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Introduction

Archaea, such as Bacteria, are known to possess a variety 
of cell surface structures (Jarrell et al. 2013; Lassak et al. 
2012a; Ng et  al. 2008; Pohlschroder et  al. 2011). Many 
of these archaeal appendages appear to be made using a 
system like that employed by bacteria to assemble type 
IV pili (Jarrell et al. 2009, 2013; Lassak et al. 2012a; Ng 
et al. 2008; Pohlschroder et al. 2011). The core components 
of such a system include structural subunits with class 
three signal peptides (Pohlschroder et al. 2005) which are 
removed by a specific signal peptidase (type IV prepilin 
signal peptidase), an ATPase to incorporate new subunits 
into the base of the growing structure (sometimes a sec-
ond ATPase to remove subunits from the structure) and a 
conserved membrane protein that is thought to interact 
with the ATPase(s) as an export complex for the structural 
proteins (Burrows 2012; Pohlschroder et  al. 2011; Takhar 
et al. 2013). These core components of type IV pili systems 
have been observed in archaea in the loci responsible for 
formation of archaella [formerly archaeal flagella; (Jarrell 
and Albers 2012)] (Ghosh and Albers 2011; Lassak et  al. 
2012b; Ng et al. 2006), type IV-like pili (Albers and Pohls-
chroder 2009; Frols et  al. 2008; Henche et  al. 2012a; Ng 
et al. 2011; Szabo et al. 2006) and the bindosome involved 
in substrate uptake in Sulfolobus solfataricus (Albers et al. 
1999; 2007, Zolghadr et al. 2011). In addition, the Iho670 
fibers of Ignicoccus hospitalis are also made from type IV 
pilin-like proteins (Yu et  al. 2012). Presumably, there are 
genes that encode the other core components, but they do 
not appear to be located in the immediate vicinity of the 
structural protein gene (Muller et  al. 2009). While the 
archaellum is the best studied of the archaeal surface struc-
tures (Ghosh and Albers 2011; Jarrell et  al. 1996; Jarrell 
and McBride 2008, Thomas et  al. 2001), more recently, 
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various studies have targeted the structure, function and 
genetics of archaeal pili systems, especially ones that are 
type IV like (Esquivel et al. 2013; Frols et al. 2008; Henche 
et al. 2012a; Lassak et al. 2012a; Ng et al. 2011; Wang et al. 
2008). Among the archaeal type IV-like pili, the majority of 
progress has been reported in Sulfolobus species (Henche 
et al. 2012a; Orell et al. 2013a, b; van Wolferen et al. 2013) 
and, to a lesser degree, in Methanococcus maripaludis (Jar-
rell et al. 2011; Nair et al. 2013; Ng et al. 2011; Wang et al. 
2008) and Haloferax volcanii (Esquivel et al. 2013).

In Sulfolobus acidocaldarius, there are at least two dif-
ferent operons in the genome that are responsible for two 
unique pili types on the cell surface, namely Aap pili and 
Ups pili (Lassak et  al. 2012a; Pohlschroder et  al. 2011). 
Aap pili, observed on cells during growth under normal 
laboratory conditions, are involved in adhesion of cells 
(Henche et al. 2012a). The Ups pili, on the other hand, are 
observed only when the cells are subjected to DNA dam-
aging conditions such as UV exposure (Ajon et  al. 2011; 
Frols et al. 2008). The upregulation of the ups operon led 
to cell aggregation and an enhanced ability of the cells to 
exchange DNA (Ajon et al. 2011). A recent study showed 
the importance of both Ups and Aap pili on the structure 
of the biofilm produced by S. acidocaldarius (Henche 
et al. 2012b; Orell et al. 2013a). A genetic locus containing 
five genes (encoding two predicted pilins, a type IV pilus 
polymerizing ATPase, a conserved pilus membrane protein 
and a putative iron-sulfur oxidoreductase) has been impli-
cated in Aap pili formation (Henche et al. 2012a). Mutants 
carrying deletions in any one of the five genes do not 
assemble Aap pili. The ups locus consists also of five genes, 
encoding two prepilins, a hypothetical protein as well as 
homologues of a type IV pilus polymerization ATPase and 
conserved membrane protein. No pili were observed if the 
gene for the ATPase or the conserved membrane protein 
was deleted (van Wolferen et  al. 2013). Mutants carrying 
deletions of either of the two prepilin genes still made pili, 
but these cells were defective in aggregation (van Wolf-
eren et al. 2013). Mutants carrying a deletion of the gene 
encoding the hypothetical protein UpsX still made pili, 
but decreased DNA exchange was observed (van Wolferen 
et  al. 2013). Very recently, insights into the regulation of 
the pili systems of S. acidocaldarius have also been pre-
sented (Orell et  al. 2013b; Vassart et  al. 2012), including 
studies that show that there is an intertwined regulation 
of archaella and Aap pili formation (Henche et al. 2012a; 
Orell et al. 2013b; Reimann et al. 2012).

