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Aeromonas caviae is increasingly being recognized as a cause of gastroenteritis, especially among the young.
The adherence of aeromonads to human epithelial cells in vitro has been correlated with enteropathogenicity,
but the mechanism is far from well understood. Initial investigations demonstrated that adherence of A. caviae
to HEp-2 cells was significantly reduced by either pretreating bacterial cells with an antipolar flagellin anti-
body or by pretreating HEp-2 cells with partially purified flagella. To precisely define the role of the polar flagel-
lum in aeromonad adherence, we isolated the 4. caviae polar flagellin locus and identified five polar flagellar
genes, in the order fla4, flaB, flaG, flaH, and flaJ. Each gene was inactivated using a kanamycin resistance
cartridge that ensures the transcription of downstream genes, and the resulting mutants were tested for mo-
tility, flagellin expression, and adherence to HEp-2 cells. N-terminal amino acid sequencing, mutant analysis,
and Western blotting demonstrated that 4. caviae has a complex flagellum filament composed of two flagellin
subunits encoded by fla4 and flaB. The predicted molecular mass of both flagellins was ~31,700 Da; however,
their molecular mass estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis was ~35,500 Da.
This aberrant migration was thought to be due to their glycosylation, since the proteins were reactive in gly-
cosyl group detection assays. Single mutations in either fla4 or flaB did not result in loss of flagella but did
result in decreased motility and adherence by approximately 50%. Mutation of flaH, flaJ, or both flagellin genes
resulted in the complete loss of motility, flagellin expression, and adherence. However, mutation of flaG did not
affect motility but did significantly reduce the level of adherence. Centrifugation of the flagellate mutants (fla4,
flaB, and flaG) onto the cell monolayers did not increase adherence, whereas centrifugation of the aflagellate
mutants (flaH, fla]J, and flaA flaB) increased adherence slightly. We conclude that maximum adherence of 4.

caviae to human epithelial cells in vitro requires motility and optimal flagellar function.

Aeromonads are ubiquitous waterborne bacteria that cause
disease in poikilothermic animals, such as amphibians, fish,
and reptiles. They cause furunculosis in salmonid fish and
motile aeromonad septicemia in other freshwater species; both
diseases are a serious problem for aquaculture (5). In humans,
mesophilic aeromonads are associated with gastrointestinal
disease, although extraintestinal diseases such as septicemia
and wound infections have been reported (49). The three main
pathogenic mesophilic species, which account for 85% of all
clinical specimens, are Aeromonas hydrophila belonging to hy-
bridization groups 1 and 3 (HG1 and HG3), A4. veronii biovar
sobria (HG8 and -10), and A. caviae (HG4). A. caviae, in
particular, has been reported as the most prevalent paediatric
enteropathogenic species of the genus (42, 54).

Aeromonads are efficient colonizers of surfaces and are an
important constituent of bacterial biofilms in both water dis-
tribution systems and food processing environments. A num-
ber of investigators have linked the summer peak of Aero-
monas-associated gastroenteritis with increased numbers of
Aeromonas in water supplies over the warmer months (7, 25).
Indeed, an Australian study correlated the increased incidence
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of gastroenteritis in households where the water supply system
had significant Aeromonas biofilm buildup (25).

Long and/or wavy fimbriae have been implicated as impor-
tant colonization factors of the main human pathogenic species
of the genus (8, 27, 28). However, many clinical isolates have
been found to be poorly piliated or nonpiliated (26). Alterna-
tive factors which have been suggested to aid in vitro aero-
monad adherence to human and fish cell lines are outer mem-
brane proteins, the lipopolysaccharide O-antigen (LPS O-Ag;
1, 12, 37, 38), motility, and the polar flagellum (39).

Flagella are complex bacterial organelles required for mo-
tility and are composed of the flagellar filament, hook, and
basal body. Flagellar filaments can be simple homopolymers of
a single flagellin subunit, as is the case for Escherichia coli, or
they can be complex heteropolymers of multiple flagellins as is
the case for Caulobacter (53), Campylobacter (16), Rhizobium
(44) spp., and Vibrio parahaemolyticus (33). The flagellar fila-
ment is linked to the hook via hook-associated proteins
(HAPs), which in turn is coupled to the motor located in the
basal body (35). Biosynthesis of the complete structure and
rotation of the filament that is essential for propelling the
bacterium require over 40 genes (35).

Mesophilic aeromonads are motile by the action of a single
polar unsheathed flagellum. Several investigators have isolated
the flagella from A. hydrophila and A. veronii biovar sobria and
have reported diverse flagellin molecular masses of 36 kDa
(18) and 44 to 45 kDa (29, 36), but very little is known about
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TABLE 1. Bacterial strains and plasmids used in this study

S;lr;::ﬁ(:jr Genotype and/or phenotype” i(:)fl; rri;:;
Strains

A. caviae

Sch3 Clinical isolate 54

Sch3N Sch3, spontaneous Nal" This study

AAR269 flaA:Km" This study

AAR27 flaB::Km" This study

AAR31 flaA::Cm’", flaB::Km" This study

AARI150 flaG::Km" This study

AARS59 flaH::Km" This study

AARS flaJ::Km" This study
E. coli

CC118N\pir A(ara leu)7697 araD139 AlacZX74 glaE glaK phoA20 thi-1 rspE rpoB(Rf") argE(Am) recAlapir” 17

S17-1\pir hsdR, pro, recA, RP4-2 in chromosome Km::Tn7 (Tc::Mu) Apir, Tp" Sm" 41

XL1-Blue endAl recAl hsdR17 supE44 thi-1 gyrA96 relAl lac [F' proAB lacl? ZAM15 Tnl0 (Tc")] Stratagene

