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ABSTRACT Campylobacter jejuni promotes commensalism in the intestinal tracts of
avian hosts and diarrheal disease in humans, yet components of intestinal environ-
ments recognized as spatial cues specific for different intestinal regions by the bac-
terium to initiate interactions in either host are mostly unknown. By analyzing a
C. jejuni acetogenesis mutant defective in converting acetyl coenzyme A (Ac-CoA) to
acetate and commensal colonization of young chicks, we discovered evidence for in
vivo microbiota-derived short-chain fatty acids (SCFAs) and organic acids as cues rec-
ognized by C. jejuni that modulate expression of determinants required for commen-
salism. We identified a set of C. jejuni genes encoding catabolic enzymes and trans-
port systems for amino acids required for in vivo growth whose expression was
modulated by SCFAs. Transcription of these genes was reduced in the acetogenesis
mutant but was restored upon supplementation with physiological concentrations of
the SCFAs acetate and butyrate present in the lower intestinal tracts of avian and
human hosts. Conversely, the organic acid lactate, which is abundant in the upper
intestinal tract where C. jejuni colonizes less efficiently, reduced expression of these
genes. We propose that microbiota-generated SCFAs and lactate are cues for C. je-
juni to discriminate between different intestinal regions. Spatial gradients of these
metabolites likely allow C. jejuni to locate preferred niches in the lower intestinal
tract and induce expression of factors required for intestinal growth and commensal
colonization. Our findings provide insights into the types of cues C. jejuni monitors
in the avian host for commensalism and likely in humans to promote diarrheal dis-
ease.

IMPORTANCE Campylobacter jejuni is a commensal of the intestinal tracts of avian
species and other animals and a leading cause of diarrheal disease in humans. The
types of cues sensed by C. jejuni to influence responses to promote commensalism
or infection are largely lacking. By analyzing a C. jejuni acetogenesis mutant, we dis-
covered a set of genes whose expression is modulated by lactate and short-chain
fatty acids produced by the microbiota in the intestinal tract. These genes include
those encoding catabolic enzymes and transport systems for amino acids that are
required by C. jejuni for in vivo growth and intestinal colonization. We propose that
gradients of these microbiota-generated metabolites are cues for spatial discrimina-
tion between areas of the intestines so that the bacterium can locate niches in the
lower intestinal tract for optimal growth for commensalism in avian species and pos-
sibly infection of human hosts leading to diarrheal disease.
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Campylobacter jejuni is a commensal bacterium of the intestinal tracts of avian
species and many other animals in the wild and in agriculture. As a consequence

of these zoonotic infections, poultry and other meats in the human food supply are
frequently contaminated with C. jejuni. Consumption of these contaminated meats may
culminate in an inflammatory diarrheal disease in humans. As such, C. jejuni is a leading
cause of bacterial diarrheal disease in humans throughout the world (1–3). Chickens are
natural hosts for C. jejuni and serve as a model system for analyzing commensalism by
C. jejuni (4–6). In these avian hosts, C. jejuni predominantly colonizes the mucous layer
and crypts of the lower intestinal tract, including the ceca and large intestine, with
much lower abundance in the upper intestinal tract (i.e., small intestine) (4, 5). In
humans, C. jejuni also infects the lower intestinal tract, including the colon and rectum.
The ability of C. jejuni to adhere to and invade the colonic epithelium contributes to the
pathogenesis of inflammatory diarrheal disease (7). How C. jejuni differentiates between
regions of the intestinal tract to locate preferred niches to establish either a persistent,
asymptomatic colonization in avian species or a productive infection in humans is
largely unknown.

Compared to many other enteric pathogens, C. jejuni possesses a very limited carbo-
hydrate catabolism due to lack of enzymes to utilize many sugars as a carbon source (8,
9). Catabolism of glucose occurs in some Campylobacter coli isolates, but only one
subspecies of C. jejuni has been found to produce a system for the uptake and
utilization of this carbohydrate (10). A subset of C. jejuni strains possesses a genomic
island encoding enzymes for fucose utilization and a chemotaxis receptor for fucose
(11–13). Instead, most C. jejuni strains predominantly rely on amino acids and peptides
to fuel various metabolic pathways, including the tricarboxylic acid (TCA) cycle and
gluconeogenesis for lipo-oligosaccharide and capsular polysaccharide biogenesis (8, 9).
Various studies have revealed that serine, aspartate, glutamate, and proline are used
preferentially by C. jejuni to support in vitro growth (14–16). As such, C. jejuni strains also
produce specific transporters for these amino acids (16–19). Additionally, a subset of
C. jejuni strains have an expanded metabolic repertoire for utilization of asparagine and
glutamine for growth (15). Ultimately, these amino acids are catabolized into various
carbon sources that feed the TCA cycle during normal microaerobic growth conditions
(10% CO2, 5% O2, and 85% N2) for the bacterium. C. jejuni produces all components of
a full TCA cycle and runs in the oxidative direction under microaerobic conditions (20).
Oxygen is the favored electron acceptor in microaerobic conditions for maximal ATP
generation. A key enzyme in the C. jejuni TCA cycle is the bifunctional FrdABC complex,
which serves as a succinate dehydrogenase under microaerobic conditions to maintain
the TCA cycle running in the oxidative direction, and as a fumarate reductase to convert
fumarate to succinate, which is secreted, under strict oxygen-limited conditions in vitro
(i.e., minimal O2 well below 5%) (16, 20, 21). Under these oxygen-limited conditions,
alternative electron acceptors such as formate, nitrate, and nitrite can be used (22, 23).

