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Campylobacter jejuni is a prevalent gastrointestinal pathogen in
humans and a common commensal of poultry. When colonizing
its hosts, C. jejuni comes into contact with intestinal carbohydrates,
including L-fucose, released from mucin glycoproteins. Several
strains of C. jejuni possess a genomic island (cj0480c–cj0490) that
is up-regulated in the presence of both L-fucose and mucin and
allows for the utilization of L-fucose as a substrate for growth.
Strains possessing this genomic island show increased growth in
the presence of L-fucose and mutation of cj0481, cj0486, and
cj0487 results in the loss of the ability to grow on this substrate.
Furthermore, mutants in the putative fucose permease (cj0486) are
deficient in fucose uptake and demonstrate a competitive disadvan-
tage when colonizing the piglet model of human disease, which is
not paralleled in the colonization of poultry. This identifies a previ-
ously unrecorded metabolic pathway in select strains of C. jejuni
associated with a virulent lifestyle.
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The most common cause of gastroenteritis in the developed
world, Campylobacter jejuni is a frequent cause of pediatric

diarrheal episodes within developing countries that can last from
a few days to several weeks (1). The symptoms vary from mild,
watery diarrhea to bloody diarrhea with fever and severe abdom-
inal pain (2). The disease usually resolves itself relatively quickly,
but autoimmune reactions to the infection can lead to post-
infectious sequelae, such as Guillain-Barré syndrome and reactive
arthritis (2).
When colonizing its host (whether commensally in poultry and

other animals, or pathogenically in humans), C. jejuni must es-
tablish itself within the mucus layer of the intestinal epithelium (3,
4). Byrne et al. (5) recently showed that themucus layer originating
from humans or chickens influences the virulence of C. jejuni and
might differentially control the virulence versus commensalism
equilibrium. However, it remains unknown which specific com-
ponents of the mucus layer contribute to this change in phenotype.
C. jejuni lacks many of the pathways for nutrient metabolism

used by other pathogens and the normal intestinal microbiota.
For example, several key enzymes within the glycolytic pathway,
the Entner-Doudoroff pathway, and the pentose phosphate
pathway are absent (6, 7), and it has generally been assumed that
C. jejuni is unable to use any form of carbohydrate as a substrate
for growth. Instead, C. jejuni relies on the use of amino acids and
citric acid cycle intermediates as carbon sources (8). The amino
acid metabolic pathways that allow C. jejuni to use serine (9),
aspartate, glutamate (10), and proline (11) have all been studied
in depth. Additionally, some strains, including C. jejuni 81–176,
can metabolize glutamine and asparagine (8). However, and in
contrast to the generally accepted paradigm, we demonstrate in
this study that certain strains of C. jejuni contain a unique path-
way for the uptake and metabolism of the sugar L-fucose, which is
obtained from the host during colonization of the intestine.
The importance of fucose to the intestinal microflora is well

established (12–14). Fucosylated glycans are common within the
digestive tract, where they are found on cell surfaces and are

typically located in terminal positions on the extensively modi-
fied mucin glycoproteins (13, 15). These fucosylated glycans coating
the mucins are known to act as adherence targets for many in-
testinal bacteria [including C. jejuni (16)], potentially contributing
to the function of mucin as a barrier to intestinal pathogens (17).
Fucose monomers and fucosylated glycans can serve as a chemo-
attractant (18) and carbon source for many species within the gut.
Being so common within the intestine, fucose is an integral part of
the intestinal ecology. For example, the presence of the ubiqui-
tous commensal Bacteroides thetaiotaomicron in the gut triggers
an increase in the production of fucosylated mucins by the in-
testinal epithelium, which is important for gut maturation (19).
These bacteria then secrete fucosidases to release fucose residues
from the oligosaccharides and transport the sugar into the cell
for metabolism and surface presentation (12, 20). Even bacteria
such as Escherichia coli, which do not express fucosidases, use this
same pathway for fucose transport (21) and colonization of the
bovine rectum (22).
Despite the lack of an annotated fucose metabolic pathway,

