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The bacterial endosymbionts of the hydrothermal vent tubeworm Riftia pachyptila play a key role in providing
their host with fixed carbon. Results of prior research suggest that the symbionts are selected from an
environmental bacterial population, although a free-living form has been neither cultured from nor identified
in the hydrothermal vent environment. To begin to assess the free-living potential of the symbiont, we cloned
and characterized a flagellin gene from a symbiont fosmid library. The symbiont fliC gene has a high degree
of homology with other bacterial flagellin genes in the amino- and carboxy-terminal regions, while the central
region was found to be nonconserved. A sequence that was homologous to that of a consensus s28 RNA
polymerase recognition site lay upstream of the proposed translational start site. The symbiont protein was
expressed in Escherichia coli, and flagella were observed by electron microscopy. A 30,000-Mr protein subunit
was identified in whole-cell extracts by Western blot analysis. These results provide the first direct evidence of
a motile free-living stage of a chemoautotrophic symbiont and support the hypothesis that the symbiont of R.
pachyptila is acquired with each new host generation.

Symbioses between chemoautotrophic bacteria and marine
invertebrates are found in a wide variety of marine environ-
ments including deep-sea hydrothermal vents, sewage outfalls,
anoxic basins, seagrass beds, and coralline sands (reviewed in
references 12, 15, and 33). The hydrothermal vent tubeworm
Riftia pachyptila is one of the most conspicuous vent animals
and is an example of an organism involved in a highly special-
ized symbiotic association. The adult tubeworm of this species
lacks a mouth and digestive system (24) and is never found
without symbionts. Early studies showed that chemoautotro-
phic bacteria are found within bacteriocyte cells localized in a
specialized organ called the trophosome (6, 11). Because the
symbionts of R. pachyptila have eluded cultivation, their clas-
sification has been based principally on rRNA sequence anal-
ysis (9, 28, 44). The symbionts of R. pachyptila, as with all of the
thioautotrophic symbionts examined to date, unambiguously
belong to the gamma subdivision of the proteobacteria.

Indirect evidence suggests that the development and survival
of R. pachyptila is entirely dependent on the acquisition of
symbionts from a free-living bacterial population via horizontal
transmission. In situ probing studies have failed to detect sym-
bionts in R. pachyptila gametes (5). While adult tubeworms
lack a mouth and digestive system (23), young juveniles possess
a transient mouth and a ciliated gut but lack symbiont-contain-
ing tissues (22, 25). Additionally, it appears that the chemoau-
totrophic symbionts have not coevolved with their vestimentif-
eran hosts (13, 29). Furthermore, our recent evidence suggests
that the symbionts possess functional mechanisms for sensing
and responding to their environment through two-component
regulatory systems (21). Taken together, these results suggest
the presence and importance of a free-living protosymbiont.

However, such an organism has yet to be identified from the
hydrothermal vent environment.

An obvious feature required to establish contact with and
eventually invade a host cell is motility mediated by flagella.
Motility and flagellum-associated structures are important col-
onization factors in a number of bacterial symbionts and
pathogens of animals (16, 17, 32, 35, 37, 40, 41) and of plants
(2, 4, 8). Motility is a complex phenotype, which in Escherichia
coli requires the coordinated expression of more than 60 genes
contained in at least 13 operons in order to synthesize and
rotate the E. coli flagellar apparatus (30). Flagellin molecules,
encoded by the fliC gene, are the subunits which polymerize to
form filaments of the bacterial flagellum. Flagellin proteins
from diverse bacterial species commonly share conserved
amino acid residues, making it possible to identify flagellin
genes by sequence similarity.

For the lack of cultivated symbionts and the failure to iden-
tify a free-living protosymbiont from the hydrothermal vent
environment we used alternative methods to investigate the
potential of the symbionts to colonize their host. Recent find-
ings of functional two-component regulatory systems (21) sug-
gest that the presence of motility genes are likely and support
our approach. We report here the identification of a symbiont
flagellin gene and its characterization by expression in E. coli.

MATERIALS AND METHODS

PCR amplification of a flagellin gene from R. pachyptila symbiont DNA. The
following degenerate primers were designed by aligning conserved sequences of
known enteric FliC genes: 59-ATGGCACAAGTCATTAATACmAAC-39 and
59-GCCTGCTGsAkAATCTGCGCTTT-39. The primers align with the 59 and 39
terminal regions of known flagellin genes. PCR was performed with 1 ng of
purified R. pachyptila symbiont genomic DNA per ml by using standard reagents
and reaction conditions (30 cycles of 92°C for 90 s, 50°C for 90 s, and 72°C for
2 min) (42). Amplification products were cloned and sequenced to confirm their
similarity to flagellin sequences.