In addition to amino acids, C. jejuni catabolizes keto acids, organic acids, and short-chain
fatty acids (SCFAs) such as pyruvate, lactate, and acetate (Fig. 1). Exogenously acquired
L-lactate is oxidized to pyruvate by one of two different enzymes in C. jejuni (24). In
addition, serine and phosphoenolpyruvate are substrates to generate pyruvate (18, 25,
26). Once pyruvate is available, C. jejuni can convert pyruvate to acetate by the
multistep acetogenesis pathway (14). In this pathway, pyruvate is first converted to
acetyl coenzyme A (Ac-CoA) via pyruvate oxidoreductase (POR), Ac-CoA is converted
to acetyl-phosphate (Ac-P) via phosphotransacetylase (Pta), and Ac-P is dissimilated to
acetate and ATP via acetate kinase (AckA) (extensively reviewed in references 14 and
27). As in many bacteria, acetogenesis during exponential growth results in secretion of
acetate through an unknown transporter of C. jejuni (14, 27). However, depletion of
carbon sources in stationary phase causes a metabolic “acetate switch” in many
bacteria, where acetate is imported and converted by Ac-CoA synthase (Acs) to Ac-CoA,
which can be used to fuel the TCA cycle (27). In addition, the acetogenesis pathway also
produces Ac-P as an intermediate, which we have shown can impact a signal trans-
duction pathway by serving as phosphodonor to a response regulator and affect gene
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expression in C. jejuni (28). As such, the acetogenesis pathway may impact both
metabolic and signal transduction pathways in a bacterial cell.

In a previous study to identify genes of C. jejuni required for infection of newly
hatched chicks, we identified a mutant with a transposon insertion in pta with a 10-fold
defect in commensal colonization of the ceca after 7 days of infection (5). Since this
mutation eliminates a central enzyme of the acetogenesis pathway, we explored the
reason why a C. jejuni acetogenesis mutant is attenuated for commensal colonization
of the natural avian host. Our discoveries suggest that C. jejuni possesses a mechanism
for recognizing the spatial distribution of SCFAs and lactate in the avian intestinal tract
as a potential marker to identify preferred niches for optimal commensal colonization.
Furthermore, the acetate and butyrate SCFAs that are abundant in the lower intestinal
tracts in chicks (29; reviewed in reference 30) are likely in vivo cues recognized by
C. jejuni to activate expression of a specific set of genes encoding catabolic enzymes
and transport systems for amino acids and other metabolic enzymes known to be
required for in vivo growth. In contrast, lactate, which is abundant in the upper
intestinal tract where C. jejuni less efficiently colonizes, repressed expression of these
same genes. We propose that the spatial distribution of these metabolites in the chick
intestinal tract allows C. jejuni to discriminate between different regions of the intes-
tines and coordinate expression of determinants necessary for commensal colonization
of the ceca and large intestines. Our findings are also likely relevant for cues that
C. jejuni may recognize in the human intestinal tract to promote infection and diarrheal
disease.

RESULTS
The acetogenesis pathway is required for initial commensal colonization of the

avian intestinal tract. C. jejuni produces an acetogenesis pathway with Pta to convert
Ac-CoA to Ac-P (and release CoA) and AckA to convert Ac-P to ATP and acetate (Fig. 1)
(14, 27). Our previous study revealed that upon infecting chicks on the day they
hatched, a C. jejuni mutant with a Tn insertion in pta exhibited attenuated commensal
colonization of the chick ceca on day 7 postinfection (5). The arrangement of pta and
ackA on the C. jejuni genome suggests that the genes could form a cotranscribed
operon. Thus, the C. jejuni pta::Tn mutant may also fail to transcribe the downstream
ackA gene. Indeed, we observed that transcription of ackA was greatly reduced in the
pta::Tn mutant compared to wild-type (WT) C. jejuni (data not shown).

FIG 1 Metabolic reactions in C. jejuni containing select amino acid transport and catabolic pathways. A
simplified schematic of the C. jejuni amino acid transport and catabolic pathways whose expression was
affected by the acetogenesis pathway as presented in this work is shown. Amino acids in red indicate the
amino acids that are preferred by C. jejuni for optimal in vivo or in vitro growth. Proteins in boxes are
those required for the associated processes. Proteins in green are shown in this work or have been
previously shown to be required for commensal colonization of the avian intestinal tract or infection of
the murine intestinal tract. The acetogenesis pathway of C. jejuni is shown on tan background.
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We constructed new mutants from C. jejuni 81-176 Smr ΔastA. This mutant lacks
AstA, an arylsulfatase enzyme that is not required for chick infection and has been used
as a transcriptional reporter in our previous studies (31–33); this strain is considered the
WT strain for all analyses in this report. We deleted pta, ackA, or both genes from the
WT chromosome and then analyzed which components of the acetogenesis pathway
were required for commensal colonization of the ceca of chicks on the day they
hatched. We confirmed that ackA was expressed at WT levels in the Δpta mutant, which
is in contrast to the original pta::Tn mutant (data not shown). We then compared the
commensal colonization capacity of these mutants with WT C. jejuni. After oral inocu-
lation of chicks with approximately 102 CFU on the day they hatched, the WT strain
colonized throughout the avian intestinal tract on days 7 and 14 postinfection, with the
highest levels in the ceca and large intestines (108 to 109 CFU per g of content) and
lower levels in the proximal and distal small intestines (104 to 106 CFU per g of content)
(Fig. 2A and B). The levels of colonization of either the Δpta or ΔackA mutant in different
regions of the intestinal tract were comparable to those of the WT on days 7 and 14
postinfection (Fig. 2A and B). However, we did observe a fourfold reduction in cecal
colonization on day 7 postinfection by these mutants that was statistically significant
only for the ΔackA mutant. In addition, these mutants were reduced 2.5- to 5-fold in the
large intestines at day 7 postinfection, but this difference did not meet statistical
significance.

In contrast, C. jejuni Δpta ackA displayed a large colonization defect throughout the
intestinal tract on day 7 postinfection (Fig. 2A). We observed 29- and 229-fold reduc-
tions in colonization of the proximal and distal small intestines, respectively, with no
C. jejuni detected in these regions in two chicks. In the lower intestinal tract, we
observed 98- and 294-fold decreases in colonization of the ceca and large intestines,
respectively, by the Δpta ackA mutant (Fig. 2A). The level of C. jejuni Δpta ackA in the
large intestines was below the limit of detection in one chick. The colonization defect
of this Δpta ackA mutant is consistent with that of the original isolated pta::Tn mutant
that lacks expression of both pta and ackA (5). However, the Δpta ackA mutant
colonized all intestinal regions at close to WT levels when the infection period was
extended to day 14 postinfection (Fig. 2B).

