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The genome sequence of the enteric bacterial pathogen Campylobacter jejuni NCTC 11168 (11168-GS) was
published in 2000, providing a valuable resource for the identification of C. jejuni-specific colonization and
virulence factors. Surprisingly, the 11168-GS clone was subsequently found to colonize 1-day-old chicks
following oral challenge very poorly compared to other strains. In contrast, we have found that the original
clinical isolate from which 11168-GS was derived, 11168-0O, is an excellent colonizer of chicks. Other
marked phenotypic differences were also identified: 11168-O invaded and translocated through tissue
culture cells far more efficiently and rapidly than 11168-GS, was significantly more motile, and displayed
a different morphology. Serotyping, multiple high-resolution molecular genotyping procedures, and sub-
tractive hybridization did not yield observable genetic differences between the variants, suggesting that
they are clonal. However, microarray transcriptional profiling of these strains under microaerobic and
severely oxygen-limited conditions revealed dramatic expression differences for several gene families.
Many of the differences were in respiration and metabolism genes and operons, suggesting that adaptation
to different oxygen tensions may influence colonization potential. This correlates biologically with our
observation that anaerobically priming 11168-GS or aerobically passaging 11168-O caused an increase or
decrease, respectively, in colonization compared to the parent strain. Expression differences were also
observed for several flagellar genes and other less well-characterized genes that may participate in
motility. Targeted sequencing of the sigma factors revealed specific DNA differences undetected by the
other genomic methods. These observations highlight the capacity of C. jejuni to adapt to multiple
environmental niches, the likelihood that this adaptation involves genetic evolution, and provides the first
whole-genome molecular exploration of the effect of laboratory culture and storage on colonization and

virulence properties of this pathogen.

Campylobacter jejuni is the most common cause of human
acute bacterial enteritis in industrialized countries like the
United States and United Kingdom (4, 10, 19). It is estimated
that nearly 1 in 100 individuals in both the United States and
the United Kingdom develop campylobacter-related illness
each year (79), with acute symptoms ranging from watery to
bloody diarrhea, fever, nausea, and vomiting. Although the
vast majority of cases are self-limiting, severe consequences of
this infection can arise, including bacteremia, arthropathies,
and polyneuropathies like Guillain-Barré Syndrome (51, 65,
74).

Human campylobacteriosis is considered primarily a food-
borne disease. C. jejuni is a common gut commensal in most
food-producing animals and birds, and fecal contamination of
meat during processing is a well-recognized route of transmis-
sion to humans. Epidemiological studies indicate that a major
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source of human infection is the consumption and handling of
meat from broiler chickens (19). C. jejuni colonizes the cecum
and colon of such birds readily and in extremely high numbers
(54). Thus, strategies for the control and prevention of poultry
colonization at the farm level are considered an important
approach to the reduction or elimination of campylobacteriosis
in humans.

The mechanisms by which C. jejuni colonizes the intesti-
nal tract are poorly understood. Models of colonization in
orally challenged chickens have enabled some colonization
factors to be identified by using defined mutants; these fac-
tors include flagellin (78), superoxide dismutase (60), and
GalE (20). However, such studies are highly dependent on
the presumed properties of genes and thus do not generally
lead to the identification of C. jejuni-specific colonization
factors. Recently, with the advent of genome sequencing
and the development of strategies, such as signature-tagged
mutagenesis, for the mass screening of mutants, the identi-
fication of bacterial factors important for virulence has be-
come more rapid and independent of known gene functions
(9, 48, 62).

In 2000, the genome sequence of C. jejuni NCTC 11168 was
completed (58). This appeared to provide a unique database
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for postgenomic investigations, including the potential for
identification of C. jejuni-specific colonization factors. How-
ever, initial studies demonstrated that the genome-sequenced
variant of NCTC 11168, unlike other C. jejuni strains, was
deficient in its ability to colonize 1-day-old chicks (1) or SCID
mice (28) following oral challenge. Previous reports have in-
dicated that the virulence properties of some bacteria, includ-
ing campylobacters, may be reduced by laboratory subculture
over time (7, 17, 40, 52, 72). However, none of these studies
identified discernible molecular changes or differences that
might lend insight into possible mechanisms underlying this
phenomenon.

C. jejuni NCTC 11168 was originally isolated from the feces
of a diarrheic patient in 1977 by Martin Skirrow (http://cphl
.phls.org.uk/divisions/cdmssd/nctc/qcrc.htm).  Fortuitously,
this original clinical isolate (strain number 5636/77), ar-
chived by Skirrow in 1977 and frozen ever since, was do-
nated to the campylobacter strain collection of the Veteri-
nary Laboratories Agency (VLA) in 1999. In stark contrast
to the genome-sequenced variant, we have found that the
original isolate is an excellent colonizer of chickens. To
identify other potential phenotype differences and to ex-
plore possible mechanisms underlying the colonization dis-
parity, we undertook a detailed phenotypic, genotypic, and
transcriptional comparison of the genome-sequenced and
original variants of C. jejuni NCTC 11168 (henceforth des-
ignated 11168-GS and 11168-O, respectively). Our findings
include a likely role for bacterial metabolism and adaptation
to different oxygen tensions in colonization potential. This
study also highlights the remarkable capacity of C. jejuni to
evolve rapidly as a result of storage, culture, and passage
conditions. Finally, our work demonstrates the potential of
microarray-based transcriptional profiling in screening for
differences in bacterial variants that have adapted to new
environments, probably via small but accumulative vertical
evolutionary events, without having incurred more readily
identifiable genomic changes such as gene loss, gene gain, or
horizontal gene transfer.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. jejuni strain 11168-O (the original
clinical isolate) was isolated from human diarrheic feces in 1977 by M. Skirrow
and designated strain 5636/77 at that time. This strain was stored frozen, without
known subculture, at —70°C to —80°C first at Worcester Royal Infirmary, then at
VLA Luddington, and finally at VLA Weybridge. This strain was accessed into
the National Collection of Type Cultures (NCTC) by Skirrow in 1977, where it
was subcultured to provide a stock which was then freeze-dried. The strain was
also probably distributed to a number of other international laboratories at that
time. The genome-sequenced C. jejuni strain NCTC 11168 (11168-GS) was
kindly provided by Brendan Wren. This clone was used for the Sanger Centre C.
Jejuni sequencing project and was previously obtained from the NCTC. The
subculture history of this variant is unknown.

To avoid damage due to laboratory passage (particularly for 11168-O), C.
Jjejuni strains were subcultured on plates no more than twice prior to initiating
any experiment. The C. jejuni strains were either cultured on 10% (vol/vol) sheep
blood agar plates with actidione (250 wg/ml) and Skirrow’s supplement (10 pg of
vancomycin/ml, 2.5 TU of polymyxin B/ml, and 5 pg of trimethoprim/ml) (BASA)
at 42°C in a microaerobic environment (7.5% [vol/vol] CO,, 7.5% [vol/vol] O,,
and 85% [volvol] N,) for 24 to 48 h or cultured on Mueller Hinton (MH) agar
and in MH broth with 10 pg of vancomycin/ml and 5 pg of trimethoprim/ml at
37°C with an Oxoid CampyGen pack to generate microaerobic conditions (6%
O, and 12% CO,). To generate severely O,-limited conditions, bacteria were
cultured with Oxoid AnaeroGen packs. According to the manufacturer’s speci-
fications, these packs result in an O, environment of <1% within 30 min.
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Escherichia coli strain TOPO 10F’ (Invitrogen) was grown on Luria-Bertani agar
or in Luria-Bertani broth at 37°C under atmospheric conditions. For one exper-
iment, 11168-O was passaged aerobically on BASA plates. The plates were not
dried prior to inoculation and were placed in an unsealed gas jar with a moist
tissue at the bottom and incubated at 37°C for 24 to 48 h. This process was
repeated 13 times. As a control, 11168-O was also passaged 13 times microaero-
bically, again on undried BASA plates at 37°C for 24 to 48 h. A CampyPak (BBL,
Becton Dickinson) was used in a sealed gas jar to generate the microaerobic
environment.