fucose has long been described as influencing the behavior of C.
jejuni. In 1988, Hugdahl et al. reported C. jejuni chemotaxis to-
ward L-fucose, as well as toward intact mucins, which would have
included fucosylated glycans (18). In addition, fucosylated milk
oligosaccharides were used in an elegant experiment to com-
petitively inhibit the specific attachment of C. jejuni to intestinal
H-antigens (23). More recently, Korolik and colleagues have
made use of glycan microarrays to demonstrate increased C.
jejuni adherence to fucosylated glycans, such as those found on
mucin and cell surfaces (16), structures that were suggested to be
significant factors in the ability of C. jejuni to closely adhere to
the cell surface and invade intestinal epithelial cells.
This study is unique in demonstrating the uptake and utilization

of L-fucose by certain strains of C. jejuni via a previously unde-
scribed pathway not found in other enteric bacteria. We further
demonstrate how L-fucose transport provides a distinct competi-
tive advantage in the pathogenesis model that is not found during
commensal growth.

Results
Fucose Up-Regulates Expression of Genes Linked to Fucose Use.
Microarray experiments were used to assemble a transcriptomic
profile of C. jejuniNCTC 11168 during growth in MEMαmedium
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supplemented with 25 mM L-fucose. This process led to the
identification of 74 up-regulated genes, and 52 down-regulated
genes (Table S1). The most notable change from the list of up-
regulated genes was an operon between cj0481 and cj0490, which
exhibited six- to -ninefold up-regulation (Table S1). The putative
regulator cj0480c did not show any significant change in expres-
sion. Similarly, a microarray study of C. jejuni grown in MEMα
medium supplemented with 2 mg/mL porcine gastric mucin also
revealed significant up-regulation (two- to fourfold) of the genes
cj0481 to cj0490 (Table S2).

Identification of a Genomic Island Required for Fucose Utilization.
None of the genes cj0480c to cj0490 have any confirmed func-
tion, but cj0486 bears homology to the fucose permease gene
(fucP) of other bacteria (21). This operon has been identified
previously in RM1221 and NCTC 11168 as a genomic island
spanning from cj0480c to cj0490 (24) and nestled in between the
genes rpoC and fusA (Fig. S1) of some strains. Notably, this re-
gion is absent in strain 81–176. Although this region is not uni-
versally conserved within strains of C. jejuni, it has been linked to
C. jejuni hyper-invasiveness (25, 26).
In a comparison of the amino acid sequence of Cj0486 among

sequenced Campylobacter genomes, C. jejuni NCTC 11168,
RM1221, CF93-6, and 84–25, and C. jejuni, subsp. doylei 269.97,
all exhibited greater than 98% identity, but Campylobacter coli
RM2228 and Campylobacter fetus 82–40 displayed 93% and 59%
identity, respectively. All of these strains contain the whole ge-
nomic island in the same location on the chromosome, with the
exception of C. fetus, which contained a similar group of genes
elsewhere in the chromosome.

Cj0486 Acts as a Fucose Permease to Transport Extracellular Fucose.
To confirm the function of Cj0486, we sought to ascertain
whether the C. jejuni cj0486 gene product was functional as
a fucose transporter in E. coli. The C. jejuni NCTC 11168 fucP
gene homolog, cj0486, was transformed into an E. coli fucP
mutant (27) and successfully restored function, indicating me-
tabolism of L-fucose (Fig. 1). This finding indicated that despite
low homology between the genes (37.2%), Cj0486 is able to
function as an L-fucose transporter in E. coli. Further compari-
son of the E. coli fucP and the C. jejuni Cj0486 protein sequence
(Fig. S2) reveals conservation of Asp46, Glu135, and Asn146, all
identified by Dang et al. as critical for the active transport of
fucose into the cell (28). Cj0484 is annotated as a major facili-

tator superfamily (MFS) transporter, but does not contain these
conserved residues or a significant degree of sequence similarity,
suggesting it does not serve as a second L-fucose transporter.
Active transport of L-fucose by C. jejuni was confirmed in 3H-L-