The type IV pili-like locus in M. maripaludis genome 
was originally predicted to consist of 11 potential genes, 
with three of them, mmp0233 (epdA), mmp0236 (epdB) 
and mmp0237 (epdC), thought to encode structural pro-
teins (pilins) and another shown to be a type IV prepilin 
peptidase (mmp0232, EppA) required to cleave the class 

three signal peptides from the prepilins (Szabo et al. 2007). 
Subsequent genetic work demonstrated that all three of 
the genes encoding the predicted structural proteins were 
essential for normal piliation (Ng et  al. 2011). However, 
mass spectrometry of purified pili revealed that the major 
structural pilin was MMP1685, encoded by a gene located 
outside the pilin locus. The deletion and complementation 
of mmp1685 showed that it was indeed essential for pilia-
tion (Ng et  al. 2011). More recently, another minor pilin, 
encoded by mmp1283, was also shown to be essential for 
pili formation (Nair et al. 2013). An important, and thus far 
unique, characteristic of the pili system in M. maripaludis 
is the presence of a second, apparently pilin-specific pepti-
dase [EppA, (Szabo et al. 2007)], distinct from the prepilin 
peptidase, FlaK, (Bardy and Jarrell 2002, 2003) needed to 
process archaellins for archaella assembly.

In addition to the genetic studies, the structure of M. 
maripaludis pili was also determined and shown to be dif-
ferent from that of any known bacterial pili (Wang et  al. 
2008). Furthermore, at least one function for the pili of M. 
maripaludis was demonstrated, that of surface adhesion. 
However, this function is dependent on the co-expression 
of archaella (Jarrell et al. 2011).

In this study, we complete the in-frame deletion and 
complementation study on the genes in the type IV pili-like 
locus of M. maripaludis. In addition, we identify an ATPase 
(mmp0040) as well as two conserved type IV pili mem-
brane component homologues (mmp0038 and mmp0039) 
critical for pili assembly which are located adjacent to each 
other but separate from the known pili locus.

Materials and methods

Strains and growth conditions

Methanococcus maripaludis (Mm900) (Moore and Leigh 
2005) and a ΔflaK mutant strain derived from Mm900 
(Ng et  al. 2009) were grown in Balch medium III (Balch 
et al. 1979) at 35 °C under a headspace of CO2/H2 (20:80). 
McCas medium (Moore and Leigh 2005) was used for 
transformation experiments with the addition of neomycin 
(1 mg/ml) or 8-azahypoxanthine (240 μg/ml) for selection 
at various steps of the procedure. Puromycin (2.5 μg/ml) 
was used to select for transformants carrying the comple-
mentation vectors. For complementation studies, cells were 
grown in nitrogen-free medium (Blank et  al. 1995) sup-
plemented with sterile anaerobic solutions of either NH4Cl 
(10 mM) or alanine (10 mM). Escherichia coli strain DH5α 
(Novagen) or E. coli TOP10 cells (Invitrogen) used for 
various cloning steps was grown at 37 °C in Luria–Bertani 
medium, with ampicillin (100 μg/ml) added for selection, 
when necessary.
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Bioinformatic analysis

Each predicted pilus locus gene product was analyzed by a 
variety of online tools to gather information about its likely 
subcellular location and possible function. This included 
programs which predicted archaeal signal peptides 
(PRED-SIGNAL [http://bioinformatics.biol.uoa.gr/PRED-
SIGNAL/ (Bagos et  al. 2009)], transmembrane domains 
[TmPred, http://www.ch.embnet.org/software/TMPRED_
form.html (Hofmann and Stoffel 1993)] and subcellu-
lar location [PSORTb version 3.0.2 trained to archaea, 
http://www.psort.org/psortb/index.html (Yu et al. 2010)] as 
well as ones that searched for conserved motifs [BLAST 
search Basic Local Alignment Search Tool, http://
blast.ncbi.nlm.nih.gov/ (Altschul et al. 1990)] and InterPro-
Scan [http://www.ebi.ac.uk/Tools/pfa/iprscan/ (Quevillon 
et al. 2005)].

Plasmid construction to create gene deletions

Plasmids used for the generation of inframe deletions of 
pilus locus genes were generated as previously described 
(Moore and Leigh 2005; VanDyke et al. 2008). Briefly, P1 
and P2 PCR primers for each gene (Supplemental Table 1) 
were selected to amplify approximately 1 kb upstream and 
the P3 and P4 PCR primers to amplify approximately 1 kb 
downstream of the targeted gene. The P2 and P3 primers 
were designed so that after ligation, a small internal frag-
ment of the targeted gene was left. The gene-specific P1 
and P4 primers had added BamH1 restriction sites while P2 
and P3 had added Asc1 restriction sites. The upstream and 
downstream PCR products were ligated after digestion with 
Asc1, and this product was used as template for a further 
PCR using primers P1 and P4. This approximately 2-kb 
piece was digested with BamHI and cloned into pCRPrt-
Neo to create the plasmids used for generating the deletion 
strains (Moore and Leigh 2005).

