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The enteric pathogen Campylobacter jejuni is a highly prevalent yet fastidious bacterium. Biofilms and
surface polysaccharides participate in stress survival, transmission, and virulence in C. jejuni; thus, the
identification and characterization of novel genes involved in each process have important implications for
pathogenesis. We found that C. jejuni reacts with calcofluor white (CFW), indicating the presence of surface
polysaccharides harboring 31-3 and/or 31-4 linkages. CFW reactivity increased with extended growth, under
42°C anaerobic conditions, and in a AspoT mutant defective for the stringent response (SR). Conversely, two
newly isolated dim mutants exhibited diminished CFW reactivity as well as growth and serum sensitivity
differences from the wild type. Genetic, biochemical, and nuclear magnetic resonance analyses suggested that
differences in CFW reactivity between wild-type and AspoT and dim mutant strains were independent of
well-characterized lipooligosaccharides, capsular polysaccharides, and N-linked polysaccharides. Targeted
deletion of carB downstream of the dim13 mutation also resulted in CFW hyporeactivity, implicating a possible
role for carbamoylphosphate synthase in the biosynthesis of this polysaccharide. Correlations between biofilm
formation and production of the CFW-reactive polymer were demonstrated by crystal violet staining, scanning
electron microscopy, and confocal microscopy, with the C. jejuni AspoT mutant being the first SR mutant in any
bacterial species identified as up-regulating biofilms. Together, these results provide new insight into genes

and processes important for biofilm formation and polysaccharide production in C. jejuni.

Campylobacter jejuni is the leading cause of bacterial gastro-
enteritis in the developed world, surpassing Escherichia coli
and Salmonella and Shigella spp. combined (2). Current re-
ports suggest that campylobacteriosis accounts for 5 to 15% of
all diarrheal illnesses worldwide, affecting ~1% of the North
American, United Kingdom, and Australian populations each
year (1, 55, 85). These are likely underestimates, as a signifi-
cant number of cases go unreported. Complications arising
from C. jejuni infection include reactive arthritis and Guillain-
Barré syndrome (GBS), a neuropathological disorder charac-
terized by acute ascending bilateral paralysis (54). GBS is
thought to be due to molecular mimicry, whereby antibodies
generated against C. jejuni lipooligosaccharide (LOS) attack
peripheral nerve gangliosides harboring similar structures (87).

C. jejuni infection is a natural zoonotic organism, residing
asymptomatically as part of the normal flora in many animal
species (8, 12, 19, 84). The major source of sporadic infection
is thought to be the consumption of undercooked contami-
nated poultry or cross-contamination of other food products
with raw poultry juice (50). Larger-scale outbreaks have been
attributed to the consumption of unpasteurized milk and fe-
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cally contaminated water sources (49, 50). Thus, despite having
fastidious laboratory growth requirements, C. jejuni must pos-
sess mechanisms allowing it to survive a range of in vivo and ex
vivo (i.e., outside of an animal host) conditions.

One such survival mechanism is the C. jejuni stringent re-
sponse (SR), which we recently identified as important both for
the virulence-related phenotypes of cell invasion and intracel-
lular survival and for transmission-related phenotypes includ-
ing growth and survival in suboptimal CO, and O, environ-
ments (26). The C. jejuni SR is regulated by spoT, which
encodes an enzyme that catalyzes the synthesis and hydrolysis
of guanosine tetraphosphate (ppGpp), an alarmone that me-
diates the SR by binding RNA polymerase and altering gene
expression. Other gram-negative alpha- and epsilonproteobac-
teria as well as most gram-positive organisms likewise utilize a
single bifunctional ppGpp synthetase/hydrolase (51, 53, 82).
In contrast, gram-negative gammaproteobacteria utilize two
ppGpp biosynthetic genes, rel4 and spoT (51).

The C. jejuni SR exhibits several other differences from the
SRs of other well-studied bacteria. For instance, a C. jejuni
AspoT mutant did not exhibit increased sensitivity to several
predicted stresses, including osmotolerance, serum sensitivity,
and mouse and chick colonization (26; also E. Gaynor, unpub-
lished data), which were stresses affecting SR mutants in other
bacteria (56, 61). Furthermore, many other gram-negative SRs
signal through the stationary-phase sigma factor rpoS, which is
absent from C. jejuni. These data suggest the existence of stress
response pathways in C. jejuni that function independently of
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SpoT and complement the absence of a classical stationary-
phase response.

Although much of C. jejuni biology is poorly understood
compared to model organisms, C. jejuni surface polysaccha-
rides and glycosylation pathways have been shown to play
important roles in both virulence and stress survival (7, 28, 66,
69). A significant proportion of the C. jejuni genome is dedi-
cated to known and putative polysaccharide synthesis and
modification genes (22, 23, 60). Polysaccharide structures char-
acterized to date include LOS, N-linked glycoproteins, capsu-
lar polysaccharides (CPS), and O-linked flagellar glycoproteins
(69, 73), many of which are involved in important functions
including motility, virulence, colonization, serum resistance, ex
vivo survival, and immune evasion (7, 37, 69).

Calcofluor white (CFW) binds B1-3 and B1-4 carbohydrate
linkages and fluoresces under long-wave UV light (62, 83). It
has been used to study surface polysaccharides in a variety of
organisms, some of which correspond to exopolysaccharides
(EPSs) involved in stress survival and biofilm formation (40,
41, 67, 82, 89). Biofilms are now appreciated as a critical
lifestyle stage for many bacteria and are important for survival
in many environments, including those associated with patho-
genesis (25, 40, 45). The initial bacterial attachment event is
complex and influenced by many variables, while biofilm mat-
uration involves the development of slow-growing protective
communities characterized by low metabolic activity and en-
casement in a matrix of extracellular polymeric substances (13,
20, 24, 45). EPSs are an important component of the biofilm
matrix; however, their structures and synthesis mechanisms
can differ significantly between bacteria (20). For example, E.
coli and S. enterica serovar Typhimurium utilize cellulose and
colanic acid as crucial components of their extracellular ma-
trices (13, 40, 48, 67, 89); E. coli also utilizes poly-B-GlcNAc
polymers, as do Bordetella spp. (59, 80, 81), and Staphylococcus
epidermidis and S. aureus utilize polysaccharide intercellular
adhesin or poly-N-acetylglucosamine polymers (20, 44, 46).
Intraspecies variability in both gene content and polysaccha-
ride expression between Pseudomonas aeruginosa strains has
also been observed (13).