Chicken colonization model. A 1-day-old chick model of colonization (78) was
used to determine colonization potential. Briefly, eggs from specific-pathogen-
free chickens (Lohmann’s) were hatched in isolators. Groups of chicks (n = 10)
were maintained in separate isolators with unlimited food and water. At 1 day
old, chicks were each dosed orally by gavage with approximately 10? to 10° CFU
of C. jejuni in 0.1 ml of phosphate-buffered saline (PBS). Bacteria were grown
overnight on blood agar plates under microaerobic conditions at 42°C. Chicks
were killed 5 days after dosing, and bacterial colonization levels were determined
by plating out dilutions of cecal contents. The detection limit for colonization was
10?> CFU/g of cecal content. Further colonization studies were carried out in
which birds were dosed with (i) 11168-GS grown as above and then placed in
anaerobic conditions at 37°C for 24 h by using an anaerobic cabinet and (ii)
11168-O that had been subcultured 13 times under aerobic conditions at 37°C.

In vitro phenotypic studies. The morphologies of the two strains were com-
pared by transmission electron microscopy (TEM). Briefly, bacteria were grown
under microaerobic conditions, suspended in water, allowed to sediment onto
Formvar-carbon-coated grids, negatively stained with 2% (wt/vol) phosphotung-
stic acid, and examined with a Phillips CM 10 TEM. Motility was measured by
swarming on motility agar plates. Each strain was grown as described above, and
the concentration was adjusted to approximately 10° CFU/ml in PBS. One
microliter of this suspension was then stabbed into a 0.4% MH agar plate.
Following microaerobic growth at 42°C for 24 to 48 h, the diameter of each halo
of growth was measured.

Bacterial invasion into INT407 cells was studied by a gentamicin protection
assay (6, 16, 42, 76) with confluent INT407 monolayers seeded 24 h prior to
infection. The starting bacterial inoculum for each strain was ~4 X 10% to 6 x 10®
CFU. Invasion was assayed in minimum essential medium (MEM) without
serum, with triplicate wells seeded for each strain for each time point. Bacteria
were allowed to invade for 30 min or 2 h, then the cells were washed five times
with prewarmed MEM prior to the addition of 250 pg of gentamicin/ml in MEM.
After 2 h, cells were washed five times again with MEM and lysed with water and
a 25-gauge syringe. For experiments in which the bacteria were first centrifuged
onto the INT407 cells prior to initiating invasion, centrifugation was carried out
at 450 X g for 15 min at room temperature. Translocation assays were carried out
by using 18-day differentiated Caco-2 cells, grown in transwells (Corning Costar
Corp.) with a pore size of 3 pum, as previously described (6, 42). Separate
transwells were used for each time point, and the assay was performed in
triplicate for each strain at each time point. The starting bacterial inoculum for
each strain was ~2.5 X 10® CFU. Translocation was performed in MEM plus
10% fetal bovine serum and allowed to proceed for 2 or 6 h. The entire baso-
lateral fraction was collected, and bacteria were enumerated by serial dilution
plate counts. Prior to initiating each assay, bacteria were inoculated in biphasic
MH flasks (5 ml of broth over 10 ml of agar) at an optical density at 600 nm
(ODgqp) of 0.002 and grown at 37°C microaerobically for ~16 h to an ODg, of
~0.3 before starting the experiment.

Electron microscopy of Caco-2 sections. Polarized Caco-2 cells infected with
C. jejuni were washed gently three times with PBS and fixed at 4°C for 90 min
with 2% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Samples were
postfixed in 1% OsO, (Polysciences) for 90 min at 4°C and stained with 0.25%
uranyl acetate (Polysciences) at 4°C for 1 h. After dehydration with a series of
ethanol and water solutions, samples were embedded in firm Spurr’s resin (Poly-
sciences). Samples were then sectioned, stained with uranyl acetate and lead
citrate, and examined on a Philips 201c electron microscope.

Molecular genotyping. Amplified fragment length polymorphism (AFLP) was
performed according to the method of Duim et al. (14). The final products were
separated on a 7.3% denaturing acrylamide sequencing gel with an ABI 377
automated DNA sequencer. Pulsed-field gel electrophoresis (PFGE) was per-
formed by adjusting a bacterial suspension to an ODsq, of 0.5 in PBS prior to
preparation of agar plugs. Cells were lysed by two consecutive 24-h incubations
in lysis buffer and proteinase K at 55°C prior to digestion of genomic DNA with
Smal for 48 h. The DNA fragments were separated by using a Chef-DR 111
system (Bio-Rad) with a ramped pulse of 10 to 35 s for 21 h at 200 V and 14°C.
Fla typing was performed as described previously (53).

Microarray-based genotyping (genomotyping) studies were performed by us-
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ing a C. jejuni DNA microarray consisting of amplicons representing the largest
nonoverlapping, nonhomologous regions of 99% of the open reading frames
(ORFs) in the 11168-GS genome (44). Each array contains two spots per gene.
Four hybridizations were performed, each of which used 11168-GS as a refer-
ence. Two hybridizations used 11168-GS as the test DNA (as a control for
labeling and dye variability); two hybridizations used 11168-O as the test DNA.
Hybridizations were performed essentially as described previously (44). Briefly,
500 ng of genomic DNA was incubated with amino-allyl dUTP (Sigma) and
Klenow fragment (exo-) (NEB) at 37°C for 2 h to generate labeled probes. The
probes were coupled to monofunctional Cy dyes (Amersham), with Cy3 for the
reference dye and CyS5 for the test dye. Arrays were hybridized at 55°C for 16 h
and scanned with an Axon 4000A scanner and GenePix software. Data were
analyzed by using GACK (39) and Cluster (15).

