastic (Fig. 4), we also constructed mutants that contained mul-
tiple deletions of pilA genes (Fig. 5A and B). Interestingly, while
�pilA[2-6], a strain that expresses only PilA1, can adhere, adhe-
sion is completely abolished only in �pilA[1-6], a strain that lacks
all six pilins, or �pilA[1,3-6], a strain expressing only PilA2. This
suggests that at least PilA1 and PilA[3-6] pilins have functions that
partially overlap (Fig. 4). Expression of any of the six pilins in trans
under the control of an inducible trp promoter in the �pilA[1-6]
strain restores adhesion, albeit to various degrees (Fig. 6). These
data support the hypothesis that the proteins containing Duf1628
are required for adhesion and also demonstrate that each pilin-

like protein can, by itself, complement the adhesion defect of the
�pilA[1-6] strain.

The expression of individual pilins results in differing adhesion
phenotypes. Although expression of pilA1 and pilA2 under the
control of the inducible promoter in the �pilA[1-6] strain im-
proves adhesion compared to expressing these genes individually
from the chromosome, PilA1 and PilA2 rescue the adhesion defect
least effectively. Conversely, strains expressing the PilA3 or PilA4
pilin in trans adhere more strongly than the wild type does. Most
surprisingly, expression of either PilA5 or PilA6 not only allows
cells to adhere to a plastic surface, it also leads to the formation of
microcolonies (Fig. 6). These data suggest that although the pilins
appear to have some overlapping function, cell-cell interactions
are promoted by specific pilins.

FIG 3 PibD processes PilA pilins. Western blot analysis was performed on PilA1His protein extracts from cell lysates of the wt or �pibD strain expressing a
pilAHis gene under the regulation of a trp-inducible promoter. His-tagged proteins were detected using anti-His antibodies. Comparable amounts of protein
were loaded into each lane. The migration of molecular mass standards is indicated on the left (in kDa).

FIG 4 H. volcanii requires the presence of at least one pilin gene for adhesion. Adhesion to plastic coverslips was tested using a modified ALI assay (42). Light
micrographs of the coverslips taken at �35 magnifications are shown. Coverslips were placed in individual wells of 12-well plates, each containing 3 ml of a
mid-log-phase liquid CA culture (wt, �pilA[1-6], �pilA[1], �pilA[2], �pilA[3-4], �pilA[5-6], �pilA[1-2], �pilA[3-6], �pilA[2-6], and �pilA[1,3-6]). After
overnight incubation, cells were fixed with 2% acetic acid, stained with 0.1% crystal violet, and observed by light microscopy. Adhesion is abolished in the
�pilA[1,3-6] and �pilA[1-6] strains.
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PilA5-dependent microcolony formation does not occur in a
wild-type background and does not require the flagella. As
shown in Fig. 6, wild-type cells do not form detectable microcolo-
nies. While we do see minor cell clusters in the wt cells, the move-
ment into microcolonies over time is not observed. To determine
whether this is due to low expression of PilA5 and/or PilA6 from
the chromosome, we expressed PilA5His in trans in a wild-type
background. Surprisingly, expression of this construct in the pres-
ence of the chromosomally expressed pilins does not promote the
formation of microcolonies, as is observed in the �pilA[1-6] back-
ground. It is possible that other pilins may inhibit microcolony
formation (Fig. 7).

We previously showed that adhesion of H. volcanii does not
require functional flagella (37). To determine whether micro-
colony formation requires flagella, PilA5 was expressed in a
�pilA[1-6]�flgA[1-2] background. As determined by phase-con-
trast microscopy, the flagella do not appear to inhibit or enhance
the microcolony formation, as microcolonies can be observed
within 8 h in both the �pilA[1-6] strain and the �pilA[1-
6]�flgA[1-2] strain when PilA5 is expressed in trans (Fig. 7).