For C. jejuni, biofilms have only recently begun to be char-
acterized at a molecular genetic level (35, 36, 63, 65) but have
been hypothesized as important both for in vivo colonization,
as proposed for Salmonella (40, 88), and for transmission and
ex vivo survival, such as on the nipples of chicken water bottle
feeders (76, 88). Interestingly, all SR mutants in other bacteria
published to date are defective for biofilm formation, indi-
cating a relationship between these two stress response phe-
nomena (10, 30, 42, 71). In this study, we provide evidence
that C. jejuni produces a CFW-reactive polysaccharide that
appears to be distinct from other surface polysaccharides
and that production of this polysaccharide correlates with
biofilm formation in the wild type (WT) and in AspoT and
two novel dim (CFW-hyporeactive) mutant strains. This
study also provides additional insight into C. jejuni serum
stress survival and general aspects of biofilm formation,
identifies new genes potentially involved polysaccharide
production, and is the first demonstration of an SR mutant
with a hyperbiofilm phenotype.
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TABLE 1. Primers used in this study
Sequence (5'—3")

Primer name

>H3up.... . TCATATCCTTTTTTTAGATTTAAG
H3down .. LCACTTTCCCTGTTTCTATGATACC
)\ CCAGTTCCCATCTATTTTGTCAC

GCTTTTTCACAGCATAACTGGAC

gne-L.2. .TGAAAATTCTTATTAGCGGTGGT
gne-R2 .. CCCAATCAAAAGCAGATTACAA
carB-4fL1 GCCTCGAGGAACTCAAGCCGCAAAGACT

carB-4fR1 ........ ::GCGAATTCAACCACACCACTTCCAGCAC
carB-4fL2........... GCGGATCCAAAAACCGCAGATATTGCTTTA
carB-4fR2 .......... GCGAGCTCGCTTTACATATTCTGCAGCGATT

MATERIALS AND METHODS

Bacterial growth conditions and strains. Unless otherwise stated, all C. jejuni
strains were grown on Mueller-Hinton (MH) agar or broth (Oxoid) supple-
mented with trimethoprim (T) and vancomycin (V) (MH-TV) at 37°C in 6%
0,-12% CO, (microaerobic) conditions generated using a trigas incubator
(Heraeus) or the Oxoid Campygen system. E. coli cultures were grown in Luria-
Bertani (LB) broth or on LB agar in atmospheric conditions at 37°C. Antibiotic
concentrations were as follows: ampicillin, 50 pg/ml; chloramphenicol (Cm), 25
wg/ml; kanamycin (Kan), 50 wg/ml; T, 5 pg/ml; and V, 10 pg/ml. C. jejuni strain
81-176, isolated from a raw milk outbreak (39), was used as the WT strain for all
experiments. The 81-176 AspoT mutant was previously described (26). An 81-176
UDP-GIcNAc/Glc4 epimerase (gne) mutant was generated by PCR amplifying
the gne::Kan" disruption locus from a C. jejuni 11168 Agne mutant (11) by use of
primers gne-L2 and gne-R2 (Table 1). The gne::Kan" construct was ligated into
pGEM (Promega) and introduced into WT 81-176 as a suicide vector by elec-
troporation (79). Kan" transformants were recovered on brain heart infusion
(BHI; BD Difco)-TV-Kan plates and confirmed by PCR and sequencing. The
AkpsM 81-176 capsule export mutant was a generous gift from Patricia Guerry
).

Construction of a C. jegjuni Tn7-based Tn library. A commercially available
Tn7-based in vitro mutagenesis system (GPS-M; New England Biolabs), previ-
ously modified for use in Helicobacter pylori (64), was used to mutagenize C.
Jjejuni. The previously described pGPS-cat vector harboring the Cm acetyltrans-
ferase gene (CAT) and purified transposase enzyme from New England Biolabs
were used according to the manufacturer’s instructions to mutagenize C. jejuni
81-176 chromosomal DNA, which was purified by two CsCl gradient centrifuga-
tions (5). This mutagenized DNA was transformed into C. jejuni 81-176 by
natural transformation and electroporation (79), and Cm-resistant clones were
selected on MH-TV-Cm plates. Approximately 1,000 single colonies were di-
rectly harvested from the plates and stored at —80°C; 20 of the colonies were
screened by Southern analyses to confirm random Tn7 insertion (data not
shown). This now represents the fourth method for in vitro transposon (Tn)
mutagenesis of C. jejuni (16, 27, 32).

CFW dim mutant screen. A 2% CFW M2R (Sigma fluorescent brightener 28)
stock solution was prepared by diluting CFW in distilled water and adding 10 M
NaOH drop-wise until the CFW dissolved (~15 wl NaOH/1 ml CFW); then it
was filter sterilized and stored at 4°C in the dark. To screen for dim (CFW-
hypofluorescent/hyporeactive) mutants, the Tn7 library was grown for ~7 h
microaerobically at 37°C on MH plates, the bacteria were harvested and diluted
to ~2,000 CFU/ml, and 100-pl aliquots were spread on BHI-TV-0.002% CFW
plates. The plates were incubated microaerobically at 37°C for 48 h and then
transferred to a 42°C anaerobic environment for 24 h. All CFW plate growth and
incubations were performed in the dark. CFW reactivity was visualized under
long-wave (365 nm) UV light, and colonies exhibiting a hypofluorescent (dim)
phenotype were selected and purified.