Plasmids
pUCI9 High-copy-number cloning vector, MCS, Amp* Gibco-BRL
pUTmini-Tn5Cm  bla, ori R6K, mob RP4, tnp gene of Tn5-1S50" that lacks NorI site, MCS of M13tg131; 8.7 kb, Ap* Cm" 9
pUC4-KIXX Source of Tn5-derived nptll gene (Km") Pharmacia
pBBRIMCS Broad-host-range vector; IncP, W, and -Q; Col E1; and p15A compatible, containing pBluescript II (KS)- 32
lacZa-polylinker, Cm"

pBBRIMCS-3 Broad-host-range vector; IncP, -W, and -Q; Col El; and p15A compatible, carrying Tc" 31
pKNG101 ori R6K, mob RK2, strAB sacBR, 6.8 kb; Sm" 21
pARP1 pUC19 with a 900-bp fla PCR insert This study
pARP2 pBBRIMCS with a 3.2-kb Sacl insert of A. caviae Sch3N DNA This study
PARP126 pBBRIMCS with a 3.6-kb Sacl insert of A. caviae Sch3N DNA This study
PARA100 1.5-kb Xbal-Smal fragment containing flaA from pARP2, inserted at the pKNG101 This study
PARAL110 1.4-kb Km" cassette from pUC4-KIXX inserted at the Pvull site of flaA in pARA100 This study
PARA120 3.7-kb end-filled HindIlI fragment from pUTmini-Tn5Cm, inserted at the Pvull site in pARA100 This study
PARB200 1.2-kb Sacl-Hincll fragment containing flaB from pARP126 in pUC19 This study
PARB210 1.8-kb Km" BamHI-Smal fragment from pUC4-KIXX inserted at the Bg/lI-EcoRV sites of flaB in pARB200  This study
pARB220 3.7-kb Cm" EcoRI fragment of pUTmini-Tn5Cm inserted at the EcoRI site of pARB210 This study
pARB230 2.2-kb BamHI fragment from pARB220 inserted at the BamHI site of pKNG101 This study
pARP400 3.6-kb Sacl fragment from pARP126 inserted into pUC19 This study
PARG410 1.4-kb Km" Smal fragment from pUC4KIXX inserted at the Stul site of flaG in pARP400 This study
PARG420 4.2-kb Sall fragment from pARG410 inserted at the Sall site of pKNG101 This study
PARHS500 2.2-kb Sacl-Stul fragment from pARP400 inserted at Sacl-Smal site on pUC19. This study
pARHS510 1.4-kb Km" Smal fragment from pUC4KIXX inserted at the Smal site of flaH pARH500 This study
pARHS520 3.6-kb Sacl-BamHI fragment from pARH510 inserted at Sacl-BamHI sites of pKNG101 This study
pARHS530 3.7-kb Cm" BamHI fragment from pUTmini-Tn5Cm inserted at the BamHI site of pARH520 This study
pARIJ600 1.4-kb Km" Smal fragment from pUC4KIXX inserted at Ball site of flaJ in pARH500 This study
PARJ610 3.6-kb Sacl-BamHI fragment from pARJ600 inserted at the SacI-BamHI sites of pKNG101 This study
pARIJ620 3.7-kb Cm" BamHI fragment from pUTmini-Tn5Cm inserted at the BamHI site of pARJ610 This study
pARP1264 1.8-kb Nael-Sacl fragment from pARP2 inserted at the Smal-Sacl site of pPBBRIMCS-3 This study
pARP1265 3.6-kb Sacl insert from pARP126 inserted in the Sacl site of pPBBRIMCS-3 This study
pARP1266 3.6-kb Sacl insert from pARP126 inserted in the Sacl site of pARP1264 This study

“ Phenotype abbreviations are as follows: resistance (r); Amp (ampicillin); Cm (CHL); Km (KAN); Nal (NAL); Sm (STR); and Tc (tetracycline). MCS, multiple

cloning site.

this structure and even less is known about its potential role in
virulence. Paradoxically, the only two flagellin genes reported
have been for A. salmonicida, which is taxonomically defined as
nonmotile (53). However, it should be noted that only 1% of
the cell population were shown to express any flagella. To date,
no flagellar genes have been cloned and sequenced from the
mesophilic aeromonads.

Flagella are important in host colonization and biofilm for-
mation in a number of bacterial genera, including Campy-
lobacter (55) and Pseudomonas (3) spp. and within the family
Vibrionaceae (13, 34). Recently, we have shown that mutations
in the flm locus of A. caviae affect motility, flagella, LPS O-Ag,
and adherence (15). Both flagella and LPS O-Ag have been
linked to aeromonad adherence. Here we describe five polar
flagellum genes of A. caviae, including the two flagellins.

Through the creation of defined mutants, we investigate the
role of flagella and motility in aeromonad adherence to human
epithelial cells in vitro.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids are listed in Table 1. A. caviae strain Sch3 was previously isolated at
Sheffield Children’s Hospital (54). Bacteria were grown aerobically overnight
(16 to 20 h), either statically or with shaking, at 37°C. They were grown either in
brain heart infusion broth (BHIB; Oxoid), or on Luria-Bertani agar (LBA),
supplemented with the appropriate antibiotics when required. Working stocks of
the strains were kept on LBA plates at 4°C for a maximum of 2 weeks. Nalidixic
acid (NAL), ampicillin, streptomycin (STR), and kanamycin (KAN) were used at
final concentrations of 50 wg/ml, whereas chloramphenicol (CHL) and tetracy-
cline were used at 25 pg/ml.

Flagellin purification. Bacteria from 1 liter of BHIB grown statically (37°C,
16 h) were harvested and resuspended in 50 ml of 20 mM Tris-Cl buffer (pH 8.0).
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Flagella were removed from the bacterial suspension by homogenization on ice
(speed 5, 5 min) with a “whirring type” blender (Kinematica, Lucerne, Switzer-
land). Bacteria were pelleted by centrifugation (10,000 X g, 4°C, 30 min), and the
supernatant was filtered through a 0.2-pm (pore-size) membrane. Partially pu-
rified flagellin protein was recovered by the addition of solid ammonium sulfate
to a concentration of 20%. This solution was gently agitated overnight at 4°C,
and the precipitate was recovered by centrifugation (20,000 X g, 4°C, 30 min).
The pellet was resuspended in 1 ml of 20 mM Tris-Cl buffer (pH 8.0) and
dialyzed against the same buffer. Flagellin samples were separated on sodium
dodecyl sulfate (SDS)-polyacrylamide gels (12%) and transferred onto Hy-
bond-C (Amersham) nitrocellulose membrane. The flagellin protein was visual-
ized on the membrane by (0.2% [wt/vol]) amido black staining, and the band
corresponding to the flagellin was excised. Ice-cold acetone was added to the
excised membrane to dissolve the nitrocellulose and precipitate the protein. The
protein was pelleted by centrifugation (13,000 X g, 4°C, 10 min) and washed
three times with ice-cold acetone. Residual acetone was removed under vacuum,
and the purified flagellin was resuspended in 500 wl of 20 mM Tris-Cl (pH 8.0).