fucose uptake experiments. In wild-type cells grown in the absence
of L-fucose, the initial uptake was approximately threefold lower
than in cells grown in the presence of L-fucose (Fig. 2A), consistent
with E. coli (Fig. 2B), indicating that [3H]-fucose transport is in-
ducible by its substrate. Insertion mutants were subsequently
constructed into C. jejuni genes cj0481, cj0483, cj0486, and cj0487.
TheΔcj0486mutant (Fig. 2) showed no significant fucose transport
(< 0.2 pmols·min·109 cfu), demonstrating that Cj0486 is an es-
sential component of the active L-fucose assimilation pathway inC.
jejuni. The mutants cj0481, cj0483, and cj0487 all transport L-fu-
cose at levels of the uniduced wild-type strain independent of the
presence of fucose in the growth medium. This finding indicates
that fucose transport is still occurring but not inducible in these
strains (Fig. 2A). Complementation of cj0486 and cj0487 showed
partial, but significant, restoration of L-fucose uptake.Quantitative
RT-PCR analysis demonstrated that cj0486 and cj0487 are ex-
pressed at <11% of the wild-type levels in the complemented
strains (Fig. S3), explaining the partial restoration of transport
phenotypes. Similarly, complementation of theE. coli fucPmutant
with cj0486 was able to significantly restore fucose uptake (Fig.
2B), consistent with the fucose fermentation assay (Fig. 1).

L-Fucose Enhances C. jejuni Growth. With C. jejuni demonstrating
positive chemotaxis toward both L-fucose and fucosylated mucins
(18) and our observation of L-fucose uptake, we sought to de-
termine if C. jejuni has the capacity to use L-fucose for growth.
Three commonly studied strains of C. jejuni, NCTC 11168, 81–
176, and RM1221, were grown in MEM (MEMα) with and
without 25 mM L-fucose. Two of the three strains, NCTC 11168
and RM1221, demonstrated significant increases in growth in
response to the availability of L-fucose as a nutrient source (P <

Fig. 1. Complementation of an Escherichia coli fucP mutant. The image
shows a MacConkey agar plate supplemented with 30 mM fucose. (A) Pos-
itive control, E. coli K12; (B) negative control, E. coli ΔfucP; (C) negative
control, E. coli K12+pBR322; (D) positive gene-replacement control, E. coli
K12+pBR322+EcfucP; (E and F) replacement with C. jejuni cj0486 in E. coli
ΔfucP with pBR322 containing cj0486. Red growth indicates acidification of
the medium as a result of fucose fermentation.

A

B

Fig. 2. Fucose uptake by C. jejuni (A) and E. coli (B). The initial velocity of
[3H]fucose incorporation, which was linear within the first 120 s of the assay,
is shown for the indicated strains. White bars: grown in the absence of fu-
cose (uninduced); black bars, grown in the presence of fucose (induced). SDs
are displayed by error bars. P values derived from paired t tests compare the
statistical differences in uptake rates between the mutants and their com-
plements. ns, no statistically significant difference; i.e., P > 0.05.
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0.05) (Fig. 3). The third strain, 81–176, although growing better
than the other two strains [likely because of its ability to use
glutamine in the growth medium (8)], did not show increased
growth in the presence of L-fucose.
Each of the previously constructed mutants (and cj0490) were

grown on MEMα medium, with and without 25mM L-fucose, and
growth was compared with wild-type NCTC 11168. Similar to the
wild-type, mutants containing insertions in cj0483 and cj0490 (Fig.
3B) exhibited increased growth in the presence of L-fucose.
However, the mutants cj0481, cj0486, and cj0487 did not show
increased growth beyond normal levels in MEMα medium, in-
dicating a loss in their ability to use L-fucose. The loss of Cj0486,
the putative permease, would impair L-fucose uptake in agreement
with our transport experiments. However, the roles of Cj0487,
annotated as an amidohydrolase, and Cj0481, annotated as a pu-
tative dihydrodipicolinate synthase, are not currently evident.
Complementation of the cj0486 and cj0487 strains did not restore
growth, despite the partial restoration of L-fucose uptake (Fig.
2A). Not only were the transcript levels of cj0486 and cj0487 in the
complements at very low levels (as described above), but cj0481
was not expressed in any of the mutants or complements (Fig. S3),
indicating an absence of induction of the whole operon rather than
polar mutations that would result in complete loss of 3H-L-fucose
uptake as observed for cj0486 in Fig. 2A. These results are in
agreement with the tight regulation of this operon by L-fucose
induction and show that the low level of fucose assimilation into
the complemented cj0486 and cj0487 strains is insufficient for in-
duction and enhanced growth by these complemented strains.