Physiological defects of the C. jejuni acetogenesis mutant. We next explored
why the C. jejuni Δpta ackA mutant had a significant commensal colonization defect for
the avian intestinal tract. As described above, the acetogenesis pathway is disrupted in
this mutant, which may cause the accumulation of Ac-CoA and the reduction of both
Ac-P and acetate (Fig. 1). To assess the production of acetate in C. jejuni strains, we
inoculated C. jejuni into Campylobacter defined medium (CDM) and monitored produc-
tion of acetate during growth of the WT strain and acetogenesis mutant for up to 32 h.
CDM contains all amino acids (with most amino acids around 1 mM and serine the most
abundant at 19 mM) and the keto acids pyruvate and �-ketoglutarate (5 to 9 mM),
which together are the primary carbon sources for C. jejuni during growth in this
medium (34). The WT strain produced up to 50 mM acetate and consistently secreted
2.5- to 20-fold more acetate than the Δpta ackA mutant did (Table 1). We were unable
to obtain an accurate quantification of Ac-P due to the inherent instability of the
metabolite.

The lack of Pta and AckA likely causes accumulation of Ac-CoA that cannot enter the
acetogenesis pathway and must be converted to citrate (Fig. 1). This mutant may also
have an alteration in the levels of free CoA as a consequence. CoA is an essential
cofactor for enzymes in many metabolic and physiological pathways. Thus, if levels of
free CoA are reduced in C. jejuni Δpta ackA, the mutant may have both an in vivo and
in vitro growth defect. However, the Δpta ackA mutant grew to levels similar to those
of the WT and grew slightly better at late exponential phase in complex Mueller-Hinton
(MH) broth (Fig. 3A). Complementation of the acetogenesis mutant with pta and ackA
modestly enhanced growth over the WT strain. WT C. jejuni grew slower in CDM than
in MH broth over the course of the assay (Fig. 3B). In comparison, the Δpta ackA mutant
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showed a significant reduction in growth relative to WT C. jejuni in the defined medium
(Fig. 3B). Complementation of the mutant with a plasmid with genes with the ability to
express both pta and ackA in trans largely restored growth of the mutant to WT levels
in CDM. Thus, the acetogenesis mutant has a defect in growth under conditions where
keto and amino acids are primary carbon sources.

Transcriptional defects of C. jejuni �pta ackA. As discussed above, we found that
the Δpta ackA acetogenesis mutant produced reduced levels of acetate. Additionally,
this mutant would be predicted to have a reduction in Ac-P, an intermediate in the
acetogenesis pathway. Both acetate and Ac-P can influence signal transduction path-
ways as a stimulus (acetate), phosphodonor (Ac-P), or modification substrate (Ac-P) and

FIG 2 Colonization dynamics of WT C. jejuni and isogenic acetogenesis mutants over time in the avian
intestinal tract. On the day the chicks hatched, the chicks were orally infected with approximately
100 CFU of WT C. jejuni 81-176 Smr or isogenic Δpta, ΔackA, or Δpta ackA mutants with different defects
in the C. jejuni acetogenesis pathway. Chicks were sacrificed on day 7 (A) or day 14 (B) postinfection, and
the level of each C. jejuni strain in the proximal small intestine, distal small intestine, ceca, and large
intestine was determined (reported as CFU per gram of content). Each closed circle represents the level
of C. jejuni in a single chick. Open circles represent chicks with C. jejuni levels below the limit of detection
(�100 CFU per gram of content). Horizontal bars represent the geometric means for the groups.
Statistical analysis was performed using the Mann-Whitney U test. Values that were significantly different
(P � 0.05) from the WT value are indicated by an asterisk.
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impact transcription of genes in bacteria (35–41). Therefore, we examined whether
C. jejuni Δpta ackA might have an altered transcription profile that could contribute to
its attenuated commensal colonization phenotype. To this end, we grew WT C. jejuni
and the Δpta ackA mutant in MH broth in microaerobic conditions at 37°C to mid-log
phase and then isolated mRNA for transcriptome analysis using DNA microarrays. A
select list of genes whose expression was increased or decreased by at least twofold in
the Δpta ackA mutant are reported in Table 2 (a full list of genes whose expression was
altered is shown in Table S1 in the supplemental material).

Many genes with decreased expression in the C. jejuni Δpta ackA acetogenesis
mutant encode components of the amino acid transport or catabolism system (Fig. 1),
some of which have previously been shown to be required for optimal colonization of
avian or murine hosts. Additionally, we noted that transcription of a number of genes
affecting energy metabolism were decreased in the acetogenesis mutant, although
generally not as severely as amino acid transport and catabolism systems. We suspect
that some of these transcriptional defects in amino acid utilization may contribute to
the colonization defect in chicks and the growth defect in CDM broth we observed
(Fig. 2A and 3B). For example, expression of ggt, ansA (also referred to as ansB), peb1c,
sdaA, and sdaC, which encode factors for acquisition or utilization of glutamine,
glutamate, serine, asparagine, and aspartate, were 2.4- to 11.6-fold lower in the acetogen-
esis mutant when assessed by semiquantitative real-time PCR (qRT-PCR) (Fig. 4A). GGT
is a �-glutamyltransferase that converts glutamine or glutathione to glutamate (42).
Cleavage of glutathione by GGT in C. jejuni in conjunction with another peptidase also
supplies the bacterium with cysteine (43). The ability of GGT to generate glutamate is
required by C. jejuni for persistent commensal colonization of the chick ceca and
infection of the intestinal tracts and livers of myd88�/� mice (15, 44, 45). AnsA is an
L-asparaginase that converts asparagine to aspartate and is required for growth in the
livers of myd88�/� mice upon intraperitoneal infection (15). Peb1c is the ATPase
component of a C. jejuni amino acid transport system with Peb1a and Peb1b that is
specific for the acquisition of aspartate, glutamate, and glutamine (17). SdaC is required
for serine transport, and SdaA is a L-serine dehydratase that converts serine to pyruvate,
which not only is converted to Ac-CoA to feed the acetogenesis pathway but can also
be converted to oxaloacetate to feed the TCA cycle (18). A previous study found that
Peb1A of the Peb1 system and SdaA are required for WT levels of commensal coloni-
zation of chicks and for growth in the intestines and livers of WT, myd88�/�, or
nramp1�/� mice (18, 46–48).

