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Aeromonas caviae Sch3N possesses a small genomic island that is involved in both flagellin glycosylation and
lipopolysaccharide (LPS) O-antigen biosynthesis. This island appears to have been laterally acquired as it is
flanked by insertion element-like sequences and has a much lower G+C content than the average aeromonad
G+C content. Most of the gene products encoded by the island are orthologues of proteins that have been
shown to be involved in pseudaminic acid biosynthesis and flagellin glycosylation in both Campylobacter jejuni
and Helicobacter pylori. Two of the genes, Ist and Isg, are LPS specific as mutation of them results in the loss
of only a band for the LPS O-antigen. Lsg encodes a putative Wzx flippase, and mutation of Lsg affects only
LPS; this finding supports the notion that flagellin glycosylation occurs within the cell before the flagellins are
exported and assembled and not at the surface once the sugar has been exported. The proteins encoded by flmA,
fimB, neuA, flmD, and neuB are thought to make up a pseudaminic acid biosynthetic pathway, and mutation of
any of these genes resulted in the loss of motility, flagellar expression, and a band for the LPS O-antigen.
Furthermore, pseudaminic acid was shown to be present on both flagellin subunits that make up the polar
flagellum filament, to be present in the LPS O-antigen of the A. caviae wild-type strain, and to be absent from

the A. caviae flmD mutant strain.

Mesophilic Aeromonas strains are being increasingly recog-
nized as important bacterial pathogens. They are widely dis-
tributed in the environment and cause gastrointestinal and
wound infections in healthy humans and, less commonly, sep-
ticemia in immunocompromised patients (15). In particular,
Aeromonas caviae is reported to be the most prevalent pediat-
ric enteropathogenic species of the genus (30, 46). A range of
putative virulence factors have been described for the aero-
monads, from the hemolytic toxin aerolysin and cytotonic tox-
ins to capsules and extracellular enzymes (44). The process of
adherence of aeromonads is still poorly understood, although
a number of factors have been implicated, such as long wavy
pili, outer membrane proteins, lipopolysaccharide (LPS) O-
antigen, and the polar flagellum (1, 44). The mesophilic aero-
monads are interesting as most strains express two distinct
flagellum systems (10, 34). They have a polar flagellum for
swimming in liquid and express separate lateral flagella for
swarming over surfaces. Investigations have revealed that both
the polar and lateral flagellum systems of the mesophilic aero-
monads are involved in adherence to both biotic and abiotic
surfaces (20).
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Previously, we showed that transposon mutations in the fim
locus of A. caviae greatly reduced adherence of this organism
to the human epithelial cell line HEp-2. In addition, mutation
of this locus caused losses of motility, flagella, and the LPS
O-antigen (12). In A. caviae Sch3N the flmA and flmB genes
were clustered together in a locus with neuA, flmD, and neuB.
All of these genes appeared to encode proteins associated with
polysaccharide biosynthesis. Only flmA and flmB were found in
the other Aeromonas strains investigated, such as Aeromonas
hydrophila AH-3 (12). However, recently, the flmD, neuB, and
neuA genes have been reported to be present in A. hydrophila
AH-3 (4). Mutation of the A. hydrophila AH-3 flmA, flmB,
flmD, neuA, and neuB genes affected only motility and flagellar
expression and did not cause any alteration in the LPS (4, 12).
This suggested that the flm gene products in A. caviae have two
roles, a role in the biosynthesis of the LPS O-antigen and a role
in flagellar assembly.

The orthologues of the flm genes were originally reported to
be involved in flagellar assembly in Caulobacter crescentus,
possibly through glycosylation of the flagellin or other flagellar
proteins (23). Moreover, as observed for A. hydrophila AH-3,
mutation of the C. crescentus flm genes did not result in any
LPS defects. More recently, there have been a number of
reports describing related loci in several bacterial pathogens
that have associated the orthologous gene products with gly-
cosylation of proteins important in pathogenesis, such as fla-
gella, pili, and adhesins (33). There are similar genetic local-
izations and arrangements of these glycosylation genes in
several bacterial species, such as Campylobacter jejuni, Helico-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Genotype and/or phenotype”

Reference or
source

Aeromonas caviae strains

Sch3N Sch3, spontaneous Nal" 12
1AG75 Sch3N fimD::mini-Tn5Cm, Nal* Cm" 12
AAR269 flaA:: Km" 34
AAR27 flaB::Km* 34
SMT50 rmlB:Km" This study
SMT137 fimA:Km* This study
SMT40 fimB:Km" This study
SMT62 neuA::Km* This study
SMT15 fimD::Km" This study
SMT166 neuB::Km" This study
SMT18 Isg::Km" This study
SMT145 [st::Km" This study
Escherichia coli strains
CC118N\pir A(ara leu)7697 araD139 AlacX74 galE galK phoA20 thi-1 rspE rpoB(Rf") 14
argE(Am) recAl \pir*
S17-1\pir hsdR pro recA, RP4-2 in chromosome, Km::Tn7 (Tc::Mu) \pir, Tp* Sm" 28
XL1-Blue endAl recAl hsdR17 supE44 thi-1 gyrA96 relAl lac [F' proAB, lacI"ZAM15 Stratagene
Tnl0(Tc")]
Plasmids
pUC19 High-copy-number cloning vector, MCS, Amp" Gibco BRL
pUC4-KIXX Source of Tn5-derived nptll gene (Km") Pharmacia
pBBR1IMCS Broad-host-range vector, IncP, -W, -Q, ColE1 and p15A compatible, 22
contains pBluescript IIKS-lacZa-polylinker, Cm"
pBBRIMCS-2 Broad-host-range vector, IncP, -W, -Q, ColE1 and p15A compatible, 21
carries Km"
pKNG101 oriR6K mobRK2 strAB sacBR, 6.8 kb, Sm" 17
pTZ110 Broad-host-range vector, ori, 4, carrying promoterless lacZ gene, Amp" 41
pKAGb-2(—) Cm" derivative of pTZ110 M. S. Thomas,
unpublished
pMIW400 pKAGb-2(—) with 4. caviae flaA promoter region ligated upstream of the This study
promoterless lacZ gene, Cm"
pMIW400 pKAGb-2(—) with 4. caviae flaB promoter region ligated upstream of the This study
promoterless lacZ gene, Cm"
pBRSMT300 neuB from A. caviae Sch3N inserted into pPBBRIMCS, Cm" This study
pBRSMTS500 fimB from A. caviae Sch3N inserted into pPBBRIMCS, Cm" This study
pBRSMT900 neuA from A. caviae Sch3N inserted into pPBBRIMCS, Cm* This study
pBRSMT1000 fimD from A. caviae Sch3N inserted into pPBBRIMCS, Cm" This study
pBRSMT1200 rmlB from A. caviae Sch3N inserted into pBBRIMCS, Cm" This study
pBRSMT1300 flmA from A. caviae Sch3N inserted into pPBBRIMCS, Cm" This study
pBRSMT1400 Isg from A. caviae Sch3N inserted into pBBRIMCS, Cm" This study
pBRSMT1500 Ist from A. caviae Sch3N inserted into pPBBRIMCS, Cm" This study
pBRSMT600 neuB3 (Cj1317) from C. jejuni inserted into pBBRIMCS, Cm" This study
pBRSMT700 neuB2 (Cj1327) from C. jejuni inserted into pBBRIMCS, Cm" This study
pBRSMT600 neuBlI (Cj1141) from C. jejuni inserted into pBBRIMCS, Cm" This study
pBRSMT1100 flaAl (HP0840) from H. pylori inserted into pBBRIMCS, Cm" This study
pMIW103 pBBRIMCS with A. caviae flmA, filmB, neuA, flmD, and neuB genes, Cm" This study
pDI54 pDSK519 with A. caviae flmB, neuA, fimD, and neuB genes, Km" 12
pACYC-FLA2 pACYC184 with A. hydrophila AH-3 neuA, flmD, and neuB genes, Tc" 4
pLA-FLA2 pLA2917 with A. hydrophila AH-3 neuA, flmD, neuB, and flmH genes, Km" 4