M. maripaludis mutant generation

The pCRPrtNeo derivatives carrying deletions of the pilus 
locus genes (listed in Supplemental Table  2) were trans-
formed into M. maripaludis ΔflaK using a PEG precipita-
tion method as described by Tumbula et al. (Tumbula et al. 
1994). After recovery overnight, the cells were transferred 
to McCas medium containing neomycin (1  mg/ml) to 
select for transformants that had integrated the vector. This 
culture was then used to inoculate McCas media without 
neomycin to allow for a second recombination event to 
remove the vector. At this stage, a recombination event that 
removes the inserted plasmid can either return the chromo-
some to its wild-type sequence or result in a deletion of the 
targeted gene.

The culture was plated onto McCas agar containing 
8-azahypoxanthine (240 μg/ml), which would be lethal to 
any cells that retained the vector-borne hpt gene. Follow-
ing incubation at 37 °C in an anaerobic canister for 1 week, 
individual colonies were picked and inoculated into Balch 
medium III for analysis. The individual transformants were 
screened by using washed whole cells resuspended in 2 % 
NaCl as template for PCR along with sequencing primers 
(Supplemental Table 1) designed to amplify across the tar-
get gene. The PCR products were examined by agarose gel 
electrophoresis and the size compared to that predicted for 
the wild type and deletion versions of the gene in order to 
identify the specific gene deletion mutants. Transformants 
showing the deletion size PCR products were restreaked 
onto Balch medium III plates and single colonies picked 
and again screened by PCR to confirm their purity.

Complementation of the gene deletion strains

Plasmids used for complementation of the gene deletions 
were constructed as previously described (Chaban et  al. 
2007; Lie et al. 2005) and listed in Supplemental Table 2. 
The vector used for complementation was the self-repli-
cating plasmid, pHW40, a derivative of pWLG40 (Gard-
ner and Whitman 1999), in which the transcription of the 
cloned gene is under the control of an inducible nif pro-
moter (Kessler and Leigh 1999). pHW40 plasmids with 
the wild-type version of the complementing gene were 
transformed into the corresponding deletion strain using 
the PEG procedure (Tumbula et al. 1994). Complemented 
strains were grown in nitrogen-free medium supplemented 
with either 10 mM NH4Cl (where transcription from the nif 
promoter is repressed) or 10 mM alanine (where transcrip-
tion from the nif promoter is on). The PCR primers used to 
amplify the wild-type versions of each gene for creating the 
complementation vectors for each gene are listed in Sup-
plemental Table 1 (gene-specific primers labeled Comp-for 
and Comp-rev). NsiI and MluI restriction sites were added 
to the forward and reverse primers, respectively, for cloning 
purposes. In the case of mmp0232 complementation, site-
directed mutagenesis was used to remove an internal NsiI 
site, using primers listed in Supplemental Table 1, prior to 
cloning into the complementation vector.

Reverse transcriptase PCR

Reverse transcriptase PCR (RT-PCR) experiments were 
performed to determine if all 11 genes in the proposed type 
IV pilus-like operon were co-transcribed. Primers (Supple-
mental Table 3) were designed such that a sequence linking 
two neighboring genes across the intergenic region would 
be amplified if the genes were co-transcribed. RNA tem-
plate was extracted from wild-type cells using an RNeasy 

http://bioinformatics.biol.uoa.gr/PRED-SIGNAL/
http://bioinformatics.biol.uoa.gr/PRED-SIGNAL/
http://www.ch.embnet.org/software/TMPRED_form.html
http://www.ch.embnet.org/software/TMPRED_form.html
http://www.psort.org/psortb/index.html
http://blast.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/Tools/pfa/iprscan/
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Mini Kit (Qiagen Inc. Canada Mississauga, ON) with 
optional DNase digestion (Qiagen Inc.) as per the manu-
facturer’s protocol. cDNA was amplified using a One-Step 
RT-PCR kit (Qiagen Inc.) in accordance with the supplied 
protocol. In addition to using cDNA as template, PCR 
reactions were done using the same primer combinations 
with the purified RNA without the RT step as template as 
a control for possible DNA contamination of the RNA sam-
ples. PCR reactions were also run with genomic DNA as 
template to ensure the primers amplified the predicted size 
fragments.

The same strategy was employed to examine the pos-
sible co-transcription of the ATPase and conserved pilus 
membrane component genes.

Electron microscopy

Cells were grown overnight and washed with 50  mM 
MgSO4 prior to treatment with 2 % phosphotungstic acid to 
negatively stain the samples. Cells were examined on form-
var-coated gold grids and imaged under a Hitachi 7,000 
electron microscope operating at an accelerating voltage of 
75 kV.