Each of the six adhesion pilins can be assembled into a func-
tional pilus. The adhesion data presented above suggest that the
�pilA[1-6] strain can form functional pili when any one of the six

highly conserved adhesion pilins is expressed in trans. To confirm
pilus biosynthesis, we performed electron microscopy (EM) using
the �pilA[1-6]�flgA[1-2] strain, as H. volcanii flagella are indis-
tinguishable from type IV pili under our experimental conditions
(Fig. 1). Consistent with PilA pilins being the only subunits of
observed type IV pili in the �flgA[1-2] strain, EM analysis of the
strain lacking flgA[1-2] and the pilA[1-6] genes indeed shows a
lack of observable filaments on cell surfaces (Fig. 8). Moreover,
complementation of the �pilA[1-6]�flgA[1-2] strains with just
one of the PilA[1-6] pilins results in observable cell surface fila-
ments (Fig. 8). However, the numbers of pili on the surface are
lower than seen in the �flgA[1-2] strain.

The conserved hydrophobic domain is essential for pilus
biosynthesis and function. To investigate the role of the con-
served H domain in pilus biosynthesis and function, we replaced
the H domain of PilA1, starting at the PibD processing site, with
the H domain of the PibD signal peptide of FlgA1 (Fig. 9A). Al-
though the His-tagged PilA1hybrid still requires PibD for process-
ing and can be expressed in the �pilA[1-6] strain, as determined
by Western blotting (Fig. 9B), pili are not observed on the surface
of �pilA[1-6]�flgA[1-2] cells (Fig. 9C). Consistent with the re-
quirement of a type IV pilus structure for surface adhesion, adhe-
sion is not observed when this hybrid protein construct is ex-

FIG 5 Deletion of the six pilA genes in the wt. (A) Intragenic primers were made for each of the pilA genes. PCR was performed using genomic DNA isolated from
the wt or the �pilA[1-6] strain as template DNA. (B) PCR was performed as stated above. For amplification of �pilA[1-6] genes, the primers were against the
region 700 bp upstream and 700 bp downstream of �pilA[1-6]. As expected, no amplicons were obtained from �pilA[1-6] when the DNA was amplified using
�pilA[1-6]-specific primers. The amplicon sizes obtained when the �pilA[1-6] flanking regions were amplified were approximately 500 nucleotides smaller when
DNA from the �pilA[1-6] strain was used as the template than the amplicons obtained when using the wt as a template.

FIG 6 One PilA paralog is sufficient for adhesion. The wt with pTA963 (� control) and �pilA[1-6] with pTA963 (� control) or pTA963 expressing one of the
six pilin genes (pilA[1-6]) were incubated overnight using the modified ALI assay (42) as described in Fig. 4 (�35 magnification).
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pressed in trans (Fig. 9D). It should be noted that a PilA3hybrid
was also constructed, but attempts to express the construct in H.
volcanii were unsuccessful, further underscoring the importance
of the H domain sequence (data not shown).

Homologs of PilA pilins are identified predominantly in eu-
ryarchaea. Pfam lists proteins with a Duf1628 from a diverse set of
organisms. In this study, we examined the presence of putative
PilA homologs in 28 genomes representing a diverse range of ar-
chaeal phyla, including the thaumarchaeal species. All but two of
the predicted pilins containing the conserved PilA N terminus
(one crenarchaeal and one thaumarchaeal sequence) were identi-
fied in euryarchaeal species (Table 2).

To provide corroboration that these proteins are indeed type
IV pilins, we used FlaFind 1.2 with an extended signal sequence
motif to additionally allow for aspartate or glutamate at position
�2 of the PibD motif to analyze the PilA homologs and also de-
termined whether the pilA genes were colocalized with putative
pilin and/or pilus biosynthesis genes. Of the 59 Duf1628 proteins
that Pfam identified, 37 are also predicted by FlaFind 1.2. More-
over, 31 of the 59 Duf1628 proteins and 21 of the 37 Duf1628 and

FlaFind 1.2 positives colocalize with other predicted pilin or pilus
biosynthesis genes. These data strongly suggest that these proteins
are indeed pilins and that our studies of the PilA pilins will lead to
a better understanding of type IV pili of other archaea (Table 2; see
also Table S2 in the supplemental material).