“ Amp’, ampicillin resistance; Cm", chloramphenicol resistance; Km', kanamycin resistance; Nal®, nalidixic acid resistance; Sm", streptomycin resistance; Tc",

tetracycline resistance; Tp", trimethoprim resistance; MCS, multiple cloning site.

bacter pylori, and C. crescentus (16, 33). A number of the
related glycosylation gene products have been shown to play a
role in the biosynthesis of a nine-carbon sugar related to sialic
acid (NeuSAc) called pseudaminic acid (PseSAc7Ac) that is
present on the flagellins of C. jejuni and H. pylori (11, 37, 43).
Our laboratory and other laboratories have also shown that
both the polar flagellins of A. caviae are glycosylated with
PseSAc7Ac. It has been suggested that the flm gene cluster
plays a role in this process (10, 33, 34).

In this study, we describe a genetic island in 4. caviae that
contains the genes required for biosynthesis of the sugar
PseSAc7Ac, which has been shown to be present both in the
LPS O-antigen and on the polar flagellins.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Escherichia coli strains were grown
in Luria-Bertani (LB) Miller broth and on LB Miller agar, while Aeromonas
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strains were grown in tryptic soy broth, on tryptic soy agar, or in brain heart
infusion broth (BHIB) (Oxoid). Ampicillin (50 wg/ml), nalidixic acid (50 wg/ml),
kanamycin (50 pg/ml), and chloramphenicol (25 pg/ml) were added to the
different media when necessary.

Whole-cell protein preparation, SDS-PAGE, and immunoblotting. Aeromonas
strains were grown statically overnight in BHIB at 37°C. Equivalent numbers of
cells were harvested by centrifugation, and each cell pellet either was boiled in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer to obtain whole-cell proteins or was resuspended in 1 ml of phosphate-
buffered saline (PBS) and then flagella were sheared off by passing the bacterial
suspension through an 18-gauge needle 20 times. The bacteria were pelleted by
centrifugation and discarded; 100 wl of the supernatant was added to 100 wl of
SDS-PAGE loading buffer and boiled for 5 min. Protein samples were separated
on SDS-polyacrylamide gels (12% acrylamide). For immunoblotting, proteins
were transferred onto a Hybond-C (GE Healthcare) nitrocellulose membrane.
Following transfer, membranes were blocked with 5% (wt/vol) powdered skim
milk and probed with a polyclonal rabbit anti-polar flagellin antibody (1:500).
The unbound antibody was removed by five washes in PBS, and a goat anti-rabbit
peroxidase-conjugated secondary antibody (1:1,000) was added. The unbound
secondary antibody was washed away with PBS as described above for the
primary antibody. The bound conjugate was then detected using the ECL de-
tection system (GE Healthcare).

Motility assay. Freshly grown bacterial colonies were transferred with a sterile
toothpick into the center of plates containing motility agar (1% tryptone, 0.5%
NaCl, 0.3% agar). The plates were incubated face up at 37°C for 14 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.

LPS extraction and PAGE analysis. LPS was purified and detected as de-
scribed previously (12).

General DNA methods. DNA restriction endonucleases, T4 DNA ligase, E.
coli DNA polymerase (Klenow fragment), and alkaline phosphatase were used as
recommended by the suppliers.

Nucleotide sequencing and sequence analysis. Double-stranded DNA se-
quencing was performed by using the Sanger dideoxy chain termination method
with an ABI Prism dye terminator cycle sequencing kit (Perkin-Elmer). DNA
fragments were ligated into pUC19 and sequenced using an ABI Prism 377 DNA
sequencer (Perkin-Elmer Corporation). The M13 universal primers were em-
ployed to sequence the ends of the DNA inserts. Following the first sequencing
reaction and whenever required, primers were designed until the inserts’ se-
quences were complete. Primers used for DNA sequencing were purchased from
Eurofins. For chromosomal walking to extend the sequence into flanking regions,
direct genomic sequencing was used. Custom 24-mer primers were designed for
a known nucleotide sequence and were used with sheared A. caviae genomic
DNA in a 99-cycle polymerase reaction using the BigDye Terminator mixture
according to the manufacturer’s instructions (PE-Applied Biosystems). The
DNA sequence was translated in all six frames and analyzed as previously
described (34).

Construction of defined insertion mutants. Mutants were created by insertion
of the Tn5-derived kanamycin resistance cartridge (npt/I) from pUC4-KIXX
(Pharmacia). This cartridge contains an outward-reading promoter that drives
the transcription of downstream genes when it is inserted in the correct orien-
tation. For each mutant the 1.4-kb Smal-digested kanamycin resistance cartridge
was inserted into a convenient restriction site in the middle of the gene. If a
convenient site was not present, a site was created by spliced overlap extension
PCR. Constructs containing the mutated genes were ligated into the suicide
vector pKNG101 (17) and transferred into Aeromonas by conjugation. Conjugal
transfer of the recombinant plasmids from E. coli S17-1\pir to A. caviae Sch3N
was performed using a filter mating technique. Bacterial conjugation was allowed
to proceed for 6 to 8 h at 37°C on sterile nitrocellulose filters (pore size, 0.45 wm)
placed on an LB agar plate. Serial dilutions of the mating mixture were then
plated on LB agar supplemented with nalidixic acid and kanamycin; the latter
antibiotic was added in order to select for recombination. Colonies that were
kanamycin resistant (Km") and streptomycin sensitive for pPKNG101 derivatives
(derivatives not likely to have retained the vector) were purified and probed for
the kanamycin cartridge and the absence of any plasmid sequences by Southern
hybridization. This demonstrated that a double recombination event and allelic
exchange occurred.

Construction of lacZ transcriptional fusions. The mobilizable broad-host-
range lacZ promoter probe plasmid pKAGb-2(—) was used in this study (K.
Agnoli and M. Thomas, unpublished); this vector is a derivative of pTZ110 (41)
that encodes chloramphenicol resistance. The promoter regions of both the A.
caviae flaA and flaB genes were amplified by PCR, and the resulting fragments
were directionally ligated separately into pKAGb-2(—), yielding plasmids
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TABLE 2. Primers used for RT-PCR

Intergenic Expected
region Primer product
amplified size (bp)
rmIB-flmA  5'-ACCGACGTTACGCCATTGATGCCG-3' 372
5'-ATCCCGTACCACCTGTGATTAATACTG-3'
fimA-fimB 5'-TCTGGAGACATCATCTCGGTGGTGA-3' 519
5'-CGCATACGCTGCGCCAGTATGGGT-3'
fimB-neuA  5'-TGCCGATGTTCCACGGCATGACAG-3’ 292
5'-GCACCATATTCGAGTGCAACAGCAGCA-3’
neuA-fimD  5'-CCCAAGATCTGGAGGAAGCCTACC-3’ 458
5'-CTGCAGCGTCTTGTTGCCATGGCA-3’
fimD-neuB  5'-CTGACCGAAAATATAGCATCGCAGCGC-3' 270
5'-CCCATAGCCCACCGTGAATTTGAA-3’
neuB-Isg 5'-GCGTAGCATTAGGCCCGGATTTGG-3’ 587
5'-TTAATGGCCTCCCCTCGAATCTGC-3’
Isg-Ist 5'-AGAGATAATTGGCTGGCTT-3’ 657
5'-CTCTGCTCAACCCGGGATGTAGAGTTTCT
ATTT-3'

pMIW400 and pMJW500, respectively. These plasmids were introduced sepa-
rately by conjugation into wild-type strain Sch3N, the neuB mutant SMT166, and
the Isg mutant SMT18. The activities of the fla4 and flaB promoters were
determined as a function of B-galactosidase activity. A. caviae cultures were
grown in triplicate to an optical density at 600 nm of 0.5 to 0.8 and were then
chilled on ice for 15 min. Duplicate assays were performed at 30°C using 200 pl
of cells for each culture in a 1-ml (total volume) mixture following permeabili-
zation of the cells with chloroform-SDS (28). The values are expressed in Miller
units (MU) below.