Results

A type IV pili-like locus encoding 11 potential genes 
(mmp0231–mmp0241) was initially identified by Szabo 
et al. (2007) (Fig. 1a). We recently demonstrated the essen-
tial involvement of the three pilin-like genes (epdA, epdB 
and epdC) of the locus in the normal assembly of surface 

pili (Ng et al. 2011), while eppA was previously shown to 
encode the prepilin peptidase (Szabo et  al. 2007). How-
ever, the possible involvement of the remaining genes in 
the operon in pili biosynthesis remained to be determined. 
These predicted proteins do not show homology to any 
bacterial type IV pilus genes or to pili genes in S. solfatari-
cus. The proteins encoded by these genes were analyzed by 
various bioinformatics programs (PRED-SIGNAL, PSORT, 
TmPred and InterProScan), which at times gave conflicting 
predictions (Table 1). Most of the proteins are annotated as 
conserved hypothetical proteins and most have significant 
BLAST matches to only archaeal proteins and sometimes 
only to Methanococcus proteins. Most lack the presence of 
motifs that would be useful in deciphering a possible func-
tion (Table  1). Two are predicted to have signal peptides 
(MMP0235 and MMP0238), while MMP0241 contains a 
domain of unknown function (DUF2341) that is found in 
various bacterial proteins that form proton channels (MotA, 
TolQ, ExbB) or act as transport proteins. Other proteins are 
predicted to be cytoplasmic or membrane located (refer to 
Table 1).

RT‑PCR experiments

All 11 genes in the type IV pilus locus are oriented in the 
same direction, and the intergenic region between each 
adjoining gene is very small (ranging from overlapping to 
52 nucleotides), with the exception of the distance between 
mmp0233 and mmp0234 which is 126 nucleotides. Thus, 
the possibility of the entire region comprising a single 
operon was analyzed by RT-PCR. Agarose gel electro-
phoresis (Fig.  1b) shows amplified PCR products of the 

Fig. 1   Analysis of the major type IV pilus locus. a The major type 
IV pilus locus showing all 11 genes with the three pilin-like genes 
(epdA, epdB and epdC) and the prepilin peptidase (eppA) indicated. 
b RT-PCR experiment indicating co-transcription of all 11 genes. For 
each pair of adjacent genes, the triplet of lanes represent (1) Standard 
PCRs using Mm900 genomic DNA as template and the respective RT 
primers which amplify across the intergenic regions to indicate the 

expected amplicon size and primer specificity; (2) RT-PCR run using 
total RNA extracted from Mm900 cells as template with the same RT 
primers. The RT lanes which have bands at the same size as the DNA 
lanes indicate the co-transcription of the indicated genes; (3) Stand-
ard PCRs performed using total RNA that did not undergo reverse 
transcription as template to rule out possible DNA contamination of 
the RNA sample
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correct predicted length in all the lanes representing the 
10 intergenic region between the 11 genes when the RNA 
was first reverse transcribed, suggesting that all 11 genes 
form a single operon. These PCR products were the same 
size as those obtained using genomic DNA as template. No 
PCR products were obtained when the RT step was omitted 
(Fig. 1b), indicating the RNA samples were free of contam-
inating genomic DNA.

Targeted internal gene deletions of pili operon genes

To determine whether each of the genes found in the pili 
locus was essential for piliation, an internal deletion of 
each gene was attempted (Moore and Leigh 2005; Ng et al. 
2011). These deletions were all created in a flaK deletion 
strain of M. maripaludis. This strain lacks the signal pepti-
dase necessary to process archaellins (Bardy and Jarrell 
2002, 2003) making the cells nonarchaellated and leaving 
only the less numerous and thinner pili as the sole surface 
appendages (Ng et al. 2011). In spite of repeated attempts, 
an internal deletion of mmp0231 was not successful; how-
ever, deletions were created in all the remaining genes. 
Deletion strains were identified among the transformants 
by whole-cell PCR using gene-specific primers that ampli-
fied across the deleted region, resulting in a smaller PCR 
product in a mutant strain when compared to the products 
obtained with the same primer pair using the wild-type 
cells as template (Fig.  2). Electron microscopic examina-
tion of each mutant revealed that deletion of any of the 
genes, with the exception of mmp0238 and mmp0235, led 
to nonpiliated cells (Fig.  3). For all the deletions that led 
to nonpiliated cells, at least 50 cells of each mutant were 
examined. EM examination of the mmp0235 and mmp0238 

Fig. 2   Confirmation of the deletions of the targeted pili locus genes 
by PCR. Washed whole cells of each deletion strain as well as wild-
type cells were used as template for the PCR confirmation of each 
deletion, using corresponding sequencing primers (Supplemental 
Table 1). Results for each indicated deletion are shown in pairs with 
the first lane showing the PCR amplicon using wild-type cells as tem-
plate and the second lane representing the amplicon from the gene 
deletion strain. The amplicon size in each lane is the predicted size

