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In order to cause disease, the food- and waterborne pathogen Campylobacter jejuni must face the extreme
acidity of the host stomach as well as cope with pH fluctuations in the intestine. In the present study, C. jejuni
NCTC 11168 was grown under mildly acidic conditions mimicking those encountered in the intestine. The
resulting transcriptional profiles revealed how this bacterium fine-tunes gene expression in response to acid
stress. This adaptation involves the differential expression of respiratory pathways, the induction of genes for
phosphate transport, and the repression of energy generation and intermediary metabolism genes. We also
generated and screened a transposon-based mutant library to identify genes required for wild-type levels of
growth under mildly acidic conditions. This screen highlighted the important role played by cell surface
components (flagella, the outer membrane, capsular polysaccharides, and lipooligosaccharides) in the acid
stress response of C. jejuni. Our data also revealed that a limited correlation exists between genes required for
growth under acidic conditions and genes differentially expressed in response to acid. To gain a comprehensive
picture of the acid stress response of C. jejuni, we merged transcriptional profiles obtained from acid-adapted
cells and cells subjected to acid shock. Genes encoding the transcriptional regulator PerR and putative
oxidoreductase subunits Cj0414 and Cj0415 were among the few up-regulated under both acid stress condi-
tions. As a Cj0415 mutant was acid sensitive, it is likely that these genes are crucial to the acid stress response

of C. jejuni and consequently are important for host colonization.

To cause disease, bacteria must survive passage through the
gastrointestinal (GI) tract, where acid encountered in the
stomach represents an important barrier to infection. Clearly,
the ability to overcome this acid shock directly correlates with
bacterial infectious doses (ID) and the likelihood of intestinal
colonization. The oral ID of enteric pathogens typically ranges
from 102 to 10°, with Shigella flexneri being one of the most
infectious and Salmonella species other than Salmonella typhi
being among the least infectious (13). Following transit
through the stomach, bacteria encounter a variety of environ-
ments within the intestine, ranging from mildly acidic (pH 5.5)
to moderately alkaline (pH 7.4) (Table 1). Although the lumen
of the intestine is less acidic than that of the stomach, success-
ful enteric pathogens still must be able to withstand exposure
to this intestinal acidity.

The low ID (500 to 800 cells) of the enteric pathogen
Campylobacter jejuni suggests that this bacterium can sense and
respond to decreasing environmental pH (12, 73). While C.
Jjejuni is among the leading causative agents of food- and water-
borne gastroenteritis worldwide, few studies have sought to
address how C. jejuni deals with acid stress. One strain of C.
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jejuni (CI120) has been shown to possess an adaptive tolerance
response (ATR) that is induced by acid and/or oxygen and that
increases the ability of Campylobacter to survive exposure to
low pH (60, 62). The induction of the Campylobacter ATR is
dependent on protein synthesis, which suggests the presence of
pH-inducible proteins. C. jejuni CI120 also secretes a protein
that provides some protection against acid stress (60, 61).
However, this protein has not been identified or further char-
acterized. Notably, C. jejuni is capable of colonizing both the
large and small intestine (3, 63). This implies that C. jejuni can
not only tolerate exposure to acid but also can adapt to grow
under mildly acidic conditions. This is supported by the growth
of C. jejuni in vitro at pHs as low as 5.0 (23). While adaptation
to changing environmental pH clearly is important for patho-
genesis, little is known about this process in C. jejuni.
Bacteria use many different strategies to combat acid stress.
Some of these involve alterations of membranes and cell sur-
faces, perhaps as a means of preventing the influx of H" into
the cell. Examples of this include the modification of inner
membrane phospholipids by cyclopropane fatty acyl synthase
(21) as well as changes in the expression of outer membrane
proteins (56). Other systems function to extrude protons, thus
preventing and/or reversing the acidification of the cytoplasm.
For instance, lactic acid bacteria use their ATPase to pump out
H™ at the expense of ATP (76). Some of the best-characterized
systems involve amino acid decarboxylases, which consume
protons during amino acid decarboxylation, and antiporters
that exchange product for substrate (29). Finally, DNA repair
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TABLE 1. pH values associated with the human GI tract

Site pH*

Stomach.... 1.5

6.0

v 14

Cecum 5.7

Right cOlON......c.cooiiiiiiiic 5.5
Mid-colon..... ..5.5-6.5

Left colon.... e 6.5

RECTUM .ttt 6.7

“ Values were obtained from references 40 and 69.

systems (10, 81, 82) and chaperones (8, 31, 41, 46, 50) appear
to be important for the reparation of cellular material dam-
aged by exposure to acid.

The regulation of bacterial acid stress responses is complex
and varied. In enteric bacteria such as Escherichia coli, the
global regulator RpoS is an important component of the acid
stress response (29, 72). However, other regulators, such as the
PhoPQ system and the ferric uptake regulator (Fur) in Salmo-
nella enterica serovar Typhimurium, also play a role (4, 6, 8, 10,
30, 36). In Helicobacter pylori, the most important regulator of
the acid stress response is the ArsSR two-component system,
but Ni*"-dependent (NikR) and Fe?*-dependent (Fur) regu-
lators also are involved (67). Adding to the complexity of these
systems is the fact that many of these regulatory pathways
overlap to some extent. Interestingly, the C. jejuni NCTC
11168 genome encodes relatively few transcriptional regulators
and two-component systems (66), and the involvement of any
of these in the acid stress response of C. jejuni has yet to be
determined.

A number of studies have sought to examine the transcrip-
tional profile of bacteria grown under acidic and/or basic con-
ditions (2, 16, 18, 37, 53, 84). The small degree of overlap
between these studies affirms the importance of using multiple
approaches to characterize these responses as thoroughly as
possible. These studies revealed that low pH changes the ex-
pression of genes involved in energy generation and metabo-
lism, reflecting a switch to metabolic processes that minimize
acid production (18, 37, 53). In addition, pH affects the expres-
sion of genes involved in motility and chemotaxis (2, 16, 37, 53,
84) as well as genes that encode products that take up and/or
export H" (e.g., ATPase and electron transport chain compo-
nents) (2, 16, 18, 37, 53). These studies also have shown that
bacterial acid stress responses show some overlap with oxida-
tive stress (16, 53, 67) and heat shock (2, 18, 37, 67) responses.
However, it is important that the individual genes affected and
the nature of the effect (up- or down-regulation) are not often
consistent between studies and might be bacterium and/or
culture condition dependent.

In a complementary study, we identified genes for which
expression was affected in response to acid shock (71). Here,
we strive to understand how C. jejuni modulates gene expres-
sion to allow adaptation to growth under mildly acidic pH
conditions. These are two distinct aspects of acid resistance. In
H. pylori, survival under conditions of acid shock is largely
mediated by urea uptake and its breakdown by urease (52, 55).
However, growth of H. pylori at low pH does not depend on
urease activity (9, 10) and requires genes such as lepA, uvrA,
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atpF, the flavin reductase gene, czcA, and aldo-keto reductase
(10), some of which were not previously known to play a role
in acid resistance. The objective of this study was to examine
the gene expression profile of C. jejuni NCTC 11168 grown to
exponential phase under mildly acidic conditions (pH 6.5, 6.0,
and 5.5). As transcriptional profiles do not provide a complete
picture of a bacterium’s response to a given environmental
condition, we also generated and screened a transposon inser-
tion library of NCTC 11168 to identify mutants impaired for
growth at pH 6.0 and/or 5.5.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. jejuni NCTC 11168 was acquired
from the National Collection of Type Cultures. Bacteria were maintained and
grown at 37°C on Mueller-Hinton (MH) agar plates or in biphasic MH cultures
under microaerophilic conditions (83% N,, 4% H,, 8% O,, and 5% CO,) in a
MACS-VA500 microaerophilic workstation (Don Whitley, West Yorkshire, En-
gland). The C. jejuni NCTC 11168 fur deletion mutant (65) and the kpsM
insertion mutant (77) used in this study were described previously.

To study the effect of pH on C. jejuni growth and on its transcriptional profile,
bacteria were grown to stationary phase in biphasic MH medium, and an aliquot
of the culture equivalent to an optical density at 600 nm (ODg) of 0.05 was used
to inoculate biphasic MH-2-(N-morpholino) ethanesulfonic acid (MES) medium
at pH 7.0, 6.5, 6.0, and 5.5. This medium was prepared by layering MES-buffered
MH broth (MH-MES; pH 7.0, 6.5, 6.0, or 5.5) over a layer of solid MH-MES agar
at the same pH. MES was used at a concentration of 100 mM, and the medium
pH was adjusted with NaOH. Bacterial growth was monitored spectrophoto-
metrically at 600 nm by removing 100-pl samples at various time points for 40 h.
At the stationary phase, the pH of the broth supernatant was measured using a
pH meter (Accumet AR60).