Hybridization of the symbiont fosmid library. The preparation of the symbiont
fosmid library was previously reported (21). The 1,500-member fosmid library
consists of clones that contain DNA inserts of 35 to 45 kbp. The hybridization of
the library with labeled amplification products was performed by using standard
methods (42). The hybridization was analyzed by autoradiography and confirmed
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by Southern hybridization of restriction-digested positive fosmid clones. A 3.8-
kbp EcoRI-digested DNA fragment present in all 11 positive fosmids was sub-
cloned into the plasmid pBluescript (Stratagene, La Jolla, Calif.) and sequenced
(ABI Sequencer 480).

Expression of R. pachyptila symbiont flagellin in motility mutant E. coli. DNA
from fosmid 1O9 was digested with EcoRI, and a 3.8-kbp DNA fragment shown
to contain the flagellar gene was cloned into pBluescript (Stratagene) resulting in
pDH90. Two primers, fliC-for (TAGGAGAAAAGCTTTGGCACTCGT [FTF-
F, 24-mer]) and fliC-rev (AGATCACCCGGATCCCGGTCGATG [FTF-R, 24-
mer]), were used to PCR amplify the flagellin gene from symbiont genomic
DNA. Both primers were designed such that restriction sites (underlined) were
created in the PCR amplification. The resulting 874-bp amplification product was
directionally cloned into pBluescript, resulting in pDH95. Plasmid pMS1 con-
taining the Salmonella H2 gene was used as a positive control for complemen-
tation by a homologous gene (lab strain from M. Simon). The resulting con-
structs were then transferred into E. coli motility mutant strains JA11, CSH4, and
RP4770. E. coli JA11 has the 59 flagellin-encoding gene fliC of E. coli (26)
deleted, and strain CSH4 contains an uncharacterized mutation of the fliC gene
(43a).

Motility experiments. The motility of the fliC mutant strains containing fosmid
clones pDH90 and pDH95 was observed both by microscopy and by assessing
motility on swarm agar plates. Motility was determined by measuring the move-
ment of bacterial cells on swarm agar plates containing 1% tryptone, 0.5% NaCl,
and 0.25% agar. The optical density at 600 nm was determined for cultures
grown overnight and for cultures at the mid-exponential phase. Equivalent num-
bers of cells in 2-ml volumes were spotted in the centers of swarm agar plates, and
movement away from the center was measured after 24 h at 30°C.

Purification of flagellar filaments. E. coli JA11 carrying the plasmid pMS1 or
pFOS1O9 was grown in 500-ml cultures to mid-log growth. The bacterial cells
were pelleted (8,500 3 g for 15 min at 4°C) and resuspended in phosphate-
buffered saline (42). Flagella were sheared from the bacteria in a Waring blender
set at high speed for 1 min, and the bacterial cells were pelleted (5,500 3 g for
10 min at 4°C). The supernatant was collected, and the flagella were pelleted by
ultracentrifugation (40,000 rpm in a VTi65 rotor [Beckman] for 2 h at 10°C). The
flagella were resuspended overnight in water and denatured in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.

Electron microscopy. Electron microscopy was performed with a JEOL
(Tokyo, Japan) microscope, and negatively stained cells were prepared as de-
scribed previously (31). Alternatively, grids were prepared by ultracentrifugation
of cells directly onto copper grids (40,000 rpm in a SWTi65 rotor for 1 h at 10°C).

SDS-PAGE and Western immunoblotting. SDS-PAGE was performed by us-
ing standard protocols (42). Transferred proteins were reacted with monoclonal
antibody 15D8 (1:500 dilution) in 5% milk at 35°C for 2 h, to allow the antibody
to bind to specific proteins. The antibody 15D8 recognizes a conserved epitope
in flagellins expressed by E. coli and other members of the family Enterobacte-
riaceae (14). To detect the antigen-antibody complexes, horseradish peroxidase
conjugated to goat anti-mouse immunoglobulin G was diluted 1:10,000 in 5%
milk and incubated with the blots for 2 h at 35°C. The blots were treated for 5
min at room temperature with a chemiluminescent substrate following the man-
ufacturer’s suggestions (Super Signal; Pierce). The developed blots were imme-
diately exposed on autoradiographic film.

Nucleotide sequence accession number. The nucleotide sequence for the
R. pachyptila symbiont fliC gene encoding a protein similar to enteric bacterial
flagellin proteins is available from the GenBank database under accession no.
AF105060.