Fucose Metabolism in C. jejuni Does Not Rely on ATP-Dependent
Phosphorylation or GTP-Dependent Activation of L-Fucose. One of
the key enzymes of the E. coli L-fucose metabolic pathway is the
L-fuculose kinase encoded by fucK (19). This ATP-dependent
kinase phosphorylates L-fuculose to L-fuculose-1-phosphate, al-
lowing for L-fucolose-1-phosphate aldolase to convert it to L-
lactaldehyde and dihydroxyacetone phosphate (Fig. S4) (29). The
absence of an annotated L-fucose kinase in the C. jejuni genome
would suggest that C. jejuni does not make use of this pathway.

To confirm this hypothesis, we modified an approach outlined by
Wang et al. (30). As predicted, sugar phosphates were not formed
from 3H-L-fucose by C. jejuni, whereas they were readily formed
by E. coli in an L-fuculose kinase-dependent manner (Fig. 4).
In contrast, Bacteroides species activate L-fucose through a bi-

functional L-fucokinase/GDP-fucose pyrophosphorylase (FKP)
pathway, which requires ATP to generate a fucose-1-phosphate
intermediate, which is then activated with GTP to generate GDP-
fucose (Fig. S4) (14). Again, because C. jejuni does not possess
FKP pathway homologs, 3H-modified fucose was not detected,
but high levels of fucose intermediates were detected in B. the-
taiotaomicron extracts incubated with ATP and augmented with
added GTP (Fig. 4).

Fucose Transport Provides C. jejuni with a Competitive Advantage in
Vitro and in Vivo. To assess the advantage of fucose transport to C.
jejuni in vivo, we carried out competitive colonization assays.Wild-
type NCTC 11168 and the cj0486 mutant were inoculated at a 1:1
ratio into either the pathogenic piglet or the commensal chicken
model. After 3 d postinfection of neonatal piglets, samples from
each section of the intestine (duodenum, jejunum, ileum, cecum,
and colon) were collected and the numbers of colonizing bacteria
were enumerated. The mutant to wild-type ratio recovered from
the intestinal sections ranged from 0.37 (2.7-fold reduction) to
4.10−4 (2,500-fold reduction), which corresponds to an average 15-
to 100-fold reduction (P < 0.002) in the mutant strain relative to
the wild-type strain in each intestinal region (Fig. 5A). Thus, in the
pathogenic model, the ability to transport fucose provides a strong
competitive advantage for colonization.
Two-day-old chicks were inoculated to establish whether this

phenomenon also occurred in a commensally colonized host. On
days 3, 6, 10, and 14 postinoculation, ceca were extracted from
the chicks and the mutant to wild-type ratio was determined. As
shown in Fig. 5B, the mean of each day showed very little change
above or below a competitive index of 1 (despite variability be-
tween chicks), indicating that neither the wild-type nor the mu-
tant had a competitive advantage in this model system (P =
0.82). To determine whether L-fucose supplementation was ca-
pable of promoting a competitive advantage for C. jejuni wild-
type growth in our chick model, we repeated the colonization
experiment by orally feeding chicks with L-fucose three times
daily at 8-h intervals. The competitive index of the cj0486 mutant
was 0.11 (ninefold reduction) and 0.19 (fivefold reduction) at

A

B

Fig. 3. (A) Growth of C. jejuni NCTC 11168 in MEMα medium with and
without 25 mM L-fucose over 16 h. (B) Maximum OD attained over 36 h of
growth for the reference strains C. jejuni NCTC 11168, 81–176, and RM1221,
and the mutant strains C. jejuni Δcj0481, Δcj0483, Δcj0486, Δcj0487, and
Δcj0490. The asterisk denotes statistical significance, P < 0.05 using a paired t
test. Error bars represent the SD.