Extraction of total RNA. RNA was extracted from cells grown to early mid-
logarithmic phase (ODgy, = 0.9) at 37°C under microaerophilic conditions as
described previously (65). Briefly, RNA turnover was prevented by mixing each
sample (25 ml) with a cold RNA stabilization solution (2.5 ml of 10% [vol/vol]
buffer-saturated phenol in ethanol) on ice. The cells next were collected by
centrifugation (10 min, 6,000 X g, 4°C), cell pellets were resuspended in TE
buffer (50 mM Tris-Cl, pH 8.0, 1 mM EDTA) containing 0.5 mg ml~" (final
concentration) lysozyme, and total RNA was extracted using a hot phenol-
chloroform method (80). RNA was precipitated, resuspended in RNase-free
H,0, and treated with DNase I (Epicenter Biotechnologies, Madison, WI) to
remove contaminating DNA. Each RNA sample was further purified using a
Qiagen RNeasy mini kit (Qiagen, Valencia, CA), and the RNA concentration
was determined using the RiboGreen RNA quantification reagents (Molecular
Probes, Eugene, OR). The samples were screened for contaminating DNA by
PCR amplification and for degradation by agarose gel electrophoresis prior to
conversion into cDNA.

Probe labeling and slide hybridization. RNA samples (16 pg) from each
control and test condition were converted to cDNA using 10 ug random hex-
amers (Amersham Biosciences) and Superscript II reverse transcriptase (Invitro-
gen). Aminoallyl-dUTP was included in the reverse transcription reaction to
permit the labeling of the cDNA with the monoreactive fluors indocarbocyanine
(Cy3 dye; used to label pH 7.0 control samples) and indodicarbocyanine (Cy5
dye; used to label test samples) (Amersham Biosciences). Fluorescent labeling of
the probes was described previously (65). The labeled cDNA probes from each
acid stress condition (e.g., pH 6.5) were individually cohybridized with labeled-
c¢DNA probes from cells grown at pH 7.0 on microarray slides. The C. jejuni
NCTC 11168 microarray used in this study was described previously (78) and was
constructed using PCR-amplified fragments representing approximately 98% of
the open reading frames identified in the NCTC 11168 genome.

Data collection and analysis. Data were collected and analyzed as described
previously (65). Briefly, microarray slides were scanned at 532-nm (Cy3) and
635-nm (Cy5) wavelengths using a laser-activated confocal scanner (ScanArray
Gx; Perkin Elmer) at a 10-um resolution. Spot registration was optimized man-
ually, and the fluorescence intensities of each spot were collected using Scan-
Array Express software (Perkin Elmer). Spots were excluded from analysis if
they were present in areas of slide abnormalities or if their fluorescent mean
intensities were below three times the standard deviations from the background
in both channels. The fluorescence intensities of all remaining spots were nor-
malized using locally weighted linear regression, the ratio of the mean Cy5:Cy3
values was log, transformed, and the data were statistically analyzed using the
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empirical Bayes method (5). The data represent three technical replicates for
each of two biological replicates. A gene was considered differentially expressed
if its P value was below 107* and its change (n-fold) in relative transcript
abundance was =2. Differentially expressed genes were grouped by hierarchical
clustering analysis using Genesis (Graz University of Technology, Graz, Austria).

Generation and screening of a transposon library of C. jejuni NCTC 11168. A
transposon library of C. jejuni NCTC 11168 was constructed using the EZ-Tn5
transposase and the EZ-Tn5 pMOD-3<R6Kvyori/MCS> transposon construc-
tion vector (Epicenter Biotechnologies). The cat cassette was amplified from
pRY111 (93) using primers RAA17 (5" ATTATTAGGATCCCGGGTACCTG
CAGAATTCAGCTGCTCGGCGGTGTTCCTTTCCAAG 3') and RAA18 (5'-
ATTATTAGGATCCCGGGTACCTGCAGAATTC AGCTGCGCCCTTTAG
TTCCTAAAGGGT 3’) and cloned into BamHI-digested EZ-Tn5 pMOD-
3<R6Kyori/MCS> to yield the EZ-Tn5-Cm transposon. Transposition reactions
were carried out in vitro according to the manufacturer’s instructions. The
EZ-Tn5-Cm transposon was PCR amplified using primers PCRFP (5" ATTCA
GGCTGCGCAACTGT 3’) and PCRRP (5" GTCAGTGAGCGAGGAAGCG
GAAG 3'). Reaction mixtures contained 2 ug of C. jejuni NCTC 11168 chro-
mosomal DNA (extracted from cultures grown to stationary phase), 1 pg of
PCR-amplified EZ-Tn5-Cm transposon, 1X reaction buffer, and 1 U of EZ-Tn5
transposase in a 10-pl reaction volume. After a 2-h incubation at 37°C, the
reactions were stopped by adding 1 nl of EZ-Tn5 10X stop solution and incu-
bating them at 70°C for 10 min. The reactions then were extracted with phenol-
chloroform-isoamyl alcohol (25:24:1), pH 6.7, and ethanol precipitated. The
transposed DNA next was repaired by treating the DNA with 2.5 U of T4 DNA
polymerase in the presence of 1 mM deoxynucleoside triphosphates (ANTPs) for
20 min at 11°C, followed by heat inactivation of the enzyme at 75°C for 15 min.
Finally, the DNA was treated with 600 U of T4 DNA ligase (New England
Biolabs) for 18 h at 16°C. The repaired transposed DNA was extracted with
phenol-chloroform-isoamyl alcohol (25:24:1), pH 6.7, and ethanol precipitated
prior to incubation with recipient C. jejuni NCTC 11168 cells and DNA uptake
by natural transformation (89). Cells containing EZ-Tn5-Cm were selected by
being plated on MH agar plates containing 20 pg ml~! Cm. Colonies were
individually patched to fresh MH-Cm plates to confirm resistance, inoculated
into MH broth in 96-well plates, grown overnight under microaerophilic condi-
tions, and stored at —80°C in 7% (vol/vol) dimethyl sulfoxide.

The resulting library was screened to identify mutants impaired for growth at
low pH. Each mutant was grown from frozen stock on MH agar plates, patched
to MH-Cm plates, and then transferred to MH-MES agar plates at pH 7.0, 6.0,
and 5.5. Plates were incubated for 48 h at 37°C under microaerophilic conditions,
and the growth of each mutant was scored. The growth of each strain at pH 6.0
and 5.5 was compared to growth at pH 7.0 and to growth of NCTC 11168 at pH
6.0 and 5.5. All of the acid-sensitive mutants reported here grew well on MH-
MES plates at pH 7.0 but were either unable to grow at pH 6.0 and/or 5.5 or grew
poorly on these acidic plates compared to the growth of NCTC 11168. The screen
was repeated for mutants that showed impaired growth at pH 6.0 and/or 5.5, for
a total of two to three independent screens per affected mutant. Only those
mutants impaired for growth at pH 6.0 and/or 5.5 in all screens were considered
affected for growth at low pH.

Mapping of EZ-Tn5-Cm insertion site in affected mutants. Chromosomal
DNA was extracted from the Tn mutants impaired for growth at low pH using
standard protocols. This DNA was used as the template for either a single-primer
PCR amplification (24, 45) or a semidegenerate PCR amplification (19, 74). PCR
amplification using a single primer (also called RATE, for random amplification
of transposon ends) was performed using 0.4 mM dNTPs, 0.8 puM of either
primer Oril (5" CCATGAGGGTTTAGTTCGTTAAA 3') or SqFP (5" GCCA
ACGACTACGCACTAGCCAAC 3'), which binds within the transposon, 4.4
mM MgCl,, and 5 U Tag DNA polymerase (hot start). The amplification reac-
tion consists of an initial high-stringency phase that generates single-stranded
products corresponding to the transposon end and flanking chromosomal DNA,
a low-stringency second phase that allows the nonspecific amplification of the
products generated in the first phase, and a final high-stringency phase to amplify
all products generated in the second phase. The cycling conditions used were the
following: 21 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 3 min; 31 cycles
at 94°C for 30 s, 30°C for 30 s, and 72°C for 2 min; and 31 cycles at 94°C for 30 s,
55°C for 30 s, and 72°C for 2 min. Semidegenerate PCR amplification required
two separate amplification steps. In the first step, primer Oril or SQFP (which
binds within the transposon) and primer CEKG2C (5" GGCCACGCGTCGAC
TAGTACNNNNNNNNNNGATAT 3’) (a semidegenerate primer with a 5’
overhang) (74) were used to amplify a portion of the transposon and flanking
chromosomal DNA. The product of the first amplification reaction was diluted
10-fold, and 1 pl was used as the template for the second amplification reaction,
which was carried out using a nested primer that binds within the transposon
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(SqFP or AR54 [5" AGAGCTTAGTACGTTAAACATGA 3']) and a primer
(CEKG4; 5" GGCCACGCGTCGACTAGTAC 3') (74) complementary to the
overhang sequence in CEKG2C. This second step is designed to further amplify
the DNA of interest. The reaction mixture for both amplification reactions
contained 0.2 mM dNTPs, 0.4 pM each primer, 4.4 mM MgCl,, and 2.5 U Taq
polymerase, and the cycling conditions were those used by Salama and coworkers
(74). The PCR product amplified using either strategy was sequenced using a
nested transposon-specific primer (SqFP or AR54), and the transposon insertion
site was identified by BLAST analysis of the DNA sequence immediately flank-
ing the mosaic end of the transposon.