N-terminal sequence analysis. After SDS-polyacrylamide gel electrophoresis
(PAGE), the purified flagellin band was transferred onto a polyvinylidene diflu-
oride membrane and sequenced using the automated Edman degradation pro-
cedure on a Applied Biosystems 470A gas-phase sequenator with a 120A online
phenylthiohydantoin analyzer.

Glycosyl group detection. This procedure was carried out as described by Doig
et al. (10). Briefly, after SDS-PAGE, proteins were transferred onto nitrocellu-
lose membranes and the glycosyl groups were oxidized for 30 min with 10 mM
sodium periodate in sodium acetate buffer (50 mM; pH 5.5). Following oxida-
tion, 5 mM biotin-hydrazide in sodium acetate buffer (50 mM; pH 5.5) was added
(1 h, room temperature). The membrane was washed three times in TBS (10 mM
Tris-Cl, pH 7.5; 0.85% NaCl) and blocked by shaking in 1% bovine serum
albumin in TBS for 60 min. The membrane was washed again in TBS three times,
and avidin-D peroxidase (Vector Labs) was added for 60 min at room temper-
ature. The membrane was then washed in TBS three times and developed by the
addition of 2 ml of 0.5% 4-chloro-1-naphthol prepared in methanol and diluted
in 8 ml of phosphate-buffered saline (PBS) containing 0.15% (vol/vol) H,0,.
Alternatively, the method of Gerard using Schiff reagent was used for direct gel
staining to detect the presence of glycosyl groups (14).

Preparation of antibody. Approximately 200 wg of purified flagellin was emul-
sified with 1 ml of Freund complete adjuvant and inoculated subcutaneously into
dwarf lop-eared rabbits. Booster injections of the flagellin protein were admin-
istered 4 and 6 weeks later. Antibodies were obtained by bleeding 10 days after
the booster injection.

Whole-cell protein preparation and immunoblotting. Whole-cell proteins
were obtained from A. caviae strains grown statically overnight in BHIB at 37°C.
Equivalent numbers of cells were harvested by centrifugation, the cell pellet was
resuspended in 50 to 200 pl of SDS-PAGE loading buffer (45) and boiled for 5
min. Following SDS-PAGE and transfer to Hybond-C nitrocellulose membranes,
the membranes were blocked with 5% skim milk and probed with a polyclonal
rabbit anti-polar flagellin antibody (1:1,000). The unbound antibody was re-
moved by five washes in PBS, and a goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody (1:1,000) was added. The unbound secondary
antibody was removed by five washes in PBS. The bound conjugate was then
detected by the addition of 2 ml of 0.5% (wt/vol) 4-chloro-1-naphthol (Sigma)
prepared in methanol and diluted in 8 ml of PBS containing 50 wl of 30% H,O,.

Motility assay. Freshly grown bacterial colonies were transferred with a sterile
toothpick into the center of the motility agar (1% tryptone, 0.5% NaCl, 0.25%
agar). The plates were incubated face up at 37°C for 16 to 24 h, and motility was
assessed by examining the migration of bacteria through the agar from the center
toward the periphery of the plate.

Transmission electron microscopy. Bacterial suspensions were placed on
Formvar-coated copper grids and negatively stained with 2% solution of potas-
sium phosphotungstate. Bacteria were then viewed on a Phillips EM 400 trans-
mission electron microscope.

Adherence assay. Tissue culture was maintained as described by Thornley et
al. (48). The adherence assay was conducted as a slight modification of that
described by Carrello et al. (8). Bacteria were grown statically in BHIB at 37°C,
harvested by gentle centrifugation (1,600 X g, 5 min), and resuspended in PBS
(pH 7.2) at approximately 107 CFU/ml (449y ~0.07). The monolayer was in-
fected with 1 ml of the bacterial suspension for 90 min at 37°C in 5% CO,.
Following infection, the nonadherent bacteria were removed from the monolayer
by three washes with PBS. The remaining adherent bacteria and the monolayers
were then fixed in 100% methanol for 5 min. Methanol was removed by washing
them with PBS, and the HEp-2 cells with the adherent bacteria were stained for
45 min in 10% (vol/vol) Giemsa stain (BDH) prepared in Giemsa buffer. The
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coverslips were air dried, mounted, and viewed by oil immersion under a light
microscope at xX1,000 magnification. Twenty HEp-2 cells/coverslip were ran-
domly chosen, and the number of bacteria adhering/HEp-2 cell was recorded.
Assays were carried out in duplicates or triplicates. For certain experiments,
bacteria were deposited onto the monolayer by centrifugation (400 X g, 15 min,
room temperature) prior to the 90-min infection period. For flagellin antibody
inhibition assays, bacterial suspensions were incubated with antipolar flagellin
antibody at a 1:200 final dilution. The suspensions were incubated at 37°C for 15
min before infection of the monolayer. For flagellum competition assays, flagella
were partially purified by shearing followed by centrifugation and filtering as
described above. Monolayers were incubated with 200 wl of this crude prepara-
tion at 37°C for 1 h and washed three times in PBS prior to infection.

Statistical analysis. The differences in adherence to cell lines between the
wild-type and the mutant strains was analyzed by the ¢ test using Microsoft Excel
software.

DNA techniques. Plasmid DNA was isolated by alkaline lysis (45) or by using
the Wizard Plus Minipreps DNA purification system (Promega). A. caviae chro-
mosomal DNA isolation was carried out according to standard techniques (45).
DNA restriction digestions and T4 ligations were carried out according to the
manufacturer’s instructions. DNA samples were separated on 0.8% agarose gels;
when required, extraction of DNA from gels was carried out using the QIAquick
gel extraction kit (Qiagen).

PCR. Reactions were performed using Pfu DNA polymerase (Stratagene) at
2.5 mM MgCl, in a Hybaid Omnigene Thermal cycler. Initial DNA denaturation
was carried out for 2 min, and amplification reactions were carried out for 30
cycles with denaturation at 95°C for 30 s, primer annealing at 55°C for 1 min, and
elongation at 72°C for 2 min.