Gene expression analyses. After a single passage on MH plates, bacteria were
inoculated into MH broth at an ODg, of 0.002 and grown microaerobically with
the Oxoid CampyGen system at 37°C for ~14 h with shaking at 200 rpm to
mid-log phase (ODg of ~0.3). Bacteria were diluted back to an OD, of 0.1,
split into microaerobic or severely O,-limited cultures (with the CampyGen or
AnaeroGen Oxoid system, respectively), and shaken at 200 rpm at 37°C in an
airtight 2.5-liter BBL Campyjar. Starting cultures were 25 ml in a 150-ml
flask. At various time points, 3-ml samples were harvested from the same
flask to determine the ODgy, and number of CFU per milliliter and to
prepare RNA, after which the flask was returned to the jar with a fresh pack
for further incubation. Flasks were exposed to atmospheric conditions for
<30 s at each time point. For RNA preparation, samples were harvested into
a 1/10 volume of 5% phenol-95% ethanol, spun, and frozen at —80°C. The
samples were resuspended in 0.4 mg of lysozyme/ml, incubated at room
temperature for 5 min, and lysed in a 20X volume of Trizol reagent (Invitro-
gen). Following chloroform extraction, the samples were combined with an
equal volume of 70% ethanol, loaded onto an RNeasy Mini column (Qiagen),
and processed according to manufacturer’s procedures (including on-column
DNase treatment). RNA was confirmed as DNA-free by reverse transcription
(RT)-PCR. For hybridizations, RT was performed with 0.6 pmol of C. jejuni
gene-specific primer mix (Sigma-Genosys) and 1.5 pg of C. jejuni RNA per
hybridization. cDNA labeling and array hybridization were performed essen-
tially as described above for genomic DNA labeling and in reference 44,
except that the Klenow labeling and probe-generating reactions were per-
formed for 16 h at 37°C prior to dye coupling. For the RNA-based hybrid-
izations, reference cDNA was generated by performing RT reactions on a
pool of RNA comprised of equimolar aliquots of RNA from each sample in
the experiment. Probes generated from this reference cDNA were labeled
with Cy3 and hybridized against probes generated from individual samples
labeled with Cy5. Data were entered into the Stanford Microarray Database,
and data were retrieved only for those spots exhibiting a regression correla-
tion of >0.6 and which contained >75% good data. To identify spots with the
most pronounced differences between the variants, we employed SAM (sig-
nificance analysis of microarrays), a statistical program which uses repeated
permutations of the data to determine whether the expression of any gene (or
spot) is significantly related to the response (71). Spots were identified on the
basis of an overall (i.e., over the four time points) >1.5X signal intensity
difference and a low false-discovery rate. Because expression levels change
over time, for a given spot, the signal intensity difference is likely to be much
greater than 1.5X between the variants at certain time points and slightly less
than 1.5X different at others (see Fig. 5C and D and 6C and D for examples).
The spots identified were confirmed as significant by using ORF order and
Cluster analyses to investigate operon organization and coexpression with
known genes of likely similar function. The original data for the spots iden-
tified were mean centered and hierarchically clustered with Cluster and
visualized by Treeview (15). Quantitative real-time RT-PCR (QRT-PCR) was
performed with a Bio-Rad iCycler, primers designed to produce 70-bp am-
plimers, and recombinant Tth enzyme, buffer, and SYBR Green (Perkin-
Elmer/Molecular Probes). Standard curves were generated for each primer
pair in every reaction mixture. Reaction conditions were as follows: (i) RT,
50°C for 5 min and 60°C for 30 min; (ii) PCR, 50 cycles of 94°C for 10 s, 50°C
for 30 s, and 60°C for 30 s; (iii) melt curve, 100 to 60°C in 1°C increments
every 30 s.

DNA sequencing. The three sigma factor genes of C. jejuni (rpoD, rpoN, and
fliAd) were amplified from 11168-O with primers derived from the NCTC 11168
genome sequence (58). The amplicons were cloned into the pCR-2.1TOPO
vector (Invitrogen) and sequenced with M13 forward and reverse primers. Two
separate clones for each sigma factor were sequenced at least three times in both
directions. Sequencing was carried out with BigDye Terminator mix (Applied
Biosystems), and the products were separated with an ABI 3700 DNA sequencer
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(Applied Biosystems). Contigs were assembled by using the SeqMan program
(Lasergene; DNAstar).

Subtractive hybridization. The method used for subtractive hybridization was
similar to that described previously (1), except that both primary and secondary
hybridizations were carried out at 58°C. Subtracted products were cloned into
pCR-2.1TOPO, and a selection, based on the dot blot results, were sequenced
with M13 forward and reverse primers.

RESULTS

Significant differences in chick colonization of the 11168
variants. To investigate the colonization potential of the vari-
ants, 1-day-old chicks were dosed with approximately 10? to
10°CFU of C. jejuni and colonization levels were determined 5
days later (Fig. 1). The resultant data clearly show that
11168-O colonizes much more efficiently than 11168-GS. For
instance, a relatively low dose of 3 X 10> CFU of 11168-O
maximally colonized all birds (10* to 10" CFU/g of cecal
contents), with a geometric mean level of 3 X 10° CFU/g. In
contrast, a similar dose of 11168-GS (5 X 10?> CFU) only
detectably colonized 3 of 10 birds, all at a very low level of 10?
CFU/g, and even a very high dose of 3 X 10° CFU only gave a
geometric mean colonization level of 10° CFU/g. 11168-O that
had been passaged aerobically 13 times was significantly atten-
uated for colonization, although it still colonized slightly better
than 11168-GS. Specifically, a dose of 4 X 10> CFU of the
aerobically passaged 11168-O did not colonize to a detectable
level, and a dose of 3.5 X 10> CFU gave a mean colonization
level of 3 X 10* CFU/g. Conversely, exposing 11168-GS to
anaerobic conditions for 24 h prior to inoculation increased its
colonization potential, although not to the level of 11168-O
grown microaerobically. A dose of 10° CFU of the anaerobi-
cally primed 11168-GS colonized 8 of 10 birds to a geometric
mean level of 2.5 X 10° CFU/g, whereas doses of 5.5 X 10* and
2 X 10° CFU of 11168-GS grown microaerobically colonized 7
of 10 and 9 of 10 birds to mean levels of 7 X 10° and 5 X 10°
CFU/g, respectively.

11168-GS and 11168-O exhibit dramatic differences in mor-
phology, motility, invasion, and translocation. To determine
whether other colonization- and virulence-associated at-
tributes of C. jejuni might also be altered in 11168-GS com-
pared to 11168-O, we next performed a detailed phenotypic
characterization of the two strains. The distinct morphologies
of the variants are shown in Fig. 2. 11168-O has the classic
spiral shape generally expected of C. jejuni, whereas
11168-GS has lost this shape and appears as a straight rod.
Both variants have polar flagella. However, 11168-GS was
significantly impaired for motility both in soft agar and in
liquid broth culture as observed by light microscopy,
whereas 11168-O was highly motile in soft agar and exhib-
ited extremely rapid darting motility from a liquid broth
culture (Table 1). Two virulence-associated phenotypes
were also assayed: (i) invasion into INT407 cells and (ii)
translocation through differentiated Caco-2 cells. 11168-O
invaded INT407 cells far more rapidly and at significantly
higher numbers than 11168-GS (P < 0.05). After just 30
min, a 280-fold difference in invasion was observed, and
after 2 h of invasion, a 3-fold difference was still apparent
(Table 1). Invasion assays in which the bacteria were first
centrifuged onto the INT407 monolayers also resulted in
11168-0O invading at a significantly higher frequency than
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FIG. 1. Differences in chick colonization of C. jejuni strain 11168
variants. One-day-old chicks were inoculated with various doses of
bacteria (x axis). Numbers of CFU per gram of cecal content were
calculated for each chick by serial dilution and plotted on the y axis.
Chicks were dosed with C. jejuni as follows: open circles are 11168-O,
microaerobically grown; upright open triangles are 11168-GS, mi-
croaerobically grown; open diamonds are 11168-O, aerobically pas-
saged 13 times; inverted open triangles are 11168-GS, anaerobically
primed for 24 h. The dashes indicate the geometric means for each
strain at the given dose.