When the sequencing reaction failed to provide adequate data to map the
exact insertion site or when the sequence data was of poor quality, the location
of insertion sites was confirmed by PCR amplification using primers flanking the
suspected Tn insertion site.

Creation of transposon mutations in a fresh NCTC 11168 background. Be-
cause of the possibility that the acid-sensitive phenotype of some transposon
mutants is not due to the insertion of the transposon itself but to a secondary
mutation elsewhere on the chromosome, selected transposon insertions were
transferred into a fresh background, and the acid sensitivity phenotype of the
new mutants was determined. Chromosomal DNA was extracted from strains
bearing transposon mutations in hisD, fliD, oorC, Cj1135, Cj1388, Cj1442c, and
Cj1662, and 0.2 pg of DNA was used to transform C. jejuni NCTC 11168 (natural
transformation). Mutants were selected by being plated on MH plates containing
20 pg ml~" Cm, and the presence of the transposon at the expected chromo-
somal location was confirmed by PCR amplification using primers flanking the
transposon insertion site. These new mutants were assayed for growth at pH 7,
6, and 5.5, as described above.

Phenotypic analysis of acid-sensitive transposon mutants. The mutants har-
boring transposons in genes known or suspected to be involved in motility were
screened for motility on soft agar plates. Briefly, cells were grown overnight in
biphasic MH medium and standardized to an ODyg of 1.0, and 10 pl of this
inoculum was spotted onto the center of MH plates containing 0.4% agar. Plates
were incubated at 37°C in a MACS-VA500 microaerophilic workstation for 24 h,
and the diameters of the zones of motility were measured. A minimum of three
biological replicates was assayed per strain, each in technical duplicate. Data
were converted to percent motility relative to the motility of NCTC 11168
(considered to be 100%). A two-sample ¢ test assuming unequal variances (Mi-
crosoft Excel X) was performed to determine if the motility of the mutants
differed from that of the wild type.

The carbohydrate profiles of strains with transposon insertions in genes in-
volved in lipooligosaccharide (LOS) and capsular polysaccharide (CPS) expres-
sion were examined by deoxycholate-polyacrylamide gel electrophoresis (DOC-
PAGE) of proteinase K-digested whole-cell lysates. Cell lysates were prepared
using a modification of the method of Hitchcock and Brown (39). Briefly, cells
were grown overnight in biphasic MH medium, and cells from 1 ml of culture at
an ODyy, of 1.0 were collected by centrifugation (8,000 X g, 5 min). Cells were
washed in phosphate-buffered saline (pH 7.4), resuspended in 100 pl of lysis
buffer (62.5 mM Tris-HCI, pH 6.8, 2% [wt/vol] sodium dodecyl sulfate, 10%
[volvol] glycerol, 5% [vol/vol] B-mercaptoethanol, bromophenol blue), and
heated at 95°C for 10 min. Proteinase K was added to a final concentration of 0.5
mg ml~!, and samples were incubated overnight at 55°C.

Digested cell lysates were separated on DOC-PAGE gels (16.5% resolving gel)
and silver stained, as described by St. Michael and coworkers (77), except that
the gels were developed using a solution of 0.025% (wt/vol) citric acid and 0.02%
(vol/vol) formaldehyde.

Microarray data accession numbers. All microarray data have been deposited
in the NCBI Gene Expression Omnibus database (accession number GSE9920
and superSeries accession number GSE9942).

RESULTS

Growth of C. jejuni under mildly acidic conditions. Micro-
organisms that inhabit the GI tract will encounter widely fluc-
tuating pH environments. Indeed, the pH varies along the GI
tract from highly acidic in the stomach to mildly acidic and
neutral in the small and large intestines (Table 1). To deter-
mine the effect of pH on Campylobacter physiology, the growth
of C. jejuni NCTC 11168 was investigated at various pHs (7.0,
6.5, 6.0, and 5.5), mimicking the mildly acidic conditions of the
intestine (Fig. 1). While the growth rates of C. jejuni were
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FIG. 1. Effect of pH on C. jejuni growth. C. jejuni was grown at
37°C in biphasic MH-MES medium at pH 7.0 (black triangles), 6.5
(white circles), 6.0 (white diamonds), and 5.5 (black squares) under
microaerophilic conditions. The growth of C. jejuni was monitored
spectrophotometrically. Error bars indicate standard deviations and in
some cases are too small to be seen.

similar at all four pHs, significant differences in the maximal
cell yield were observed between bacteria grown in MH me-
dium adjusted to pH 7.0 and bacteria grown in MH medium
adjusted to pH 6.0 and 5.5. Of note, the pH of the MH broth
medium did not vary by more than 0.2 pH units throughout the
experiment. Consequently, mildly acidic conditions cause a
substantial decrease in C. jejuni cell yield but do not affect the
rate of cell growth.

Global transcriptional profile of C. jejuni grown at low pH.
To study the effect of pH on gene expression, C. jejuni was
grown to mid-log phase at pH 7.0, 6.5, 6.0, and 5.5 in biphasic
MH-MES medium, and the resulting transcriptional profiles
were analyzed by microarray technologies. Given a similar
bacterial growth rate at the various pHs (Fig. 1), the transcrip-
tional changes essentially should reflect the effect of adapta-
tion to mildly acidic conditions. Genes were considered differ-
entially expressed if their change in relative expression level
was =2-fold, with a Bayesian P value of <10~*. Overall, the
transcript abundance of 109 genes was altered in at least one of
the three growth conditions. Not surprisingly, the magnitude of
changes in gene expression was greatest when C. jejuni was
grown at pH 5.5. To visually investigate the effect of mildly
acidic pH on the transcriptome of C. jejuni, the 109 differen-
tially expressed genes were subjected to hierarchical clustering
analysis (Genesis; Euclidian distance, average linkage) and
were found to group into three main clusters, designated A, B,
and C (Fig. 2A).

The 68 genes in cluster A were down-regulated at pH 5.5
and for the most part were unaffected at higher pHs. This
cluster includes genes involved in energy generation and gen-
eral intermediary metabolism, such as genes that encode prod-
ucts that are involved in electron transport (fdxA4 and Cj0369c)
and trimethylamine N-oxide/dimethyl sulfoxide (TMAO/
DMSO) (Cj0264c and Cj0265c) and nitrite (Cj1357c and
Cj1358c) respiration and genes encoding succinate dehydroge-
nase subunits (sdhABC), a malate:quinone oxidoreductase
(Cj0393c), citrate synthase (gltA), a putative periplasmic pro-
tein with a cytochrome c¢ signature motif (Cj0854c), and an
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aldehyde dehydrogenase enzyme (ald). A number of genes
involved in amino acid metabolism and transport also are in
this cluster, including genes required for serine (sdaA) and
proline (putA) catabolism, glutamate biosynthesis (g/tBD), and
serine (sdaC) and aspartate/glutamate (Cj0919c-Cj0920c-
peblA-peb(C) transport, a gene involved in the conversion of
aspartate to lysine (Cj0481), and genes encoding putative
amino acid transport proteins (Cj0903c and Cj0934c). The
gene encoding the a-ketoglutarate permease (kgtP), which im-
ports a tricarboxylic acid cycle intermediate that is required for
the biosynthesis of glutamate, proline, arginine, and glutamine,
also is down-regulated at pH 5.5. Cluster A also includes genes
encoding a number of known and putative transporters, includ-
ing an anaerobic C,-dicarboxylate transporter (dcuB), a puta-
tive dicarboxylate carrier (Cj0555), a putative Na™/H" anti-
porter family protein (Cj0832c), a peptide transporter (cstA4),
and a putative mechanosensitive ion channel (Cj0238). Genes
that encode products that are required for cofactor biosynthe-
sis (hemL, acs, and Cj0529c) also are present in this cluster, as
are genes potentially involved in the defense against oxidative
stress (Cj0358, a putative cytochrome C551 peroxidase) and
the stringent response (Cj0604, a putative polyphosphate ki-
nase). Consistent with the large number of genes in C. jejuni
NCTC 11168 for which there is no ascribed function, cluster A
comprises 21 genes of unknown function. The significance of
their differential expression is impossible to interpret until
these genes and their products have been further character-
ized.

Cluster B comprises 14 genes for which expression was sig-
nificantly down-regulated at pH 6.5 and/or 6.0 and largely
unchanged at pH 5.5. These genes encode ribosomal proteins
(rpIABFMNOPR and rpsCEHI), a component of the Sec trans-
locon for protein secretion (secY), and a putative protease
(Gj0701).