Fig. 4. ATP-dependent 3H-L-fucose phosphorylation and GTP-dependent
3H-L-fucose activation. Whole-cell lysates (100 μg) of the indicated strains
grown in the presence or absence of [3H]-L-fucose (as indicated) for 24 h and
assayed for their potential to fucose under the indicated assay conditions.
Ec, E. coli K12 wild-type; ΔEcfucK, E. coli K12 fucK mutant; Cj, C. jejuni
NCTC11168 wild-type; Δcj0486, C. jejuni NCTC11168 Δ0486; Bt, B. thetaio-
taomicron wild-type. The presence or absence of ATP and GTP are indicated
by (+) and (−). Formation of modified 3H-L-fucose was found to be linear
over the first 10 min of the assay. SDs are displayed by error bars. 3H-L-fucose
alone did not show any significant binding to the column material.
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3 and 7 d postinoculation, respectively (Fig. 5C). Although sta-
tistically significant for only day 3 (P < 0.05), this result indicates
a notable decrease in the competitiveness of the mutant com-
pared with wild-type, suggesting a role for fucose utilization in the
early stages of colonization. The competitive index of the cj0486
mutant grown in Mueller-Hinton (MH) medium or MEM me-
dium supplemented with 25 mM L-fucose (for 18 h) was 0.94 and
0.5 (twofold reduction), respectively. These results indicated that
L-fucose confers a fitness advantage toC. jejuni both in vitro and in
vivo, and the up to 50-fold difference between the in vitro and in
vivo piglet competitive indices indicates an improved competi-
tiveness of the wild-type strain in the piglet infectious model,
possibly through enhanced virulence or induced pathogenic traits.

Discussion
Since early studies describing C. jejuni as an asaccharolytic or-
ganism, it was believed that C. jejuni relied completely on other
molecules, such as amino acids, as substrates for growth (31).
This theory was further confirmed when the first C. jejuni ge-
nome was sequenced and no known carbohydrate metabolic
pathways were annotated (6). In contrast to this current dogma,
we have demonstrated in this study that some strains of C. jejuni
exhibit substantially increased growth in the presence of L-fucose.
We have also identified a key functional protein in this pathway,
Cj0486, which acts as a fucose permease to transport L-fucose
into the bacterial cell. This observation is consistent with results
recently obtained by Muraoka and Zhang (32), who observed the

reduction of tetrazolium with a phenotypic microarray, and in-
creased growth in minimal media by C. jejuni NCTC 11168 in the
presence of L-fucose.
The use of L-fucose as a nutrient source is common to bacteria,

especially among the gut microflora. Organisms such as B. the-
taiotaomicron and E. coli use well-studied pathways for fucose
metabolism (Fig. S4) (19). Typically, a regulator (fucR), a perme-
ase (fucP), an isomerase (fucI), a kinase (fucK), and an aldolase
(fucA) are required to produce lactaldehyde and dihydroxyacetone
phosphate, which is fed into the glycolytic pathway. The lactalde-
hyde can then be converted into lactate under aerobic conditions
by lactaldehyde dehydrogenase (ald), or 1,2-propanediol under
anaerobic conditions by fucO (29). However, with the exception
of cj0486 (a homolog of fucP), and ald (cj0490), C. jejuni does
not contain any identifiable homologs of this pathway. Instead,
surrounding these two genes is a variety of other genes with
largely unknown functions. These include an iclR-type regulator
(Cj0480c), a putative dihydrodipicolinate synthase (Cj0481),
a putative altronate hydrolase (Cj0483), anMFS transport protein
(Cj0484), a short-chain dehydrogenase (Cj0485), a putative ami-
dohydrolase (Cj0487), and a hypothetical protein (Cj0488).
We confirmed that unlike in E. coli or Bacteroides species, C.

jejuni does not phosphorylate or GDP-activate L-fucose for me-
tabolism, which would be consistent with the absence of an an-
notated fucK or FKP encoding gene. This finding could suggest
that C. jejuni metabolizes L-fucose via an alternate pathway. The
genes identified here bear some resemblance to a fucose meta-
bolic pathway recently identified in Xanthomonas campestris (33).
This pathway uses an L-fucose dehydrogenase to form L-fucono-
lactone, followed by an L-fuconolactonase to form L-fuconate.
Further steps can catabolize L-fuconate to smaller molecules such
as pyruvate and L-lactate that can be used by other pathways of the
cell via the mechanism described inX. campestris (Fig. S4) (33), or
the previously described L-rhamnose pathways (34).
We have shown that cj0486 complements E. coli K12 fucP,