Southern and dot blot hybridizations. Southern and dot blot hybridizations
were performed by capillary transfer (45). Probe labeling, hybridization, and
detection were carried out using the enhanced chemiluminescence labeling and
detection system (Amersham) according to the manufacturer’s instructions.

Nucleotide sequencing and sequence analysis. DNA fragments were ligated
into pPBBRIMCS and sequenced using an ABI PRISM 377 DNA sequencer. The
18-mer forward (5'-TGTAAAACGACGGCCAGT-3") and the 22-mer reverse
(5'-TCACACAGGAAACAGCTATGAC-3') M13 primers were employed in
sequencing the ends of the DNA inserts. Following the first sequencing reaction,
custom primers were designed until the insert sequence was complete. The
nucleotide sequences obtained were converted into amino acid sequences in all
six possible reading frames by using the BLASTX program (2) of the National
Center for Biotechnology Information (NCBI), and the homologous proteins on
the database were identified. Multiple sequence alignments were carried out
using the CLUSTAL W program (47). Putative transcriptional terminator se-
quences were identified using the Terminator program from the Genetics Com-
puter Group package (Madison, Wis.) in a VAX 4300.

Insertional mutag is and compl tation. Mutants were created by the
insertion of the Tn5-derived kanamycin resistance cartridge (nptIl) from pUC4-
KIXX. This cartridge contains an outward reading promoter that drives the
transcription of downstream genes when inserted in the correct orientation (6).
A flaA mutant was achieved by the insertion of Xbal-Smal fragment from
PARP2 into the Xbal-Pvull sites of the suicide vector pKNG101 to give
PARAI100. The 1.4-kb Smal-digested kanamycin resistance cartridge was in-
serted into the Pvull site and checked for correct orientation to give pARA110;
this was transformed into E. coli S17-1\pir. Conjugal transfer of pARA110 from
E. coli S17-1\pir to A. caviae Sch3N was performed using a filter mating tech-
nique. Bacterial conjugation was allowed to proceed for 6 to 8 h at 37°C on sterile
nitrocellulose filters (0.45 pm, pore size) placed onto an LBA plate. Serial
dilutions of the mating mix were then plated on LBA supplemented with NAL
and KAN, the latter added in order to select for recombination. Colonies that
were KAN resistant (Km") and STR sensitive (those not likely to have retained
the vector) were purified and probed for the KAN cartridge and absence of any
plasmid sequences by Southern hybridization, thus demonstrating a double re-
combination event and allelic exchange. The fla4::Km" strain was designated
AAR269. To mutate flaB, the 1.2-kb SacI-HincII fragment from pARP126 con-
taining flaB was cloned into pUC19 to give pARB200; this was cut with Bg/II and
EcoRV (to delete a 400-bp internal fragment of flaB) and ligated to the 1.8-kb
BamHI-Smal KAN cartridge, resulting in pARB210. The 3.7-kb CHL resistance
cassette (Cm") EcoRI fragment from pUTmini-Tn5Cm was cloned into the
EcoRI site to provide two BamHI sites flanking the flaB::Km" insertion
(pPARB220). The plasmid pARB220 was digested with BamHI and the 2.2-kb
fragment was ligated into pKNG101 to give pARB230. This plasmid was conju-
gated into Sch3N, and transconjugants were screened as described above; this
resulted in the flaB::Km" mutant AAR27. The flaG gene was mutated by the
insertion of the 1.4-kb Smal-digested Km" cartridge into the unique Stul site in




4260 RABAAN ET AL.

36 +
30

254 [

Number of

bacteria 20+

per HEp-2 cell
15

-

Bacterial strain

FIG. 1. Inhibition of adherence of 4. caviae to HEp-2 cells follow-
ing treatment of the monolayer or bacteria prior to the adherence
assay. Columns: 1, mean number of adherent A. caviae Sch3N bacteria
per HEp-2 cell; 2, before addition to the adherence assay Sch3N
bacteria were incubated with rabbit polyclonal antibodies raised
against the polar flagellin (15 min, 37°C); 3, effect of a mild shearing
force for 5 min on the bacteria; 4, monolayers were pretreated with a
concentrated homogenate of flagella and washed in PBS prior to
bacterial infection. The numbers represent the means of duplicates of
at least three experiments. The error bars represent one standard
deviation (*, P < 0.001)

PARP400 to give pARG410. This plasmid was digested with Sa/l and the 4.2-kb
fragment was inserted into pKNG101, resulting in pARG420; subsequent con-
jugal transfer and screening was as described above. A flaG::Km" mutant was
identified and designated AAR150. For flaH, a 2.2-kb SacI-Stul fragment from
PARP400 was first cloned into pUC19 (pARHS500); this was cut with Smal and
ligated to the 1.4-kb Smal Km" cassette (pARH510). This vector was digested
with Sacl-BamHI, and the 3.2-kb fragment inserted at the Sacl-BamHI sites of
pKNG101 (pARHS520). As the Sacl site of pKNG101 lies within the STR resis-
tance gene any insertion will truncate it, resulting in STR sensitivity. We there-
fore inserted a 3.7-kb BamHI Cm" fragment from pUTmini-Tn5Cm into the
BamHI site of pARH520, to give pARHS530. The Cm" cassette was inserted into
the plasmid to help when screening for double homologous recombination
events, through the search for CHL sensitivity (Cm®) and KAN resistance. The
plasmid pARH530 was transferred into Sch3N and transconjugants tested for
Km" and Cm®. After screening, the flaH::Km" mutant was designated AARS9.
For the disruption of flaJ, the 1.4-kb Smal Km" cartridge was inserted at the Ball
site of pARH500 to give pARJ600. The 3.6-kb Sacl-BamHI fragment from
pARIJ600 was ligated into pKNG101, to give pARJ610. As with pARH520, we
inserted the Cm" gene at the BamHI site of pARJ610 for ease of selection after
conjugation, to give pARJ620. Conjugation and screening was done as described
above and gave rise to the flaJ::Km" mutant AARS. To create a tandem
flaA::Cm", flaB:Km" mutant (AAR31), we released the 3.7-kb HindIII Cm"
fragment from pUTmini-Tn5Cm, end filled it using Klenow fragment, and li-
gated it into the Pvull site of pARA100. This was introduced by conjugation into
AAR?27, resulting in the double flagellin mutant AAR31.