The expression of the 27 genes within cluster C was up-
regulated at pH 5.5 and for the most part was not significantly
altered at pH 6.5 and 6.0. Among these are genes encoding the
peroxide stress regulator, PerR, as well as the sensor (RacS) of
a two-component system involved in temperature-dependent
signaling (14). Also in this cluster are genes encoding prod-
ucts that are involved in phosphate transport (pstSCA), Fe/S
cluster biogenesis (Cj0240c), electron transport (Cj0037c and
Cj0874c), protein synthesis (rimM, rpmE, truB, and pth), de-
fense against nitrosative stress (Cj1586), N-linked protein gly-
cosylation (Cj1123c and pgID), and chemotaxis (Cj0262c). This
group also includes genes encoding transporters (Cj0178c,
Cj1170c, and Cj0266c¢), a putative periplasmic protein with a
glycosyl hydrolase motif (Cj1078), a putative membrane pro-
tein (Cj0454c) required for wild-type motility and chick colo-
nization (38), and a nitroreductase (rdxA4), as well as a number
of genes of unknown function (Cj0417, Cj0593c, Cj0660c,
Cj0990c, Cj1056¢, and Cj1089c). Notably, within cluster C are
two genes (Cj0414 and Cj0415) for which expression was highly
up-regulated when C. jejuni was grown at pH 5.5, 6.0, and 6.5.
These genes encode putative glucose-methanol-choline oxi-
doreductase subunits of unknown function.

Construction of a mutant library by transposon mutagene-
sis. While transcriptional profiles provide a wealth of informa-
tion about how a bacterium modulates gene expression in
response to a given stress condition, transcriptome analysis
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suffers from two major weaknesses: mRNA abundance may
not always correlate with the expression of functional proteins,
and protein expression may not always correlate with its func-
tional requirement. In particular, the up-regulation of a gene
under a given stress condition does not necessarily indicate it is
required for survival under that condition (11). Furthermore,
the expression of a gene can be down-regulated yet still be
required for survival under a given stress condition (58). Thus,
it is important to supplement gene expression studies with
experiments designed to assess the contribution of genes to
stress resistance. Therefore, in order to directly identify the
genes that are required for acidic pH survival, we first con-
structed a library of C. jejuni mutants by transposon mutagen-
esis and then screened individual mutants for their abilities to
grow at low pH.

In order to efficiently generate a collection of mutants in C.
jejuni NCTC 11168, a Tn5-based transposon containing a
chloramphenicol resistance cassette was constructed. This
transposon was used in in vitro transposition reactions with
purified chromosomal DNA from C. jejuni NCTC 11168. The
transposed chromosomal DNA was naturally transformed into
C. jejuni, and transposon mutants were recovered on selective
MH agar plates under microaerophilic conditions at 37°C. A
total of 3,072 mutants were individually picked and grown in
96-well microtiter dishes and immediately frozen at —80°C. Of
note, of these 3,072 mutants, only 2,577 remained viable (col-
onies were obtained on selective MH agar from the frozen
stock). From this collection, 24 mutants were randomly chosen
and shown by Southern blot analysis to contain a single trans-
poson (data not shown). The transposon insertion site of 48
mutants (arbitrarily chosen) was further mapped using a sin-
gle-primer PCR amplification method. This mapping con-
firmed the random insertion of the transposon (data not
shown) and indicated that the transposons in the 2,577 mutants
used in this study should be randomly distributed throughout
the genome. Therefore, a library of this size is expected to
contain one insertion at approximately every 640 bp.

Transposon mutants showing impaired growth at low pH.
Each mutant from our collection of 2,577 clones was screened
for growth on MES-MH plates at pH 7.0, 6.0, and 5.5. Mutants
that showed impaired growth at one or both of the acidic pHs
were selected, and the insertion site of the transposon was
mapped using a PCR-based approach coupled with DNA se-
quencing. Of the 2,577 mutants screened, 86 were affected, and
these mapped to 59 genes and five intergenic regions (Table 2).
Mutations leading to a pH-sensitive phenotype were distrib-
uted throughout the chromosome (Fig. 3). Of note, we were
unable to locate the transposon insertion site in six of the
affected mutants.

The genes required for growth at low pH are involved in a
variety of cellular processes, including motility and chemotaxis,
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CPS and LOS biosynthesis, metabolism and bioenergetics,
DNA repair, stress responses, amino acid biosynthesis, trans-
port, macromolecule degradation, and cofactor biosynthesis.
While gene expression data were not available for 4 of the 59
genes identified in our library screen, the expression of 42 of
the remaining 55 genes was not significantly affected in our
microarray analysis (Table 2), revealing a limited correlation
between gene requirement and gene expression. As described
above, this is not an unusual finding. However, in our case, part
of this discrepancy may stem from the use of a biphasic growth
medium for gene expression analysis and a solid medium for
the screening of the library. In addition, it should be noted
that the mutants are likely to encounter an initial pH stress
when they are transferred from MH agar plates at pH 7.0 to
MH agar plates at pH 5.5. Genes required for coping with acid
shock might be different than those required to grow under
mildly acidic pH conditions. In agreement with this hypothesis,
27 of the 55 genes mentioned above were found to be differ-
entially expressed upon acid shock exposure (Table 2, last
column). Interestingly, among the 13 differentially expressed
genes required for growth at low pH, 4 of them were down-
regulated, suggesting that gene expression homeostasis is es-
sential for cell survival. The up-regulated genes required for
growth under mildly acidic conditions are Cj0262c (chemo-
taxis), Cj1135 (LOS biosynthesis), ruvC (DNA repair), Cj0178
(outer membrane receptor), Cj0979c (secreted nuclease),
Cj1388 (endoribonuclease), Cj0256 (sulfatase), and Cjo415
(putative oxidoreductase). The down-regulated genes required
for growth at low pH are pldA (phospholipase A), Cj0075¢
(oxidoreductase), gitA (citrate synthase), and gltB (Glu syn-
thase). The sdhA gene (succinate dehydrogenase subunit) was
up-regulated at pH 6.5 and down-regulated at pH 5.5.

It is possible that the acid-sensitive phenotypes of some of
the mutants are not due to the interruption of the gene in
question but rather to polar effects on downstream genes,
effects on transcript stability, or spontaneous mutations else-
where on the chromosome. The cat cassette used in the trans-
poson is not known to cause polar effects (87), but we cannot
discount the possibility that the transposon itself affects the
expression of downstream genes. In Table 2, we have indicated
which genes are predicted to be in operonic structures (68).
These represent ~80% of the genes identified in our screen.
Many of these are clustered with other genes involved in the
same biological process (e.g., flagellum biosynthesis). So while
the interruption of the gene in question may not in itself be the
reason for the observed acid sensitivity, the biological process
in which it is involved likely is implicated. Likewise, the iden-
tification of multiple mutants with transposon insertions in
various genes involved in a common function (e.g., CPS ex-
pression) strengthens the case for that function being impor-
tant for acid adaptation. Spontaneous mutations elsewhere on

FIG. 2. Hierarchical clustering analysis of C. jejuni genes differentially expressed in response to growth under acidic conditions. (A) Genes
differentially expressed (=2-fold change; P < 10~ *) under at least one growth condition (pH 6.5, 6.0, and/or 5.5) were subjected to hierarchical
clustering analysis. (B) Transcriptional profiles of C. jejuni grown under acidic conditions (columns labeled pH 6.5, pH 6, and pH 5.5) were merged
with those obtained after exposure of C. jejuni to acid shock (pH 4.5) in vitro for different lengths of time (columns labeled 2MIN to 20MIN). Only
the genes differentially expressed (=2-fold change; P < 10™*) in response to growth at low pH were included in our analysis. For both panels,
up-regulated genes are shown in red, down-regulated genes are in green, and gray denotes missing data. The maximum color output for this figure
was set at a log, value of =1.5 (equivalent to a threefold change in gene expression).
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TABLE 2. Characterization of transposon mutants impaired for growth at low pH