Molecular and genetic characterization of the dim mutants. To identify the Tn
insert site in dim10, three procedures were employed. The first was an inverse
PCR approach: genomic DNA was digested with either HindIII or Clal, frag-
ments were circularized by ligation, and PCR was performed using S+H3down
or N+H3up primers (Table 1). The S+H3down reaction yielded part of the
81-176 intergenic region shown below (see Fig. 2) plus a short fragment of
Cj0967, but the N+H3up reactions were unsuccessful. We next attempted a
random prime approach described in the work of Salama et al. (64). Again, the
S primer reactions yielded part of Cj0967 and the 81-176-specific intergenic
region, but no product was obtained for the N side of the Tn. PCR amplification
of the Cj0965¢-Cj0967 region of the WT and the dim10 mutant yielded identical
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sequences, indicating that the Tn was not at this locus. Therefore, we digested
dim10 mutant genomic DNA with Bcll to yield predicted ~5- to 15-kb fragments,
which were ligated into pUCI8 cut with BamHI. Positive E. coli clones were
identified using Cm, and the entire clone was sequenced. Southern analyses
performed on 81-176 WT and the dimI0 mutant and 11168 WT DNA by use of
Cj0967 as a probe confirmed the presence of two Cj0967-Cj0975 loci in 81-176
and that the Tn had inserted at the second locus, upstream of Cj0967 and
downstream of Cj0500.

The dim13 Tn insertion was mapped by HindIII digestion of genomic DNA
followed by circularization and inverse PCR with S+H3down or N+H3up prim-
ers, yielding sequences both up- and downstream of the Tn insert. To transform
the dim13 Tn insert into a clean WT background, ~1 pg of dim13 genomic DNA
was introduced into 81-176 by natural transformation, and Cm-resistant clones
were selected on MH-TV-Cm plates. AspoT diml10 and AspoT dim13 double
mutants were constructed by transforming AspoT genomic DNA into the dim10
and dimlI3 mutants and selecting on MH-TV-Cm-Kan plates. To construct a
targeted carB deletion strain, ~500 bp from both the 5'- and 3’-most ends of carB
were amplified from 81-176 genomic DNA by use of primers carB-4fL1, carB-
4fR1, carB-4fL2, and carB-4fR2 (Table 1) to introduce Xhol/EcoRI sites to the
5'region and BamHI/SaclI sites to the 3’ region of carB. The carB amplicons were
digested with the enzymes noted above, the Kan® cassette was digested with
EcoRI/BamHI, pBluescript was digested with Xhol/Sacl, and the four fragments
were ligated to generate a AcarB::Kan' disruption construct. Kan" C. jejuni
colonies were isolated following electroporation of the construct into 81-176 and
selection on MH-TV-Kan plates. Primers annealing outside the region initially
amplified were used to confirm the proper insertion of the carB::Kan" disruption
construct.

Bacterial growth and phenotype assays. C. jejuni strains grown for 8 h on MH
plates were harvested in MH-TV broth, inoculated at an optical density at 600
nm (ODgq) of 0.002, and grown overnight in shaking broth culture to early log
phase (~16 h). For general growth assays, cultures were diluted to an ODy of
0.05 and grown shaking for 48 h, and ODy,, and CFU were determined at
various time points. For serum sensitivity assays, bacteria were grown to early log
phase and then diluted in phosphate-buffered saline (PBS) to ~2 X 10° CFU/ml.
Bacteria (50 nl) were mixed 1:1 with a 20% solution of normal human serum or
the same serum heat killed (HK serum) in PBS for 60 min at 65°C. After 60 min
of incubation in a 37°C microaerobic environment, bacteria were plated for CFU
enumeration. Percent survival was determined by dividing the number of CFU in
10% serum by the number of CFU in 10% HK serum. Experiments were
performed in triplicate with three replicates. To assay CFW fluorescence, bac-
teria were grown overnight on MH plates, harvested with BHI broth, and diluted
to an ODgq, of 0.02, and 10-pl aliquots were spotted on BHI plates containing
0.002% CFW. Bacteria were grown at 37°C under microaerobic conditions for
24 h and then allowed to continue growing under 37°C microaerobic conditions
or transferred to 42°C anaerobic conditions. Photographs were taken under a
long-wave UV lamp in the dark with an Olympus C-5060 digital camera.

TEM negative staining. Overnight cultures were inoculated at an ODy, of
0.002 and grown microaerobically to early log phase, diluted to an ODg, of
0.005, grown shaking microaerobically for 24 h, and then fixed with 2.5% glu-
taraldehyde in 0.1 M cacodylate buffer, loaded onto Formvar carbon-coated
grids, negatively stained with 0.5% uranyl acetate, and visualized by transmission
electron microscopy (TEM).

Carbohydrate preparation, SDS-PAGE, DOC-PAGE, silver staining, and
CFW staining analyses. C. jejuni strains were grown on MH agar for 48 h
microaerobically and prepared based on the method of Hitchcock and Brown
(33). Briefly, bacteria were harvested with PBS and diluted to an ODg, of 10 in
100 pl. An equal volume of 2X lysis buffer (4% sodium dodecyl sulfate [SDS],
8% B-mercaptoethanol, 20% glycerol, 0.125 M Tris [pH 6.8], 0.025% bromo-
phenol blue) was added to the cell suspension, which was then heated at 95°C for
10 min. After the samples cooled to room temperature, 10 pl of 10-mg/ml
proteinase K was added and samples were incubated overnight at 37°C or 55°C.
Samples were then incubated at 65°C for 1 h or 95°C for 5 min and separated on
6 to 16% deoxycholate (DOC)-polyacrylamide gel electrophoresis (PAGE) (68),
4 to 16% SDS-PAGE, or 6 to 16% SDS-PAGE gradient gels followed by either
silver staining or CFW staining. Bio-Rad Kaleidoscope markers were also loaded
onto each gel. Silver staining was performed according to the method outlined by
Tsai and Frasch (77), with modifications as per the work of St. Michael et al. (68).
For CFW staining, the gel was shaken for 45 min in a 0.01% CFW-0.5 M Tris
(pH 9.2) solution, followed by destaining in water for 3 h. A long-wave (365-nm)
UV light was used to visualize CFW staining. This experiment was conducted
three times with similar results.

CYV biofilm assays. Eight-hour plate cultures of C. jejuni were inoculated into
broth at an ODy of 0.002, grown shaking overnight (16 h) to early log phase
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(ODggg, ~0.2 to 0.4), and diluted to an ODy, of 0.05. Sterile 96-well polyvinyl
chloride plates, polystyrene plates, or borosilicate tubes were inoculated with 100
wl (96-well plates) or 1 ml (borosilicate tubes) of culture and placed in 37°C
microaerobic conditions without agitation. After 24, 48, and 72 h, the cultures
were stained by adding 25 pl (plates) or 250 wl (tubes) of crystal violet (CV)
staining solution (1% CV in 95% ethanol) and incubating at room temperature
for 15 min. The tubes were thoroughly rinsed with H,O and visually assessed, and
photographs were taken with an Olympus C-5060 digital camera. To quantify
biofilms, 1.5 ml dimethyl sulfoxide (DMSO) was added to each tube, the mixture
was incubated for 24 to 48 h to dissolve the CV, and absorbance at 570 nm was
assessed.