Fig. 3   Electron micrographs of strains carrying the indicated pili 
locus gene deletion showing its effect on piliation. All deletion strains 
are nonpiliated except for Δmmp0235 and Δmmp0238. The parent 
strain, ΔflaK, is shown for comparison. Enlargements of a section of 

a cell are presented to more easily visualize the thin pili, when pre-
sent. Samples were negatively stained with 2 % phosphotungstic acid 
(pH 7.0). Bar, 200 nm
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deletion strains, on the other hand, revealed a wild-type 
number and appearance of pili demonstrating that neither 
of these genes was essential for piliation (Fig. 3). For these 
two mutants as well as the parent flaK deletion strain, the 
number of pili per cell was small (flaK 3.1 ± 2.5 pili per 
cell, N =  16; mmp0235 2.5 ±  1.8 pili per cell, N =  27; 
mmp0238 4.0  ±  2.8 pili per cell, N  =  19). Even in the 
flaK cells, not all cells were piliated (35/39 or 83 %). All 
of the gene deletions that resulted in loss of piliation 
were complemented with plasmid-borne wild-type ver-
sions of the appropriate gene. In all cases, complementa-
tion of the deletion mutants resulted in a return to piliation 
(Fig.  4), although in the case of Δmmp0232, Δmmp0234 
and Δmmp0239, only a small percentage (4 %, N = 75) of 
complemented cells were piliated.

Identification of type IV pilin ATPase and conserved 
membrane protein genes

Type IV pili systems in both Bacteria and archaea require 
at least a single ATPase to provide energy for the assem-
bly process. Most have two ATPases, one for extension 
and one for retraction of the pili, enabling a type of surface 
motility called twitching (Burrows 2012; Mattick 2002). 
In addition, type IV pili systems have a conserved mem-
brane component that acts as a platform for assembly and 
can interact with the ATPases (Burrows 2012; Takhar et al. 

2013). The type IV pili-like locus in M. maripaludis does 
not contain homologues of a pilus ATPase or conserved 
membrane component gene. However, two potential type 
IV pilus ATPase genes, mmp0040 and mmp0281, were 
found outside the locus upon examination of the annotated 
sequenced M. maripaludis genome and a search for homo-
logues to pilus ATPases from Pseudomonas aeruginosa 
using the BLAST algorithm. Of the two genes, mmp0040 
had a higher sequence similarity to the P. aeruginosa pilus 
ATPases. It was also found to be in a gene cluster contain-
ing two genes encoding type IV pili-conserved membrane 
components (type 2 secretion system protein F, PilC in P. 
aeruginosa) (Fig.  5a). These three genes were shown by 
RT-PCR to be co-transcribed as part of a five gene operon 
(Fig. 5b), along with genes for transcription initiation fac-
tor B (mmp0041) and H/ACA RNA–protein complex 
component Gar1 (mmp0042). When the MMP0040 pro-
tein sequence was used as a query to search P. aeruginosa 
genomes in a BLAST search (http://blast.ncbi.nlm.nih.
gov/Blast.cgi), it retrieved matches to TadA ATPases (4e-
60; 61 % coverage) with less significant alignments to PilB 
(1e-08) and PilT (3e-08). Using the protein sequence of 
MMP0281 in a similar search retrieved significant align-
ments to trb conjugation ATPase (2e-04) and GspE (0.006) 
with coverage of <30 %. When the protein sequence of P. 
aeruginosa TadA was used as query to search the M. mari-
paludis genomes, it resulted in hits to MMP0040 (3e-62, 

Fig. 4   Electron micrographs of deletion strains complemented with 
a plasmid-borne wild-type copy of the deleted gene. All strains were 
returned to a piliated state following complementation, although only 
a small percentage of cells were piliated in the complementations of 

mmp0232, mmp0234 and mmp0239. Enlargements of a section of a 
cell are presented to more easily visualize the thin pili. Samples were 
negatively stained with 2  % phosphotungstic acid (pH 7.0). Bar, 
200 nm

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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79  % coverage) as well as FlaI (3e-38, 78  % coverage) 
and MMP0281 (2e-07, 31 % coverage). FlaI is the ATPase 
for archaella assembly and rotation (Banerjee et  al. 2012; 
Thomas et  al. 2002). When the protein sequences of P. 
aeruginosa PilT or PilB were used as queries in a simi-
lar search, it returned significant alignments to FlaI (1e-
10, 31 % coverage for PilT and 1e-10, 23 % coverage for 
PilB). The PilB search also identified significant alignment 
to MMP0040 but with low coverage (1e-07, 12  % cover-
age). Deletions were created in each of the two potential 
ATPase genes and each was examined for the presence of 
pili (Fig. 5c). The mmp0040 deletion strain was shown to 
be nonpiliated (Fig. 6), while the mmp0281 deletion strain 
remained piliated (Fig.  6) to a similar extent as the flaK 
cells (for the mmp0281 deletion strain 3.1  ±  1.9 pili per 
cell, N  =  22). Internal deletions were created in each of 
the two pilus platform genes as well (Fig. 5c), and each of 

these deletion strains was examined for the presence of pili. 
Interestingly, both mmp0038 and mmp0039 were required 
for piliation (Fig. 6). While both MMP0038 and MMP0039 
are type II secretion system protein F domain proteins, 
the amino acid similarity between the two proteins is very 
low. Complementation of the mmp0038, mmp0039 and 
mmp0040 deletion strains all resulted in a return to the pili-
ated state, confirming their involvement in piliation Fig. 6).