Expression in

Gene and functional group or Descrinti Tn location (OREF size, in Operon Expression in
. . . escription . . 4 I steady-state . ce
intergenic region bp), orientation (score) expte acid shock expt®
Chemotaxis and motility
Cj0019¢c Putative methyl-accepting chemotaxis signal 461 (1,779), — Y (0.852)
transduction protein
Cjo144 Probable methyl-accepting chemotaxis signal 224 (1,980), + N UP (4)
transduction protein
Cj0262c Putative methyl-accepting chemotaxis signal 915 (1,998), + N UP (5.5) DOWN (2, 4, 12)
transduction protein
Cj0548 (fliD) Flagellar hook-associated protein 976 (1,929), + Y (0.996) UP (4, 12)
Cjo697 (figG2) Flagellar basal body rod protein 730 (813), + Y (0.991)
Cj1024c (figR) o>*-Associated transcriptional activator, 132 (1,302), + Y (0.978) DOWN (2, 12)
response regulator of FIgSR two-
component system
Cj1324 Hypothetical protein, O-linked glycosylation 693 (1,122), + Y (0.581)
LOS and CPS biosynthesis and
expression
Cj1135 Putative two-domain glucosyltransferase, 1,111 (1,548), + Y (0.943) UP (5.5)
LOS locus
Cj1150c (hldE) D-B-p-Heptose 7-phosphate kinase/p-B-p- 851 (1,386), — Y (0.992) ND”" ND
heptose 1-phosphate adenylyltransferase,
LOS locus
Cj1413c (kpsS) Possible polysaccharide modification protein 560 (1,185), + Y (0.998)
Cj1431c (hddC) Heptosyltransferase, CPS locus 1,404 (1,749), — Y (0.829)
Cj1432c Putative sugar transferase, CPS locus 1,842 (3,096), + Y (0.829)
Cj1437c Aminotransferase, CPS locus 790 (1,104), — Y (0.734)
Cjl442c Putative sugar transferase, CPS locus 49 (1,635), + Y (0.892)
Lipoproteins and outer
membrane proteins
Cj0599 OmpA family protein 516 (954), — Y (0.979) UP (4)
Cj1279¢ Putative fibronectin domain-containing 965 (1,236), + Y (0.984) DOWN (4)
lipoprotein
Cj1351 (pldA) Phospholipase A 777 (990), + Y (0.930) DOWN (5.5)
Cj1677 Possible lipoprotein 2,953 and 2,779 (3,363), — N UP (12, 20)
DNA restriction/modification and
repair
Cj0208 DNA modification methylase (adenine 115 and 750 (1,092), — DOWN (4, 12)
specific)
Cj1731c (ruvC) Crossover junction endodeoxyribonuclease, 144 (483), + UP (5.5)
DNA repair
Oxidative stress
Cj0020c Cytochrome C551 peroxidase 463 (915), + Y (0.852)
Metabolism and bioenergetics
Cj0075¢ Putative oxidoreductase iron-sulfur subunit 153 (741), + Y (0.992) DOWN (5.5) UP (12) DOWN
(16)
Cj0081 (cydA) Cytochrome bd oxidase, subunit I 369 (1,563), + Y (0.995) DOWN (12, 16)
Cjo0437 (sdhA) Succinate dehydrogenase, flavoprotein 1,132 (1,836), + Y (0.999) UP (6.5) UP (12) DOWN
subunit DOWN (5.5) (16, 20)
Cj0538 (0orC) Subunit of 2-oxoglutarate:acceptor 149 (558), — Y (0.999) UP (12, 16)
oxidoreductase
Cj1509c¢ (fdhC) Formate dehydrogenase, cytochrome 228 (933), + Y (0.972)
subunit
Cj1566¢ (nuoN) NADH dehydrogenase I, chain N 509 (1,389), + Y (0.999)
Cj1570c (nuol) NADH dehydrogenase I, chain J 476 (519), + Y (0.999) UP (12, 16)
Cj1571c (nuol) NADH dehydrogenase I, chain I 428 (642), — Y (0.998) UP (12, 16)
Cj1573¢ (nuoG) NADH dehydrogenase I, chain G 362 (2,463), + Y (0.998) UP (12, 16, 20)
Cj1682c (gitA) Citrate synthase 352 (1,269), +; 823 N DOWN (5.5) UP (2, 4, 12, 20)
(1,269), —
Amino acid biosynthesis and
transport
Cj0007 (gitB) Glutamate synthase, large subunit 2,447 (4,491), + Y (0.61) DOWN (5.5) UP (4) DOWN
(16)
Cj0013 (ilvD) Dihydroxyacid dehydratase, branched chain 444 (1,677), — N
amino acid biosynthesis
Cj1015¢ (livG) Putative branched-chain amino acid ABC 58 (771), — Y (0.992) DOWN (12, 16)
transport system, ATP binding protein
Cj1393 (metC") Cystathionine B-lyase 210 (1,047), +; 161 N ND ND
(1,047), —
Cj1598 (hisD) Histidinol dehydrogenase 557 (1,287), — Y (0.998)

Continued on facing page
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TABLE 2—Continued

Expression in

Gene and functional group or Descrinti Tn location (OREF size, in Operon Expression in
. . . escription . . 4 I steady-state . ce
intergenic region bp), orientation (score) expte acid shock expt®
Transporters
Cj0175¢ (cfbpA) Putative iron uptake ABC transport system, 767 (1,005), — Y (0.998) UP (12, 16)
periplasmic iron-binding protein
Cjo178 Putative TonB-dependent outer membrane 1,550 (2,268), + Y (0.982) UP (5.5) UP (4, 20)
receptor
Cjo607 ABC-type transmembrane transporter 623 (1,926), — Y (0.995) DOWN (all)
Cj0679 (kdpD) Truncated KdpD protein, contains 1,767 (1,821), + N ND
osmosensitive K" channel His kinase
sensor domain
Cj0727 Putative periplasmic solute-binding protein 259 (1,047), + Y (0.584) DOWN (4, 16)
Cj0732 ABC transport system ATP-binding protein 811 (990), + Y (0.987) ND ND
Cj1352 (ceuB) Enterobactin uptake permease 215 (969), — Y (0.994) ND ND
Cj1539¢ Putative anion-uptake ABC transport 233 (720), + Y (0.964)
permease protein
Cj1587¢ Putative ABC transporter 1,432 (1,632), — N
Cj1630 (tonB2) Putative TonB transporter 620 (684), + Y (0.976)
Cjl1662 Putative integral membrane protein, ABC 958 (1,119), — Y (0.99) UP (12, 16)
transporter cluster
Purine biosynthesis and
nucleoside salvage
Cj0340 Putative nucleoside hydrolase 8 (1,008), — Y (0.848) UP (4, 12)
Cj1498c (purA) Adenylosuccinate synthase 798 (1,251), — Y (0.984)
Degradation of DNA, RNA and
proteins
Cj0979c Putative secreted nuclease 391 (528), + Y (0.874) UP (5.5) UP (12, 16, 20)
Cj1388 Putative endoribonuclease L-PSP 198 (363), + Y (0.742)  UP (6.0) UP (16)
Synthesis and modification of
aminoacyl-tRNA synthetases
Cj1378 (selA) L-Seryl-tRNA selenium transferase 231 (1,323), + Y (0.999)
Cj1504c (selD) Selenophosphate synthetase 681 (927), — Y (0.588)
Biosynthesis of cofactors,
prosthetic groups and
carriers
Cj1518 (moaE) Putative molybdopterin converting factor, 140 (447), — Y (0.995)
subunit 2
Fatty acid biosynthesis
Cj1303 (fabH2) Putative 3-oxoacyl-[acyl-carrier-protein] 330 (1,062), + Y (0.968)
synthase
Miscellaneous and unknown
functions
Cj0184c Putative Ser/Thr protein phosphatase 129 (1,155), + Y (0.852)
Cj0256 Putative sulfatase family protein ~1,328 (1,539), — Y (0.967) UP (6.0)
Cjo415 Putative glucose-methanol-choline 1,507 (1,722), + Y (0.983)  UP (all) UP (all)
oxidoreductase subunit
Cjo569 Hypothetical protein 309 (870), — Y (0.764)
Intergenic regions®
Cj0091-Cj0092 101,369 N
Cj0363c (hemN)-Cj0364 330,736 N
Cj0755 (cfrA)-Cj0757 (hrcA) 707,606 N
Cj1463 (figl)-Cj1464 (figM) 1,399,902 N
Cj1508c (fdhD)-Cj1509¢ (fdhC) 1,444,609 N

“ The number indicates the nucleotide before which the Tn is inserted; the Cm cassette within the Tn is either in the same orientation as the gene (+) or is in the
opposite orientation (—). ORF, open reading frame.

> The operon score indicates whether a gene is predicted to be part of an operon; the strength of the prediction is listed in parentheses (values near 1 are confident
predictions that the gene is part of an operon, while values near 0.5 are low-confidence predictions) (68); the highest score is shown for genes predicted to be in an
operonic structure with both flanking genes.

¢ UP and DOWN indicate up-regulated and down-regulated gene expression, respectively (>1.5-fold difference in relative gene expression; P < 10™%).

@ For gene expression from steady-state experiments (this study), the number in parentheses indicates the pH value at which the gene was differentially expressed.

¢ For gene expression from in vitro acid shock experiments (71), the value in parentheses indicates the time point after acid shock (2, 4, 12, 16, and 20 min) at which
the gene was differentially expressed.

/Boldface highlights genes for which the change in expression was similar in response to that for in vitro acid shock and steady-state growth at low pH.

& The location of intergenic transposons is given as the base pair number within the C. jejuni NCTC 11168 genome before which the Tn was inserted.

"' ND, not determined. The data either were excluded from microarray analysis or the gene was not represented on the array.

the chromosome also are not likely explanations for cases in
which we identified more than one mutant (separate insertion
sites) for a given gene (Cj1677, Cj0208, and gltA). Neverthe-
less, to address the possible contribution of spontaneous mu-

tations to the acid sensitivity of the mutants, we recreated
seven mutants (representing ~12% of the genes identified in
our screen: hisD, fliD, oorC, Cj1135, Cj1388, Cjl442c, and
Cj1662) in a fresh NCTC 11168 background. Like their par-
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FIG. 3. Distribution of transposon insertion sites leading to an
acid-sensitive phenotype. The 59 genes and five intergenic regions
described in Table 2 are represented by bars on a chromosomal map of
C. jejuni NCTC 11168. Only some of these genes are labeled.

ents, these mutants displayed impaired growth at pH 5.5, sug-
gesting that the interruption of the gene and/or cluster in
question likely is responsible for the observed phenotype.