Use of RT-PCR to study gene expression in the fIm locus. To determine which
of the flm genes were cotranscribed, reverse transcriptase PCR (RT-PCR) was
used. Total RNA was isolated with TRIzol (Invitrogen) used according to the
manufacturer’s instructions from strain Sch3N grown overnight in BHIB. RNA
was dissolved in pyrocarbonic acid diethyl ester-treated water and then treated
with 20 U of RNase-free DNase for 30 min at 37°C. The DNase reaction was
stopped by extracting the RNA with an equal volume of acid phenol (pH 4.3),
followed by ethanol precipitation. The RNA concentration was determined spec-
trophotometrically. cDNA synthesis was carried out using an Access RT-PCR kit
(Promega) with 1 to 3 pg of total RNA according to the manufacturer’s instruc-
tions. The RNA was heat denatured for 10 min at 75°C and then at 48°C for 45
min to allow first-strand cDNA synthesis by avian myeloblastosis virus RT. The
RNA-cDNA duplex and avian myeloblastosis virus RT were denatured at 96°C
for 2 min. Second-strand synthesis and subsequent DNA amplification were
carried out for 45 cycles with denaturation at 96°C for 45 s, primer annealing at
50°C for 45 s and primer extension at 72°C for 75 s. A final extension step
consisting of one cycle at 72°C for 10 min was carried out. Table 2 shows the
primers used, the regions amplified, and the expected DNA fragment sizes.

Virulence studies. The virulence of 4. caviae strains grown at 37°C was mea-
sured by determining the 50% lethal dose (LDs,) by the method of Reed and
Muench, as previously described (35). Separate lots of female albino Swiss mice
(5 to 7 weeks old) were inoculated intraperitoneally with 0.25-ml portions of the
test samples (range, approximately 5 X 10° to 5 X 10° viable cells). Mortality was
recorded up to 10 days; all deaths occurred within 3 to 5 days.

Flagellin purification for MS. Polar flagellins were purified from strains grown
in 1 liter of BHIB that were harvested by centrifugation, washed in 10 mM
potassium phosphate buffer (pH 7.2), and harvested again. Each bacterial pellet
was resuspended in 100 ml of 10 mM potassium phosphate buffer (pH 7.2), and
the suspension was passed through an 18-gauge needle 20 times to remove the
flagella. Bacteria were removed by two further rounds of centrifugation (10,000 X g),
and the supernatant was decanted and subjected to ultracentrifugation for 1 h at
100,000 X g. The resulting flagellum pellet was resuspended in 1% SDS. Purified
flagellins were run on 10% precast gels (Invitrogen) and stained using Novex
colloidal blue reagent (Invitrogen), and the desired proteins were excised, ly-
ophilized, and digested with trypsin (EC 3.4.21.4; Promega) overnight. Peptides
were extracted from gel pieces and purified using a C-8 microtrap peptide
cartridge (Presearch) in preparation for analysis by mass spectrometry (MS).
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FIG. 1. Genetic organization of the 4. caviae Sch3N (A), A. hydrophila AH-3 (B), and A. hydrophila ATCC 7966 (C) fim loci. Predicted ORFs
were named after their homologues in other bacterial species and are indicated by open arrows, which indicate the direction of transcription. The
same pattern in arrows indicates orthologous genes in the clusters. The ORF labeled “hypo” is a gene encoding a hypothetical protein. ORFs of
interest in A. hydrophila ATCC 7966" are indicated by their gene locus numbers. Open triangles indicate the sites of insertion of the antibiotic
resistance cassette, and the corresponding mutant designations are indicated above the triangles. The thin arrows indicate transcriptional units as

determined by RT-PCR.

LPS purification and derivatization for MS. LPS were purified from strains
grown in 1 liter of BHIB that were harvested by centrifugation, washed in 10 mM
potassium phosphate buffer (pH 7.2), and harvested again. LPS was obtained
after treatment with hot phenol, followed by incubation with DNase and then
with proteinase K as described previously (12). The LPS was extracted with hot
phenol once more before it was freeze-dried. For polysaccharide analysis, the
core plus O-antigen was released from lipid A by mild hydrolysis of the LPS (1%
acetic acid, 100°C, 2 h) and reduced (10 mg/ml NaBH, in 2 M NHj;, room
temperature, 2 h). Reduced samples were loaded directly onto a Dowex H"
column [50W-X8 (H); 50 to 100 mesh; pretreated sequentially with 4 M HCI,
water, and 5% acetic acid], and excess borates were removed by repeated addi-
tion (four times) of 10% acetic acid in methanol. Methylation using the sodium
hydroxide procedure was performed, and the reaction products were purified
using Sep-Pak C, g cartridges (Waters Corporation, Massachusetts) (8).

MALDI MS analysis. Matrix-assisted laser desorption ionization (MALDI)
MS was performed using a PerSeptive Biosystems Voyager DE STR mass spec-
trometer (Foster City, CA) in the reflectron mode with delayed extraction.
Methylated samples were dissolved in methanol, and 1-pl aliquots were loaded
onto a metal plate with 1 wl of the matrix 2,5-dihydrobenzoic acid. Sequazyme
peptide mass standards were used as external calibrants (Applied Biosystems,
California).

Electrospray ionization MS analysis. Samples were dissolved in 30% aceto-
nitrile-0.1% trifluoroacetic acid and sequenced by tandem MS (MS-MS) using a
hybrid quadrupole orthogonal acceleration time of flight mass spectrometer
(Micromass, United Kingdom). MS and MS-MS spectra were collected in the
positive ion mode. The collision energies typically were 50 to 90 eV. Data were
acquired and processed using Masslynx software (Micromass, United Kingdom).

The instrument was precalibrated using a 1-pmol/pl solution of [Glu']-fibrino-
peptide B in acetonitrile-5% aqueous acetic acid (1:3, vol/vol).

Nucleotide seq ber. The nucleotide sequence of the genes
described here has been deposited in the GenBank database under accession
number AF126256.

€ aCCe

RESULTS

Isolation of new flm genes in A. caviae. Previously, we de-
scribed isolation of the flm locus of A. caviae Sch3N; this locus
contained one partial (flmA) and four complete (flmB, neuA,
flmD, and neuB) open reading frames (ORFs) and was orga-
nized in the order flmA-flmB-neuA-flmD-neuB (12). The DNA
sequence both upstream and downstream of this locus was
determined by direct genomic sequencing of the bacterial
chromosomal DNA using custom-designed primers. This strat-
egy extended the flanking sequence by 2.9 kb upstream and by
3.3 kb downstream, resulting in a locus consisting of more than
11 kb.