SEM. C. jejuni biofilms were grown in borosilicate tubes as described above,
with a glass coverslip standing upright in the culture. After 24, 48, or 72 h, the
cover glass was removed and gently rinsed once in 0.1 M cacodylate buffer, and
the biofilms were fixed (2.5% glutaraldehyde in 0.1 M cacodylate) for 1 h. Cover
glasses containing the biofilms were processed and visualized using scanning
electron microscopy (SEM).

CLSM. C. jejuni biofilms were grown in borosilicate tubes in the dark, as
described above, with the addition of 30 ul FM4-64 stock (Molecular Probes)
and 15 pl of 0.2% CFW solution to the cultures. Cover glass strips containing the
biofilms were recovered from the cultures and placed directly into a Lab-Tek II
chamber #1.5 German cover glass system containing BHI broth for visualization
on an Olympus inverted confocal laser scanning microscope (CLSM) at the
Department of Cellular and Physiological Sciences at UBC.

HR-MAS NMR spectroscopy. Cells were prepared and analyzed by high-
resolution magic angle spinning (HR-MAS) nuclear magnetic resonance (NMR)
spectroscopy as previously described (70).

RESULTS

C. jejuni CFW reactivity is increased in a AspoT mutant,
under 42°C anaerobic conditions, and after extended growth;
CFW reactivity is decreased in dim mutants. A C. jejuni AspoT
mutant incapable of mounting an SR was previously shown to
be defective for several phenotypes yet unexpectedly survived
other predicted stresses (26). To investigate whether surface
carbohydrates might play a role in these surprising results, WT
and AspoT strains were patched onto plates containing CFW,
and CFW reactivity was assayed by observing bacterial fluo-
rescence under long-wave UV light. After 48 h of microaerobic
growth at 37°C, the AspoT mutant was significantly more flu-
orescent than WT (Fig. 1A). Although the AspoT mutant was
consistently more fluorescent than WT, we also observed a
notable increase in WT fluorescence upon a 24-h shift to 42°C
anaerobic conditions (Fig. 1B) and during extended growth
under 37°C microaerobic conditions (Fig. 1C). We next
screened a pilot Tn7-based Tn library, constructed in a WT
background as described in Materials and Methods, for mu-
tants that failed to hyperfluoresce following the 24-h 42°C
anaerobic induction. Several dim (CFW hypofluorescent/hypo-
reactive) mutants were isolated, two of which, the dimI0 and
dim13 mutants, were selected for further characterization. As
Fig. 1C shows, dim mutant fluorescence was severely attenu-
ated both under 42°C anaerobic conditions and for the first
72 h of 37°C microaerobic growth, with only minimal fluores-
cence appearing after 96 h.

dim mutant genetic analyses reveal genomic differences be-
tween strains 11168 and 81-176 and a role for carB in CFW
reactivity. To determine the location of the Tn insertions,
genomic DNA was prepared from the dimI0 and diml3 mu-
tants, and three mapping techniques were employed as de-
scribed in Materials and Methods. This revealed that both
dim10 and dim13 harbor Tns in intergenic regions of the 81-
176 genome. While mapping the dim 10 Tn insert site, we found
that relative to the published strain 11168 genome sequence
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37°C microaerobic

42°C anaerobic

42°C
48h* an-
aerobic

FIG. 1. CFW fluorescence phenotypes of 81-176 WT and AspoT
and dim mutants visualized under long-wave UV light. (A and B) CFW
reactivity profiles of WT versus the AspoT mutant. (A) WT and the
AspoT mutant were patched onto BHI-CFW plates and grown for 48 h
under 37°C microaerobic conditions. (B) Equal ODy, equivalents of
WT and AspoT bacteria were spotted onto BHI-CFW plates and grown
for 24 h under 37°C microaerobic conditions and then shifted for 24 h
to 42°C anaerobic conditions. (C) Plate growth time course of CFW
reactivity and dim mutant profiles compared to those of the WT and
the AspoT mutant. Equal ODg, equivalents of WT and the AspoT,
dim10, and dimI3 mutants were spotted onto BHI-CFW plates and
grown for 48, 72, and 96 h under 37°C microaerobic conditions (top
three rows) or for 24 h under 37°C microaerobic conditions followed
by a 24-h incubation under 42°C anaerobic conditions (48h*). All CFW
plate growth and incubation experiments were performed in the dark,
and CFW reactivity was visualized by long-wave UV light. All strains
were assayed on the same plate, although spot rearrangement was
necessary for presentation purposes.