Phenotypic analysis of selected acid-sensitive transposon
mutants. Four acid-sensitive transposon mutants harbored in-
sertions in genes known or predicted to be involved in motility
(fliD, flgG2, figR, and Cj1324), which suggests a possible role
for flagellum biosynthesis and/or modification in C. jejuni’s
ability to grow under mildly acidic conditions. In addition, a
transposon inserted in the intergenic region between flg/ and
flgM led to an acid-sensitive phenotype. Given these data, the
motilities of these five strains on soft agar plates at 37°C were
compared to that of NCTC 11168 (Fig. 4). Transposon mutants
infliD, figG2, and figR and in the intergenic region between fig/
and flgM were significantly less motile than the wild type (P =
10~ to 10~*?), while the Cj1324:Tn mutant was unaffected
(P = 0.82).

Given that the insertion sites of several transposons mapped
to genes located within LOS and CPS loci, we wanted to
determine whether these surface structures play a role in C.
jejuni adaptation to growth at low pH. Total carbohydrate
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FIG. 4. Motility of selected transposon mutants on 0.4% agar
plates. The motility of selected transposon mutants was assayed on
MH plates containing 0.4% agar. The diameters of the zones of mo-
tility were recorded after 24 h of incubation at 37°C in a microaero-
philic workstation and are expressed as the percent motility relative to
the motility of NCTC 11168 (considered to be 100%). Values reported
are percent motility * standard errors of the means and represent a
minimum of three independent experiments, each performed in tech-
nical duplicate.
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FIG. 5. LOS and CPS phenotypes of selected transposon mutants.
Proteinase K-digested cell lysates were run on 16.5% DOC polyacryl-
amide gels and silver stained. The range of migration of CPS and LOS
is indicated by bars at the left.

samples were prepared from cell lysates, separated on sodium
DOC polyacrylamide gels, and detected by silver staining (Fig.
5). In these gels, LOS appears as a dark, fast-migrating band.
As is apparent from Fig. 5, both LOS transposon mutants
(Cj1135:Tn and hldE:Tn) have a severely truncated LOS struc-
ture compared to that of the wild type, suggesting that a more
complete LOS structure is needed for acid survival and/or
adaptation. The CPS can be seen in the wild type as a collec-
tion of bands migrating about midway into the gel. A kpsM
insertional mutant is known to be acapsular (44, 77) and was
included in the gel as a negative control. While strains bearing
transposon insertions in Cj1413c (kpsS) and Cj1442c appear to
be acapsular, strains with insertions in Cj1437c, Cj1431c, and
Cj1432c still express CPS, although a subtle change in CPS
migration is apparent in the Cj1432c¢ mutant. Note that minor
differences in the amount of polysaccharide produced and/or
the extent of modification would not be detected in this exper-
iment.

Merged transcriptional profiles of C. jejuni’s response to
growth at low pH and exposure to acid shock. In order to gain
a more comprehensive picture of the acid stress response of C.
jejuni, we merged the transcriptional profiles obtained after the
growth of C. jejuni under acidic conditions with those obtained
after exposure to acid shock (pH 4.5) in vitro (71). Genes
differentially expressed in response to growth at pH 6.5, 6.0,
and/or 5.5 were included in our analysis. The data were sub-
jected to hierarchical clustering analysis (Genesis; Euclidian
distance, average linkage) and were found to group into four
clusters (Fig. 2B). Many of these genes showed opposite ex-
pression patterns between response to growth at acidic pH and
that after acid shock (Fig. 2B, cluster B and a subset of clusters
A and D). The genes with similar expression profiles under
both experimental conditions are of particular interest, be-
cause they might encode key players of the acid stress survival
mechanism. For instance, C. jejuni down-regulated genes en-
coding ribosomal proteins at pH 6 and 6.5 and upon exposure
to acid shock (Fig. 2, cluster A). In addition, growth at pH 5.5
and exposure to acid shock led to the down-regulation of
succinate dehydrogenase subunits (sdhAB), a gene encoding a
Na™/H" antiporter (Cj0832c), genes for nitrite respiration
(Cj1357c and Cj1358c), and a number of genes of unknown
function (Fig. 2B, cluster C). The genes up-regulated in re-
sponse to both acid stress conditions included a single-domain
globin (Cj1586) involved in nitric oxide stress defense, the
peroxide regulator gene (perR), a putative ferric-siderophore
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transporter (Cj0178), genes encoding putative oxidoreductase
subunits (Cj0414 and Cj0415), and genes of unknown function
(Fig. 2B, cluster D).

DISCUSSION

It is well established that the ability of bacteria to grow and
survive in acidic environments is dependent on the regulation
and/or maintenance of their internal pH close to neutrality.
While this process has been extensively studied in E. coli and
other food-borne pathogens, there is little information on how
C. jejuni survives exposure to low pH. To initiate the study of
this process, we compared the gene expression profile of C.
jejuni NCTC 11168 grown to mid-log phase in neutral (pH 7.0)
medium to that of the same strain grown in mildly acidic media
(pH 5.5, 6.0, and 6.5). Such gene expression profiles reveal how
the bacterium fine-tunes its transcriptome to adapt to a given
environment and thus provide information about which genes
and/or systems might be involved in acidic pH adaptation.
However, it is clear that despite the wealth of information
generated by gene expression profiling, this technology suffers
from two major limitations. First, microarray technology is not
sensitive enough to capture small changes in gene expression
that can have a significant physiological effect. Second, tran-
script abundances may not necessarily correlate with the ex-
pression of functional proteins. Moreover, transcriptome stud-
ies cannot identify proteins that are regulated at the
posttranslational level. In fact, the pH-dependent regulation of
protein function is an important feature of antiporters that
participate in pH homeostasis (64). Consequently, to gain a
more comprehensive look at the steady-state acid stress re-
sponse of C. jejuni, we supplemented transcriptional profiles
with the screening of a collection of transposon-based mutants
in which genes essential for wild-type levels of growth at mildly
acidic pH were identified. This integrated approach revealed
the importance of a number of cellular processes in the mech-
anism of C. jejuni survival and/or adaptation to low pH, ranging
from general metabolism and energy generation to the synthe-
sis of surface structure components.

Effect of acid stress on metabolism and energy generation.
The growth of C. jejuni at low pH led to the differential ex-
pression of genes that encode products that are involved in the
tricarboxylic acid cycle as well as in various electron transport
pathways. Succinate dehydrogenase (sdhABC) and malate:qui-
none oxidoreductase (mgqo; Cj0393c) genes were down-regu-
lated at pH 5.5, as were genes encoding products that are
involved in the use of TMAO/DMSO (Cj0264c and Cj0265c¢)
and nitrite (Cj1357c and Cj1358c¢) as terminal electron accep-
tors. While one cytochrome ¢ gene (Cj0854c) was down-regu-
lated at pH 5.5, two other cytochrome ¢ genes (Cj0037c and
Cj0874c) were up-regulated. Down-regulation of sdhAB and
Cj1357-58¢ and up-regulation of Cj0037c also were seen when
C. jejuni was exposed to acid shock (Fig. 2B). While it may be
tempting to speculate that growth at low pH does not rely on
succinate dehydrogenase feeding electrons into the electron
transport chain (ETC), our transposon library screen identified
an sdhA mutant as being impaired for growth at pH 5.5. This
phenotype in turn suggests that the ETC contributes to the
ability of C. jejuni to grow under acidic conditions and high-
lights the importance of an integrated experimental approach
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combining transcriptomics and genome-wide mutagenesis. The
mutation of a number of subunits of the NADH dehydroge-
nase complex (nuoGIJN) led to impaired growth at low pH.
Given that succinate dehydrogenase subunits are down-regu-
lated at pH 5.5, a functional NADH dehydrogenase complex
may be required for energy generation. Alternatively, the re-
quirement for NADH dehydrogenase expression may reflect
the fact that this complex pumps four H* /electron pairs into
the periplasm, which may help prevent and/or reverse cyto-
plasm acidification. Similarly, the inability of strains harboring
mutations in the cyanide-insensitive oxidase (cydA4), the for-
mate dehydrogenase (fdhC), and the cytochrome ¢ peroxidase
(Cj0020c) genes to grow at low pH further highlights the im-
portance of electron transport pathways for low-pH tolerance.
Taking our results together, it is tempting to speculate that the
translocation of protons across the cytoplasmic membrane dur-
ing electron transfer contributes significantly to the ability of C.
jejuni to survive in mildly acidic environments. In contrast, the
expression of succinate dehydrogenase genes in S. flexneri is
induced by either acidic or basic growth conditions (18), while
in E. coli, succinate and NADH dehydrogenase genes show
opposite pH responses under aerobic (induced by acid) and
anaerobic (repressed by acid) growth conditions (37, 53). Thus,
it is possible that the pH-dependent regulation of energy gen-
eration systems is dependent on the organism and/or the
growth conditions used.