We also noted that expression of Cjj81176_0683 (Cjj0683) and Cjj81176_0682 (Cjj0682)
was reduced 112.4- and 9.7-fold, respectively (Fig. 4A). Not all C. jejuni strains have a
locus containing these genes. When this locus is present in C. jejuni, it contains only one
gene that encodes a large protein that is predicted to function as a di- or tripeptide
permease of a transport system, although its biological activity has not been evaluated
(43). In C. jejuni 81-176, a mutation has occurred that results in two separate open

TABLE 1 Acetate production by WT C. jejuni and the Δpta ackA acetogenesis mutant

Time (h)

Acetate concn (mM)a

Wild-type �pta ackA mutant

4 16.5 � 3.1 �0.8 � 1.3*
8 35.5 � 4.8 5.2 � 0.2*
12 50.5 � 6.5 11.2 � 2.0*
16 44.1 � 1.3 12.1 � 1.9*
20 50.4 � 1.3 20.3 � 1.5*
24 37.4 � 3.3 18.3 � 1.3*
28 32.6 � 3.2 15.9 � 0.9*
32 30.8 � 3.3 17.8 � 3.3*
aC. jejuni strains were inoculated in CDM broth at starting OD600 of 0.1. The concentration of acetate was
measured in culture-free supernatants in triplicate at indicated times after growth, and all samples were
normalized to an OD600 of 1.0. Values that are significantly different (P � 0.05) from the value for the wild
type by Student’s two-tailed t test are indicated by an asterisk.
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reading frames, Cjj0683 and Cjj0682. It is unknown whether the putative encoded
proteins produce a functional permease. We also noted that rrc transcription was
reduced 2.6-fold in the acetogenesis mutant. This gene is hypothesized to encode a
desulforubrerythrin that may be involved in resistance to oxidative stress (49).

Although the microarray analysis suggested that transcription of aspA, dcuA, and
dcuB was significantly reduced, we were unable to verify a decrease in transcription by
qRT-PCR (Fig. 4A). In a previous study, these genes are responsible for the uptake of
aspartate and conversion of aspartate to fumarate (16). AspA had previously been
shown to be required for intracellular survival in human colonic cells, infection of
myd88�/� nramp1�/� mice, and commensal colonization of chicks (16, 50).

FIG 3 Analysis of growth of C. jejuni strains in rich and defined media. C. jejuni strains were grown in
Mueller-Hinton (MH) broth (A) or Campylobacter defined medium (CDM) broth (B) in microaerobic
conditions at 37°C for 56 to 80 h. Strains used for analysis include WT C. jejuni 81-176 Smr containing
pDAR1423 (empty vector) (black circles and line), 81-176 Smr Δpta ackA containing pDAR1423 (empty
vector) (blue circles and line), and 81-176 Smr Δpta ackA containing pPML1071 (pta ackA in pDAR1423)
(red circles and line). Strains were analyzed in triplicate, and the data are presented as an average of
OD600 readings for strains at each time point. Error bars indicate standard deviations. Values for mutants
that are statistically significantly different (P � 0.05) from the value for the WT strain are indicated by an
asterisk.
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Other previously identified commensal colonization determinants whose expression
was reduced according to microarray analysis include Cjj81176_0382, fedB, ciaI, and
cadF (Table S1) (51–54). In addition, C. jejuni ΔciaI had an approximately twofold
reduction in invasion in human colonic cells (51, 52, 55). Microarray analysis also
revealed a reduction in expression of frdB and frdC, which with frdA, encode the FrdABC
complex with succinate dehydrogenase and fumarate reductase activity (56). FrdA is
required for WT levels of cecal colonization of chicks (56). For other C. jejuni determi-
nants required for invasion or intracellular survival in human colonic cells, we noted a
reduction in expression of aspB and ciaC by microarray analysis (Table S1). AspB is
required to synthesize aspartate from oxaloacetate and glutamate and for infection of
myd88�/� nramp1�/� mice (Fig. 1) (50). The exact function of CiaC in invasion of host
cells is unclear (57). Other notable genes whose expression was reduced include mfrABC
and Cjj0291-Cjj0292, which are required for fumarate reduction and trimethylamine-N-
oxide (TMAO) or dimethyl sulfoxide (DMSO) reduction, respectively (20, 22). These
systems may be important for energy production during host colonization.

We did find that expression of a smaller number of genes appeared to be increased
in C. jejuni Δpta ackA relative to WT C. jejuni (Table 2 and Table S1). We verified that
expression of one gene, peb3, was increased 10-fold (Fig. 4B). Peb3 is a surface-localized
glycoprotein that may function as an adhesin for attachment to eukaryotic cells or a
transport protein for phosphate-containing compounds (58–61).

For all analyses reported in the remainder of this work, we analyzed transcription of
ggt, peb1c, and Cjj0683 as representatives of a set of genes affected by the acetogenesis
pathway. Upon complementation of the Δpta ackA mutant with a vector or plasmid
with genes with the ability to express pta and ackA in trans, we noted that expression
of these genes during growth in MH broth was significantly higher than the mutant
harboring vector alone, although the levels of expression were not completely restored
to WT levels (Fig. 4C).

We also assessed whether transcription of these genes was reduced in CDM broth,
which may contribute to the growth defect of the Δpta ackA mutant in this medium
(Fig. 3B). Compared to the WT C. jejuni, the Δpta ackA mutant showed four- to fivefold
reductions in expression of ggt, peb1c, and Cjj0683 (Fig. 4D). Upon complementation of
the Δpta ackA mutant with pta and ackA, expression of these genes was partially
restored to WT levels and was significantly higher than in the Δpta ackA mutant with
vector alone. Thus, the acetogenesis pathway of C. jejuni influences expression of these
genes.