Finally, while PilA1 and PilA3, the two confirmed pilins with a
negative charge observed at the �2 position of the PibD motif, are
PilA paralogs, FlaFind 1.2 analysis revealed that PibD signal se-
quence motifs with D or E at the �2 position are not limited to the
subset of pilins containing Duf1628. In the 28 archaeal genomes,
we identified 90 pilin-like proteins containing negatively charged
amino acid residues at the �2 position, only 12 of which were
determined to contain Duf1628 by Pfam. It also appears that this
motif can be found in phyla of all archaeal kingdoms, but inter-
estingly, there are drastic differences between species (Table 2; see
also Table S3 in the supplemental material).

DISCUSSION

In silico analyses have predicted that, similar to bacteria, archaeal
genomes contain a diverse set of genes that encode pilin-like pro-

FIG 7 PilA5 allows microcolony formation in a flagellum-independent manner. Phase-contrast microscopy images at �100 magnification of the wt transformed
with pTA963 (� control) or pTA963 expressing PilA5 and �pilA[1-6]�flgA[1-2] transformed with pTA963 (� control) or pTA963 expressing PilA5 and
incubated at 45°C for 10 h. One milliliter of mid-log-phase cultures was transferred into a 35-mm petri dish with a glass coverslip at the bottom. PilA5 expressed
in �pilA[1-6]�flgA[1-2] forms microcolonies (arrows) that become strongest after 10 h.

FIG 8 One PilA paralog is sufficient to promote pilus synthesis. Electron micrograph of �flgA[1-2] transformed with pTA963 (� control) and �pilA[1-
6]�flgA[1-2] transformed with pTA963 (� control) or pTA963 expressing one of the six pilin genes (pilA[1-6]). Pili are observable when at least one pilin gene
is expressed (arrows). Similar numbers of pili were seen on the surfaces of PilA[1-6] mutants. Cells were fixed in 2% glutaraldehyde and 1% paraformaldehyde
and stained with 1% uranyl formate. Bars, 200 nm.
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teins. However, the functions of most of these putative archaeal
pilus subunits remain unknown (30). While type IV pilins gener-
ally share little sequence homology, based on highly conserved
domains or motifs, clusters of pilins have been identified across a
diverse range of archaeal phyla. The clusters include two subsets of
proteins, each containing a unique, highly conserved domain
identified by Pfam: PF04021 and Duf1628. Both domains begin at
the predicted prepilin peptidase processing motif. Previously, we
showed that PF04021, which is found mainly in euryarchaeal pro-
teins, is a class III signal peptide containing a unique prepilin
peptidase processing motif that is specifically recognized by EppA,
a PibD paralog found only in species that encode proteins having
this domain (30). We have now demonstrated that the second
domain, Duf1628, which unlike PF04021 extends significantly
past its signal peptide, is a PilA adhesion pilin. These pilins, which
require PibD for processing, contain a highly conserved H do-
main. While signal peptide recognition requires merely a stretch
of hydrophobic amino acids, interactions with this pilin domain
also provide the means through which the alpha-helical core of the
pilus forms. Therefore, the highly conserved nature of this domain
in PilA pilins indicates that these pilins are likely involved in the
biosynthesis of a unique type IV pilus structure. Indeed, a mutant
in which this H domain is replaced with that of the major flagellin,
which is also an archaeal type IV pilus-like structure (37), is insuf-
ficient for the synthesis of a pilus, even one that is nonfunctional.
We note that the conservation of this region continues beyond the
H domain in many of these proteins, albeit to a much lesser de-
gree. Hence, interactions between these pilins may also occur in
regions other than the H domains, and these interactions may
depend on the specific alpha-helical core structure.

While the crenarchaea seem limited to just one PilA paralog,
many euryarchaeal genomes encode numerous PilA paralogs. For
example, Pfam analysis identified 19 Duf1628-containing pro-
teins in Methanospirillum hungatei, eight of which were FlaFind

1.2 positive and an additional four of which contain a serine at �2.
A serine residue, which is allowed at the �2 position of bacterial
pilins, is also likely to be allowed in haloarchaea. However, a shift
in the apparent size of the PilA2 (�2S) pilin was not observed in a
pibD deletion mutant (37), possibly due to differential posttrans-
lational modifications of the mature pilins and the pilin precur-
sors. Interestingly, there appears to be variability in the prepilin
peptidase recognition site sequence between phyla. For example, a
negative charge at the �2 position of the Sulfolobales PibD motif
appears to be excluded, while aspartate and glutamate are readily
identified at this position in other phyla.