Sequence analysis extending upstream from the partial A.
caviae flmA gene identified the rest of this gene in addition to
two other ORFs, whereas downstream three further ORFs
were revealed (Fig. 1A). Proteins homologous to the putative
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TABLE 3. Properties of the putative ORFs of A. caviae Sch3N

A caviae Length No. of amino M(:Illeacslglar Homologous protein Homologue function % dentity/% Scecrelzls?’szilgll:
ORF* (nucleotides) acids (kDa)* gOUS p g similarity” o,
rmlB 1,064 321 36 RmlB of A. hydrophila dTDP-p-glucose-4,6- 77/85 AF148126
dehydratase
RmIB of Vibrio cholerae dTDP-D-glucose-4,6- 73/82 AY239001
dehydratase
RmIB of Salmonella enterica ~ dTDP-D-glucose-4,6- 71/83 AF279619
dehydratase
fimA 1,013 338 38 PseB (Cj1293) of C. jejuni Sugar nucleotide epimerase/ 53/68 NP282439
dehydratase
FlaAl of H. pylori UDP-GIcNAc C4 dehydratase/ 52/71 NP207633
C, reductase
FImA of C. crescentus Flagellin modification 51/68 NP419052
flmB¢ 1,164 387 43 PseC (Cj1294) of C. jejuni Pyridoxal-dependent AF126256
aminotransferase
neuA 687 228 25.8 PseF (Cj1311) of C. jejuni CMP-sugar synthetase AF126256
fimD/H® 1,518 505 56.8 PseG (Cj1312) of C. jejuni Glycosyltransferase AF126256
PseH (Cj1313) of C. jejuni Acetyltransferase
neuB* 1,059 352 38.6 Psel (Cj1317) of C. jejuni Sugar synthetase AF126256
Isg 1,262 420 46.5 Lsgl of H. influenzae LPS biosynthesis protein 28/46 NP439842
CpsL of Streptococcus Polysaccharide repeating unit 21/44 AF349539
agalactiae transporter, “flippase”
Wzx of P. aeruginosa Polysaccharide repeating unit 24/42 AAF24000
transporter, “flippase”
RbX of Shigella flexneri Polysccharide repeating unit 23/42 JC4069
transporter, “flippase”
Ist 947 315 37.2 WaaH of Salmonella enterica  UDP-glucose:glucosyl LPS, a 29/47 AF519775
1,2 glucosyltranferase
Lst of Pasteurella multocida CMP-N-acetylneuraminate- 27/46 QICNCH4
beta-galactosamide-alpha-
2,3 sialyltransferase
Lst of H. influenzae CMP-N-acetylneuraminate- 28/43 Q48211
beta-galactosamide-alpha-
2,3 sialyltransferase
Lst of Neisseria meningitidis CMP-N-acetylneuraminate- 23/42 P72097

beta-galactosamide-alpha-
2,3 sialyltransferase

“ ORFs and molecular masses were determined by ORF finder of NCBI.

® Homologous proteins and levels of identity and similarity for the homologous regions were determined by using the Blastx program of NCBI.

¢ Homology was determined previously, and putative functions are indicated.

products of the ORFs were identified using the blastx program
of the NCBI (Table 3). All of the ORFs with the exception of
the last ORF were transcribed in the same direction. The
predicted amino acid sequence encoded by the first ORF (tnp)
showed homology to the sequences of enzymes belonging to
the transposase 11 family. Downstream of tnp was a second
OREF, which encoded a deduced amino acid sequence that had
very high levels of identity to a series of RmlB proteins (Table
3). These proteins are dTDP-p-glucose-4,6-dehydratase en-
zymes that convert dTDP-p-glucose to dTDP-4-keto-6-deoxy-
D-glucose, one of the steps in rhamnose biosynthesis (31).
Following rmiIB was the complete ORF representing flmA; this
OREF encoded a protein which belongs to Pseudomonas aerugi-
nosa WbpM subfamily 2 (3) and whose homologies we have
described previously (12). The FImA orthologue in H. pylori,
FlaAl, was shown to have C, dehydratase/C, reductase activity

specific for UDP-GIcNAc (7). In C. jejuni FImA is called PseB
and is involved in the PseSAc7Ac biosynthetic pathway con-
verting UDP-GIcNAc to UDP-4-keto-4,6-dideoxy-B-L-AltNAc
(25, 27, 40). Downstream of flmA were four ORFs that we have
previously described, flmB, neuA, flmD, and neuB, and the
deduced amino acid sequences encoded by these ORFs con-
tained conserved domains of a pyridoxal-dependent amino-
transferase for FImB, a CMP-sugar synthetase for NeuA, and
a sugar synthetase for NeuB. Closer analysis of the A. caviae
FImD protein showed that it belongs to a subfamily of these
proteins that were larger than other proteins in the family,
containing 505 amino acids rather than the 350 amino acids
more typically seen. This indicated that the 4. caviae protein
has two domains, the characteristic glycosyltransferase domain
that is present in the smaller proteins in the family and an
RimL-like acetyltransferase domain that is found in another



2856 TABEI ET AL.

Flm protein, FImH. It therefore appears that the A. caviae
FImD protein is a chimera of FImD and FImH, equivalent to
the C. jejuni PseG and PseH proteins (Table 3 and see below).

Homologues of all these genes encode proteins that have
been shown to be essential for Pse5Ac7Ac biosynthesis in C.
Jjejuni and in this bacterium have been designated PseB (FImA),
PseC (FImB), PseF (NeuA), PseG/H (FImD/H), and Psel
(NeuB) (Table 3) (25). Following neuB was an ORF encoding
a deduced amino acid sequence that shared homology with a
series of proteins belonging to the Wzx family of LPS O-
antigen flippase transport proteins, the closest of which was
encoded by the Isg locus of Haemophilus influenzae (9). The
Lsg protein is predicted to have 12 transmembrane regions,
which is characteristic for this family of proteins that typically
contain 12 or 13 membrane-spanning regions and are involved
in the transport of di- or trisaccharides across the cytoplasmic
membrane (32). Downstream of Isg was an ORF designated Ist,
and the protein encoded by this ORF shared homology with a
series of glucosyl- and sialyltransferases from a number of
bacteria (Table 3). These proteins transfer the activated forms
of glucose or sialic acid to other sugars. The final ORF en-
coded a protein that was similar to another series of trans-
posase 8 enzymes (COG2826) belonging to the IS30-like ele-
ment family. Interestingly, the average G+C content of the
locus, not including the transposase genes (i.e., rmiB to Ist), was
42%; this is significantly less than the average G+C content,
60%, which is typically seen in A. hydrophila ATCC 7966 (42).
Although there is heterogeneity in the locations, organizations,
and sequences of the flmA, flmB, neuA, flmD, and neuB genes
in the aeromonads, all strains tested so far (n = 50) possess
these genes (4, 12).

In a separate study we isolated the flm locus from A. hy-
drophila AH-3 through complementation of A. caviae mutants
(4). The genetic organization of this locus is shown in Fig. 1B.
Moreover, the genome sequence of A. hydrophila ATCC 7966
became available during this study (42), and the genetic orga-
nization of the flm locus of this strain is shown in Fig. 1C. The
striking feature of comparisons of the flm loci of the three
strains is the difference in the location within the chromo-
somes. In AH-3 the flm locus is downstream of the polar
flagellin gene cluster (polar flagella region 2), whereas in
ATCC 79667 it is downstream of the acyl coenzyme A syn-
thetase genes luxC and luxE (Fig. 1C). In both A. hydrophila
strains the flmA and flmB genes are located away from the
other genes isolated in A. caviae (4, 42). Furthermore, the
average G+C contents of both of the A. hydrophila loci are
around 60%, which is typical for Aeromonas species.