11168-GS (P < 0.05) (data not shown). Similarly, 11168-O
rapidly translocated through differentiated Caco-2 monolay-
ers while 11168-GS was essentially unable to translocate
(Table 1). Interestingly, thin sectioning of the infected
Caco-2 monolayers followed by electron microscopy indi-
cated that 11168-O bacterial cells were readily observed
both inside and between the Caco-2 cells (Fig. 3). In these
sections, which were taken 2 h after inoculation (insufficient
time for >1 round of intracellular replication), multiple
bacteria were often found within a single cell, suggesting
that several invasion events may have occurred at once
and/or at one location. Furthermore, bacteria were often
observed at likely intracellular sites very near the intercel-
lular spaces. Very few 11168-GS bacteria were observed
between the Caco-2 cells (data not shown); the number of
internalized bacteria observed by electron microscopy is
shown in Table 1.

11168-GS and 11168-O appear identical by current molec-
ular genotyping techniques. We next undertook extensive se-
rotyping and molecular genotyping analyses of the 11168 vari-
ants, with the dual goals of (i) exploring the genetic
relationship between these strains and (ii) identifying possible
genetic bases underlying the dramatic phenotype differences
observed. Results of these studies are shown in Table 2. Both
variants were found to be biotype 1, Penner serotype 2, Fla-
type 1.1, and sequence type 43 (ST43) by multilocus sequence
typing. Neither strain contained a plasmid. Two well-estab-
lished molecular genotyping techniques, AFLP and PFGE,
also yielded identical profiles for the two variants. Genomo-
typing studies with an ORF-specific C. jejuni DNA microarray
followed by GACK analysis of the resultant data (39) also did

J. BACTERIOL.

not identify any genes that were significantly different between
the two strains. Furthermore, cluster analyses comparing the
microarray profiles of 11168-GS and 11168-O to those of a
panel of other isolates (44) resulted in the 11168 variants
definitively clustering together and away from the other iso-
lates. Finally, subtractive hybridization, which was recently
used to identify genes present in another highly colonizing C.
jejuni strain compared to 11168-GS (1), did not reveal any
differences between the 11168 variants. Together, these studies
indicate that 11168-O and 11168-GS appear clonal by all typing
methods employed and that 11168-GS is not likely to have
acquired or lost large pieces of DNA or been subject to hori-
zontal gene transfer during passage before, through, or after
accession into the NCTC.

Transcriptional profiling of 11168-O versus 11168-GS re-
veals multiple differences in respiration and metabolism and
flagellar and motility gene expression. Because we were un-
able to detect genetic differences by the typing techniques
above, we next used the C. jejuni DNA microarray to explore
gene expression patterns in the 11168 variants. Initial mi-
croarray experiments tracking expression profiles of the
variants over several growth stages indicated that a surpris-
ing number of genes and operons exhibited significant ex-
pression differences between the variants, with a large pro-
portion of those genes being involved in aerobic and
anaerobic respiration and metabolism (data not shown). C.
jejuni is considered an obligate microaerophile; however, it
must be able to survive within a variety of environmental
niches, including the microaerobic and often severely oxy-
gen (O,)-limited environment of the avian and mammalian
gut. Thus, we expanded the initial experiment to investigate
expression differences between the two variants over a time
course of exposure to both microaerobic and severely O,-
limited culture conditions. To cover growth stages ranging
from early log to stationary, samples were collected 2, 6, 10,
and 26 h after dilution back to an ODy, of 0.1. Microaero-
bic and severely O,-limited conditions were established by
using the Oxoid CampyGen and AnaeroGen systems, re-
spectively (see Materials and Methods).

Growth data and growth stage and gene expression controls.
ODg, and CFU/ml data indicated that during microaerobic
culture, 11168-GS grew faster, reached a higher number of
CFU per milliliter at stationary phase, and maintained a high
level of viability for a longer period of time than 11168-O (Fig.
4). Under severely O,-limited conditions, neither variant grew
well, as expected given previous reports on the inability of C.
jejuni to grow during anoxia (64). Nevertheless, both variants
retained a significant proportion of viable cells at the 26-h time
point under both conditions.

Because the experiment was performed as a time course,
known growth stage-dependent genes could be monitored to
determine the relative likelihood that expression changes in
interesting genes might be due to growth stage rather than
valid differences between the variants. Separate pairwise
whole-genome comparisons of the variants under each condi-
tion revealed that despite the growth differences noted above,
the two variants exhibited remarkably similar growth stage
transitions (data not shown). For instance, in both variants,
expression of ribosomal and DNA synthesis genes peaked at
2 h and declined steadily thereafter; conversely, groEL, groES,
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and several heat shock genes were expressed at low levels
during exponential growth but increased dramatically at the
26-h time point. Genes identified as growth stage dependent in
other experiments (E. C. Gaynor and S. Falkow, unpublished
data) were also similar; for instance, expression of the surface
antigens pebl and pebC peaked at the 6- and 10-h time points
in both variants under both conditions. Thus, the differences in

’ v o
FIG. 2. Morphology of the 11168 variants, as demonstrated by negative staining. (A) 11168-O; (B) 11168-GS. Bars, ~1 pm.

gene expression between the variants were considered to be
valid and not due to growth stage discrepancies. We also per-
formed QRT-PCR on several of the genes highlighted in Fig.
5 and 6 (i.e., dcuA, Cj1464, and Cj0037c), using RNA from
both strains under each condition tested. In every case, both
microarray analyses and QRT-PCR yielded nearly identical
strain-to-strain and condition-to-condition differences in gene

TABLE 1. Invasion, translocation, and motility phenotypes of the 11168 variants

oh . Result for strain: Fold
enotype Time difference
11168-O 11168-GS
Invasion in INT407 cells” 30 min 2,800 (793) 10 (0) 280
2h 14,000 (5,291) 4,533 (642) 3
Translocation in Caco-2 cells” 2h 33,000 (19,798) 25(7) 1,320
6h 68,500 (4,949) 0 (0) =68,500
No. of bacteria/cell in Caco-2 cells 2h 1.48 0.36 4.1
6h 1.04 0.31 3.6
Motility
Swarm agar? 24h 21.0 mm (2.7) 0 (0) NA#
Liquid culture® 14h +++ - NA

“ Total number of bacteria internalized (similar inocula).

> Total number of bacteria harvested from the basolateral side of transwell (similar inocula).
¢ Number of bacteria/cell observed inside or between cells, enumerated by random observation of 26 to 50 cells in 2 TEM fields.

9 Halo size on swarm agar plates.

¢ Early-log-phase cultures assayed by light microscopy. ++ +, very rapid, darting motility; —, apparent Brownian motion only.

/Numbers in parenthesis indicate standard deviations.
£ NA, not applicable.
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FIG. 3. TEMs of 11168-O invading and translocating through po-
larized differentiated Caco-2 cells. After 2 h of infection, cells were
fixed, thin sectioned, and prepared for electron microscopy. Arrow-
heads point out desmosomes connecting the cells; line arrows show the
line of the intercellular space. Bacteria are the dark, electron-dense
structures. In panel B, the hollow arrows point to bacteria that are in
the intercellular space. Other bacteria in panels A and B could either
be between the cells or internalized near the intercellular space. Panel
C shows bacteria clearly inside cells near several organelles (g, Golgi;
m, mitochondria; n, nucleus). Bars, ~10 pwm.

expression levels (data not shown). It is also of note that many
of the genes identified as exhibiting differential expression be-
tween the variants fall into discrete coregulated operons. To-
gether, these observations provide a high degree of confidence
in the validity of the microarray expression trends described
below.