enabling the transport and subsequent metabolism of L-fucose.
The observed inducible, Cj0486-dependent uptake of 3H-L-
fucose by C. jejuni NCTC 11168 also provides further support
that Cj0486 functions as a fucose permease. Uptake by wild-type
NCTC 11168 was less than that of the E. coli fucose transporter
(Fig. 3), which could reflect differences in permease activities or
carbon source preferences, but was confirmed to be specific by
lack of uptake in the absence of L-fucose activation. Three amino
acid residues in the E. coli FucP (Asp46, Glu135, and Asn162)
have previously been found to be critical for the proper func-
tioning of FucP. These three residues are also conserved within
the sequence of Cj0486, supporting the conclusion that Cj0486
serves as a fucose permease.
The fact that C. jejuni NCTC 11168 gains a growth benefit

from L-fucose supplementation suggests that C. jejuni is trans-
porting L-fucose into the cytoplasm for metabolism. Although
Liu et al. recently showed that the related organism, Helicobacter
pylori, can attach host-derived L-fucose to the bacterial outer
surface (35); we do not currently have data demonstrating that
this occurs for C. jejuni. An explanation for the down-regulation
of the capsular polysaccharide putative transferases genes cj1434c
and cj1438c (Table S1) in the presence of L-fucose is also not
immediately clear. However, cross-talk between glycoconjugate
biosynthetic pathways has been shown previously (36, 37), and it
could be speculated that L-fucose provides a cue to C. jejuni to
down-regulate capsular polysaccharide production.
Within the gut, the primary sources of L-fucose will be the

host itself, where both host-secreted and cell surface-associated
mucins (particularly in the small intestine and cecum) are heavily
fucosylated. Previous studies into the fucose content of pig ileal
digesta have found that as much as 74% of the fucose present is
mucin-derived (38, 39). Our microarray results from C. jejuni
cultures grown in the presence of porcine gastric mucin

A

B

C

Fig. 5. (A) Competitive C. jejuni colonization assay in neonatal piglets. The
points represent the ratio of Δcj0486 mutant/wild-type NCTC 11168 re-
covered from each intestinal segment indicated, 3 d postinoculation. Values
are adjusted relative to the ratio of the inoculum of 0.927. A line denotes the
mean for each dataset where n = 4. Statistical significance was determined
by a one-way ANOVA, P < 0.002. (B) Competitive C. jejuni colonization assay
of chicks over a 2-wk period postinoculation. Each point is the ratio of
mutant to wild-type recovered from the cecum of a single chick. A line
denotes the mean for each day, n = 9–11 per day. Statistical significance was
determined by a one-way ANOVA, P = 0.82. (C) Competitive C. jejuni colo-
nization assay in chicks receiving an L-fucose dietary supplement over a 6-d
period postinoculum. Day 3, n = 9 and day 6, n = 11. Statistical significance
was determined by a Student t test for each day.
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(Table S2) found a significant up-regulation of the genes cj0481
to cj0490, similar to when C. jejuni is grown with L-fucose alone,
demonstrating that purified mucin also triggers this operon.
Although our mass spectrometry analyses indicate similar

fucosylation levels in both chick and porcine mucins, we ob-
served that most of the fucosylated O-glycan mucin structures
from chicks are more sulfated compared with their pig coun-
terparts (Fig. S5). Sulfation of mucin oligosaccharides may de-
crease the accessibility of fucose by mucin-degrading fucosidases
(40) and has been demonstrated to decrease the intestinal bar-
rier permeability to pathogens, including C. jejuni (41). When an
excess of free L-fucose was added to our chick colonization ex-
periment, we then observed a competitive advantage of wild-type
C. jejuni over the fucP mutant, further suggesting that the
availability of fucose in the intestine influences bacterial fitness.
Thus, the availability of fucose to C. jejuni in the presence and
absence of sulfation deserves further study.
Herein, we have demonstrated that a functional L-fucose per-

mease provides a distinct competitive advantage for C. jejuni, col-
onizing the porcine intestine that is not found during normal
colonization of the chick cecum. A 15- to 100-fold reduction in the
colonization of the cj0486mutant compared with the wild-type was
observed in the piglet pathogenic model, but no significant differ-
ence was observed in the chick commensal model in the absence of
added L-fucose. Differences in the microbial ecosystems between
the two animals may alter the competition for these niches, making
the ability to draw upon L-fucose valuable forC. jejuni colonization
in the piglet, but less relevant in the chick. When the chicks were
given an L-fucose supplement into their diet, the ratio of colonizing
mutant and wild-type showed a distinct shift in favor of the L-fucose
using wild-type strain during early stages of colonization. The re-
sults point to the conclusion that if significant amounts of L-fucose
are available in the environment, the ability to acquire and use
L-fucose provides a competitive advantage for C. jejuni.