(60) (Fig. 2A), the WT 81-176 strain (Fig. 2B) contains two
copies of an ~6-kb locus that begins ~300 bp upstream of
Cj0967 and ends at the 3" end of Cj0975. One copy occurs
downstream of Cj0965c (Fig. 2B, top), while the second copy
occurs between Cj0500 and hemH (Cj0502) (Fig. 2B, bottom).
Cj0501 is absent from 81-176. Both copies of this locus in
81-176 also harbor an ~200-bp 81-176-specific region of inter-
genic DNA immediately upstream of Cj0967 (Fig. 2B). This
region is >90% AT rich but contains an inverted repeat and a
G-rich tract upstream of the Cj0967 start codon. The diml0 Tn
insert mapped within this 81-176-specific intergenic region
(Fig. 2C), downstream of Cj0500 (encoding a putative ATP/
GTP binding protein) and upstream of Cj0967 (encoding a
putative periplasmic protein). The dim13 Tn insert mapped to
an intergenic region 80 bp downstream of Cj0277 (encoding a
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FIG. 2. Molecular and genetic analyses of dim10 and diml3 mu-
tants. (A to D) Location of dim10 and dim13 Tn inserts and compar-
ison of diml0-related sequences between WT 11168 and 81-176.
(A) WT 11168: loci harboring the Cj0967 region (white arrows) and
the Cj0500 region (dark gray arrows), based on published sequence
data. (B) WT 81-176: two copies of the ~6-kb Cj0967-Cj0975 locus
occur, one downstream of Cj0965¢ and one between Cj0500 and hemH
(Cj0502). Cj0501 is absent in 81-176. A 200-bp 81-176-specific region
of intergenic DNA is located upstream of Cj0967 at both loci (black
boxes). (C) The diml10 Tn insert (Cm" flanked by gray boxes) maps
within the 200-bp 81-176-specific intergenic region upstream of Cj0967
and downstream of Cj0500. Due to space constraints in panels A to C,
two hatched lines (//) were used to represent DNA corresponding to
the region between Cj0968 and Cj0975. (D) The dim13 Tn insert (Cm"
flanked by gray boxes) maps upstream of carB (Cj0279) and down-
stream of Cj0277 in a region conserved between 11168 and 81-176
(hatched gray arrows). (E and F) Forty-eight-hour CFW plate assays
on reconstructed diml3 mutant (dim13*) and carB targeted deletion
(AcarB) strains (37°C microaerobic and 42°C anaerobic analyses)
(E) and on dimlI0 AspoT and diml3 AspoT double mutants (37°C
microaerobic analysis) (F) were performed as described for Fig. 1.
Although spot rearrangement for presentation purposes was necessary
in panel E, for both panel E and panel F, all appropriate controls were
included on the same plates as the test strains.

putative periplasmic protein with 30% identity to H. pylori
mreC) and 181 bp upstream of carB (Cj0279) (encoding car-
bamoylphosphate synthase) in a region well conserved be-
tween 11168 and 81-176 (Fig. 2D).

We next wished to confirm that the dim phenotype of at least
one of the mutants was due to the Tn insertion. Because of the
diploid nature of the dim10 insert site and the PCR recalci-
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FIG. 3. Visual and biochemical investigations into the CFW-reac-
tive polysaccharide by TEM, HR-MAS NMR, Agne and AkpsM CFW
assays, and PAGE resolution followed by silver and CFW staining.
(A) 81-176 WT and the AspoT mutant were grown microaerobically in
liquid culture, fixed with glutaraldehyde, negatively stained with uranyl
acetate, and visualized using TEM. The arrows point out exaggerated
translucent surface material on the AspoT mutant and points of agglu-
tination surrounded by the translucent material. (B) HR-MAS NMR
spectra of 81-176 WT and AspoT, dim10, and dim13 mutants showing
the anomeric proton region which highlights the CPS resonances for
bacteria grown for 48 h under 37°C microaerobic conditions or for 24 h
under 37°C microaerobic conditions and then incubated for 24 h in
42°C anaerobic conditions. (C) CFW reactivity profiles of Agne and
AkpsM mutants compared to those for relevant control strains grown
on the same plate for 48 h under 37°C microaerobic conditions (as with
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trance of the intergenic region upstream of Cj0967 (see Ma-
terials and Methods), we focused our efforts on dim13. First,
dim13 genomic DNA was used to transform the Tn insertion
into a clean WT background. Multiple dim13 transformants
were recovered, a subset of which (represented by dim13*) was
confirmed by PCR. Second, a targeted carB deletion strain (the
AcarB strain) was generated and confirmed as described in
Materials and Methods. Both the dimi13* and AcarB strains
exhibited a dim phenotype on CFW plates (Fig. 2E), confirm-
ing the linkage of the dim13 mutation and implicating a role
for carB in this phenotype.

Finally, to investigate dominance effects, double diml0
AspoT and dim13 AspoT mutants were constructed. Both of the
double mutants were significantly brighter than WT on CFW
plates, although slightly less bright than the AspoT mutant (Fig.
2F). The AspoT phenotype thus appears dominant, although
some effect of the dim mutations on the AspoT mutant was
observed.

CFW reactivity correlates with alterations in an uncharac-
terized C. jejuni polysaccharide. As CFW reacts with g1-3 and
B1-4 carbohydrate linkages, we reasoned that differences in
CFW reactivities likely represent differences in surface carbo-
hydrate compositions. TEM analyses of glutaraldehyde-fixed
WT and AspoT strains revealed a pronounced layer of trans-
lucent material coating the surface of AspoT bacteria that was
less abundant in the WT strain (Fig. 3A). A high occurrence of
cell-cell adhesion for the AspoT strain compared to that seen
for WT was also observed, with adhesion points associated with
the translucent surface material (Fig. 3A).

We next employed whole-cell HR-MAS NMR (37, 70) to
analyze the CPS composition of WT, AspoT, dim10, and dim13
strains grown on plates for 24 h under 37°C microaerobic
conditions and then either maintained as such or transferred to
42°C anaerobic conditions for 24, 48, or 72 h. This revealed
some differences between strains and incubation conditions;
however, no clear signature correlating with CFW reactivity
was identified (Fig. 3B), suggesting that the CFW-reactive
polysaccharide does not correspond to the characterized C.
jejuni CPS. For simplicity, only the anomeric regions showing
the distinct CPS resonances (37) of 48-h samples are shown.
However, the rest of the spectrum, including the B-anomeric
region upfield from the HOD peak as well as spectra acquired
at other time points, likewise revealed no clear signals corre-
lating with CFW reactivity.

We next tested the CFW reactivities of two mutants known

Fig. 1 and 2, spot rearrangement was necessary for presentation pur-
poses). (D) WT and AspoT, diml10, and diml3 mutants were grown
under 37°C microaerobic conditions for 48 h, polysaccharides were
resolved by 4 to 16% SDS-PAGE (top) and 6 to 16% DOC-PAGE
(bottom), and the gels were silver stained. “L” indicates LOS, and “X”
indicates an uncharacterized high-MW polysaccharide that migrates
just below the stacking gel and near or just above the 250-kDa Bio-Rad
Kaleidoscope marker. (E) WT, the AspoT, diml10, dim13, Agne, and
AkpsM mutants, and a control E. coli DH5« strain were grown as
described for panel D, resolved by 4 to 16% (top) or 6 to 16% (middle
and bottom) SDS-PAGE, and subjected to CFW staining (top and
middle) or silver staining (bottom). Positions of the uncharacterized
high-MW polysaccharide (X), running just below the stacking gel, and
LOS are shown.