The growth of E. coli and Shigella under acidic or basic
conditions leads to the preferential expression of metabolic
systems that are compatible with the bacterium’s environment,
i.e., that minimize acid production at low pH and maximize it
at high pH (17, 18, 37, 53). For instance, growth under acidic
conditions leads to the up-regulation of genes encoding prod-
ucts that are involved in amino acid catabolism, which gener-
ates amines (decarboxylases) or ammonia (dehydratases) that
can buffer the cellular environment and prevent and/or reverse
the acidification of the cytoplasm. It therefore is surprising that
C. jejuni down-regulates a gene (sdaA) for the catabolism of
serine, which generates ammonia, when grown on medium at
pH 5.5. On the other hand, the biosynthesis of methionine,
histidine, and glutamate and the biosynthesis and transport of
branched-chain amino acids appear to be required for growth
at pH 5.5, as metC, hisD, gltB, ilvD, and livM mutants were acid
sensitive. The metC gene encodes a putative cystathionine
beta-lyase, a key enzyme in methionine biosynthesis, the activ-
ity of which generates homocysteine, pyruvate, and ammonia.
In agreement with our observations, methionine biosynthesis
appears to play a role in bacterial acid stress responses. In H.
pylori, metB expression is activated at low pH by the ArsSR
two-component system (67), and a metB-Tn mutant of Myco-
bacterium smegmatis was recovered in a screen designed to
identify mutants unable to grow at low pH in the presence of
a proton-motive force uncoupler (83). Finally, the main differ-
ence between an acid-resistant mutant of Bifidobacterium lon-
gum and its more sensitive parent is the overproduction of
MetE, CysD, and MetB in the mutant (75).

Adaptation to growth in a medium at low pH might be
expected to involve the down-regulation of genes encoding
products that take up H" and the up-regulation of genes en-
coding proteins capable of H* extrusion. Consistent with this,
growth of C. jejuni at pH 5.5 caused the down-regulation of a
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putative Na™/H™ antiporter (Cj0832c) and a pseudogene en-
coding a H*/oligopeptide symporter (Cj0654c). Cj0832¢ also
was down-regulated in response to acid shock, suggesting that
decreased expression of this gene is an important component
of C. jejuni’s response to acid stress. In H. pylori, growth at
acidic pH also led to the down-regulation of a Na*/H™" anti-
porter (16), while in E. coli the NhaA Na™/H" antiporter is
essential for adaptation to high salinity and alkaline pH, ex-
truding Na™ in exchange for H" (reviewed in reference 64).
The down-regulation at pH 5.5 of dcuB, which can extrude H*
in an antiport reaction with C,-dicarboxylates, was surprising,
as dcuB was highly up-regulated in response to acid shock.
However, our data are consistent with those of Cheng and
coworkers (18), who found that both dcud and dcuB were
down-regulated in S. flexneri grown at low pH. While the F,F,
ATPase also can extrude H' at the expense of ATP, thus
protecting lactic acid bacteria against acid shock (76), the
genes encoding this enzyme were not differentially expressed in
our experiments.

The growth of C. jejuni under moderately acidic conditions
(pH 6.5 and 6.0) led to the repression of 12 genes encoding
ribosomal proteins. This is reminiscent of the widespread re-
pression of these genes in C. jejuni in response to acid shock
(71) and heat shock (78). With the exception of rpsU (30S
ribosomal protein S21), which was down-regulated at pH 6.5
and 5.5, and rpmE (50S ribosomal protein L31), which was
up-regulated at pH 5.5 only, the genes for ribosomal proteins
were not differentially expressed at pH 5.5. One possible ex-
planation for the failure of growth at pH 5.5 to cause the
repression of genes encoding ribosomal proteins is that growth
at this lower pH is damaging to ribosomes, and survival and/or
adaptation relies on the continued synthesis of ribosomal pro-
teins. In fact, the loss of ribosomes has been reported for E.
coli exposed to medium at pH 3 (25).

Role of cell surface components in the acid stress response.
Components at the cell surface are in direct contact with the
bacterium’s environment, and as such they might be expected
to play a role in protecting the cell against external assaults. In
E. coli, the exopolysaccharide colanic acid is known to confer
protection against acid and a number of other stresses (49, 51).
Cells harboring mutations in a number of CPS genes (Cj1413c,
Cj1431-32c, Cj1437c, and Cjl442c) were impaired for growth
at pH 5.5, suggesting that the capsule plays a protective role,
possibly by decreasing the influx of H' into the cell. These
genes are predicted to be involved in diverse stages of CPS
expression, from biosynthesis (Cj1442c, Cj1432c, and Cj1431c)
of the polysaccharide to transport (Cj1413c). Loss of CPS
expression was apparent in the acid-sensitive mutants with
insertions in Cj1413c (kpsS) and Cj1442c (Fig. 5). Our data are
consistent with the acapsular phenotype of a kpsS insertion
mutant in C. jejuni (44) and with the loss of polysaccharide
transport in E. coli and Neisseria meningitidis kpsS mutants (20,
85). In contrast, transposon insertions in Cj1431c, Cj1432c, and
Cj1437c did not result in the loss of CPS (Fig. 5). The mutation
of Cj1431c (hddD) in C. jejuni leads to the loss of the O-methyl
heptose side branch of the CPS repeat unit (43). Our data
suggest that the heptose side branch is required for the cap-
sule’s protective effect. Given that roles for Cjl1432c and
Cj1437c in CPS expression have yet to be ascribed, it is difficult
to interpret the observed phenotypes of these mutants.
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The C. jejuni LOS also may play a similar protective role.
Mutants with transposon insertions in two genes involved in
LOS biosynthesis, Cj1135 and Cj1150c (hldE), displayed acid-
sensitive phenotypes. The AldE gene is believed to be involved
in the biosynthesis of nucleotide-activated heptose, which then
is transferred to lipid A-3-deoxy-D-manno-octulosonic acid to
form the LOS inner core (34, 43, 77). Cj1135 encodes a puta-
tive two-domain glucosyltransferase thought to transfer a glu-
cose residue onto the first inner core heptose (34, 43). The
products of these genes act early in LOS biosynthesis, suggest-
ing that a complete LOS structure is required for wild-type
levels of acid resistance. Silver-stained DOC-PAGE analysis of
carbohydrate samples from these mutants revealed the pres-
ence of severely truncated LOS structures (Fig. 5), which
strengthens the notion that a minimum LOS structure is re-
quired for acid resistance and/or adaptation. In H. pylori, acid
shock caused the up-regulation of a lipopolysaccharide gene
(wbclJ) encoding a product that is required for O antigen syn-
thesis and Lewis X and/or Y expression (54). In the absence of
external urea, a wbeJ mutant was more sensitive to acid killing
(54), supporting the idea that lipopolysaccharide is protective
against acid.

The role of flagella in bacterial acid stress responses remains
unclear, and gene expression studies so far have remained
inconclusive. While some studies report the up-regulation of
flagellar genes under conditions of acid stress (37, 53, 57, 90),
others report the down-regulation of these genes (18, 84, 90).
Furthermore, these data remain difficult to interpret, as only a
subset of the flagellar genes is ever found to be differentially
expressed. In our study, the growth of C. jejuni at low pH was
not associated with differential expression of flagellar genes.
The only gene related to motility that was differentially ex-
pressed (up-regulated at pH 6.0) is Cj0454c. This gene encodes
a putative membrane protein of unknown function that previ-
ously was shown to be required for full motility (38). Interest-
ingly, despite the absence of differential expression of the fla-
gellum biogenesis genes, the screening of our mutant library
indicates a role for the flagellum in the ability of C. jejuni to
grow under acidic conditions. Indeed, mutants harboring in-
sertions in genes encoding components of the flagellar appa-
ratus (fliD and flgG2) as well as the response regulator (figR) of
the two-component system that activates the expression of
some flagellar genes (92) were unable to grow at acidic pH. An
intergenic transposon located between flg/, which encodes a
hypothetical protein, and figM, which encodes a putative anti-
028 factor, also rendered cells acid sensitive. All of these mu-
tants displayed motility defects on soft agar plates (Fig. 4),
which is consistent with the reported loss of flagella in C. jejuni
fliD (35) and figR mutants (42). These data suggest that mo-
tility or, minimally, flagellum expression is required for survival
and/or adaptation to acidic conditions. It is not clear at this
time why motility would be required for acid tolerance, partic-
ularly on solid media as we have used here. Interestingly, a
mutant bearing an insertion in Cj1324, which encodes a hypo-
thetical protein in the O-linked protein glycosylation locus, was
unable to grow at pH 5.5. This mutant displayed wild-type
levels of motility on soft agar plates (Fig. 4), suggesting that
flagellar glycosylation plays a role in enabling growth under
acidic conditions. Finally, chemotaxis also appears to play a
role in acid adaptation, as a mutation in any one of three genes
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encoding methyl-accepting chemotaxis protein-type signal
transduction proteins (Cj0019¢, Cj0144, and Cj0262c) led to an
acid-sensitive phenotype. Altogether, these data indicate a key
role for motility in acidic pH tolerance, warranting a more
in-depth study of the mechanism of flagellum-mediated pH
resistance.