Colonization capacity of �ggt, �peb1c, and �Cjj0683 mutants. We next inves-
tigated whether genes dependent upon the acetogenesis pathway for WT levels of

TABLE 2 Condensed list of genes differentially expressed in C. jejuni 81-176 Smr Δpta ackA compared to WT C. jejuni 81-176 Smr by
microarray analysisa

Locus tag Gene Putative function(s) WT/�pta ackA ratiob

Cjj81176_0038 rrc Rbo/Rbr-like protein of C. jejuni; rubrerythrin-like protein 9.50
Cjj81176_0056 ansA L-Asparginase 7.28
Cjj81176_0067 ggt �-Glutamyl transferase 8.11
Cjj81176_0122 aspA Aspartate ammonia lyase 7.51
Cjj81176_0123 dcuA Anaerobic C4-dicarboxylate transporter 5.22
Cjj81176_0124 dcuB Anaerobic C4-dicarboxylate transporter 6.19
Cjj81176_0682 Possible di-/tripeptide transporter 2.61
Cjj81176_0683 Possible di-/tripeptide transporter 5.90
Cjj81176_0927 peb1a Aspartate/glutamate transporter, permease component 2.74
Cjj81176_0928 peb1b Aspartate/glutamate transporter, solute-binding component 5.48
Cjj81176_0929 peb1c Amino acid transporter, ATP-binding component 5.11
Cjj81176_1615 sdaA L-Serine dehydratase 2.66
Cjj81176_1616 sdaC L-Serine transporter 2.75
Cjj81176_0315 peb3 Glycoprotein; putative adhesion or transport protein 0.22
aA subset of genes identified to be differentially expressed in mutants that were further analyzed in this work is shown here. A complete list of genes that were
differentially expressed in mutants is shown in Table S1 in the supplemental material.

bExpression of genes was increased or decreased by twofold in the C. jejuni Δpta ackA mutant compared to the WT C. jejuni.
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transcription are required for initial commensal colonization of the chick ceca. We
constructed C. jejuni mutants lacking ggt, peb1c, or Cjj0683 and orally gavaged chicks
with approximately 102 CFU on the day they hatched. On day 7 postinfection, WT
C. jejuni colonized the chicks at around 109 CFU per gram of cecal content (Fig. 5). We
observed similar levels of colonization by the Δggt and ΔCjj0683 mutants. The lack of
a colonization defect by our Δggt mutant on day 7 postinfection is consistent with
another study that found that GGT was required for persistent colonization of chicks on
day 35 postinfection, but not at an earlier time point of 5 days postinfection (44). In
contrast, C. jejuni Δpeb1c demonstrated a drastic reduction in cecal colonization of
more than 100,000-fold with the bacterium not detected in four of the six chicks. This
colonization defect is similar to previous studies demonstrating that peb1a was re-
quired by C. jejuni for commensal colonization of chicks and growth in the murine host
(46–48).

Exogenous acetate restores expression of genes to a C. jejuni acetogenesis
mutant. The decreased expression of colonization genes in the C. jejuni Δpta ackA

FIG 4 Transcriptional analysis of acetogenesis-dependent genes of C. jejuni (A and B). Semiquantitative real-time PCR analysis of transcription of a subset of
genes initially identified by microarray analysis of WT C. jejuni and C. jejuni Δpta ackA. The level of expression of each gene in the WT C. jejuni 81-176 as measured
by qRT-PCR was set at 1. Expression of each gene in the Δpta ackA mutant is shown relative to the WT strain. (A) Genes whose expression was reduced in the
Δpta ackA mutant relative to WT C. jejuni in the microarray analysis. (B) Gene whose expression was increased in the Δpta ackA mutant relative to WT C. jejuni
in the microarray analysis. (C and D) Semiquantitative real-time PCR analysis of transcription of select members of the SCFA-induced genes of C. jejuni in different
media in WT C. jejuni and in the Δpta ackA mutant with or without complementation in trans. The expression of ggt, peb1c, and Cjj0683 in WT C. jejuni 81-176
Smr ΔastA with empty vector pDAR1423 (purple) as measured by qRT-PCR was set at 1. Expression of each gene in Δpta ackA with empty vector pDAR1423
(red) or Δpta ackA with vector pPML1071 containing WT pta ackA (yellow) is shown relative to the WT strain. Strains were examined in triplicate after growth
in MH broth (A to C) or in CDM broth (D). Error bars indicate standard deviations. Statistically significant differences in gene expression between WT C. jejuni
and mutant strains (*, P � 0.05) or between Δpta ackA mutant with vector alone or the Δpta ackA mutant complemented with WT pta ackA (**, P � 0.05) as
performed by the Student’s t test are indicated.
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mutant might be due to a physiological effect that mutation of the acetogenesis
pathway has on the bacterium such as reduced acetate or Ac-P or increased Ac-CoA
that may cause fluctuations in intermediates for the TCA cycle. To narrow down the
possibilities for how the acetogenesis pathway may be affecting expression of coloni-
zation genes, we analyzed single Δpta or ΔackA mutants to determine how changes in
Ac-CoA, Ac-P, or acetate levels may impact expression of the acetogenesis-dependent
genes. Deletion of Δpta or ΔackA caused around 2- to 10-fold reductions in expression
of ggt, peb1c, and Cjj0693 (Fig. 6A). Although these levels were significantly lower than
the levels produced by the WT, the Δpta ackA mutant was more severely defective for
expression of all of these genes. The Δpta mutant would be expected to produce
reduced levels of Ac-P, and the ΔackA mutant would be expected to accumulate Ac-P.
Previous analyses of Ac-P-dependent gene expression of flagellar genes correlate with
these relative higher and lower values of Ac-P in C. jejuni pta and ackA mutants (28).
However, these mutants showed reductions in expression of ggt, peb1c, and Cjj0683,
regardless of having higher or lower levels of Ac-P. Thus, we concluded that the
expected reduction of Ac-P in the Δpta ackA mutant is likely not the cause of the
reduced expression of acetogenesis-dependent genes in this mutant.