Transcript mapping by RT-PCR. Complementation analysis
of the polar transposon insertions in our previous study, along
with the transcriptional direction of the genes and the small
gaps between the end of one ORF and the start of the next
OREF, suggested that the genes formed part of a polycistronic
operon. Therefore, RT-PCR was employed to test whether
each gene was cotranscribed with its immediate partner down-
stream. Primer pairs that overlapped different genes in the
locus were designed for the 3’ end of the upstream gene and
near the 5’ end of the downstream gene (Table 2). This was
done in order to amplify the intergenic region between the two
genes that would be expressed if the two genes were cotrans-
cribed. RT-PCR products of the expected sizes were detected
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(data not shown) for every gene pair with the exception of
neuA-filmD and neuB-Isg. This suggests that there are three
transcripts in the locus, the first containing rmiB, flmA, flmB,
and neuA, the second containing flmD and neuB, and the third
containing Isg and Ist (Fig. 1A).

Creation of insertional mutations in the A. caviae flm locus
genes. To determine the roles of the identified genes in either
motility or LPS biosynthesis or both, mutants were constructed
for each gene, including the genes previously mutated by in-
sertion of the polar transposon mini-Tn5Cm (12). A kanamy-
cin resistance cassette was inserted in the same transcriptional
orientation with respect to the target gene; the presence of an
outward-reading promoter on the cassette ensures expression
of downstream genes, thereby reducing any polar effects. How-
ever, such insertions may alter the regulation of the down-
stream genes. The construction of all mutants was verified by
Southern hybridization of chromosomal DNA with the kana-
mycin cassette and vector probes (data not shown). The kana-
mycin cassette position and strain designations are shown in
Fig. 1A.

The motility of the 4. caviae mutant strains was assessed by
examining static growth in BHIB and in semisolid motility
plates. In liquid all mutant strains with the exception of the Isg
mutant and the Ist mutant grew at the bottom of the culture
tube as a “loose” pellet and not as a turbid suspension like that
seen for wild-type strain Sch3N (data not shown). This finding
was supported by the inability of mutant cells (except for the Isg
mutant and /st mutant cells) to swim in semisolid motility agar
(Fig. 2A) and by the results of immunoblotting of the mutant
whole-cell protein preparations for the polar flagellin proteins.
In contrast to the parental strain, the Isg mutant, and the Ist
mutant preparations, the polar flagellins were not detected
in the other mutant preparations, an observation suggesting
that there was a loss of polar flagellin protein expression
and thus that flagellum filaments were not present (Fig. 2B).

The possibility that the mutants had defects in LPS biosyn-
thesis was also investigated. The wild-type strain and the mu-
tants were grown overnight in BHIB at 37°C, and LPS was
extracted and analyzed by PAGE. The wild-type strain pro-
duced a smooth LPS (O-antigen™) exhibiting two major bands
(band A and band B) and a faint ladder of higher-molecular-
weight bands, whereas all the mutants produced only major
band A. On Tricine-PAGE gels either the LPS patterns for the
mutants lacked one of the bands (band B) always present in the
LPS pattern of the wild-type strain or the LPS produced a band
at a lower molecular weight whose abundance was lower (Fig.
2C). The parental phenotypes of all of the mutants except the
rmiB mutant (see below) were rescued when the mutants were
complemented in frans using wild-type copies of each individ-
ual gene cloned into the broad-host-range vector pPBBRIMCS
(22) in an orientation that allowed expression from the lac
promoter (Fig. 2B and 2C). Complementation analysis dem-
onstrated that insertion of the kanamycin cassette into the
rmIB mutant had a polar effect on downstream genes, as pro-
viding the rmIB gene alone in trans did not rescue the pheno-
type observed. However, introduction of the broad-host-range
plasmid pMJW103 containing complete copies of fimA, flmB,
neuA, flmD, and neuB (but not rmiB) into the rmIB mutant
rescued motility and flagellum expression and restored band B
to the LPS pattern (data not shown). It was concluded from the
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FIG. 2. Analysis of motility, polar flagellin, and LPS for A. caviae
Sch3N and isogenic mutants. (A) Motility as assessed by determining
a strain’s ability to swim in 0.3% semisolid motility agar. WT, wild type.
(B) (Upper panel) Polar flagellin immunoblot of whole-cell proteins of
A. caviae Sch3N (WT) and flm locus isogenic mutants. (Lower panel)
Polar flagellin immunoblot of whole-cell proteins of flm locus isogenic
mutants complemented with individual copies of the wild-type genes in
pBBRIMCS (Table 1). The genes in which the knockout occurs are
indicated above the lanes. Proteins were obtained from bacteria grown
at 37°C in BHIB and were analyzed by SDS-PAGE (12%). They were
transferred onto nitrocellulose membranes and immunoblotted with
anti-polar flagellin antibodies (1:500). (C) Analysis of LPS isolated
from A. caviae Sch3N (WT) and the fim locus isogenic mutants. (Up-
per panel) The genes in which the knockout occurs are indicated above
the lanes. (Lower panel) flm locus isogenic mutants complemented
with individual copies of the wild-type genes in pPBBRIMCS (Table 1).
LPS was extracted from bacteria grown at 37°C in BHIB, analyzed by
SDS-PAGE (12%), and silver stained. The positions of LPS bands A
and B are indicated on the left.

complementation data that mutation of the rm/B gene did not
result in the phenotypes observed for the other mutants and
that this gene was not involved in flagellum or LPS biogenesis
in this strain. Therefore, no further characterization was car-
ried out for this strain.

Sequence analysis suggested that the A. caviae FImD protein
was in fact a chimeric protein equivalent to both FImD and
FImH from A. hydrophila AH-3. To test this hypothesis, plas-
mid pACYC-FLA2, which contains the A. hydrophila AH-3
neuA-like, flmD, neuB-like genes (4), was introduced into the
A. caviae flmD mutant. However, motility or the O-antigen
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LPS band was not restored by this complementing plasmid.
But when the pLA-FLA2 cosmid (40 kb) carrying the A. hy-
drophila AH-3 neuA-like, flmD, and neuB-like genes in addi-
tion to flmH (4) was introduced into the flmD mutant, motility
and the O-antigen band of the A. caviae LPS were fully re-
stored (data not shown). The results of this complementation
analysis support the bioinformatic data concerning the dual
role of the A. caviae FImD protein (i.e., that it has both FImD
activity and FImH activity).

As the mutations in the A. caviae flm locus affect two struc-
tures associated with aeromonad pathogenicity, we determined
the LDss of two of the mutants in a mouse model. The LDs,
of wild-type strain Sch3N in mice is 10°® cells, whereas the
LDss of the flmD and neuA mutants were >10%° cells, which
is an increase of at least 1 log unit.

Complementation and characterization of the A4. caviae
neuA, neuB, and flmA genes. The A. caviae Sch3N neuA and
neuB genes in pDI54 (12) were unable to complement their E.
coli counterparts in E. coli mutant strains EV5 (neuAd) and
EV24 (neuB) (45). However, three neuB genes, termed neuB1
(Cj1141), neuB2 (Cj1327), and neuB3 (Cj1317), were shown to
be present in the genome of C. jejuni NCTC 11168 (24). All
three genes have previously been shown to encode NeuSAc
synthetase activity (24). In C. jejuni mutation of neuBI resulted
in loss of Neu5Ac from the lipooliogosaccharide of C. jejuni,
whereas mutation of neuB2 was cryptic in strain NCTC 11168
but resulted in a reduction in the flagellin mass in strain G1
and mutation of neuB3 caused the cells to become aflagellate
and nonmotile. NeuB3 has been shown to be involved in the
biosynthesis of Pse5SAc7Ac, a nine-carbon sugar related to
Neu5Ac (43), and has been designated Psel (25). Each of the
C. jejuni neuB genes was cloned separately into the broad-host-
range mobilizable vector pPBBRIMCS (22) in an orientation
that allowed expression from the lac promoter, and the con-
structs were then introduced into the A. caviae neuB mutant by
conjugation. The vectors expressing neuBI (pBRSMT800) and
neuB2 (pBRSMT700) in trans were unable to complement the
A. caviae neuB mutant, whereas when the plasmid expressing
neuB3 (pBRSMT600) was introduced in trans into the A.
caviae neuB mutant, the O-antigen band of the A. caviae LPS
was produced (Fig. 3). On motility plates the wild-type strain
had an average motility zone with a diameter of 16 £ 0.7 mm,
which was significantly different (P = <0.01) from the diame-
ters of the average motility zones of the neuB mutant SMT166
(2.1 = 0.5 mm), SMT166 expressing C. jejuni neuB1 (1.9 = 0.2
mm), and SMT166 expressing C. jejuni neuB2 (2.0 = 0.3 mm).
The SMT166 neuB mutant expressing C. jejuni neuB3 had a
motility zone with a diameter of 12.8 = 0.8 mm, which was
significantly different (P = <0.01) from the results for the
wild-type strain, the original mutant, and the complemented
mutants, suggesting that there was only partial complementa-
tion for motility.