Materials and Methods
Strains Used and Growth Media. C. jejuni strains NCTC 11168, sequenced by
the Sanger Centre in 2000 (6); 81–176, an isolate from an outbreak of
Campylobacter in raw milk (42); and RM1221, an isolate recovered from
a chicken carcass (24) were used in this study. Routine growth of C. jejuni
was carried out on MH agar plates, MH biphasic flasks, or MH liquid cultures,
supplemented with chloramphenicol (20 μg/mL), and kanamycin (10 μg/mL)
as needed. Cultures were incubated at 37 °C in MACS microaerobic incu-
bators with a gas concentration of 8% O2, 4% H2, 5% CO2, and 83% N2.
B. thetaiotaomicron was grown anaerobically at 37 °C in trypticase yeast
extract glucose broth supplemented with 10 μg/mL erythromycin. Genetic
manipulations were conducted using E. coli strain K12 grown on Luria-
Bertani (LB) agar plates or LB broth supplemented with ampicillin (100
μg/mL), chloramphenicol (20 μg/mL), or kanamycin (10 μg/mL) as needed,
and incubated at 37 °C.

Mutant Construction and Complementation. Mutants were constructed by the
insertion of an antibiotic resistance cassette into the ORF of the gene using
previously described protocols (43–46) and detailed in SI Materials and
Methods. Complemented strains were constructed by the addition of the
genes cj0486 to cj0490 as described by Muraoka et al. (32) and in SI Materials
and Methods (Table S3).

Growth on L-Fucose. MEMα medium (Gibco 41061) containing glutamine, but
no phenol red, was supplemented with 20 μM FeSO4 and 25 mM L-fucose
(Sigma-Aldrich) and filter-sterilized (0.2-μm pore size). The wild-type or mu-
tant strains were grown overnight in MH biphasic cultures. These cultures
were used to inoculate the growth medium at an OD600 of 0.01. Aliquots of
this culture (300 μL) were injected into honeycomb 100-well plates designed
for use with a Bioscreen C incubator/plate reader. Each growth condition was
replicated in 10 wells each, as were blanks containing only MEMα medium.
The plates were incubated for 1 h, at 37 °C in a MACS-VA500 workstation,
under microaerobic conditions, and were sealed shut with airtight poly-
ethylene sealing tape (Micronova Manufacturing, Inc.). The plates were then
placed in a Bioscreen C plate reader and incubated at 37 °C with moderate,
continuous shaking for 36 h with wideband (420–580 nm) OD readings every

15 min. The results are displayed as the maximumOD obtained during 36 h of
growth, normalized against the background OD of the medium. Statistical
significance was determined using Student t test with a P value ≤ 0.05.

Radioactive L-Fucose Uptake. Bacteria were grown to exponential phase inMH
or LB broth media in the presence or absence of 20 mM L-fucose and the OD
was adjusted to 1.0 at 600 nm. Bacteria were washed three times in trans-
port buffer [50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10 mM KCl]. Uptake
measurements were initiated by the addition of L-[5,6-3H]fucose (ART)
together with nonradioactive fucose to a final concentration of 20 μM
(40 mCi·mmol−1) to the bacterial suspension at 37 °C. Samples (1 mL) were
taken at different time points (30 s to 10 min), rapidly filtered through
0.22-μm mixed cellulose (GS) filters (Millipore), and washed with 5 mL of 0.1
M LiCl to stop the reaction. Radioactivity of bacteria on the filter membrane
was determined by scintillation oscillography. E. coli K12 wild-type strain
and the corresponding fucP mutant were used to optimize the assay and
C. jejuni NCTC 11168 and corresponding isogenic mutants were then com-
pared in triplicate experiments.