1102 McLENNAN ET AL.

J. BACTERIOL.

A B C
1.8 101 =110
©
14 109 =
— 1
815 E100 2
8 os 3 E 0
o =107 3
0.6 ° g
0.4 106 )
0.2 ®
10 20 30 40 50 20 30 40 50 & A0 W0
hours hours 5\‘“ 5\‘(‘

FIG. 4. Growth and survival of dim mutants in shaking broth culture and in the presence of human serum. (A and B) 81-176 WT (diamonds),
the dim10 mutant (triangles), and the dim 13 mutant (boxes) were grown in shaking MH broth culture, and ODy, (A) and CFU/ml (B) counts were
taken at the indicated time points. Error bars are shown but are often too small to see. (C) Survival of WT, the dim 10 mutant, and the dim 13 mutant
in human serum as measured by the ratio of CFU/ml recovered after 60 min in 10% normal human serum versus 10% HK human serum. P <
0.0001 for the dim13 mutant versus the WT. No killing for any strain was observed in HK serum (not shown).

to be involved in the production of characterized C. jejuni
polysaccharides. In strain 11168, gne encodes a bifunctional
UDP-GIcNAc/Gle 4 epimerase involved in the synthesis of
CPS, LOS, and N-linked carbohydrates (11); published struc-
tures of these polysaccharides suggest that each would also be
affected in an 81-176 Agne mutant (3, 4, 86). KpsM is a con-
served capsule transport protein, and AkpsM mutants fail to
export the CPS in both 11168 and 81-176 (7, 38). Both 81-176
Agne and AkpsM mutants exhibited fluorescence levels similar
to or slightly higher than that for WT on CFW plates under all
conditions tested; for brevity, only 48-h 37°C microaerobic
samples are shown (Fig. 3C).

Finally, to investigate the carbohydrate composition of these
strains by gel electrophoresis, carbohydrates were prepared
from WT and AspoT, dim10, and dim13 mutants, resolved by 4
to 16% gradient SDS-PAGE or 6 to 16% gradient DOC-
PAGE, and silver stained. This revealed a high-molecular-
weight (MW) smear (“X”) migrating at or just above the 250-
kDa protein marker. This high-MW smear stained faintly in
SDS gels (Fig. 3D, top) but stained more intensely in DOC gels
(Fig. 3D, bottom) and reproducibly stained more intensely in
AspoT samples and less intensely in dim mutant samples than
WT. We next stained the gels directly with CFW. As DOC gels
were incompatible with CFW staining, carbohydrates prepared
from the above four strains, E. coli DH5a (as a negative con-
trol), and the Agne and AkpsM mutants were resolved by 4 to
16% and 6 to 16% SDS-PAGE to maximize the appearance of
both “X” and the LOS and stained with CFW. This revealed
that “X” reacted with CFW (Fig. 3E, top), that “X” from the
AspoT mutant stained more intensely than that of any other
strain, and that the dim mutants exhibited a decreased intensity
of “X” compared to WT. “X” in the Agne and AkpsM mutants
also reacted with CFW, while the DH5a control was blank.
Not surprisingly, the LOS, which contains f1-3 and B1-4 link-
ages (29, 70), also reacted with CFW (Fig. 3E, middle). How-
ever, LOS staining levels were approximately equal for all
strains assayed, and parallel silver staining of gels further sup-
ports the comparable levels of LOS among the strains (Fig. 3E,
bottom). This analysis also demonstrated that gne, as pre-
dicted, affects LOS size in strain 81-176 (Fig. 3E, middle and
bottom). The area between “X” and LOS, where CPS runs, did
not react with CFW, nor were there any differences in CPS
observed between WT, the AspoT mutant, and the dim mutants
in immunoblots with Penner sera (data not shown). Together,

these data indicate that the differences in CFW reactivity ob-
served for the AspoT mutant, the WT, and the dim mutants
may be due to an uncharacterized high-MW polysaccharide
that occurs independently of both gne- and kpsM-affected
structures.

The dim mutants exhibit growth differences compared to
WT; the diml3 mutant is serum sensitive. We next wished to
explore the biological implications of diminished CFW reac-
tivity. The AspoT mutant was previously shown to exhibit de-
fects in broth culture (26), and certain C. jejuni surface poly-
saccharide mutants exhibit decreased serum resistance (7, 28).
We found that both dim mutants repeatedly achieved ~50%-
higher log phase ODg, values (Fig. 4A) and ~4- to 6-fold-
higher CFU/ml (Fig. 4B) than WT at 24 h of growth in broth
culture. At 48 h, viability of the dimI0 mutant dramatically
decreased (~17-fold), while the diml3 mutant more closely
resembled WT (Fig. 4B). Serum sensitivity was assayed by
incubating standing broth cultures of early log phase WT and
diml10 and dimI3 mutants with either 10% human serum or
10% HK human serum. No survival defects were observed for
any strain incubated with HK serum (data not shown). In
contrast, dimI3 mutant survival was severely attenuated fol-
lowing exposure to 10% human serum (Fig. 4C). Shown are
samples from a 60-min incubation; similar results were ob-
tained at 40 and 80 min (data not shown). Notably, other tested
attributes, including motility, plate growth, and salt, antimicro-
bial peptide, and bile stress susceptibility, were identical in dim
mutants and in the WT (data not shown).