Previously, the FlaA1l protein of H. pylori has been shown to
have bifunctional C, dehydratase/C, reductase activity for the
conversion of UDP-GIcNAc to UDP-QuiNAc (7). However,
recently, both the H. pylori FlaA1 (HP0840, FImA orthologue)
and C. jejuni PseB proteins have been shown to have C, de-
hydratase and Cs epimerase activities, resulting in the produc-
tion of UDP-2-acetamido-2,6-dideoxy-B-L-arabino-4-hexulose
and UDP-2-acetamido2,6-dideoxy-a-D-xylo-4-hexulose; the former
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FIG. 3. Analysis of motility and LPS isolated from the A. caviae
neuB mutant SMT166 and derivative strains complemented with C.
Jejuni paralogues. (A) Motility as assessed by swimming in 0.3% semi-
solid motility agar for A. caviae Sch3N (WT), SMT166 (neuB mutant),
and SMT166 containing pPBBRIMCS expressing the C. jejuni paral-
ogue neuBl1, neuB2, or neuB3. (B) Analysis of LPS isolated from A.
caviae Sch3N (WT), SMT166 (neuB mutant), and SMT166 containing
pBBRIMCS expressing the C. jejuni paralogue neuBl, neuB2, or
neuB3. LPS was extracted from bacteria grown at 37°C in BHIB,
analyzed by SDS-PAGE (12%), and silver stained. The positions of
LPS bands A and B are indicated on the left.

compound is the substrate for the C. jejuni FlmB homologue
PseC (39). To test whether the H. pylori FlaAl protein could
functionally complement the A. caviae FImA protein, the flaA41
gene was amplified by PCR, sequenced, and cloned into the
broad-host-range mobilizable vector pPBBR1MCS in an orien-
tation that allowed expression from the lac promoter. The
resulting construct, pPBRSMT1200, was then introduced into
the A. caviae flmA mutant by conjugation; expression of flaA1l
in trans rescued both flagellin expression and LPS O-antigen
(Fig. 4). However, on motility plates the wild-type strain had a
motility zone with an average diameter of 15.8 * 0.8 mm,
which was significantly different (P = <0.01) from the results
for both the flmA mutant strain SMT137 (2.0 = 0.3 mm) and
the complemented mutant strain (13.6 = 0.9 mm), again sug-
gesting that in the complemented strain motility was partially
rescued.

Analysis of flagellin transcription in the flm locus mutants.
Mutations in most genes in the flm locus (all of the genes
except Isg and Ist) and equivalent loci in other bacteria result in
a reduction in the ability or an inability to detect flagella by
flagellin Western blotting of whole-cell proteins. To determine
whether flagellin gene transcription is repressed in an A. caviae
neuB mutant or Isg mutant background, the putative promoter
regions of the polar flagellin genes fla4 and flaB were tran-
scriptionally fused to the promoterless reporter gene lacZ in
pKAGDb-2(—). DNA fragments that were 550 bp long for flaA
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FIG. 4. Analysis of motility and LPS isolated from the A. caviae
flmA mutant SMT137 and derivative strains complemented with the H.
pylori orthologue flaAl. (A) Analysis of LPS isolated from A. caviae
Sch3N (WT), SMT137 (fimA mutant), and SMT137 containing
pBBRIMCS expressing the H. pylori orthologue flaAl (H.p. flaAl).
LPS was extracted from bacteria grown at 37°C in BHIB, analyzed by
SDS-PAGE (12%), and silver stained. The lower and upper LPS bands
are bands A and B, respectively. (B) Motility as assessed by swimming
in 0.3% semisolid motility agar for A. caviae Sch3N (WT), SMT137
(flmA mutant), and SMT137 containing pPBBR1IMCS expressing the H.
pylori orthologue flaAl.

and 716 bp long for flaB were amplified by PCR from A. caviae
chromosomal DNA; these fragments represented the 5" ends
of the genes and their putative promoter regions (34). The
PCR fragments were ligated into the broad-host-range lacZ
expression vector pPKAGb-2(—) in an orientation that allowed
expression of the lacZ gene. The constructs were introduced
into the A. caviae wild-type, neuB mutant, and Isg mutant
strains separately. Quantitative assays for 3-galactosidase ac-
tivity with cells grown in BHIB showed that the parental A.
caviae wild-type strain, neuB mutant, and /sg mutant and the
strains containing only the vector had very low intrinsic 3-ga-
lactosidase activities. Approximately equal levels of B-galacto-
sidase activity (220 to 255 MU) were detected in all strains
that contained the fla4 promoter plasmid pMJIW400,
whereas the activities in strains with the flaB promoter plas-
mid pMJIWS500 were between 5- and 10-fold higher (1,287 to
2,447 MU) depending on the strain background (Fig. 5).
The lowest level of activity for flaB promoter plasmid
pMIW500 was detected with the neuB mutant background;
this activity was around 62% of the activity of the wild-type
strain containing the same plasmid.

Structural analysis of the A. caviae polar flagellins. Polar
flagellin proteins were purified from the A. caviae wild-type
strain, in which two flagellin subunits (FlaA and FlaB) are
present, and flagellin was also purified from A. caviae strains
with single mutations in either the fla4 or flaB gene (34). The
flagellins were analyzed by SDS-PAGE, which indicated that
the molecular mass is approximately 35 kDa. This molecular
mass is larger than that predicted from the coding sequence
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FIG. 5. B-Galactosidase activities of the flad-lacZ and flaB-lacZ fusion plasmids in Sch3N, the nonmotile neuB mutant SMT166, and the motile
Isg mutant SMT18. B-Galactosidase activity was assayed for A. caviae Sch3N (WT), SMT166 (neuB mutant), and SMT18 (Isg mutant) and the
derivative strains containing only the vector or the fla4-lacZ and flaB-lacZ fusion plasmids, as indicated below the bars. The activity was assayed
using bacteria grown at 37°C in BHIB. Assays were carried out in triplicate, and the values are the means * standard deviations.

(34) and is thought to result from glycosylation since the flagel-
lins gave a positive result in a glycan detection assay. Glyco-
protein analysis was employed to ascertain the nature of the
flagellin sugar moiety present in the A. caviae Sch3N strain
used in this study. Thus, bands corresponding to flagellin were
excised from the gel and digested with trypsin. Electrospray
MS of the tryptic digests confirmed the presence of the FlaA
and FlaB proteins and also identified a number of multiply
charged signals not corresponding to the masses of predicted
flagellin tryptic peptides. The m/z values of these signals are shown
in Tables 4 and 5 for FlaA and FlaB, respectively. Each of these
signals was selected for MS-MS (electrospray CAD MS-MS),
and all of them had characteristic fragment ions at m/z 299 and

m/z 317, consistent with PseSAc7Ac (43). Moreover, second-
generation fragment ions at m/z 317 (data not shown) were
fully consistent with the reported fragmentation pattern for
Pse5Ac7Ac found for C. jejuni flagellin (43). For both FlaA
and FlaB, between six and eight Pse5Ac7Ac residues were
found in the serine- and threonine-rich domain spanning res-
idues 159 to 232 (FlaA) and 146 to 232 (FlaB).