Gene expression data. Using the time points as technical
replicates, we first employed SAM (see Materials and Meth-
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ods) to identify genes that differed significantly between the
variants regardless of culture condition (Fig. 5). Whole-ge-
nome analyses indicated that some differences observed only
under severe O, limitation were not identified by this method;
thus, we also used SAM to identify genes with significant dif-
ferences specifically under these conditions (Fig. 6). In both
Fig. 5 and 6, panel A shows genes with higher expression in
11168-O compared to 11168-GS, with the log, of the red/green
ratios shown numerically for one example in panel C. Panel B
shows genes with lower expression in 11168-O than in 11168-
GS, with the log, of the red/green ratios shown numerically for
one example in panel D. Where possible, both array spots for
a given gene are shown (i.e., when both spots passed the
filtering and SAM criteria).

(i) Respiration and metabolism clusters. (a) TCA cycle,
C,-dicarboxylate, and electron transport chain genes. The tri-
carboxylic acid (TCA) cycle plays a dual role in cell metabo-
lism: it generates biosynthetic starting compounds that are
used in amino acid metabolism and it provides a metabolic
energy source by creating intermediates that feed into the
electron transport chain. In facultative anaerobes like E. coli,
the TCA cycle is primarily oxidative during aerobic growth
while during anaerobiosis it branches into oxidative (biosyn-
thetic) and reductive (energy-generating) arms. Half of the
TCA cycle is comprised of C,-dicarboxylic intermediates (e.g.,
fumarate, succinate, malate, and aspartate [during anaerobio-
sis]); the other half is comprised of classic biosynthetic starting
compounds (e.g., a-ketoglutarate, succinyl-coenzyme A [succi-
nyl-CoA], and oxaloacetate). The genome sequence of C. je-
Juni suggests that it contains a complete TCA cycle and a
complex, branched electron transport chain that is likely to
allow both aerobic and anaerobic respiration with a variety of
electron acceptors (38, 58, 66). Apart from the genome infor-
mation and a few studies on enzyme activity (64, 67), little is
known about the TCA cycle in C. jejuni.

Several genes likely to be involved in uptake or metabolism
of C,-dicarboxylate TCA cycle intermediates were expressed at
significantly higher levels in 11168-O than in 11168-GS under
both culture conditions (Fig. 5A, cluster 1). One of these
genes, dcuA, is also shown in Fig. 5C, where a >9-fold differ-
ence in signal intensity is observed at the 6-h time point for
11168-O (microaerobic) compared to 11168-GS (either condi-
tion). dcuA and dcuB have been characterized in other bacteria
as mediating anaerobic succinate-fumarate antiport and succi-
nate uptake for use as a carbon source, whereas dctA4 catalyzes
aerobic uptake of succinate (34). aspA, in a two-gene operon
with dcuA, encodes an aspartate ammonia-lyase that catalyzes
the conversion of aspartate to fumarate, which can feed into
the anaerobic reductive branch of the TCA cycle. Up-regula-
tion of several of these genes in 11168-0, although faster under
severely O,-limited conditions, was somewhat higher during
microaerobic growth. This cluster also contains an operon
(sdhABC) annotated as encoding succinate dehydrogenase, an
enzyme that has been well-characterized in E. coli and several
other bacteria as a key component of the aerobic oxidative
TCA cycle that converts succinate to fumarate and also con-
nects the TCA cycle with the aerobic respiratory chain (8, 64).
In those bacteria, succinate dehydrogenase is repressed during
anaerobiosis so that the reverse reaction, reduction of fumar-
ate to succinate by fumarate reductase, can prevail. In our
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TABLE 2. 11168-O and 11168-GS appear identical by multiple serotyping and molecular genotyping methods

Result for:
Method
11168-O 11168-GS
Biotype 1 1
Penner serotype 2 2
Fla type 1.1 1.1
MLST* ST43 ST43
Plasmid analysis No plasmids No plasmids
AFLP Identical profile
PFGE Identical profile

Subtractive hybridization
Microarray genomotyping
11168-O vs 11168-GS”
11168-O and 11168-GS vs clinical isolates®

No differences

No variant genes
11168 strains cocluster away
from other isolates

“ Multilocus sequence typing.
® GACK analysis (39).
¢ Reference 44.

experiments, expression of the frdCAB operon likely to encode
fumarate reductase was modestly higher in 11168-O than in
11168-GS but only at the 6- and 10-h time points under mi-
croaerobic conditions (data not shown). Other interesting
genes in cluster 1 of Fig. SA include Cj0358, which has been
suggested to be an oxygen-independent terminal oxidase in the
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FIG. 4. Growth data for 11168-O and 11168-GS cultured for 26 h
microaerobically or under severe O, limitation. At the 0-h time point,
overnight mid-log cultures were diluted back to an ODy, of 0.1 and
samples were taken for CFU analysis. The ODy, (A) and number of
CFU per milliliter (B) were determined at 2, 6, 10, and 26 h after back
dilution. Circles are microaerobic 11168-GS; diamonds are microaero-
bic 11168-0O; squares are severely O,-limited 11168-GS; and triangles
are severely O,-limited 11168-O.

C. jejuni electron transport chain (73), and Cj0069 and
Cj0021c, which are annotated as hypothetical proteins but con-
tain conserved domains potentially involved in glutathione syn-
thesis and coenzyme modification and conversion of tyrosine
to fumarate and acetoacetate, respectively.

In contrast, several other TCA cycle and putative electron
transport chain genes exhibited significantly lower expression
levels in 11168-O than in 11168-GS but only under severely
O,-limited conditions (Fig. 6B). Eight of these genes are con-
tained in a single operon (Cj0531 to Cj0538). The first four of
these genes encode homologs of enzymes that participate in
the more biosynthetic intermediate-generating half of the TCA
cycle: the conversion of isocitrate to a-ketoglutarate (icd), the
interconversion of succinate and succinyl-CoA (sucCD), and
the interconversion of malate and oxaloacetate (mdh). Several
other genes in the Fig. 6B cluster are likely to be involved in
general biosynthetic processes, e.g., glyA, pheT, purE, moeB,
and thiG. This cluster also contains genes likely to encode two
oxygen-labile oxidoreductases that have been characterized in
Helicobacter pylori as mediating electron transport to NADP
(29, 30) (see also Fig. 6D). OOR, a 2-oxoglutarate-acceptor
oxidorecuctase, interconverts 2-oxoglutarate and succinyl-CoA
using a ferredoxin; POR, a pyruvate-flavodoxin oxidoreduc-
tase, acts together with the fldA4 flavodoxin (Fig. 6B) to convert
pyruvate to acetyl-CoA.