Nucleotide sequence accession number. The nucleotide sequence reported
here has been submitted to GenBank under accession number AF198617.

RESULTS

Adhesion inhibition. Previous work has indicated that the
polar flagella of A. caviae play an essential role in adherence to
human epithelial cells. Their removal by mechanical shearing
reduces adherence by 75% (48), and nonmotile flm mutants,
which lack both of the putative adhesins, polar flagella, and
LPS O-antigen, are also nonadherent (15). In this study, a mild
shearing force was used to remove the polar flagellum fila-
ments from A. caviae Sch3N cells, and the flagellin subunit was
purified to homogeneity as described in Materials and Meth-
ods. Polyclonal antibodies were raised against the polar flagel-
lin and used in adhesion inhibition assays. The adhesion of A.
caviae Sch3N to HEp-2 cells was reduced by approximately
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50% through treatment of the bacteria with the antiflagellin
antiserum prior to infection of the cell monolayer (Fig. 1).
Adherence could also be reduced by approximately 80% when
the cell monolayer was incubated with a concentrated homog-
enate of sheared flagellum filaments before bacterial infection
(Fig. 1). All treatments demonstrated a highly significant re-
duction in bacterial adherence (P < 0.001).

N-terminal sequence of the polar flagellin protein from
A. caviae Sch3N. The molecular mass of the purified flagellin
was estimated by SDS-PAGE to be ca. 35,500 Da (Fig. 2A).
The purified flagellum subunits were used to determine the
N-terminal amino acid sequence of the polar flagellin. The first
21 amino acids were determined, with the exception of the first
amino acid, which could not be identified, to be: ALYINTNT
SSLNAQRNLMNT (see Fig. 4, boldface type, underlined).
The sequence showed homology to a number of flagellins,
especially to the recently described flagellins FlaA and FlaB of
A. salmonicida (52) and FliC of P. aeruginosa (51) (see Fig. 4).

Demonstration of glycosylation of the Aeromonas flagellins.
Posttranslational modification of flagella has been reported for
a number of bacterial species. To determine whether the A.
caviae polar flagellum was glycosylated, the purified Sch3N
polar flagellin subunit was treated with periodate to oxidize
any glycosyl groups present to produce reactive aldehydes.
These were then allowed to react with biotin hydrazide (10).
The polar flagellin was biotinylated, indicating that it was gly-
cosylated (Fig. 2B). This result was subsequently confirmed by
the use of direct gel staining with Schiff reagent (data not
shown).

Cloning of the polar flagellin genes. The polar flagellin
genes were initially isolated by designing two oligonucleotide
primers. The first primer (5'-AACGCCCAGCGTAACCTGA
TG-3") corresponded to the amino acids NAQRNLM found in
the N-terminal sequences of the A. caviae polar flagellin and
FlaA and FlaB of A. salmonicida. The second primer (5'-G
GVCGYTGGTTKGCYTG-3") was a degenerate oligonu-
cleotide that corresponded to the conserved amino acids
QANQREP found in the C-terminal regions in a number of

A B
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66

45

31 ——

215

145 =

FIG. 2. SDS-PAGE and glycosyl group detection of the purified
polar flagellin. (A) Purified flagellin subunit on a 12% polyacrylamide
Coomassie brilliant blue-stained gel. (B) Demonstration of glycosyl
groups on flagellin by periodate oxidation and hydrazine biotinylation.
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FIG. 3. Genetic organization of the A. caviae Sch3N polar flagellin locus. Flagellar genes and ORFs are indicated by shaded boxes and named
after their homologs in other bacterial species. Horizontal arrows indicate the direction of transcription. Open vertical arrows indicate the site of
insertion of the KAN resistance cassette in the single mutants. The closed vertical arrow indicates the site of insertion of the KAN resistance
cassette in the single mutant AA269 and the site of insertion of the CHL resistance cassette in the tandem mutant AAR31. Complementation
plasmids based on the broad-host-range vector pPBBRIMCS-3 are shown (see Table 1). The Ball (Ba), Bg/II (Bg), EcoRV (Ev), Hincll (Hc), Nael
(N), Pvull (Pv), Sacl (S), Smal (Sm), and Stul (St) restriction sites are shown. Lollipop structures depict the approximate position of the putative

transcriptional terminators.

bacterial flagellins. The primers were used to amplify a single
DNA fragment of about 900 bp from A. caviae chromosomal
DNA by PCR. This fragment was cloned into pUC19 (pARP1)
and then nucleotide sequenced using the universal forward
and reverse primers. The sequence was subjected to homology
searches using the BLASTX programme at the NCBI and was
found to be most similar to the A. salmonicida polar flagellins
FlaA and FlaB (52). To locate the flagellin locus on the chro-
mosome, the PCR fragment was labeled and used as a probe in
Southern blots of A. caviae Sch3N chromosomal DNA digested
with a series of different restriction enzymes. Restriction di-
gestion with Sacl resulted in two hybridizing fragments of ap-
proximately 3.2 and 3.6 kb. Based on this, chromosomal DNA
was digested with Sacl and size fractionated by agarose gel
electrophoresis, and fragments of 3.0 to 4.0 kb were extracted
and ligated into Sacl-digested pPBBRIMCS. A plasmid minili-
brary of 1,200 recombinant clones was generated and screened
for flagellin sequences by dot blot hybridization. Two reactive
plasmids carrying Sacl inserts of 3.6 and 3.2 kb were isolated
and designated pARP126 and pARP2, respectively.
Sequencing of the 4. caviae flagellin genes. The inserts of
pARP2 and pARP126 were nucleotide sequenced from both
ends with forward and reverse universal and custom-designed
primers. The sequence of pARP2 revealed three open reading
frames (ORFs): ORF1 had homology to Thil a protein in-
volved in thiamine biosynthesis, the ORF2 product was similar
to YadS a hypothetical protein of E. coli, whereas ORF3 en-
coded a protein that was homologous to FlaA of A. salmoni-
cida (52). Sequence analysis of pARP126 revealed four addi-
tional ORFs which appeared to have flagellar function, were
transcribed in the same direction, and were thought to form an
operon. The predicted products of these genes were homolo-
gous to FlaB and FlaG of A. salmonicida and to FlaH and
FlaJ of V. parahaemolyticus (46). Using PCR, the two Sacl
fragments were shown to be contiguous, forming a flagellin

locus in the order flaA, flaB, flaG, flaH, and flaJ (Fig. 3). This
genetic organization was the same as that described for the
closely related species A. salmonicida (52) and V. parahaemo-
yticus (33, 46).