Analysis of the A. caviae wild-type and flmD mutant LPS. In
order to gain further insight into the role of FImD in LPS
biosynthesis, LPS from both Sch3N and the flmD mutant were
isolated and used for structural comparison by MS. The lipid A
was removed from the samples by mild hydrolysis, and the core
and O-antigen polysaccharides were reduced and analyzed by

TABLE 4. Assignment of glycopeptides obtained from electrospray MS-MS analysis of the 4. caviae FlaA flagellin subunit

Observed Charge state of Sequence No. of
signal glyc%) peptide Sequence of glycopeptide pgsi tion Pse5Ac7Ac
(m/z)* residues
1859 [M+4H]** AAGTTIDIVSGPAGSVTTATGISLIFVSGSAGGISISTQSKAQAV 174-232 6
1487 [M+5HP* LAAADAMLEVVDGK
1240 [M+6H]**

1063 [M+7H]"*

1780 [M+4H]* AAGTTIDIVSGPAGSVTTATGISLIFVSGSAGGISISTOSKAQAV 174-232 5
1424 [M+5HP* LAAADAMLEVVDGK

1187 [M+6H]**

1136 [M+3HP FQVGADANQTIGFSLSQAGGFSISGIAK 146-173 2
1545 [M+2H** FQVGADANQTIGFSLSQAGGFSISGIAK 146-173 1

“The observed signal corresponds to the average molecular mass.
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TABLE 5. Assignment of glycopeptides obtained from electrospray-MS-MS analysis of A. caviae FlaB flagellin subunit

Observed signal Charge state of S £ ol tid Sequence No. of Pse5SAc7Ac
(m/z)* glycopeptide cquence ot glycopeptide position residues
1859 [M+4H]** AAGTTIDIVSGPAGSVTTATGISLIFTGGSAGGISISTQSKAQAV 174-232 6
1487 [M+5HP* LAAADAMLEVVDSK
1240 [M+6H]*
1780 [M+4H]** AAGTTIDIVSGPAGSVTTATGISLIFTGGSAGGISISTOQSKAQAV 174-232 5
1424 [M+5HP* LAAADAMLEVVDSK
1187 [M+6H]*
1334 [M+4H]** AAGTTIDIVSGPAGSVTTAT GISLIFTGGSAGGISISTQSK 174-214 5
1035 [M+2H]** SLAQTGGFSISGIAK 159-173 2

“ The observed signal corresponds to the average molecular mass.

MALDI MS as permethylated derivatives. The signals up to
m/z 2260 that are common to both the wild type and the flmD
mutant (Fig. 6) are derived from the core oligosaccharide. The
MS spectrum for the wild-type LPS contains an additional
series of signals indicative of O-antigen repeat units containing
Pse5Ac7Ac (mass increments of 372 U) (Fig. 6A). These sig-
nals are not present for the flmD mutant (Fig. 6B). Analysis of
perdeuteromethylated LPS provided further evidence that
Pse5Ac7Ac is a component of the Sch3N LPS but not the
mutant LPS. Thus, MALDI MS screening of perdeutero-
methylated wild-type polysaccharide (data not shown) revealed
that the mass increments attributed to PseSAc7Ac increased
from m/z 372 to m/z 384, in agreement with the expected mass
of perdeutermethylated PseSAc7Ac. These signals were not
present in the mutant.

DISCUSSION

Orthologues of the A. caviae neuA, flmD, and neuB genes
were previously thought not to be present in A. hydrophila (12)
but have recently been isolated (4). In an earlier study, we were
unable to detect them by either PCR or Southern blotting,
probably due to the large degree of heterogeneity between A.
caviae Sch3N and A. hydrophila AH-3 at the nucleotide level.
In the present work we demonstrated that the flm locus of 4.
caviae Sch3N appears to have been acquired laterally. Several
lines of evidence support this conclusion. First, the G+C content
of the locus was much lower than the average G+C content for
Aeromonas (42% versus 60%), unlike the G+C contents of the
loci in A. hydrophila AH-3 and A. hydrophila ATCC 79667,
which are similar to the average Aeromonas G+C content. In
addition, the Sch3N locus is flanked by transposon sequences;
all of these sequences are markers of genes acquired from
another source, and as both flagella and LPS have been linked
to virulence in Aeromonas (1, 26, 34), this suggests that the A4.
caviae flm locus could be a horizontally acquired glycosylation
and pathogenicity island. Furthermore, we demonstrated here
that mutations in the flm locus do indeed increase the LDs, in
the mouse model, thereby supporting its role in pathogenicity.
However, the genes required for PseSAc7Ac biosynthesis are
present in all mesophilic aecromonad strains tested so far. Mu-
tation of each individual 4. caviae gene resulted in loss of the
LPS O-antigen bands for all mutants and the flagella for all of
the mutants with the exception of the rmiB, Isg, and Ist mutants.

This finding supports our previous conclusion that most of the
proteins encoded by the flm locus in A. caviae have dual roles
in LPS biosynthesis and flagellum assembly, whereas 4. hy-
drophila AH-3 appears to have the indigenous copies of some
of the genes that are required only for flagellum glycosylation,
as another locus contains genes for the LPS O-antigen (4). The
rmlB gene that is present in the fIm locus is thought to encode
an enzyme required for rhamnose biosynthesis; this gene is
probably a remnant from another LPS biosynthesis gene clus-
ter that was acquired by A. caviae Sch3N along with the
PseSAc7Ac biosynthetic genes by horizontal transfer from an-
other bacterium. The A. caviae rmIB gene is not needed for
Pse5Ac7Ac biosynthesis, nor is it required for flagellin glyco-
sylation or LPS biosynthesis as rhamnose is not present in the
O-antigen (J. G. Shaw, unpublished).

Two possible routes for bacterial protein glycosylation have
been suggested. The first route utilizes and shares part of the
LPS biosynthesis pathway, an example of which is pilus glyco-
sylation in P. aeruginosa (5, 38). The second possible glycosyl-
ation route is distinct from the LPS pathway and is dedicated
to only glycosylation, as seen for flagellin glycosylation in C.
jejuni. In this and our previous studies we have shown that
different strains in the same genus use two disparate pathways
for flagellin glycosylation. For example, A. caviae Sch3N uti-
lizes a shared LPS-glycosylation route, and A. hydrophila AH-3
uses a dedicated glycosylation system in which mutation affects
flagellin expression but does not alter the strain’s LPS (4, 12).