Since the Δpta, ΔackA, or Δpta ackA mutations might result in increases in Ac-CoA
and alterations in the levels of substrates provided to the TCA cycle, we analyzed
expression of these colonization genes in C. jejuni ΔpycA or ΔgltA mutants. C. jejuni
ΔpycA lacks the enzyme to convert pyruvate to oxaloacetate, whereas C. jejuni ΔgltA
lacks the enzyme to convert Ac-CoA to citrate for the TCA cycle (Fig. 1). Both mutations
are likely to cause an increase in Ac-CoA. In the ΔpycA mutant, increased Ac-CoA may
be shunted toward the acetogenesis pathway or the TCA cycle by its conversion to
citrate by GltA. In the ΔgltA mutant, accumulated Ac-CoA would likely be shunted to
the acetogenesis pathway, with reduced citrate generated for the TCA cycle. The levels
of expression of the acetogenesis-dependent genes in these mutants were reduced
only 2.5-fold or less and were not as low as the levels of most of the colonization genes
in the Δpta, ΔackA, or Δpta ackA mutants (Fig. 6A). Furthermore, deletion of pycA in the
Δpta ackA mutant phenocopied identically the Δpta ackA mutant (Fig. 6A). We at-
tempted to construct and analyze a Δpta ackA gltA mutant, but deletion of gltA in the
Δpta ackA background is apparently lethal. These findings lend greater support that a
specific effect of the acetogenesis pathway, rather than altered levels of Ac-CoA or
substrates to the TCA cycle, impact expression of colonization genes.

FIG 5 Cecal colonization capacities of WT C. jejuni and isogenic mutants lacking a single select gene of
acetogenesis-dependent genes for the avian intestinal tract. On the day the chicks hatched, they were
orally infected with approximately 100 CFU of WT C. jejuni 81-176 Smr or isogenic Δggt, Δpeb1c, or
ΔCjj0683 mutants. The chicks were sacrificed on day 7 postinfection, and the level of each C. jejuni strain
in ceca was determined (reported as CFU per gram of cecal content). Each closed circle represents the
level of C. jejuni in a single chick. Open circles represent chicks with C. jejuni levels below the limit of
detection (�100 CFU per gram of content). Horizontal bars represent geometric means for the groups.
Statistical analysis was performed using the Mann-Whitney U test (*, P � 0.05).
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FIG 6 Expression of the acetogenesis-dependent genes in WT and isogenic acetogenesis mutants upon
exogenous acetate supplementation. (A to C) Semiquantitative real-time PCR analysis of transcription of

(Continued on next page)
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We next analyzed whether reduced acetate generation of the C. jejuni Δpta ackA
mutant was the cause of the deficient expression of acetogenesis-dependent genes. To
this end, we monitored expression of ggt, peb1c, and Cjj0683 in the WT and in the Δpta
ackA mutant after exposure to a range of acetate concentrations. We incubated C. jejuni
strains in CDM broth rather than MH broth to finely control the composition of the
medium. For WT C. jejuni, addition of 100 mM acetate did not significantly influence
expression of ggt or peb1c and only modestly increased expression of Cjj0683 (Fig. 6B).
However, a dose-dependent increase in gene expression in C. jejuni Δpta ackA occurred
with all genes by acetate supplementation. Increases in gene expression occurred with
50 mM acetate, and the levels of expression of the genes in the Δpta ackA mutant were
fully restored to WT levels with 100 mM acetate (Fig. 6B).

We postulated that the stimulatory effect of acetate on gene expression may be due
to dissimilation of acetate in a catabolic pathway or as a direct cue recognized by
C. jejuni to specifically influence transcription of these genes. However, the stimulatory
effect was observed in a C. jejuni Δpta ackA mutant, which disrupts the only known and
reversible enzymes for the production of Ac-P and Ac-CoA from acetate (Fig. 1).
Currently, the only other known utilization pathway for acetate in C. jejuni is the direct
conversion of acetate to Ac-CoA via Acs that occurs during the “acetate switch” many
bacteria experience in late phases of growth (14, 27). We tested the potential for Acs
to convert acetate to Ac-CoA for the acetate-dependent effects on expression of ggt,
peb1c, and Cjj0683 by deleting acs from WT C. jejuni and C. jejuni Δpta ackA. These genes
were expressed at WT levels in C. jejuni Δacs and at a level similar to the reduced level
of Δpta ackA in the Δpta ackA acs mutant (Fig. 6C). Upon addition of 100 mM acetate
to the Δpta ackA acs mutant, we found a 4- to 8-fold increase in gene expression that
was just ~25% lower than in the WT strain without acetate or in the Δpta ackA mutant
with 100 mM acetate (Fig. 6C). We interpret these data as demonstrating that acetate
conversion to Ac-CoA by Acs accounts for only a small amount of the gene expression
restored upon the addition of acetate to the acetogenesis mutant. Thus, a C. jejuni
mutant lacking all known acetate catabolism pathways still restored most of the
expression of the acetogenesis-dependent genes upon acetate supplementation with
acetate. These findings suggest that acetate is a cue recognized by C. jejuni to stimulate
gene expression; however, we cannot fully exclude the existence of an unknown,
noncanonical pathway for acetate utilization that may be required to restore expression
of these genes. We propose that the production of acetate by C. jejuni or the presence
of acetate in the local intestinal environment may lead to expression of genes in
C. jejuni required for commensal colonization of the avian host.

Physiologically relevant SCFAs influence expression of acetogenesis-dependent
genes. Acetate is an SCFA metabolite produced as a by-product by commensal bacteria
and is most abundantly found in the lower intestinal tracts of many hosts, including
avian species (29, 30). Other SCFAs, such as butyrate and propionate, are also produced
by commensals and commonly found in the same intestinal regions as acetate. In
contrast, the metabolite lactate is often more abundant in the upper regions of the
intestinal tract.