RESULTS

Probing the symbiont fosmid library resulted in the identi-
fication of 11 clones containing similar 40- to 45-kbp inserts
with an overlapping 3.8-kbp EcoRI fragment that hybridized
to the putative fliC amplification product (data not shown).
Southern hybridization of R. pachyptila symbiont genomic
DNA confirmed the origin of the amplification product to be
the trophosome symbiont and showed hybridization of a single
EcoRI DNA fragment, indicating that a single copy of the
gene is present in the genome. Two fosmids, pFOS1O9 and
pFOS2G9, and a subclone of the 3.8-kbp fragment (pDH90)
were chosen for further work.

Analysis of the DNA sequence revealed three open reading
frames (ORFs) (Fig. 1), one of which revealed high sequence
similarity to previously characterized flagellin-encoding (fliC)
genes. The second ORF consists of 846 nucleotides, starting
with ATG and ending with the termination codon, TAA. A
putative stem-loop structure (GCATCCGGGTGATCTAGCC
CGGATGCAC) is found 13 nucleotide bases downstream of
the termination codon, which could act as a transcriptional

terminator (39). The inspection of the upstream region of this
ORF revealed a 59-AGGAG region which resides 8 bases up-
stream from the putative ATG translational start site and
which resembles the AGGAGG E. coli Shine-Dalgarno ribo-
some-binding site consensus sequence. A comparison of the
region upstream with corresponding regions in other bacteria
showed that this region contains a putative promoter recog-
nized by RpoF (s28) containing RNA polymerases. This flagel-
lar gene-specific RNA polymerase is responsible for the ex-
pression of flagellar genes in other bacteria (19). The putative
symbiont fliC promoter (TAAA-N15-GCCGTTAC) contains a
single mismatch compared to the Salmonella typhimurium H1
promoter (TAAA-N15-GCCGATAC) sequence and two mis-
matches compared to the E. coli consensus s28 promoter (TA
AA-N15-GCCGATAA) sequence.

The deduced amino acid sequence of the second ORF pre-
dicts a protein of 281 amino acids with a molecular mass of
29,422 Da. The sequence contains 82% similar and 65% iden-
tical amino acids throughout the amino-terminal (amino acids
1 to 106) and carboxy-terminal (amino acids 197 to 280) do-
mains of the FliC protein from Legionella micdadei. L. micda-
dei was chosen for comparison since it belonged to the gamma
subdivision of the proteobacteria and showed the highest se-
quence similarity to the symbiont protein. In addition, se-
quence information on more closely related marine bacteria is
unavailable. Sequences throughout the entire length of the
predicted symbiont protein are approximately 50% similar to
the flagellin proteins of L. micdadei, E. coli, Pseudomonas
aeruginosa, and Aeromonas salmonicida.

Plasmids containing the complete symbiont fliC gene under
the control of the IPTG (isopropyl-b-D-thiogalactopyrano-
side)-inducible lac promoter (pDH95) or its native promoter
(pDH90) were expressed in motility mutant E. coli JA11
(DfliC). This strain was chosen because the mutation is stable
and well characterized and the strain is impaired in recombi-
nation (26). A plasmid containing the S. typhimurium H2 gene,
pMS1, was chosen as a positive control for complementation
by a heterologous gene. On swarm plates, cells expressing the
symbiont fliC gene did not show significant swarming ability;
however, the cells appeared motile by light microscopy. Fur-
ther inspection by electron microscopy revealed the presence
of flagella. JA11 cells containing a vector alone (pBS or pBAC)
never showed flagella (Fig. 2A), while JA11 cells containing
the positive control pMS1 gene showed flagella (Fig. 2D).

To support the observation of symbiont flagella by electron

FIG. 1. Restriction map of the symbiont fliC gene region from the fosmid
clone pFOS1O9. The size and transcriptional direction of the rbfC, fliC, and flaG
genes are shown by arrows. The fliC fragments cloned for the expression study
are indicated below the appropriate sequence.
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microscopy, we performed Western blot analysis. The Western
blot shown in Fig. 3 demonstrates the recognition of the sym-
biont flagellin by a monoclonal antibody (15D8) that specifi-
cally recognizes a conserved epitope in flagellins expressed by
E. coli and other members of the family Enterobacteriaceae
(14). A 30,000-Mr protein in whole-cell purifications of JA11
cells containing plasmids with the symbiont flagellin gene
(pDH90 or pDH95) reacted with the antibody (FliCRS) (Fig. 3,
lanes 4 and 5, respectively). As expected, a 51,000-Mr protein
corresponding to the E. coli flagellin subunit was not detected.
The antibody did react with a 55,000-Mr species in both high-
speed pellets and whole-cell preparations of JA11 containing
the plasmid pMS1 encoding the S. typhimurium flagellin gene
(FliCST) (Fig. 3, lanes 1 and 2, respectively). The vector control
JA11 (pBS) showed no reactivity with the antibody (Fig. 3, lane
3).