The dual functions of the A. caviae flm locus proteins en-
coded by flmA, flmB, neuA, flmD, and neuB suggested that they
are involved in sugar biogenesis and that the sugars that they
make are placed both on the flagella and in the LPS (Fig. 7);
this was subsequently proved by MS, which demonstrated that
mass increments both in flagellins and in the LPS O-antigen
were consistent with Pse5Ac7Ac. Sugars for the LPS are linked
to each other by glycosyltransferases, suggesting a role for Lst;
these sugars are then transported across the cytoplasmic mem-
brane by the Wzx-like flippase Lsg. However, similar Wzx-like
proteins have also been shown to be involved in pilin glycosyl-
ation in Neisseria and P. aeruginosa (5) but do not appear to be
involved in flagellin glycosylation. Although Aeromonas strains
express type IV pili, it is not known whether they are glycosyl-
ated (19). Bacterial surface sugars need to be transported
across the cytoplasmic membrane; this usually occurs by two
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FIG. 6. MALDI MS analysis of permethylated LPS derived from A4. caviae. Lipid A was released prior to derivatization and analysis of the core
and O-antigen polysaccharide component. (A) Wild-type strain-derived core and O-antigen polysaccharide. Examples of signals corresponding to
O-antigen repeat units differing by a Pse5Ac7Ac residue are labeled “Pse5Ac7Ac.” (B) flmD mutant-derived core oligosaccharide. Signals
corresponding to the O-antigen repeat and Pse5SAc7Ac were not observed.

main systems, based on the proteins Wzx-Wzy and Wzm-Wzt.
Mutation of Isg affects only LPS biosynthesis, suggesting that
flagellin glycosylation is Wzx independent. Therefore, flagellin
glycosylation may be Wzm-Wzt dependent. However, our data
support the more favored idea that glycosylation of the flagel-
lar proteins occurs in the cytoplasm and the glycosylated flagel-
lins are then exported to the cell surface for filament assembly
and are not glycosylated once they are on the surface.
Attempts to functionally characterize the A. caviae neuA and
neuB genes through complementation of their E. coli mutant
counterparts using pDI54 were unsuccessful, even though
pDI54 is able to fully complement the neuAd and neuB mutants
of A. caviae (12). This suggests that the 4. caviae neuA and
neuB genes encode proteins not involved in Neu5Ac biosyn-
thesis. C. jejuni strain NCTC 11168 contains three paralogues

of neuB, and the proteins encoded by them have been demon-
strated to have various levels of NeuSAc synthetase activity
(24). The presence of three genes that all encode the same
enzyme does suggest that there is some functional redundancy
if all three enzymes make the same product (i.e., NeuSAc).
Only the C. jejuni neuB3 gene was able to complement and
completely rescue all of the phenotypes of the A. caviae neuB
mutant. Mutation of the neuB3 gene in a number of C. jejuni
strains does result in a phenotype similar to that of the A.
caviae neuB mutant with regard to the loss of flagella and
motility (24, 43). Additionally, the glycosyl modifications of the
Campylobacter flagellin have been demonstrated to be varia-
tions of the nine-carbon sugar Pse5SAc7Ac, which is structurally
similar to Neu5Ac, and NeuB3 has been shown to be involved
in the biosynthesis of PseSAc7Ac (43) and is now designated
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FIG. 7. Hypothetical pathway for flagellin glycosylation and LPS
modification in A. caviae Sch3N. The biosynthetic pathway to
Pse5Ac7Ac is based on the predicted functions of the 4. caviae pro-
teins compared with those elucidated for C. jejuni and H. pylori pro-
teins (25, 39). The activated form of PseSAc7Ac, CMP-Pse5Ac7Ac, is
then either transferred onto the flagellin by an unknown mechanism or
is predicted to be transferred onto a sugar-antigen carrier lipid (ACL)
by Lst to create an LPS O-antigen unit, and this O-antigen unit is
subsequently transported across the cytoplasmic membrane by Lsg.

Psel (25). The C. jejuni neuB3 and H. pylori flaAl genes are
able to complement their A. caviae counterparts. Furthermore,
both H. pylori flaAl and its orthologues in C. jejuni, pseB
(Cj1293) and psel (neuB3), have also been associated with
Pse5Ac7Ac synthesis (6, 11, 37). This suggested that the A.
caviae flm locus is involved in Pse5Ac7Ac biosynthesis; we
subsequently confirmed this by our detection of PseSAc7Ac
both on the flagellins and in the LPS O-antigen of A. caviae
Sch3N. MS showed that Pse5Ac7Ac is present on both the
flagellin subunits and in LPS of A. caviae. Glycosylation oc-
curred only in the central domain of the A. caviae flagellin, as
has been observed previously for both C. jejuni and H. pylori. It
was recently demonstrated that A. caviae flagellin from another
strain is glycosylated with Pse5Ac7Ac modified with an extra
glycine residue (36). A number of related derivatives of
PseSAc7Ac have also been reported to be present in C. jejuni
(36, 37, 43). In this study of A. caviae Sch3N flagellin glycosyl-
ation, only PseSAc7Ac was observed. The additional modifi-
cation of Pse5Ac7Ac by glycine reported by Schirm et al. (36)
was not detected. However, additional campylobacter-like gly-
cosylation island genes are present adjacent to the flm locus in
the genome sequences of A. hydrophila ATCC 7966 and AH-3
(4, 42); these genes could be involved in generating derivatives
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of Pse5Ac7Ac similar to those seen on the flagellins of C.
Jejuni.

Based on enzymology, mutational analysis, and metabolomic
studies, a pathway for the production of Pse5Ac7Ac has been
proposed for C. jejuni (13, 25). Investigations of C. jejuni 81-
176 have shown that the proteins essential for the production
of Pse5Ac7Ac are PseB, PseC, PseF, PseG, PseH, and Psel,
homologues of which are encoded by genes present in the A.
caviae Sch3N flm locus. This suggests that this strain of A.
caviae has acquired the minimum gene cluster required for the
biosynthesis of Pse5SAc7Ac.

Activation of PseSAc7Ac through addition of CMP by the
PseF homologue NeuA would result in CMP-Pse5Ac7Ac; this
compound is probably the substrate of the A. caviae sialyltrans-
ferase-like protein Lst for addition of PseSAc7Ac to the LPS
O-antigen (Fig. 7). As mutation of st affects only LPS produc-
tion and not flagella or motility, addition of Pse5SAc7Ac to the
flagellin most likely involves another protein. One possible
candidate is the Maf family of proteins (motility-associated
factors), as the genes for these proteins are linked to, or found
within, the flagellin and glycosylation loci of a number of bac-
teria, including H. pylori (HP0114), C. jejuni (Cj1318), A. hy-
drophila AH-3, and A. hydrophila ATCC 79667 (4, 18, 37, 42).
Mutation of these genes results in a phenotype like that ob-
served for the flm locus mutants, with the loss of motility and
flagella (18, 36). Furthermore, a maf (Cj1318) orthologue has
been found in A. caviae Sch3N directly downstream of the
polar flagellin locus (J. G. Shaw, unpublished).

Mutation of genes in the flm locus in this study and our
previous study has resulted in the absence of or a reduction in
the amount of the flagellin subunit on whole-cell Western blots
(4, 12). Here we showed that the expression from the putative
flaA and flaB gene promoters transcriptionally fused to lacZ
was reduced only for the flaB promoter in a neuB mutant
background compared to the wild-type strain or the motile Isg
mutant strain. The expression from the fla4 promoter, al-
though 10-fold lower, appeared to be the same in all the strain
backgrounds tested. The small reduction in transcription of the
flaB gene does not explain the large reduction in or absence of
flagella on Western blots. However, this is similar to the situ-
ation in C. crescentus, where transcriptional and translational
fusions to the fljK flagellin subunit gene were expressed at
levels close to wild-type levels in flmA, flmD, and flmH mutant
backgrounds (2). In H. pylori similar mutations greatly reduced
the amount of detectable flagellin protein on Western blots
(16, 37), but the flagellin genes were transcribed, as judged by
RT-PCR (37). In A. hydrophila AH-3 mutations of flm locus
genes stop the development of a functional flagellum filament
and reduce the amount of flagellin present by around 50% (4).
It therefore appears at this stage that in A. caviae Sch3N the
flm genes are not part of the flagellar regulatory hierarchy, but
at present the full regulatory hierarchy for the Aeromonas
polar flagellum is not known. Furthermore, the pseB gene in
Campylobacter has been shown to be coordinately regulated
with flagellum genes (11).
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