(b) Gluconeogenesis genes. C. jejuni cannot use glucose as a
primary carbon source; however, genome sequence and exper-
imental data indicate that C. jejuni possesses an Embden-
Meyerhof (glycolysis and gluconeogenesis) pathway that is
likely to be largely gluconeogenic (49, 58, 73). C. jejuni requires
gluconeogenesis to generate glucose-derived polysaccharides
and can also incorporate glycolysis end products like pyruvate
into the TCA cycle via anaplerotic enzymes like pyruvate car-
boxylase (49, 73). A four-gene operon (Cjl1403c to Cj1400c)
likely to encode three key bidirectional enzymes of the glyco-
lysis-gluconeogenesis pathway (gapA, pgk, and tpiA) and one
fatty acid synthesis gene (fabl) were expressed at significantly
higher levels in 11168-O than in 11168-GS (Fig. SA). Most of
these genes fall into cluster 2 of Fig. SA and were expressed
even more highly under microaerobic conditions. The expres-
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FIG. 5. 11168-O and 11168-GS cultured as described in the legend to Fig. 4 were harvested for RNA and gene expression analyses. SAM
analysis was used to identify genes with statistically significant differences under both conditions. Panel A shows genes expressed more highly in
11168-O than in 11168-GS. Panel B shows genes expressed more highly in 11168-GS than in 11168-O. For both panels A and B, red indicates
expression higher than the mean for each gene and green indicates lower expression than the mean (see key on figure). Panels C and D show
numerical data, in log, format, for both spots representing dcuA (C) and Cj0037c (D). For both panels C and D, the y axis is the log, of the
red/green (R/G) ratio relative to the mean for that gene; the actual difference (n-fold) from the mean for any particular data point is 2*, where
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sion of other genes in this pathway (e.g., pgm, eno) (73) was
similar in both variants (data not shown).

(ii) Flagellar export, motility, and other gene clusters. A
number of likely flagellar export apparatus genes were ex-
pressed significantly more highly in 11168-O under severely
O,-limited conditions than in any of the other samples (Fig.
6A). This cluster contains several putative hook and basal body
structures and one putative flagellin. figB, for example, exhibits
an ~7-fold-higher signal intensity in 11168-O at the 6-h time
point under severely O,-limited conditions than in either strain
cultured microaerobically (Fig. 6C). Other flagellar genes and
the major flagellins flad and flaB were expressed at similar
levels in the two variants (data not shown). Figure 6A also
contains one spot representing Cj1465; the three other spots
representing Cj1464 and Cj1465 are found in Fig. 5A, cluster 3.
As with the flagellar genes in Fig. 6A, these genes were ex-
pressed much more highly in 11168-O during severe O, limi-
tation and fall into a likely operon (Cj1462 to Cj1466) with figK
(Cj14606), figl (Cj1462, a putative flagellar P-ring protein), and
Cj1463. Although flgl and Cj1463 did not pass the SAM cutoff
employed, both spots for each gene exhibited expression pro-
files similar to those of the other genes in the operon (data not
shown). Cj1463, Cj1464, and Cj1465 have no homology to any
other proteins and no conserved domains. Several other genes
also found in cluster 3 of Fig. SA also have no known homol-
ogies or conserved domains (e.g., Cj0056c and Cj0931c) but
were strikingly coexpressed with Cj1464 and Cj1465. Other
interesting genes with higher expression in 11168-O under
severely O,-limited conditions (Fig. 6A) include Cj0062c,
which was recently shown to play a role in motility (27),
Cj1631c, which contains an EF hand Ca®" binding domain,
and Cj0604, a close homolog of the recently identified ppk2
gene from Pseudomonas aeruginosa (31, 80), a polyphosphate
kinase that preferentially synthesizes GTP from polyphos-
phate.

Finally, a number of genes were expressed at significantly
higher levels in 11168-GS than in 11168-O under both culture
conditions (Fig. 5B and D). Apart from the putative cyto-
chrome C (Cj0037c), which exhibits a >10-fold-higher signal
intensity in 11168-GS (microaerobic) than 11168-O (mi-
croaerobic) at the 6- and 26-h time points (Fig. 5D), none of
these genes have homology to any other translated ORFs in
the National Center for Biotechnology Information microbial
genome database.

DNA sequencing of the three major sigma factors reveals
amino acid differences between the two variants. Although
many of the genes exhibiting significant expression differences
are functionally related, they are physically scattered through-
out the 11168 genome, suggesting that the two variants may
possess differences in global regulatory molecules. To investi-
gate this, and to explore the relative frequency with which
single-nucleotide polymorphisms (SNPs) may occur between
the otherwise clonal variants, we sequenced the three C. jejuni
sigma factors from 11168-O and compared them with the
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known 11168-GS sequences. We found that each sigma factor
contains SNPs resulting in at least one amino acid change in
11168-GS relative to 11168-O (Table 3). There are two amino
acid changes in the RpoN sequence. The serine at amino acid
84 in 11168-0 is replaced by a glycine in 11168-GS, and the
lysine at amino acid 411 in 11168-O is replaced by an aspara-
gine in 11168-GS. RpoD and FliA each have a single amino
acid change. In RpoD, the alanine at amino acid 40 in 11168-O
is replaced by a threonine in 11168-GS, and in FliA, the thre-
onine at amino acid 91 in 11168-0O is replaced by a methionine
in 11168-GS.

DISCUSSION

The culture and storage conditions for any organism studied
in a laboratory clearly have the potential to affect its normal
biological processes. For organisms such as bacterial pathogens,
where gaining an increased understanding of the pathogen’s vir-
ulence is often the research focus, this is a particularly acute
issue. Investigations of clinical versus sequenced and/or ex-
tensively passaged laboratory strains of several well-studied
bacterial pathogens such as E. coli O157:H7 versus K-12, My-
cobacterium tuberculosis CDC1551 versus H37Rv, and Myco-
bacterium bovis BCG vaccine strains have identified large ge-
netic polymorphisms that are readily discernible by many
genotyping techniques (3, 12, 22, 25, 45). In these instances,
gene acquisition, gene loss, and/or horizontal gene transfer
likely account for many of the phenotype differences, although
subsequent whole-genome sequence analyses of several of
these strains also identified SNPs throughout the genome (18,
59). Genetic diversity among strains, isolates, and serotypes of
C. jejuni can also be detected by molecular genotyping meth-
ods (13, 41, 43, 44), as can the presence of plasmids (2) and
instances of horizontal recombination (5). Other studies spe-
cifically investigating the effects of laboratory passage or cul-
ture condition on virulence phenotypes have been undertaken
for several pathogenic bacteria; examples include H. pylori
(40), Burkholderia pseudomallei (72), and Actinobacillus acti-
nomycetemcomitans (17). C. jejuni has also been shown to be
susceptible to genetic and phenotypic changes as a conse-
quence of environmental conditions (7, 26, 52, 77). Although a
few of these studies identified large-scale genetic differences
between laboratory-passaged, clinical, and environmental iso-
lates, most were unable to identify changes in specific genes
and/or biological processes that might account for the gain or
loss of virulence-associated phenotypes, particularly when
those phenotypes arose as a result of vertical evolution rather
than gene loss, gene gain, or horizontal transfer.