A summary of the effects of all the studied gene dele-
tions and complementations on piliation, including our pre-
vious results on the pilus structural genes (Ng et al. 2011), 
is presented in Table 2.

Discussion

The 11 gene type IV pili-like locus (mmp00231–mmp0241) 
includes a gene for a prepilin peptidase EppA (mmp0232) 
and three type IV pilin-like genes (mmp0233 [epdA], 
mmp0236 [epdB] and mmp0237 [epdC]) (Szabo et  al. 
2007). However, the possible involvement of the remaining 
genes in pili formation has not been previously addressed 
and was a major focus of this work.

The results of RT-PCR experiments demonstrated that 
all 11 genes formed a single transcriptional unit. With 
the exception of the prepilin peptidase and the pilins, the 
seven other genes in the locus represent novel genes nec-
essary for assembly of type IV pili-like structures; they 
bear no homology to known type IV pili genes in bacte-
ria or to ones so far identified in other archaea such as the 
Aap and Ups pili of S. solfataricus and S. acidocaldarius 
(Frols et al. 2008; Henche et al. 2012a). Some of the genes 
appear to be unique to Methanococcus and encode pro-
teins predicted to be located in the cytoplasm, cytoplasmic 
membrane or to be secreted. Elucidation of the functions 
of these gene products will be a future challenge. Even in 
well studied bacterial type IV pili systems, the functions of 
many conserved gene products remain a mystery with the 
type IVa and type IVb (along with the tad/flp subgrouping), 
all having unique components with unknown functions 
(Burrows 2012). It could be speculated that all the proteins 
encoded within this operon may be needed in relatively 
small numbers and so found in an operon separate from the 
gene encoding the major pilin subunit, MMP1685. The lat-
ter would be needed in significantly higher numbers than 
the minor pilins EpdA, EpdB and EpdC and may be tran-
scribed from a much stronger promoter. This may be how 
M. maripaludis obtains the optimal amounts of the differ-
ent structural proteins present in significantly different stoi-
chiometries in the final assembled pili.

Electron microscopic analysis of cells containing dele-
tions in each of seven other genes of this major pilus operon 
indicated that all of the pilus locus genes, except mmp0235 

Fig. 5   The five gene locus containing genes for the pili assembly 
ATPase and two copies of the platform (pilC-like) protein. a Organi-
zation of the genetic locus. b RT-PCR experiment indicating co-tran-
scription of all five genes. For each pair of adjacent genes, the triplet 
of lanes represent (1) Standard PCRs using Mm900 genomic DNA 
as template and the respective RT primers which amplify across the 
intergenic regions to indicate the expected amplicon size and primer 
specificity; (2) RT-PCR run using total RNA extracted from Mm900 
cells as template with the same RT primers. The RT lanes which have 
bands at the same size as the DNA lanes indicate the co-transcription 
of the indicated genes; (3) Standard PCRs performed using total RNA 
that did not undergo reverse transcription as template to rule out pos-
sible DNA contamination of the RNA sample. (c) Confirmation of 
in-frame deletions of the targeted pili locus genes by PCR. Washed 
whole cells of each deletion strain as well as wild-type cells were 
used as template for the PCR confirmation of each in-frame deletion, 
using corresponding sequencing primers (Supplemental Table  1). 
Results for each indicated deletion are shown in pairs with the first 
lane showing the PCR amplicon using wild-type cells as template 
and the second lane representing the amplicon from the gene deletion 
strain. In all cases, the obtained PCR products were of the predicted 
size
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and mmp0238, were essential for piliation. Successful com-
plementation of all gene deletions indicated that the effects 
on piliation observed were due to the specific deleted gene 

and not from polar effects generated in the creation of 
each gene deletion. Not all complementations, however, 
returned the mutants to wild-type levels of piliation. In 

Fig. 6   Electron micrographs of strains deleted for the type IV pili 
ATPase and platform protein genes and their complemented strains. All 
deletion strains were nonpiliated, except Δmmp0281, but were returned 
to a piliated state following complementation. In the case of mmp0040, 

the complementation returned cells to a wild-type level of piliation, 
while for the complementations of both mmp0038 and mmp0039, only 
a small percentage of cells were piliated. Samples were negatively 
stained with 2 % phosphotungstic acid (pH 7.0). Bar, 200 nm