The 918-bp ORF encompassing the fla4 gene encoded a
306-amino-acid protein with a predicted molecular mass of
31,776 Da. Approximately 600 bp downstream of flaA is flaB
(915 bp) encoding a protein of 305 amino acids with a pre-
dicted molecular mass of 31,731 Da. Both FlaA and FlaB were
most similar to the polar flagellins of A. salmonicida and P.
aeruginosa, with the highest homology occurring at the N and
C termini (Fig. 4). FlaA and FlaB shared 92% identity at the
amino acid level and 84% identity at the nucleotide level. As
reported for other flagellins, cysteine, histidine, and trypto-
phan were absent from both FlaA and FlaB. The first 21 amino
acids of the predicted sequences of both FlaA and FlaB did not
exactly correspond to that derived by N-terminal sequencing.
In fact, the N-terminal amino acid sequence obtained from the
purified flagellin appeared to be a mixture of the predicted
sequences of the fla4 and flaB products. This suggests that the
polar flagellar filament of A. caviae Sch3N consists of both
flagellins (Fig. 4).

A number of possible *® promoter sequences were found
upstream of the flad, and the putative Shine-Dalgarno se-
quence is 7 bp above the start codon. Upstream of flaB there
are several potential 0*® and o°* promoter sequences, and the
putative Shine-Dalgarno sequence is 9 bp above the start
codon. The two genes are transcribed in the same direction but
seem to be part of different transcriptional units, since down-
stream of the fla4 TAA stop codon there are two potential
stem-loop structures. The first sequence, AGGGCGGTTGTT
CAGGCCGCCCT, is 25 bp downstream of the stop codon and
has a AG” value of —19.4 kcal (50). The second sequence,
GGCCGACATTGTGTCGGCCTTTTTT, is 193 bp down-
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FIG. 4. Alignment of the deduced amino acid sequences of the A. caviae (Ac) FlaA and FlaB proteins with their homologues FlaA and FlaB
in A. salmonicida (As) and P. aeruginosa (Pa) FliC. The alignment was performed using CLUSTAL W (47). Identical amino acid residues are
indicated by an asterisk, and conservatively substituted residues are indicated by one or two dots. The amino acids from the derived A. caviae polar

flagellin N-terminal sequence are in boldface and underlined.

stream of the stop codon and is a possible rho-independent
sequence with a AG® value of —17.8 kcal.

The next ORF was located 41 bp downstream of flaB and
encoded a 154-amino-acid protein with a predicted molecular
mass of 16,739 Da. The deduced amino acid sequence shared
similarity with a series of FlaG proteins which have little amino
acid identity and whose role in flagellum biogenesis remains
unknown (33, 34), although FlaG has been suggested to have a
role in the regulation of flagellin export or flagellin gene ex-
pression (34). Starting 34 bp downstream of flaG was another
OREF of 1,287 bp (flaH) that encoded a protein of 429 amino
acids with a predicted molecular mass of 45,094 Da. FlaH
shared homology to a number of HAPs (e.g., HAP-2), such as
FliD of P. aeruginosa, E. coli, and Salmonella enterica serovar
Typhimurium. HAP-2 proteins cap the distal tip of the flagellar
filament and prevent loss of unpolymerized flagellin. The final
ORF (flaJ) began 127 bp downstream of flaH. The deduced
amino acid sequence encoded a protein of 15,812 Da that
shared homology to FlaJ of V. parahaemolyticus and FliS pro-
teins of a number of bacteria. FliS is thought to be a chaperone
protein that facilitates flagellin export (56).

Mutant analysis. To determine the role of the identified
genes in motility, polar flagellin biosynthesis, and subsequently

adherence, mutations were created in each gene using a Km"
cartridge, as described in Materials and Methods. The antibi-
otic resistance cartridge was inserted in the same transcrip-
tional orientation with respect to the target gene; the presence
of an outward reading promoter on the cartridge ensures the
expression of downstream genes (6).

The correct construction of all mutants was verified by
Southern hybridization of chromosomal DNA with the Km"
cartridge and vector probes (data not shown). The positions of
the cartridge insertions are presented in Fig. 3. The motility of
the A. caviae mutant strains was then assessed in semisolid
motility plates and by light microscopy. The motility pheno-
types of the mutant strains are shown in Table 2. Mutation of
either flad (AAR269) or flaB (AAR27) did not abolish motility
but did reduce the swarm size in soft agar plates. Mutation of
flaH (AARS9) and flaJ (AARS) completely abolished motility,
whereas mutation of flaG (AAR150) did not appear to have
any effect. Because single insertions in fla4 or flaB did not
abolish motility, a double-mutant strain (AAR31), in which
both genes were mutated in tandem, was constructed. The
double mutant was constructed in the flaB mutant background
(AAR27) by inserting a Cm" cassette in flad. As assessed by
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TABLE 2. Relative swimming motility phenotypes of defined
and complemented insertion mutants

Motility phenotype”

Strain Genotype Defined Complementation plasmid
(mone)  LARPI264 pARPI265 pARP1266

Sch3N  Wild type ++++ ND ND ND
AAR269  flaA ++ ++++ ND +4+++
AAR27  flaB ++ ND +++ +++
AAR31  flaA flaB  — ++ ++ ++
AARI150  flaG ++++ ND ND ND
AAR59  flaH - ND ++ ++
AARS flaJ - ND ++ ++

“ Motility phenotypes were examined in semisolid motility plates (see Mate-
rials and Methods). Plus signs indicate spreading. The diameters of the spread
zones are as follows: ++, 2.0 to 3.0 cm; +++, 4.0 to 5.0 cm; ++++, >6.0 cm;
—, nonmotile. ND, not determined.

swarm size, motility was completely abolished in this double-
flagellin mutant.