In this work, we report that the genome-sequenced variant
of C. jejuni NCTC 11168 (11168-GS) and the original clinical
isolate from which it was derived (11168-O) exhibit dramatic
differences in numerous virulence-associated phenotypes, in-
cluding colonization, invasion, translocation, and motility. De-
spite these differences, these clonally derived strains appear

A is the number on the y axis (i.e., if the y axis value is 1.5, the actual R/G level, or difference [n-fold] from the mean, is 2!, or ~3.7). Also for
panels C and D, purple circles are microaerobic 11168-GS; blue diamonds are microaerobic 11168-O; pink squares are severely O,-limited

11168-GS; and green triangles are severely O,-limited 11168-O.
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FIG. 6. 11168-O and 11168-GS cultured as described in the legend to Fig. 4 were harvested for RNA and gene expression analyses. SAM
analysis was used to identify genes with statistically significant differences between the variants only under anaerobic conditions. Panel A shows
genes expressed more highly in 11168-O (anaerobic) than in 11168-GS (anaerobic). Panel B shows genes expressed more highly in 11168-GS
(anaerobic) than in 11168-O (anaerobic). For both panels A and B, red indicates expression higher than the mean for each gene and green indicates
lower expression than the mean (see key on figure). Panels C and D show numerical data, in log, format, for both spots representing figB (C) and
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indistinguishable by multiple high-resolution molecular geno-
typing techniques, although targeted sequencing detected
SNPs in each sigma factor. Unlike previous studies on C. jejuni
attenuation or gain of virulence associated phenotypes due to
culture condition, the availability of the precise DNA sequence
of 11168-GS, together with technical advances such as microar-
ray technology, has allowed us to take a whole-genome
approach that includes transcriptional profiling as a platform
for exploring the molecular and biological bases of the pheno-
typic alterations. The identification of several unexpected dif-
ferences in gene expression has provided a heretofore unavail-
able window of insight into what might have changed in these
variants and perhaps also how and why these changes oc-
curred.

In nature, C. jejuni encounters a range of environments.
Only in the intestinal tracts of temperate animal species does
this organism naturally grow. However, long-term survival can
occur in such diverse environments as fecal matter, water,
and retail meats. These environments encompass a range of
nutrient availability and oxygen tension, from largely aero-
bic to microaerobic to largely anaerobic. C. jejuni possesses
genes and pathways that can allow survival and often growth
under many different oxygen tensions (58, 64, 66). Efficient
regulation of these genes and pathways is thus vital to the
success of this organism in traversing these different niches.
As 11168-O became 11168-GS, it was frozen, passaged in
the laboratory, freeze-dried, and then passaged in the lab-
oratory again. Our genotyping data strongly suggest that the
original and genome-sequenced variants are clonal and that
11168-GS evolved vertically from 11168-O. Thus, it is likely
that selective pressure to survive and thrive under labora-
tory growth and culture conditions (possibly including ex-
posure to a largely aerobic environment) resulted in small
genetic changes that allowed more robust in vitro growth
(Fig. 4) while concomitantly compromising the strain’s abil-
ity to readapt readily to the environment of the intestinal
tract (Fig. 1).

Indeed, our gene expression and animal data suggest that
the ability of C. jejuni to shift its metabolism and respiration
strategies to accommodate the lower-oxygen microaerobic and
largely anaerobic environments encountered in the gut is likely
to be important for in vivo survival and colonization. Figure 6
clearly illustrates that many genes exhibit differential expres-
sion in 11168-O but not 11168-GS as a result of severe O,
limitation, suggesting that 11168-O may be better able to sense
and respond to such an environment than 11168-GS. Many of
the affected genes are involved in respiration and metabolism.
For instance, the expression of several TCA cycle enzymes
likely to be involved in generating biosynthetic starting com-
pounds (e.g., icd, mdh, and sucCD) was lower in 11168-O
cultured under severe O, limitation than in any of the other
samples, as was expression of several putative biosynthesis
genes (Fig. 6B). In contrast, a number of genes likely to be
involved in transport and metabolism of C,-dicarboxylates
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were expressed much more highly in 11168-O than 11168-GS
under both conditions tested (Fig. 5A); many of these genes
have also been characterized as participating in anaerobic me-
tabolism (e.g., dcuA, dcuB, aspA, and Cj0358). It is thus pos-
sible that, upon sensing oxygen depletion, 11168-O (but not
11168-GS) efficiently shifts the TCA cycle towards transport,
production, and utilization of C,-dicarboxylate intermediates
at the expense of other TCA intermediates and biosynthetic
processes. This may have important implications for energy
generation during intestinal colonization. The putative OOR
and POR complexes and the POR-associated flavodoxin also
exhibited a relative down-regulation in 11168-O cultured un-
der severe O, limitation (Fig. 6B and D). Both enzymes are
oxygen labile in other bacteria; if transcription of their genes is
closely linked to protein levels in the cell, 11168-O may down-
regulate these genes by sensing and responding either to their
presence or to the O, environment. Finally, several genes likely
to operate in both directions of the gluconeogenesis-glycolysis
pathway were preferentially up-regulated in 11168-O under
microaerobic conditions (Fig. 5A). Glycolysis-gluconeogenesis
and TCA cycle enzymes have been shown to participate in
colonization and virulence in several other bacteria (47, 68,
69); as such, exploration of these pathways in C. jejuni should
yield new insight into colonization requirements for this patho-
gen.

The chick colonization data presented in Fig. 1 also support
our hypothesis that adaptation to different O,-containing en-
vironments is a crucial and heretofore unappreciated colo-
nization determinant for C. jejuni. Previous work indicated
that aerobically adapted C. jejuni can colonize mice; how-
ever, in that study, not every animal was colonized and
colonization levels were not presented (35). In our experi-
ments, repeated aerobic passage of 11168-O significantly
attenuated its ability to colonize chicks, whereas anaerobi-
cally priming 11168-GS for 24 h prior to infection signifi-
cantly increased its colonization potential (Fig. 1). The fact
that neither strain could be induced to mimic the other
completely in colonization potential indicates that the
changes incurred at the genetic level as 11168-O became
11168-GS are more significant than can be rescued solely by
preadapting each strain to a different oxygen tension. In-
deed, targeted sequencing demonstrated that the 11168-GS
variant has undergone genetic changes in all three sigma
factors, possibly as a result of selective pressure (Table 3).
The functional consequences of these changes remain to be
established. However, these investigations will need to be
closely monitored, since as the evidence in this study dem-
onstrates, genetic manipulations to test the outcome of sin-
gle amino acid changes in a highly plastic organism like C.
jejuni may well invoke additional undocumented genetic
alterations. Furthermore, given the abundance of differ-
ences between these variants and the relative frequency with
which SNPs have already been identified, it is possible that
other regulatory molecules such as two-component systems

oorA (D). For both panels C and D, the y axis is the log, of the red/green (R/G) ratio relative to the mean for that gene; the actual difference
(n-fold) from the mean for any particular data point is 2, where A is the number on the y axis (i.e., if the y axis value is 1.5, the actual R/G level,
or difference [n-fold] from the mean, is 2!, or ~3.7). Also for panels C and D, purple circles are microaerobic 11168-GS; blue diamonds are
microaerobic 11168-O; pink squares are severely O,-limited 11168-GS; and green triangles are severely O,-limited 11168-O.
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TABLE 3. Sigma factor differences in the 11168 variants

Amino acid for:

Sigma Position
factor (aa)” 11168-0 11168-GS
RpoN 84 Serine Glycine
411 Lysine Asparagine
RpoD 40 Alanine Threonine
FliA 91 Threonine Methionine

“ aa, amino acid.

might also be altered, that specific promoter regions might
have undergone change, and/or that a combination of SNPs
are responsible for the transcriptional and phenotype vari-
ations presented. Significant further work will be required to
dissect this issue.