DISCUSSION

The chemoautotrophic bacterial symbionts of the hydrother-
mal vent tubeworm R. pachyptila are likely acquired from the
environment and thus must be able to adapt outside the host
prior to inoculation of the tubeworm gut. We have identified a
flagellin gene from the symbiont and have begun to character-
ize the flagellin expressed in an E. coli host system. The align-
ment of the predicted symbiont amino acid sequence with

those of other bacterial flagellin proteins shows that the struc-
ture of this protein is highly conserved within the amino- and
carboxy-terminal regions. These conserved regions have been
shown to be necessary for the export and polymerization of the
flagellin subunits (20). Interestingly, the symbiont fliC gene
product is lacking a large portion of the central domain, com-
pared to the sequence of other flagellin proteins. It is unclear
what effect if any the loss of the central domain would have on
flagellar assembly or function; however, this region can be
replaced with an unrelated sequence or can be removed with-
out a loss of motility in other bacteria (27, 34).

To better understand the structure of the symbiont flagel-
lum, we expressed the flagellin gene and attempted to comple-
ment motility in several nonmotile E. coli DfliC or fliC-negative
strains. The expression of the symbiont fliC gene in cells of the
E. coli motility mutant strain JA11 was shown by the presence
of flagella observed by electron microscopy. However, the ex-
pression was at a low frequency, since approximately 5% of the
recombinant cells appeared to be flagellated. It is possible that
FliCRS production is toxic to E. coli, as supported by earlier
findings in which the complete flagellin gene from L. micdadei
and Treponema pallidum could not be expressed in E. coli (3,
36). Alternatively, the observed low-level expression may be
due to the failure of the symbiont flagellin to be recognized for
filament export or assembly, and thus the intracellular accu-
mulation of flagellin could result in feedback control of operon

FIG. 2. Electron microscopy of motility mutant E. coli JA11 expressing the flagellin gene from the R. pachyptila symbiont. JA11 cells contained the following
plasmids: pBluescript (vector control) (A); pDH90, containing the R. pachyptila symbiont fliC gene (FliCRS) (B); pDH95 (FliCRS) (C); and pMS1, containing the
Salmonella H2 flagellin gene (FliCST) (D). Cells at the mid-exponential phase were prepared for electron microscopy by negative staining with 0.5% uranyl acetate.
Bar, 500 nm.
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expression. For this reason we investigated the expression of
the symbiont protein by Western analysis with whole-cell ex-
tracts. The results indicated that a 30,000-Mr protein, of a size
similar to that expected for the symbiont flagellin (Mr, 29,422)
was identified in whole-cell extracts, suggesting the observed
flagella is comprised of symbiont flagellin subunits.

Considering the high degree of similarity between the sym-
biont fliC gene product and the amino acid sequence of other
bacterial flagellins, it seems reasonable to assume that the
protein encoded by this gene serves a similar flagellar struc-
tural function in the symbiont. Additionally, the identification
of a conserved regulatory sequence motif (s28 promoter) up-
stream of the symbiont gene strongly suggests that the symbi-
ont flagellin is regulated by a conserved mechanism (19). In
other bacterial species, flagella expression is controlled by en-
vironmental signals (7, 10, 18, 38, 43). It is unclear what pa-
rameters would regulate the expression for a deep-sea chemo-
autotrophic symbiont, and such studies clearly must await the
culturing of such organisms. In a number of nonpathogenic
associations between animals and motile bacteria, flagella are
required for invasion but are lost shortly after colonization of
the host animal (12, 16, 41, 45). It is unknown what down-
regulates flagellar expression for a symbiont or what regulates
the expression of flagella once the bacteria are released from
the host animal (41). In at least some cases this repression may
be the result of a modulation of motility gene regulation such
as that controlling both flagella synthesis and virulence deter-
minants in Bordetella (1).

We hypothesize that motility is an important phenotype for
the R. pachyptila symbiont by comparison to analogous types of
associations in which motility is essential for symbiont coloni-
zation. Our assessment of the potential for motility of this
symbiont and more recent evidence for the presence and func-
tion of chemotaxis genes (31a) lend direct support to the hy-
pothesis that the symbionts are acquired by their host with
each new generation. Studies such as this one will enable us to
begin to assess the function of this uncultivated symbiont out-
side its host organism.
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