As discussed above, the C. jejuni Δpta ackA mutant was dependent upon exogenous
acetate for expression of the acetogenesis-dependent genes required for optimal
commensal colonization. Additionally, this mutant displayed a colonization defect

FIG 6 Legend (Continued)
ggt, peb1c, and Cjj0683 in WT C. jejuni and isogenic mutants grown in CDM (A) or CDM with different
concentration of exogenous acetate (Ac) (B and C). All media were equilibrated to pH 7.0 prior to the
growth of bacteria to eliminate effects due to acidification by exogenous acetate. The levels of expression
of ggt, peb1c, and Cjj0683 in the WT C. jejuni 81-176 grown without acetate as measured by qRT-PCR were
set at 1. Expression of each gene in the WT strain grown with acetate or mutants grown with or without
acetate is shown relative to the WT strain grown without acetate. Error bars indicate standard deviations.
Statistically significant differences in gene expression between WT C. jejuni without acetate and strains
with or without acetate (*, P � 0.05) or between each individual strain without acetate or with acetate
(**, P � 0.05) performed by the Student’s t test are indicated.
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throughout the intestinal tracts of chicks when they were 7 days old, but this coloni-
zation defect was absent when they were 14 days old. Therefore, we hypothesized that
the concentrations of acetate and perhaps other SCFAs produced by the microbiota
might change with the age of chicks and may ultimately influence expression of the
C. jejuni acetogenesis-dependent genes and the ability of C. jejuni to promote com-
mensalism. In our chick model system, we were able to quantify the levels of lactate,
acetate, and butyrate throughout the intestinal tracts of uninfected chicks from day 0
to 14 after hatching (Fig. 7 and Table S2). We found that lactate was present in chicks
of all ages at a consistently high level in the proximal and distal small intestines (8 to
12 mmol/kg of content), but at much lower levels in the ceca and large intestines
(Fig. 7). When the chicks were 14 days old, lactate accumulated in the large intestines.
Acetate and butyrate levels in the proximal and distal small intestines in chicks of all
ages or in the ceca and large intestines of chicks on the day they hatched (day 0) were
either below or at the limit of detection (0.56 or 0.28 mmol/kg of content, respectively).
In contrast, acetate and butyrate were much more abundant in the ceca and large
intestines in 7-day-old or 14-day-old chicks. Our in vivo quantitation of lactate, acetate,
and butyrate are in the lower ranges reported throughout the intestinal tract by others
(29; reviewed in reference 30).

We examined whether SCFAs other than acetate present in the avian lower intes-
tinal tract could affect expression of the acetogenesis-dependent genes. Butyrate has
been reported to be present in the ceca and lower intestines of chickens up to around
35 mM (29, 30). Addition of butyrate at 12.5 and 25 mM to WT C. jejuni caused up to
a 3- to 4-fold increase in expression of two acetogenesis-dependent genes, ggt and
Cjj0683, but peb1c expression remained unchanged (Fig. 8A). With C. jejuni Δpta ackA,
we observed a striking restoration of expression of all genes with 12.5 mM butyrate
supplementation. The level of gene expression increased 2- to 100-fold in the Δpta ackA
mutant compared to the Δpta ackA mutant without supplementation (Fig. 8A). With
25 mM butyrate supplementation to the Δpta ackA mutant, we observed further
stimulation that exceeded WT C. jejuni without butyrate by 2- to 7-fold. In comparison
to C. jejuni Δpta ackA stimulated with acetate, butyrate promoted a greater level of
gene expression with a lower molar concentration, suggesting that C. jejuni is more
sensitive to butyrate for stimulation of expression of these genes (compare Fig. 6B to
8A). We also noted that C. jejuni Δpta ackA with 100 mM propionate supplementation
restored expression of the acetogenesis-dependent genes to WT levels, although this
level of propionate is 10- to 12-fold higher than has been reported in the chick ceca
(Fig. S1) (29, 30).

Unlike our in vitro system used above, C. jejuni is exposed to a mixture of SCFAs,
including acetate, butyrate, and propionate, rather than only each individual SCFA, in

FIG 7 Quantification of lactate and SCFAs in the intestinal tracts of chicks over time. The levels of lactate
and the acetate and butyrate SCFAs were measured in the contents of the proximal small intestine (PSI),
distal small intestine (DSI), ceca, and large intestine (LI) in uninfected chicks on days 0, 7, and 14 after
hatching by GC-MS. Six or seven chicks were processed at each time point. The geometric mean for the
concentration of metabolite from each set of organs on each day was determined. Data are shown as a
shade of blue respective to the heat map indicating a gradient of concentrations detected for each
metabolite, with white to light blue representing the lowest concentrations and dark blue representing
the highest concentrations. The numbers beside each heat map represent the lower and upper range of
concentrations of each metabolite, indicated as millimoles per kilogram of organ content. The limit of
detection for lactate and butyrate was 0.28 mmol/kg of organ content, and the limit of detection for
acetate was 0.58 mmol/kg of organ content.
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the chick intestinal tract. Therefore, we analyzed whether a mixture of SCFAs in which
each SCFA is present at a low concentration that is physiologically relevant and did not
stimulate expression of these acetogenesis-dependent genes (Fig. 6B, 8A, and S1; data
not shown) restored gene expression to the C. jejuni Δpta ackA mutant. For this analysis,
we supplemented CDM with an SCFA mixture containing 30 mM acetate, 5 mM
butyrate, and 7.5 mM propionate. After growth of the WT strain with the SCFA mixture,
expression of ggt and Cjj0683 was unaffected, but a slight decrease was noted with
peb1c (Fig. 8B). Compared to expression of these genes with the Δpta ackA acetogen-

FIG 8 Effects of butyrate and an SCFA mixture on expression of acetogenesis-dependent genes in WT
and C. jejuni Δpta ackA. (A and B) Semiquantitative real-time PCR analysis of transcription of ggt, peb1c,
and Cjj0683 in WT C. jejuni and the isogenic Δpta ackA mutant grown in CDM or CDM with different
concentrations of butyrate (Bu) (A) or with a mixture of SCFAs at a final concentration of 30 mM acetate,
5 mM butyrate, and 7.5 mM propionate (B). All media were equilibrated to pH 7.0 prior to growth of
bacteria to eliminate effects due to acidification by exogenous butyrate or SCFAs. The expression of ggt,
peb1c, and Cjj0683 in the WT C. jejuni 81-176 grown without any supplementation was measured by
qRT-PCR and set at 1. The level of expression of each gene in the WT strain grown with supplementation
or in the mutants grown with or without supplementation is shown relative to the WT strain grown
without supplementation. Error bars indicate standard deviations. Statistically significant differences in
gene expression between WT C. jejuni without supplementation and strains with or without supplemen-
tation (*, P � 0.05) or between each individual strain with or without supplementation (**, P � 0.05) as
performed by Student’s t test are indicated.
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esis mutant grown in CDM, exposure to the SCFA mixture fully restored expression of
ggt and Cjj0683 to WT levels or above (Fig. 8B). peb1c expression also increased
significantly when the Δpta ackA mutant was grown in the SCFA mixture, although the
levels did not increase to those of WT without the SCFA mixture. These results suggest
that SCFAs can be sensed by C. jejuni and function together at low concentration to
stimulate expression of the acetogenesis-dependent genes in the C. jejuni acetogenesis
mutant.