The modulation of membrane composition also might be
expected to alter cell wall permeability to H*. Our mutant
library screen identified a pld4 mutant as being impaired for
growth at pH 5.5. The pldA gene encodes phospholipase A, an
enzyme that can cleave membrane phospholipids to yield ly-
sophospholipids (22). In H. pylori, the expression of active
phospholipase A leads to the increased production of lyso-
phospholipids and the improved acid stress survival of the
strain (15, 79). It therefore appears that pldA plays a role in the
acid stress response of both H. pylori and C. jejuni. Finally, fatty
acid biosynthesis appears to be important for C. jejuni’s adap-
tation to growth at low pH. The gene encoding 3-oxoacyl-[acyl-
carrier-protein]| synthase was up-regulated 1.7-fold at pH 5.5
(fabH), and a fabH2 mutant was acid sensitive. In agreement
with this observation, fatty acid metabolism was found to be an
important component of the adaptation of Mycobacterium to
growth at low pH (28, 83).

Phosphate acquisition and the acid stress response. Genes
encoding products that are involved in phosphate uptake
(pstSCA) were up-regulated at pH 5.5. In C. jejuni and other
bacteria, the transcription of pstSCAB is activated by phos-
phate limitation (1, 91, 94), and in C. jejuni, pstS and pstC are
up-regulated in a mutant (Aspo7) unable to mount a stringent
response (33). Most relevant to this study is the observed
increase in phosphate uptake and polyphosphate accumulation
when Burkholderia cepacia was grown at an acidic pH (59).
Phosphate uptake and polyphosphate accumulation may there-
fore play a role in the acid stress response of some bacteria.
While the data from this study support a role for phosphate
uptake in the acid stress response of C. jejuni, the down-
regulation of a polyphosphate kinase homologue (Cj0604) at
pH 5.5 appears to speak against a role for polyphosphate
accumulation in this response. The C. jejuni genome encodes
an additional ppk homologue, the expression of which was not
affected under steady-state acid stress conditions. In fact, the
ppk gene (Cj1359) was up-regulated in response to both in
vitro and in vivo acid shock in C. jejuni (71), supporting a role
for polyphosphate accumulation in the acid stress response of
this bacterium. Phosphate uptake genes also were up-regulated
under acid shock conditions (pH 4) in Shewanella oneidensis
(47).

In C. jejuni, the two-component system encoded by phoSR
activates the transcription of the phosphate regulon, which
includes pstSCA as well as a number of other genes (Cj0145,
pstB, and the Cj0727-Cj0733 operon) (91), that were not dif-
ferentially expressed in response to growth at pH 5.5. The
Cj0727-Cj0733 operon encodes a putative ABC transporter
system for phosphate uptake. The up-regulation of one uptake
system (pstSCA) and not the other may be a response to the
specific growth conditions used in this experiment and may
reflect an as-yet unknown aspect of the regulation of phos-
phate uptake.

Overlap between acid stress and other stress responses.
Acid stress in bacteria is known to induce cross-resistance to
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other stresses (e.g., heat shock and oxidative and osmotic
stress) (7), often by the induction of genes required to cope
with these stresses (e.g., chaperones typical of heat shock re-
sponses) (18, 37, 53).

In this study, the gene encoding the peroxide stress regulator
PerR was up-regulated at pH 5.5. In C. jejuni, as in B. subtilis,
PerR represses the expression of genes such as ahpC (alkyl
hydroperoxide reductase) and katA (catalase), the products of
which detoxify peroxides (86). Oxidative stress leads to the
irreversible oxidation of His residues in PerR that inactivate
this repressor, leading to the expression of these genes (48).
The up-regulation of perR under mildly acidic conditions might
be expected to decrease the levels of PerR-regulated genes.
However, the genes encoding the key components of the per-
oxide stress regulon were not differentially expressed. This
observation suggests that the expression of the PerR protein is
posttranscriptionally controlled and/or that the PerR protein is
deactivated under acidic conditions and thus is unable to re-
press the PerR-regulated genes. Interestingly, the perR gene
also was highly up-regulated in response to both in vitro and in
vivo acid shock (71), further suggesting that the modulation of
PerR levels is a general response to acid stress in C. jejuni.
While there are no previous reports implicating PerR in bac-
terial acid stress responses, its homologue, the ferric uptake
regulator Fur, is required for the induction of acid shock genes
and proteins in H. pylori and S. enterica (30, 32, 36), and the
mutation of fur in these bacteria renders cells acid sensitive (4,
6, 8, 10, 30, 36). Studies of S. enterica suggest that the role of
Fur in the acid stress response is independent of iron (36) and
consequently is distinct from its role in mediating iron ho-
meostasis. The C. jejuni fur gene was not differentially ex-
pressed under either steady-state conditions of acid stress or in
response to acid shock, and our mutant library screen failed to
identify a fur mutant. Given that this mutant might be absent
from our library, the role of Fur in the acid stress response of
C. jejuni was determined by assessing the ability of a defined fur
deletion mutant to grow at pH 5.5 (data not shown). Interest-
ingly, the fur mutant was impaired in its ability to grow at pH
5.5, indicating that Fur plays a role in acid resistance in C.
Jejuni.

The experiments reported in this paper provide limited ev-
idence of overlap between acid and nitrosative stress re-
sponses. The cgb gene, encoding a single-domain hemoglobin,
was up-regulated at pH 5.5 and in response to acid shock. Cgb
is an important player in the nitrosative stress response, scav-
enging and detoxifying nitric oxide (27). The expression of cgb
and other members of the nitrosative stress regulon is con-
trolled by NssR (26). Under conditions of acid shock, the gene
encoding a truncated hemoglobin (Cj0465c) was highly up-
regulated in C. jejuni (71). While this gene was implicated in
mediating O, flux in Campylobacter (88) rather than being
directly involved in detoxification, it is nonetheless a member
of the NssR regulon (26). Other members of the nitrosative
stress regulon in C. jejuni showed no significant changes in
gene expression.

While the heat shock response is an important component of
the adaptation of C. jejuni to acid shock (71), no heat shock
genes were up-regulated under steady-state acidic growth con-
ditions. In addition, although a cIpB mutant showed increased
susceptibility to killing by acid shock (71), this same mutant
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was not impaired for growth at pH 5.5 (data not shown),
supporting the idea that different mechanisms are required to
protect cells against a lethal acid shock than are required for
growth under mildly acidic conditions.

Shared acid stress response elements. Strikingly, only two
genes, Cj0414 and Cj0415, were up-regulated at all three acidic
pHs (pH 6.5, 5.5, and 5.0) and upon exposure to acid shock
(Fig. 2B, cluster D). Cj0414 and Cj0415 are annotated as oxi-
doreductases and bear some similarity to gluconate dehydro-
genase subunits of other bacteria. Gluconate dehydrogenase
activity was detected in C. jejuni 81 - 176 but not in an insertion
mutant of Cj0415 (70), supporting the assignment of this gene
as a gluconate dehydrogenase. Interestingly, a transposon in-
sertion in Cj0415 affected the growth of C. jejuni NCTC 11168
at low pH (Table 2). Consequently, these genes likely play an
important role in the survival and adaptation to acidic condi-
tions and might be essential for efficient host colonization.
Understanding the role of these components in the acid stress
response of C. jejuni will necessitate further characterization of
these genes and their products.

Conclusions. While environmental stresses usually cause the
induction of a large set of genes involved in coping with the
particular stress and/or repairing ensuing damages, the adap-
tation of C. jejuni to acidic conditions is characterized, most
notably, by the down-regulation of genes. In fact, only 26 genes
were significantly induced at pH 5.5 (Fig. 2A, cluster C),
whereas 68 genes were repressed (Fig. 2A, cluster A). The
transcriptional profile at mildly acidic pH is characterized by
the differential expression of respiratory pathways, by the in-
duction of genes involved in phosphate transport, and by the
repression of genes involved in energy generation and inter-
mediary metabolism. In addition, our data support a role for
Cj0415 in survival and adaptation to acidic conditions.

In summary, our work highlights the power of an integrated
experimental approach combining a gene expression study with
genome-wide mutagenesis to investigate bacterial responses to
environmental conditions. While the transcriptome profile re-
vealed the preferential gene expression levels in C. jejuni after
adaptation to mildly acidic pH conditions, the genome-wide
mutagenesis approach identified genes that are absolutely re-
quired for growth at low pH. Importantly, both approaches are
complementary, as genome-wide mutagenesis does not identify
genes involved in bacterial fitness under a particular growth
condition, whereas gene expression studies reveal the best-fit
transcriptome. On the other hand, genome-wide mutagenesis
identifies genes that are required for growth at low pH even if
those genes are not differentially expressed, thus revealing the
genes involved in the intrinsic resistance of Campylobacter to
low pH.
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