CV assays identify a correlation between CFW reactivity and
biofilm formation. CFW-reactive polysaccharides from other
bacteria have previously been linked to biofilm formation (47,
67). We first assayed biofilm formation in C. jejuni WT and
AspoT and dim mutant strains by use of a well-characterized
CV biofilm visualization technique (57). Equal bacterial loads
were grown in borosilicate glass tubes, polyvinyl chloride
plates, or polystyrene plates under microaerobic conditions at
37°C, standing without agitation, and biofilms that formed at
the air-liquid interface were stained with CV. Similar results
were obtained for all surfaces. Figure SA shows photographs of
representative CV-stained borosilicate glass tubes, while Fig.
5B shows a quantification of biofilms from triplicate borosili-
cate tubes following CV dissolution in DMSO and ODs,, anal-
yses. As with CFW reactivity, the AspoT mutant formed bio-
films significantly more rapidly than WT, with clear biofilms



VoL. 190, 2008

A < B
0 43
Q¢ s gt et 0l
g b E 0.8
- 2 0.6-
n
s Bew—s 8 o4
< (o]
- 0.2-
,'@ S 0.0
- ” -y

C. JEJUNI STRINGENT RESPONSE AND BIOFILMS 1103

I 24h
[ 48h
/72h

WT AspoT dim10 dim13 Agne AkpsM
strain

FIG. 5. CV staining of C. jejuni biofilms. (A) 81-176 WT and AspoT, dim10, and dim13 mutants were incubated standing in broth for the
indicated times under 37°C microaerobic conditions. Biofilms forming at the air-liquid interface were visualized by staining with 1% CV in 95%
ethanol and photographed. (B) Biofilms of strains from panel A, as well as from Agne and AkpsM mutants, were grown in triplicate borosilicate
tubes and stained with CV as described for panel A. CV was solubilized in DMSO, intensity was assessed by ODs, analyses, and data (with error

bars) were graphed.

appearing after 24 h that increased over time. WT formed
modest biofilms after 24 h and likewise exhibited increased
biofilm formation over time. In contrast, the dim mutants,
including the dim13* mutant, were attenuated for biofilm for-
mation (Fig. 5 and data not shown). As with CFW reactivity,
biofilm formation was independent of gne and kpsM, with the
Agne mutant forming biofilms similar to WT and the AkpsM
mutant forming exaggerated biofilms (Fig. 5B).

SEM reveals three-dimensional (3-D) C. jejuni biofilm ar-
chitecture that correlates with CFW reactivity. To corroborate
the CV staining data, SEM was used to visualize biofilms from
WT and the AspoT, diml0, and diml13 mutants at the ultra-
structural level (Fig. 6). Bacterial biofilms were grown mi-
croaerobically at 37°C on cover glass, fixed, and processed for
SEM. Shown are 72-h samples; earlier time points confirm
these data but did not contain enough adherent dirm mutant

FIG. 6. SEM of biofilms formed after 72 h by 81-176 WT and
AspoT, diml10, and dim13 mutants. 81-176 WT and AspoT, diml10,
and dim13 mutant biofilms were grown on borosilicate cover glass in
standing liquid cultures under 37°C microaerobic conditions for
72 h and visualized by SEM. Bars, 10 pm.

bacteria to yield reasonable photos. The AspoT mutant formed
very dense, thick biofilms with clear 3-D structure. Although
less dense than those of the AspoT mutant, mature WT bio-
films also developed. In contrast, the dim mutants were atten-
uated for biofilm formation, with small amounts of bacteria
adhered to the glass surface and no visible biofilm structure.

CLSM demonstrates native C. jejuni biofilm formation. As
SEM entails harsh fixation procedures that usually result in the
destruction of surface carbohydrates and extracellular poly-
meric substances, CLSM was used to visualize living WT and
AspoT, dim10, and dim13 mutant biofilms in a more native
form (Fig. 7). Bacteria were grown on standing coverslips as
described above, for 48 h, in the presence of two vital dyes:
CFW (green) and FM4-64, a lipophilic dye that intercalates
into the membrane (red). Shown in Fig. 7 are angled, top-
down, and side profiles of the biofilms. These analyses revealed
that WT formed thick biofilms with a clear 3-D structure.
However, the AspoT mutant biofilms were more mature, with
clear mushroom-like protrusions and much more pronounced
3-D architecture than seen for WT. In contrast, the dimI0 and
dim13 mutants were attenuated for biofilm formation.

DISCUSSION

C. jejuni is a highly prevalent human pathogen, yet our
understanding of its survival, transmission, and pathogenesis
strategies is limited. C. jejuni’s prevalence is also perplexing
considering its fastidious growth and survival requirements
during laboratory culture. We previously found that C. jejuni
utilizes the SR to navigate some stressful conditions (26) but
that complementary and independent stress survival mecha-
nisms must exist. In this work, we have identified a role for a
CFW-reactive polysaccharide in C. jejuni biofilm formation,
particularly the up-regulation of biofilms observed for the
AspoT SR mutant. Genetic and biochemical analyses suggest
that this polysaccharide is distinct from other characterized
surface polysaccharides and may utilize novel genes in its bio-
synthesis. This work also provides new insight into C. jejuni
biofilm structure and formation which, given the organism’s
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FIG. 7. CLSM of biofilms formed after 48 h by 81-176 WT and AspoT, dim10, and dim13 mutants. 81-176 WT and AspoT, dim10, and dim13
mutant biofilms were grown on borosilicate cover glass in standing liquid cultures under 37°C microaerobic conditions for 48 h in the presence of
CFW and FM4-64 and visualized by CLSM. As noted at the top of the figure, angled, top-down, and side profiles are shown for each strain.

limited repertoire of hallmark stress response factors, is likely
to be a major survival modality for C. jejuni.

CFW reactivity with C. jejuni has not previously been de-
scribed. Our TEM, NMR, Agne and AkpsM mutant CFW
assays, and PAGE analyses suggest that the CFW-reactive
polysaccharide up-regulated in the AspoT mutant and down-
regulated in the dim mutants is distinct from previously char-

acterized CPS, LOS, and N-linked carbohydrates. Although
the LOS bound CFW, its intensity in silver- and CFW-stained
gels did not vary among our strains, nor was a Agne mutant
with altered LOS defective for CFW reactivity. Instead, our
data suggest that 81-176 produces a high-MW CFW-reactive
polysaccharide with higher abundance in the AspoT mutant
and lower abundance in the dim mutants. Previous studies
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have also noted additional polysaccharides in strain 81-176.
One, a novel cell surface a-glucan capsule, was shown by NMR
to have an anomeric resonance of 5.4 ppm (58), which, to-
gether with another uncharacterized resonance at 5.25 ppm,
was also observed in our earlier 81-176 NMR studies of CPS
(37). A variably expressed resonance at 5.4 ppm and a reso-
nance at 5.25 ppm are visible in the HR-MAS NMR spectra
presented in this work but do not correlate with the CFW-
reactive trend described. Other reports have identified a kpsM-
independent ladder-like glycan (7) and a lipid-linked high-MW
CPS-like polysaccharide (17) in 81-176. It is possible that ei-
ther of these polysaccharides may correspond to our CFW-
reactive carbohydrate, although our glycan “X” appears to
migrate at a higher MW than the previously described poly-
saccharides.