Table 2   Summary of the targeted genes effects on piliation

Gene Function Result of gene deletion Result of gene complementation

MMP0231 Unknown ND ND

MMP0232(eppA) Prepilin peptidase Nonpiliated Restores piliation, but poorly

MMP0233(epdA) Minor pilin Reduced number of pili Restores normal piliation

MMP0234(epdF) Unknown Nonpiliated Restores piliation, but poorly

MMP0235 Unknown Piliated ND

MMP0236 (epdB) Minor pilin Nonpiliated Restores piliation

MMP0237(epdC) Minor pilin Nonpiliated Restores piliation

MMP0238 Unknown Piliated ND

MMP0239(epdG) Unknown Nonpiliated Restores piliation, but poorly

MMP0240(epdH) Unknown Nonpiliated Restores piliation

MMP0241(epdI) Unknown Nonpiliated Restores piliation

MMP1685(epdE) Major pilin Nonpiliated Restores piliation

MMP1283(epdD) Minor pilin Nonpiliated Restores piliation

MMP0038(epdJ) PilC-like membrane component Nonpiliated Restores piliation, but poorly

MMP0039(epdK) PilC-like membrane component Nonpiliated Restores piliation, but poorly

MMP0040(epdL) Type IV pilin ATPase Nonpiliated Restores piliation
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some examples, the complementation only restored pilia-
tion to a small percentage of cells. In the P. aeruginosa type 
IV system (Giltner et  al. 2010), overexpression of minor 
pilins can be detrimental to pilus biosynthesis, and it has 
been suggested that the overabundant minor pilins may 
titrate out other key chromosomally encoded pilus proteins. 
In the cases of complementations that did not return mutant 
cells to a wild-type state of piliation in our experiments, it 
is possible that gene products were produced at above-nor-
mal levels, and this may have interfered with normal pilus 
assembly.

The two genes in the locus not found to be necessary 
for pili formation, namely mmp0235 and mmp0238, might 
still have a role to play in pili function, such as attachment. 
Adhesins have been identified in certain bacterial type IV 
pili systems, including Neisseria species. Here, PilC1 has 
been identified as an adhesin located at the tip of the pili 
(Rudel et  al. 1995). PilC1 is made initially with a signal 
peptide (Morand et al. 2001), and pili can be formed with-
out the adhesin present (Rudel et al. 1995). Both MMP0235 
and MMP0238 are also made with a predicted signal pep-
tide, and if either of these two proteins is the adhesin, then 
their absence may affect pili function but not its assembly.

Of the nonpilin genes studied in the major pilus locus, 
only mmp0232 (eppA) has an assigned function as encod-
ing the prepilin peptidase, required for processing of all the 
pilin-like proteins prior to their incorporation into the pilus 
structure (Szabo et al. 2007). As expected, deletion of this 
gene led to nonpiliated cells. Among the studied archaea, 
Methanococcus appears unique in possessing two prepilin 
peptidases involved in assembly of two different surface 
appendages. FlaK was the first identified prepilin peptidase 
in archaea, and its essential role in the processing of pre-
archaellins for archaella biosynthesis in Methanococcus sp. 
has been well established (Bardy and Jarrell 2002, 2003). 
Clearly, FlaK cannot compensate for the loss of EppA, and 
each enzyme is restricted in its substrates to either pilins or 
archaellins despite the similarities in the signal peptide and 
N-termini of the two substrates (Szabo et al. 2007). Other 
archaea, such as S. solfataricus and H. volcanii, possess a 
variety of proteins with class three signal peptides (includ-
ing archaellins and pilins) but these all appear to be pro-
cessed by a single enzyme, designated PibD, that possesses 
broad substrate specificity, (Albers and Pohlschroder 2009; 
Lassak et  al. 2012a; Tripepi et  al. 2010). Interestingly, S. 
solfataricus PibD was shown to be able to process M. vol-
tae archaellin in in vitro assays (Ng et al. 2009).

Examination of the 11 gene pili cluster indicated that 
genes encoding conserved type IV pili ATPases and the 
membrane component were missing. In most type IV pili 
systems, an ATPase (PilB) is needed for incorporation of 
new subunits into the structure for pilus extension, while 
a separate ATPase (PilT) removes subunits from the base 