To determine if the flagellar mutants still possessed a polar
flagellum, which could have possibly explained the alterations
in motility, the flagellum filament of each mutant was exam-
ined by electron microscopy (Fig. 5). Both the fla4 (AAR269)
and flaB (AAR27) single mutants had flagella of the wild-type
length, while the mutation in AAR150 (flaG) resulted in cells
with a longer flagellar filament. No flagella were observed for
the mutants AAR59 (flaH), AARS (flaJ), and AAR31 (flaA
flaB). To assess flagellin protein expression in the mutants,
flagellin immunoblots of whole-cell protein were carried out
(Fig. 6). The flagellin protein was detected in the strains car-
rying single mutations in either fla4 (AAR269), flaB (AAR27),
or flaG (AARI150). This suggests that either of the flagellin
proteins is able to substitute for each other to a certain extent,
only causing a slight loss of motility. Flagellins were not de-
tected in the flaH (AARS9) and flaJ (AARS) single mutants
and the flaA flaB (AAR31) tandem mutant.

Complementation studies were undertaken to determine if
wild-type motility could be restored to the mutants by provid-
ing the fla genes in frans. The plasmids, pARP1264 (flaA™),
pARP1265 (flaB™ flaG™ flaH" flaJ"), and pARP1266 (flaA™
flaB* flaG™ flaH" flaJ") were constructed using the broad-
host-range mobilizable vector pBBRIMCS-3. Plasmids were
introduced into each mutant strain by conjugation, and the
resulting phenotypes shown in Table 2. The motility of strain
AAR269 was fully restored to the wild-type level by providing
pARP1264 or pARP1266 in trans, as judged by swarm size on
soft agar. The motility of the flaB mutant AAR27 was also
increased by providing either pARP1265 or pARP1266 in
trans; however, this was not to wild-type levels. Motility was
restored in the nonmotile double-mutant AAR31 (flaA flaB)
by providing either or both of the flagellin genes in frans, but
again the swarm size was not restored to the wild-type level.
Complementation analysis of the nonmotile strains AARS9
(flaH) and AARS (flaJ) demonstrated that motility could be
rescued by providing either pARP1265 or pARP1266 in trans,
but swarm size in soft agar again could not be restored to
wild-type levels. Partial complementation could be due to al-
tering the levels of expression of the flagellar genes by provid-
ing them on multicopy plasmids. Although the cartridge inser-
tions ensure transcription of downstream genes, the regulation
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and expression levels of these genes could be altered, thus
resulting in partial complementation. However, the genetic
information required to complement motility (not to wild-type
levels in certain cases) is present on these plasmids.
Adherence. In vitro adherence of the mutants was tested by
HEp-2 adherence assay. The overall pattern of adherence ob-
served for the mutants was similar to that seen for motility
(Fig. 7A). Single mutations in either fla4 (AAR269) or flaB
(AAR27) resulted in a reduction of adhesion to 41 and 42% of
the wild-type level, respectively. Mutations that caused the loss
of flagella and therefore impaired motility, such as those in
flaH (AARS9), fla] (AARS), and flaA flaB (AAR31), com-
pletely abolished adherence. Mutation of flaG had the least
effect on adherence, reducing the level to 50% of the wild-type
level. However, all mutants demonstrated a highly significant
reduction in adherence compared to the wild type as deter-
mined by the ¢ test (P < 0.0001). To determine whether motil-
ity or the possession of flagella per se was required for adher-
ence to HEp-2 cells, the motility defect was overcome through
centrifugation of the bacteria onto the monolayer (Fig. 7B). Cen-
trifugation increased the average number of the wild-type bac-
teria per HEp-2 cell from approximately 25 to 32. Again, the
single mutations in flaA, flaB, and flaG resembled the adhesion
pattern observed in the uncentrifuged adherence assay, with
the levels of adherence being 52, 47, and 58% of the wild-type
level, respectively. However, the largest increases in adhesion
were seen for the tandem mutant AAR31 and the flaH and flaJ
mutants, whose adherence levels increased to 30, 34, and 33%
of the wild-type level, respectively. However, the reduction in ad-
herence of the mutant strains was still highly significant com-
pared to the wild-type level (P < 0.0001). Thus, the nonadherent
phenotype could only be partially rescued by centrifugation,
suggesting that motility and optimal polar flagellar function are
required for full aeromonad adherence to HEp-2 cells.

DISCUSSION

The ability of aeromonads to adhere to the HEp-2 human
epithelial cell model has been correlated with the enteropatho-
genicity of the genus (8). Recent studies investigating the ad-
herence of A. caviae to HEp-2 cells suggested the involvement
of the polar flagellum in this process (48). This was further
supported by the loss of adherence recorded by the flm mu-
tants of A. caviae Sch3N which lost motility, flagella, and LPS
O-Ag (15). Both of these extracellular structures have been
implicated in aeromonad adherence (37, 38, 39), and we were
unable to differentiate if one or both were essential for adhe-
sion. We therefore initiated this study to characterize and
mutate the polar flagellin locus of A. caviae which would allow
us to investigate its role in adherence.

In preliminary experiments, antiflagellin antibodies and pu-
rified flagella significantly (P < 0.001) reduced A. caviae ad-
herence to the HEp-2 model, suggesting a role for the flagel-
lum in the process. The subsequent use of defined flagellar
mutants confirmed this hypothesis and indeed showed that
motility and optimal flagellar function are required. Mutants
with single insertions in the flagellin genes fla4 or flaB had
both reduced motility and adherence, while nonmotile mutants
which lacked the flagellar filament (flad flaB, flaH, and flaJ)
were completely nonadherent. Interestingly, cells of the flaG
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FIG. 5. Transmission electron microscopy of the A. caviae strains Sch3N (wild type) (A), AAR269 (flad) (B), AAR27 (flaB) (C), AAR31 (flaA
flaB) (D), AAR150 (flaG) (E), AARS9 (flaH) (F), and AARS (flaJ) (G) grown at 37°C in BHIB. Bacteria were gently placed onto Formvar-coated
copper grids and negatively stained using 2% potassium phosphotungstate. Bar, 0.6 pm.

mutant were fully motile but had a significant reduction in
adherence (P < 0.0001). The motility defect of the aflagellate
mutants (AAR31, AARS9, and AARS) could only be partially
compensated for by centrifugation of the bacteria onto the
monolayer. This process had no effect on the adherence phe-
notypes of the slightly motile A. caviae strains (AAR269,
AAR27, and AAR150) and only recovered adherence to ap-
proximately 30% of the wild-type level for the nonmotile
aflagellate mutants (AAR31, AARS9, and AARS). Centrifu-
gation may not be as efficient as bacterial motility at bringing

the bacterium into contact with the HEp-2 cells. These findings
suggest that motility is important for 4. caviae adherence to
HEp-2 cells. Mutation of flaG results in wild-type motility but
significantly reduces bacterial adhesion, indicating that some
component of the flagellum is involved in the adherence pro-
cess or that the mutation does alter the flagellum somehow.
Although we were unable to detect this using the crude motility
assay, we conclude that the flagellum needs to function in an
optimal wild-type manner for adherence.