ATP-Dependent L-Fucose Phosphorylation and GTP-Dependent L-Fucose
Activation. ATP-dependent phosphorylation and GTP-dependent activation
of radiolabeled L-fucose was carried out using a modified version of the
protocol by Wang et al. (30) for 20 min at 30 °C in a reaction volume of 500
μL using 20 mg of whole cell lysate in a reaction buffer composed of: 25 mM
Tris/HCl (pH 7.5), 5 mM DTT, 10 mM nucleotide triphosphate (ATP, GTP, or
ATP plus GTP), 5 mM of divalent cations (MgCl2 or MnCl2), and 20 μM [3H]
L-fucose (40 mCi·mmol−1). Whole-cell lysates were prepared by sonication
and dialyzed against 25 mM Tris/HCl (pH 7.5). DTT and MgCl2 /MnCl2 were
added separately after the dialysis step. ATP, GTP, or both nucleotides
were added with [3H] L-fucose to start the reaction. At different time points,
0.1-mL aliquots of the reaction mixtures were loaded onto 0.5 mL of an
anion-exchange resin (Dowex anion-exchange resin 1 × 8 mesh size 200–400)
prepared in a gravity-flow column (GE Healthcare; Column PD-10, empty).
After three washes with 2 mL of distilled water, the column was eluted with
0.1 M HCl (3 × 1 mL). The eluate was added to 10 mL of scintillation mixture,
and radioactivity was determined using a scintillation counter.

Total RNA Extraction and Microarray Hybridization and Analysis. Total RNA was
extracted using the previously described hot phenol method (43, 44, 47).
Microarray hybridization and analysis was also conducted as previously de-
scribed (43, 44, 47).

Competitive Assays. Animal procedureswere approvedby theAnimalCare and
Use Committee at theUniversity ofOttawa. The ability of the cj0486mutant to
compete against the NCTC 11168 wild-type strain was tested in both in vitro
and in vivo conditions. For the porcine competitive colonization assay: male,
specific pathogen-free neonatal colostrum-deprived piglets were acquired
from the Canadian Food Inspection Agency. The piglets were allowed to ac-
climatize over a couple days to their environment and four piglets were in-
oculated with ∼107 cells of a 1:1mixture of wild-type C. jejuniNCTC 11168 and
the cj0486mutant. To confirm the exact ratio of wild-type to mutant, samples
of the inoculum were serially diluted, plated and enumerated. The piglets
remained infected for 3 d, at which point they were killed, and samples were
taken from the duodenum, jejunum, ileum, cecum, and colon. The tissue
samples were homogenized, serially diluted in MH broth and plated onto
Campylobacter agar base (Oxoid CM935) containing Campylobacter-selective
Karmali supplements (Oxoid SR167E). The mutant strains were isolated using
selective plates also containing kanamycin. The plates were incubated at 37 °C,
undermicroaerobic conditions for 48 h. Statistical significancewas determined
using a one-way ANOVA.

A similar approach was used for competitive assays using the chick model.
Forty-three chicks were acquired from the Canadian Food InspectionAgency’s
specific pathogen-free flock. These chicks were inoculated with ∼104 cells of
a 1:1 mixture of NCTC 11168 and cj0486. At 3, 6, 10, and 14 d postinoculation,
10 or 11 chicks were killed by cervical dislocation and their cecawere collected
and weighed. The cecal contents were resuspended into MH broth, serially
diluted, and plated onto Karmali selective plates, as described above. The
bacteria counts for all of the in vitro and in vivo competitive assays were
determined and are represented as the log10 ratio of cj0486 cfu/wild-type cfu.
Twenty additional chicks were syringe-fed 17mg L-fucose supplements, three
times daily, at 8-h intervals. They were inoculated with a 1:1mixture of cj0486
mutant to wild-type, as described above, following their second fucose sup-
plement. Nine and 11 chicks were killed 3 and 6 d postinoculation, re-
spectively. Statistical significance was determined by a Student t test.
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An in vitro competitive growth assay was carried out in filter-sterilized
MEMα medium supplemented with 20 μM FeSO4, both with and without
25 mM L-fucose, as well as in MH medium alone. As above, the media were
inoculated with a 1:1 mixture of the cj0486mutant and wild-type and grown
for 36 h with samples taken and plated at 6-h intervals.
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