As noted in Results, expression patterns for the sdh and frd
operons are somewhat paradoxical given the abundance of
other data suggesting that 11168-GS is better adapted for high-
er-O, laboratory culture and 11168-O is better adapted for the
very low-O, environment of the intestinal tract. In E. coli,
succinate dehydrogenase is only present in aerobically growing
cells; during anaerobiosis, the sdh genes are strongly repressed
by ArcA (32, 57) while fumarate reductase expression is en-
hanced by the fumarate nitrate reductase regulator FNR (63).
In C. jejuni, literally nothing is known about the regulation and
function of the sdh and frd genes. Several putative arcA-like
two-component regulators are present in the C. jejuni genome,
but a functional homolog has not yet been identified. One
FNR-CRP (catabolite repressing protein) homolog is also
present in the C. jejuni genome (Cj0466); however, its deletion
did not impair in vitro survival under either microaerobic or
severely O,-limited conditions (J. K. MacKichan and S.
Falkow, unpublished data). Furthermore, although C. jejuni
possesses fumarate reductase activity (67), and fumarate re-
ductase is essential for H. pylori colonization of the mouse
stomach (21), a C. jejuni frdA mutant was not defective for
colonizing mice (J. K. MacKichan, S. Falkow, C. Chang, and J.
Miller, unpublished data). It is also possible that the gene
expression differences observed are due to the specific culture
conditions employed in our experiments. Unraveling the reg-
ulation and function of the C. jejuni sdh and frd operons will
require significant biochemical and transcriptional analyses
and should, in the future, lend considerable insight into the
roles of these very similar enzyme complexes in C. jejuni biol-
ogy and colonization potential.

Another striking phenotype change in 11168-GS compared
to 11168-0 is the near-complete loss of motility. This is likely
to contribute to the colonization and translocation differences
observed as well as to the marked difference in invasion speed
and efficiency, although 11168-O still invaded more efficiently
than 11168-GS when the bacteria were centrifuged onto the
monolayer (Table 1) (G. Manning and D. G. Newell, unpub-
lished data). Phase variation in flagellar and other genes has
previously been shown to affect C. jejuni motility and shape
(11, 37, 46, 55, 56). However, all genes thus far identified as
phase variable affect flagellar biosynthesis; as both 1168 vari-
ants have full-length polar flagella (Fig. 2) and similar fla4 and
flaB expression profiles, it seems unlikely that phase variation
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is responsible for the motility differences. Both the FliA and
RpoN sigma factors have been implicated as important regu-
lators of C. jejuni motility (23, 24, 27, 55, 75), and each contains
1 to 2 amino acid differences in the variants. Complete regu-
lons for these sigma factors have not been identified for C.
jejuni; however, several flagellar export genes shown to be part
of the H. pylori RpoN regulon (36) were identified in our
experiments as exhibiting significantly higher expression in
11168-O cultured under severely O,-limited conditions than in
any other samples (Fig. 6A). As noted in Results, this cluster
also contains several uncharacterized genes that, by virtue of
their coexpression with known motility-related genes, might
lend insight into their function. For instance, Cj1631c contains
a likely calcium-binding domain, and Cj0604 is a likely
polyphosphate kinase. Both calcium and inorganic polyphos-
phate are known to participate in motility in other bacteria (50,
61, 70), but their roles in C. jejuni have not yet been estab-
lished. It will also be interesting to explore the function of
genes with no database homologies, such as Cjl464 and
Cj1465, and genes that are strikingly coexpressed with them,
such as Cj0056c, in the context of their coexpression with
known motility genes.

Is there a connection between the motility and morphology
phenotypes and respiration and metabolism gene expression
differences between these variants? Mechanical energy for
flagellar rotation is provided by a proton motive force across
the membrane that can be generated by the electron transport
chain. Many genes exhibiting expression differences between
the variants in our study are involved in metabolism and res-
piration; at least one, Cj0358, has been directly implicated in
energy generation via the electron transport chain (64). Fur-
thermore, in 11168-0O, up-regulation of flagellar export genes
occurred specifically under severely O,-limited conditions, sug-
gesting that a low-oxygen environment may trigger these ex-
pression changes. It was recently found that the aerobically
passaged 11168-O strain is, like 11168-GS, both markedly at-
tenuated for motility and appears as a straight rod by electron
microscopy (Manning and Newell, unpublished). Preliminary
data also suggest that severe O, limitation enhances 11168-O
motility and can induce a small fraction of 11168-GS within a
population to become motile (Gaynor and Falkow, unpub-
lished). These observations highlight the remarkable vertical
plasticity of C. jejuni and are consistent with the existence of
intermediate NCTC 11168 variants such as the motile strain
used by Jagannathan et al. for motility studies (33). We are
currently pursuing the intriguing possibility of a genetic link
between adaptation to different oxygen tensions, morpho-
logical change, and motility in C. jejuni and are exploring
these phenomena in a controlled stepwise evolutionary
manner by assaying phenotype and transcriptional profiles
as adaptation to a higher O, tension occurs. Studies such as
these may also lend insight into whether genes exhibiting
significantly higher expression in 11168-GS, such as a puta-
tive cytochrome ¢ (Cj0037¢c) and coexpressed periplasmic
and membrane-bound genes, might functionally interact to
enhance the growth capacity of C. jejuni in laboratory and/or
higher-O, conditions.

In summary, C. jejuni is a remarkably malleable zoonotic
bacterium that, despite its stringent in vitro growth conditions,
is able to survive a diverse range of ecological niches. As it
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adapts to new environments, it is also likely to undergo some
degree of genetic evolution, resulting in changes in gene ex-
pression and phenotype to accommodate its surroundings. Ev-
idence of its large-scale genetic plasticity has recently been
provided by several whole-genome DNA comparisons (13, 44),
which demonstrated that different C. jejuni isolates exhibit
marked variation in genes modifying the capsule, lipooligosac-
charide, and flagella. One interpretation of those studies is that
a possible defense mechanism for C. jejuni may be a constant
remodeling of surface structures, via genome evolution, selec-
tive pressure, and/or natural selection, to survive a variety of
natural host environments and bottlenecks. Here, we have
used whole-genome approaches, only recently made accessible
by virtue of the 11168 genome sequence and advances such as
microarray technology, to gain insight into how and why two
supposedly isogenic C. jejuni strains, one of which descended
directly from the other via clonal propagation, might exhibit
such different colonization and other virulence-related pheno-
types. Unlike the studies mentioned above, these strains do not
contain large variant regions of the genome or genes present in
one strain but not the other, nor are the differences observed
in surface structure genes. Rather, these strains contain very
subtle genetic changes, detectable only by direct sequencing,
but which clearly engender marked differences in transcription
(primarily affecting respiration, metabolism, motility, and un-
known genes) and phenotype. Because the 11168 variants are
likely clonal, one important outcome of this study is that the
NCTC 11168 genome sequence can be considered an accurate
scaffold for exploring colonization and other virulence-associ-
ated phenotypes, especially if used in conjunction with the
11168-0O variant. Furthermore, the use of microarray technol-
ogy to explore not only genomic but also gene expression
differences between isolates (or indeed clones) should be con-
sidered a powerful new tool for identifying possible mecha-
nisms underlying phenotypic variation or change. Finally, this
work underscores the need to sequence multiple isolates of the
same pathogenic bacterial species and to appreciate that even
inadvertent in vitro manipulations have the potential for alter-
ing the genome and biology of pathogens studied in the labo-
ratory.
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