of the structure leading to retraction of the pilus (Burrows 
2012, 2005). This extension and retraction of the pilus 
leads to the movement of cells across a solid surface in a 
process called twitching (Burrows 2012). The conserved 
membrane protein appears to interact with the ATPases 
to form a platform for assembly/disassembly of the pilus 
(Burrows 2012; Crowther et  al. 2004). Archaeal species 
have not been shown to twitch, and in archaea, only homo-
logues to PilB have been identified (Peabody et al. 2003). 
In S. acidocaldarius, at least two different type IV pili, 
produced under different growth conditions, are already 
known. A single ATPase and a single homologue of the 
conserved membrane protein have been identified in both 
Ups and Aap pili systems in a locus that also contains genes 
for pilins. Deletion of either the ATPase or the conserved 
membrane protein gene in either pilus system led to the 
inability of those mutants to assemble that particular pilus 
type (Henche et al. 2012a; van Wolferen et al. 2013). Dele-
tion analysis identified a small locus in the M. maripaludis 
genome containing a single pilus ATPase homologue adja-
cent to two homologues of the conserved pilus membrane 
protein that were all essential for piliation. Based on this 
evidence, M. maripaludis pili are predicted to be unable to 
retract unless MMP0040 is able to perform both polym-
erization and removal of subunits from the structure, an 
idea already considered for the single ATPase Sulfolobus 
pili systems (Albers and Pohlschroder 2009). The pres-
ence of two divergent copies of the conserved membrane 
component gene is relatively rare in bacterial type IV pili 
systems, but found in the tad pili systems of P. aeruginosa 
and Aggregatibacter (previously Actinobacillus) actino-
mycetemcomitans (Burrows 2012). In the latter case, both 
membrane component genes (tadB and tadC) are required 
for piliation (Kachlany et  al. 2000). Why two versions of 
this protein are required for in the Tad pili system and here 
in M. maripaludis is not known but it has been suggested 
that perhaps the single ATPase of the Tad system may inter-
act with one version of the conserved membrane proteins in 
pilin addition and with the other in pilin removal (Burrows 
2012). In P. aeruginosa, recent evidence led to speculation 
that the platform protein PilC is likely a dimer which might 
reside within the lumen of the hexameric ATPase (Takhar 
et  al. 2013). The polymerization and retraction ATPases 
might then interact with the two cytoplasmic domains of 
PilC with the PilB ATPase interacting with the N-termi-
nal domain and PilT ATPase with the C-terminal domain 
(Takhar et al. 2013). In systems with two platform proteins 
as in M. maripaludis, it is possible that a heterodimer is 
formed and the single ATPase interacts with one member 
of the dimer for extension but with the other for retraction 
(Burrows 2012).

The results presented in this report, coupled to our ear-
lier investigations (Nair et al. 2013; Ng et al. 2011), indicate 
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that genes responsible for the type IV-like pili in M. mari-
paludis are spread around the genome, in sharp contrast to 
pili loci in Sulfolobus (Lassak et  al. 2012a). The 11 gene 
operon investigated here contains three minor pilins, the 
prepilin peptidase necessary for prepilin processing as well 
as numerous genes that have no obvious counterpart in 
either bacterial or other archaeal pili systems. The gene for 
the major structural protein MMP1685 (Ng et al. 2011) is 
located at an entirely different genetic locus as is the gene 
for an additional minor pilin MMP1283 (Nair et al. 2013), 
and as shown here, the genes encoding the highly conserved 
assembly ATPase and membrane proteins are located at a 
fourth distinct locus. With the involvement of five structural 
proteins (EpdA, EpdB, EpdC, MMP1283 and MMP1685) 
already determined to be necessary for normal piliation, the 
structure of pili of M. maripaludis seems to be more com-
plex than Sulfolobus systems where only two pilins have 
been reported (Frols et al. 2008; Henche et al. 2012a; van 
Wolferen et al. 2013). The pili of M. maripaludis are usu-
ally observed in small numbers under routine growth con-
ditions and, unlike in Sulfolobus (Orell et  al. 2013b; Rei-
mann et al. 2012; Vassart et al. 2012), no studies on their 
possible regulation have been reported. The initial publi-
cation on the 11 gene pilus locus designated mmp0233 as 
eppA to denote a novel subclass of a euryarchaeal type IV 
prepilin peptidase (Szabo et al. 2007). The pilin genes were 
designated epdA (mmp0233), epdB (mmp0236) and epdC 
(mmp0237) since they were dependent on EppA for sig-
nal peptide removal and hence EppA-dependent proteins. 
Since these are the only known pili in M. maripaludis and 
the structures are currently lacking a specific designation, 
we feel they could rightly be called Epd pili since the pili 
themselves are EppA-dependent. Since we have identified 
a number of genes essential for Epd pili formation in this 
and prior publications (Nair et al. 2013; Ng et al. 2011), we 
propose all of these genes now be given epd designations. 
For the pilins MMP1283 and MMP1685, they are given the 
designations EpdD and EpdE, respectively. The other genes 
whose deletions led to nonpiliated cells are designated as 
follows: mmp0234:epdF; mmp0239: epdG; mmp0240: 
epdH; mmp0241:epdI; mmp0038: epdJ; mmp0039: epdK 
and mmp0040:epdL. Delineating the roles of the novel 
gene products involved in M. maripaludis pili biosynthesis 
represent immediate challenges for the field.
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