Neither bioinformatics searches for genes involved in syn-
thesizing CFW-reactive carbohydrates in other bacteria nor
examination of microarray data comparing WT to the AspoT
mutant (26) yielded insight into factors potentially involved in
producing the C. jejuni CFW-reactive polysaccharide. How-
ever, our identification of the diml3 mutant and subsequent
analysis of a targeted carB mutant suggest that carbamoylphos-
phate synthase may participate in this biosynthetic pathway.
Carbamoylphosphate is a precursor of both arginine and py-
rimidine nucleotides, which in turn participate in the formation
of nucleotide diphosphosugar precursors (i.e., UDP-glucose)
that are primary substrates for numerous polysaccharides. A
recent report also implicated carAB in EPS biosynthesis and
growth stage transitions in the extremophile Halomonas euri-
halina (43). Our dim10 analyses suggest a role for the Cj0967
operon in the CFW fluorescence phenotype and revealed a
duplication of the Cj0967 locus into a distinct region of the
81-176 chromosome. In the promoters of both Cj0967 loci, we
also identified an ~200-bp sequence containing inverted re-
peats that may represent insertion sequences or potential hair-
pin loops. Interestingly, BLAST analyses revealed that the only
other organisms harboring this sequence are two GBS-related
C. jejuni strains. The 81-176 genome was also recently pub-
lished, confirming our sequence data (34). Expanded dim mu-
tant screens, additional biochemical analyses, expression stud-
ies using an 81-176 microarray, and studies of the numerous
genes of unknown function in the C. jejuni CPS loci should
provide future insight into genes involved in the synthesis of
the CFW-reactive polysaccharide.

We have also established a correlation between the produc-
tion of the CFW-reactive polysaccharide and biofilm formation
for the strains used in this study. Multiple methods showed that
as CFW reactivity increased (i.e., in the AspoT mutant and in
the WT during extended growth), so did the complexity of the
biofilm architecture. Conversely, the dim mutants were defec-
tive for forming biofilms and instead appeared enhanced for
planktonic growth. C. jejuni exhibits some differences in bio-
film formation from other bacteria (see the SR discussion
below); nonetheless, we found that its biofilm progression fol-
lows the hallmark pattern of adherence, 2-D microcolony for-
mation, and generation of complex 3-D communities. Al-
though C. jejuni biofilm genetics and formation strategies are
poorly understood, recent studies of targeted deletions in
strain 11168 have begun to reveal genetic components involved
in this process (35, 36, 63, 65). One such study found that 11168
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biofilms formed normally in LOS (neuBI1) and N-linked car-
bohydrate (pg/H) mutants and were exaggerated in a kpsM
mutant (35). This is consistent with our observations and with
those obtained with other bacteria, where the biofilm matrix
utilizes a high-MW EPS that is often independent of other
surface polysaccharides (13, 24, 40, 45). Epidemiological stud-
ies have implicated a role for biofilms in C. jejuni environmen-
tal survival, survival on food surfaces, and in chicken flock
transmission via water supply feeders (21, 76, 88). An in vivo
role for biofilms has not yet been demonstrated for C. jejuni;
however, the colonization competence of the AspoT mutant
(26) together with our recent work exploring ppk! (polyphos-
phate kinase 1) (15) and other genes currently under investi-
gation (unpublished observations) suggest that biofilms may
also be important inside an animal host. As such, an expanded
understanding of biofilms through genetic screens as presented
here should provide new information regarding numerous as-
pects of C. jejuni pathogenesis.

Finally, our observations suggest that biofilm formation and
the production of the CFW-reactive polysaccharide may rep-
resent important C. jejuni stress responses induced under ad-
verse conditions such as those encountered during extended
growth and in the absence of an SR. For instance, although C.
jejuni stationary phase is typically associated with detrimental
or poorly understood effects such as oxidative stress, pepti-
doglycan and metabolism changes, and conversion to coccoid
and viable-but-nonculturable forms (31, 74, 75), it has recently
been shown to elicit general increases and alterations in poly-
saccharide composition (18, 52), similar to observations for
other bacteria (9, 14, 43). Our stress response hypothesis is also
consistent with the dim13 mutant serum sensitivity defect, the
dim10 mutant late-stage culturability defect (which may reflect
rapid nutrient depletion and toxic metabolite production with-
out concomitant up-regulation of the protective polysaccha-
ride), and a recent study describing the altered expression of
oxidative and stress response proteins in biofilm versus plank-
tonic populations of C. jejuni 11168 (36). Our hypothesis is also
consistent with biofilm up-regulation in the C. jejuni AspoT
mutant, even though this is contrary to observations reported
to date for other SR mutants (10, 30, 42, 71). One reason for
this discrepancy may be that several of the previous studies
were of gram-negative gammaproteobacteria, which often
elicit SR effects via direct signaling through RpoS (6, 72, 78).
rpoS is absent from epsilon- and alphaproteobacteria, includ-
ing a succinoglycan-overproducing Sinorhizobium meliloti SR
mutant (82), which is also predicted to overproduce biofilms
(D. Wells, unpublished data). A working model to explain this
is that the C. jejuni and S. meliloti ppGpp-minus mutants may
be under constant stress and/or prematurely initiate responses
necessary to cope with stationary phase. In the absence of a
sigma factor like RpoS, this may invoke a regulatory switch to
increase polysaccharide production and accelerate conversion
to a protective biofilm community. It will be interesting to
determine if other epsilonproteobacterial SR mutants (53)
likewise up-regulate surface polysaccharides and/or biofilms
and to explore the role of SR cofactors such as DksA in these
phenomena.

In summary, this work provides insight into the connection
between biofilms and stress responses in C. jejuni, suggests a
role for a CFW-reactive polysaccharide in these processes, and
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highlights subtleties yet to be elucidated regarding C. jejuni’s
ability to survive in vivo and in nature. These data also under-
score differences between C. jejuni and many model organisms
characterized to date that may be applicable to other bacteria
as well.
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