Undoubtedly, the identification of adhesion pilins, as well as
those identified in Sulfolobales and methanogens, underscores the
value of prediction programs. This is particularly evident consid-
ering that neither the gene encoding the major Methanococcus
maripaludis adhesion pilin (31) nor the pilA genes are coregulated
with pilB and pilC, which encode highly conserved components of
the pilus biosynthesis machinery (18, 19). Pilin genes had previ-
ously been identified through proximity to these two genes, since
pilins typically lack a high degree of similarity. However, these
studies clearly show the value of combining in silico predictions
with in vivo confirmations and also demonstrate the need to apply
these tools to more than one or two model systems.

The N terminus of other proteins, such as Hvo_0875, that have
an H domain that displays significant homology to the H domain
of PilA also seems to lack a PibD processing motif (see Fig. S1 in
the supplemental material). While these proteins likely are not
processed by PibD, the conserved H domain may play an impor-
tant role in pilus biosynthesis or regulation.

Our most striking observation was that six of the nine PilA
paralogs contained identical 30-amino-acid hydrophobic do-
mains starting at the �1 position of the PibD site recognition
motif. While it is conceivable that these proteins include major
and minor pilins of pili having cores that require conserved H

FIG 9 The conserved H domain sequence is required for PilA pilus assembly and function. (A) N-terminal amino acid sequence of H. volcanii PilA1 and FlgA1.
Replaced amino acids are highlighted in gray. (B) Western blot analysis of wt, �pibD, and �pilA[1-6] cell lysates expressing PilA1His or PilA1hybridHis under
the regulation of a trp-inducible promoter. His-tagged proteins were detected using anti-His antibodies. Comparable amounts of protein were loaded into each
lane. The migration of molecular mass standards is indicated on the left (in kDa). (C) EM, as described in Fig. 8, of �pilA[1-6]�flgA[1-2] expressing PilA1His or
PilA1hybridHis. Pili are seen on the surface of �pilA[1-6]�flgA[1-2] expressing PilA1His (arrow). (D) Adhesion assays (42), as described in Fig. 4, of �pilA[1-6]
expressing PilA1His or PilA1hybridHis (�35 magnification).
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domain sequences to facilitate proper pilus assembly, it is intrigu-
ing that expression of any one of these PilA paralogs in trans in a
�pilA[1-6] strain leads to the assembly of a functional pilus. Yet
these pilins do not appear to have completely redundant func-
tions, as the ability of the �pilA[1-6] strain to adhere varies signif-
icantly depending on which pilin is expressed. Interesting insights
may be gleaned using these PilA pilins in adhesion studies with
surfaces encountered in more-natural environments. Moreover,
while each pilin can rescue the adhesion defect of the �pilA[1-6]
strain, the �pilA[1-6] strain can establish microcolonies only
when expressing the highly conserved pilins PilA5 and PilA6. The
expression of these pilins, including PilA5 and PilA6, in the wild
type does not result in microcolony formation, suggesting that
some pilins may inhibit the aggregation necessary to form micro-
colonies. The requirement of a specific pilin to promote micro-
colony formation has not been previously reported in archaea or
bacteria. In Gram-negative bacteria, this cell aggregation requires
PilT-dependent pilus retraction, allowing cells to move along a
surface to sites where new microcolonies can be formed and to
move within those microcolonies (20, 21). Thus far, this twitching
motility has not been observed in archaea, which lack an ATPase
having significant homology to a PilT. However, it has been
hypothesized that a PilB paralog may facilitate the extension and
retraction functions (45). Microcolony formation of the
�pilA[1-6] strain complemented with PilA5 expressed in trans
provides a simple system that can be used to determine which
factors promote and which inhibit this step in biofilm formation.

Finally, although the results presented here strongly suggest
that each pilin can be assembled into a pilus, we cannot exclude
the possibility that other pilins are contained in these pili. Future
mass spectrometric analyses, combined with studies of deletion
mutants for additional PilA1 homologs, should aid in deciphering
between these possibilities.
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