Studies with nonflagellated isolates of C. jejuni (43), H. felis
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FIG. 6. Western blot analysis of the A. caviae wild-type and mutant
strain whole-cell protein preparations using polyclonal antipolar flagel-
lin antibodies (1:1,000). Lane 1, molecular weight markers; lane 2,
Sch3N (wild type); lane 3, AAR269 (flaA); lane 4, AAR27 (flaB); lane
5, AAR31 (flaA flaB); lane 6, AAR150 (flaG); lane 7, AARS9 (flaH);
lane 8, AARS (flaJ). Whole-cell proteins were obtained from bacteria
grown at 37°C in BHIB.

(19), and P. aeruginosa (11) have demonstrated the require-
ment of both flagellum and motility for virulence and coloni-
zation. In P. aeruginosa the flagellum is thought to act in the
initial interactions and tether the bacterium to the host epi-
thelium (11). In nonpiliated strains of P. aeruginosa, FliD
(FlaH homologue) is required for full motility and is thought
to be essential for adherence to respiratory mucin in the air-
ways of cystic fibrosis patients (4). Motility per se has been
shown to be essential for the adherence to HEp-2 cells by V.
cholerae (13) and for in vivo virulence of the fish pathogen V.
anguillarum (34, 40).

Sequence analysis of the polar flagellin locus revealed a
genetic organization similar to that reported for A. salmoni-
cida, with two tandemly linked flagellin genes followed by
genes encoding FlaG and FlaH homologues (52). A similar
organization is also seen in V. parahaemolyticus (24), V. anguil-
larum (34), and V. cholerae (30). However, these organisms
possess between four and six polar flagellin genes, which all
share significant homology to each other. The A. caviae polar
flagellum consists of two flagellin subunits encoded by fla4 and
flaB, since both of the predicted amino acid sequences of the
flagellins were present in the derived N-terminal amino acid
sequence. Additionally, mutation of flaA and flaB in tandem
resulted in the complete loss of motility and flagellin produc-
tion, and no other polar flagellin genes were detected by
Southern hybridization (data not shown).

Even though the A. caviae flagellins shared 92% amino acid
identity, mutation of either caused a decrease in motility, sug-
gesting that one cannot fully compensate for the loss of the
other but that both are required for optimal flagellum function.
For complex multisubunit flagella such as those present in V.
parahaemolyticus, the flagellins are thought to work best with
their contiguous partners (33); this seems to be the case for A4.
caviae.

Mutation of flaG did not affect motility but resulted in an
abnormally long flagellum filament. A comparable phenotype
was observed for flaG mutants of V. anguillarum (34). In Vibrio
spp. the role of FlaG is not yet clearly defined since it has been
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implicated in either flagellar export regulating flagellum length
or in the regulation of flagellum gene expression (34). FlaH is
a homologue of FliD, a HAP-2 distal capping protein. The A.
caviae flaH mutant did not express any flagellin and, hence, was
completely nonmotile and aflagellate. A similar observation
has been made for the FliD mutants of a number of bacteria,
including P. aeruginosa, E. coli, and serovar Typhimurium (4).
Interestingly, this is not the case for the flaH mutants of V.
parahaemolyticus, which were reported to be swimming im-
paired but were still able to produce a truncated flagellum.
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FIG. 7. Adherence of A. caviae strains to HEp-2 cells without (A)
or with (B) centrifugation of the bacteria onto the monolayer. Bacteria
were grown statically in BHIB at 37°C, and adherence assays carried
out (see Materials and Methods). For assays that were preceded by
centrifugation of the bacteria onto the monolayer, bacteria were cen-
trifuged at 400 X g for 15 min at room temperature prior to the 90-min
infection period. Assays were carried out in duplicate on three sepa-
rate occasions, and the mean numbers of adherent bacteria per HEp-2
cell were recorded. The error bars represent one standard deviation (%,
P < 0.0001).
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This was proposed to be due to V. parahaemolyticus possessing
a flagellum sheath, which was able to substitute for FlaH the
flagellar capping protein and help with the polymerization of
flagellin subunits (33). Helicobacter pylori possesses a sheathed
polar flagellum; however, fliD mutants produce truncated fla-
gella which are functionally defective and result in a nonmotile
phenotype (23). FlaJ is a homologue of FliS, which is thought
to be a chaperone required for the export of the flagellin
subunits. Mutation of flaJ in A. caviae resulted in the complete
loss of motility and flagellin expression; the same phenotype
was reported for V. parahaemolyticus (46). Polar mutations
which affect FliS expression in P. aeruginosa were demon-
strated to be unimportant for motility (4); however, this or-
ganism possesses at least two fliS genes (4).

The predicted molecular masses of the two A. caviae flagel-
lins were almost identical at 31,700 Da and could not be dif-
ferentiated by one-dimensional PAGE. The flagellins exhibited
aberrant migration on SDS-PAGE, with an estimated apparent
molecular mass of 35,500 Da, which was significantly higher
than the predicted molecular mass. An explanation for this
discrepancy could be posttranslational modification. The pre-
liminary data presented here indicated that the A. caviae polar
flagellins are indeed glycosylated. Posttranslational modifica-
tion was previously believed to be rare in eubacteria, but re-
cently a number of bacterial flagellins have been demonstrated
to be modified through glycosylation (10) or phosphorylation
(22) or to contain N-methyl-lysine (20). Glycosylation of the A.
caviae flagellin could be executed by the flm locus recently
described for mesophilic Aeromonas spp. (15).
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