SCFAs and lactate influence expression of acetogenesis-dependent genes in
opposing ways. The organic acid lactate is present (~2 to 5 mmol/kg of content) in the
avian lower intestinal tract but is found at much higher levels in the avian upper
intestinal tract (~50 mmol/kg of content [30]). Because C. jejuni has a reduced ability to
colonize the upper intestinal tract (compared to the lower intestinal tract) where lactate
concentrations are high but SCFAs are low (Fig. 2 and 7), we tested whether lactate may
impact and possibly reduce expression of the acetogenesis-dependent or SCFA-
influenced genes in C. jejuni. After growth of WT C. jejuni in CDM with different
concentrations of lactate, we observed a dose-dependent reduction of expression of
these genes (Fig. 9A). We observed 2- to 5-fold reduction in gene expression with
25 mM lactate (Fig. 9A). For C. jejuni Δpta ackA, we found very little effect of lactate
supplementation on gene expression. We did observe up to a 3.5- to 6-fold increase in
expression in peb1c and Cjj0683, but these increases were still 5-fold lower than WT
C. jejuni without supplementation (Fig. 9A). These data indicate that lactate has an
opposite effect on transcription of the SCFA-influenced genes in WT C. jejuni, with
lactate possibly functioning in vivo to dampen expression of these genes in the upper
regions of the intestinal tract where lactate is a predominant metabolite over SCFAs
and C. jejuni colonizes less efficiently.

We next analyzed the net effect of a mixture of lactate and butyrate on gene
expression in WT C. jejuni. For this assay, we supplemented CDM with physiological
concentrations of 12.5 mM butyrate reported in the ceca and 25 mM lactate reported
in the small intestines (29, 30). Consistent with our data described above, gene
expression was stimulated with butyrate alone and repressed with lactate alone
(Fig. 9B). However, in the presence of butyrate and lactate, the levels of expression of
these genes were close to those of WT C. jejuni grown without either metabolite
(Fig. 9B). These data suggest that lactate and SCFAs affect expression of these coloni-
zation genes in opposite ways. Furthermore, the data suggest that butyrate can
counteract the repressive effects of lactate on expression of these genes and may
function in vivo to stimulate expression of factors necessary for colonization, especially
in the lower intestinal tract.

We then investigated whether spatial differences in the expression of these genes
by C. jejuni occurred during colonization of the chick gut. We reasoned that if lactate
and SCFAs were impacting the in vivo expression of the SCFA-influenced genes in
different intestinal regions, we may observe higher expression of these genes in the
lower intestinal tract where SCFAs are prevalent than in the upper intestinal tract where
lactate is abundant. Thus, we infected chicks on the day they hatched with WT C. jejuni
and then monitored gene expression of WT C. jejuni colonizing different regions of the
chick intestinal tract on day 7 postinfection. Expression of the SCFA-influenced genes
in each region of the intestinal tract was determined relative to the expression of a
control housekeeping gene, rather than relative to the absolute numbers of C. jejuni
present at the site of colonization. The highest level of expression of the SCFA-
influenced genes occurred in the ceca, which contains the highest loads of C. jejuni
during colonization (Fig. 10 and 2A). In the large intestines, which contain the second
highest levels of C. jejuni, we observed a 2.5-fold-lower decrease in expression of ggt
and Cjj0683; the level of expression of peb1c on average was similar to C. jejuni in the
ceca (Fig. 10). The levels of expression of these genes in the upper regions of the
intestinal tract, including both regions of the small intestines, however, were 5- to
20-fold lower than those of C. jejuni in the ceca (Fig. 10). These data correlate with the
highest level of expression of the SCFA-influenced genes occurring in regions of the

SCFAs and Lactate Modulate C. jejuni Gene Expression ®

May/June 2017 Volume 8 Issue 3 e00407-17 mbio.asm.org 15

http://mbio.asm.org


avian intestinal tract with the highest levels of stimulating SCFAs and lowest levels of
inhibitory lactate. Thus, we propose that C. jejuni monitors SCFAs in the environment
to initiate production of catabolic pathways and colonization factors necessary for
commensalism and persistence in favored niches in the natural avian host.

DISCUSSION

In this work, we discovered that C. jejuni responds to common intestinal metabolites
by altering transcription of genes required for commensal colonization of a natural

FIG 9 Effects of lactate and butyrate on expression of the acetogenesis-dependent genes in WT and
C. jejuni Δpta ackA. Semiquantitative real-time PCR analysis of transcription of ggt, peb1c, and Cjj0683 in
WT C. jejuni and isogenic Δpta ackA mutants grown in CDM or CDM with different concentrations of
lactate (Lac) (A) or a mixture of butyrate and lactate (B). In panel B, only the WT strain was analyzed with
the indicated medium supplementations. All media were equilibrated to pH 7.0 prior to growth of bacteria
to eliminate effects due to acidification by exogenous butyrate or lactate. The levels of expression of ggt,
peb1c, and Cjj0683 in the WT C. jejuni 81-176 grown without any supplementation were measured by
qRT-PCR and set at 1. Expression of each gene in the WT strain grown with supplementation or mutants
grown with or without supplementation is shown relative to the WT strain grown without supplemen-
tation. Error bars indicate standard deviations. Statistically significant differences in gene expression
between WT C. jejuni without supplementation and strains with or without supplementation (*, P � 0.05)
or between each individual strain with or without supplementation (**, P � 0.05) as performed by
Student’s t test are indicated.
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avian host. These genes were first discovered to be dependent on the C. jejuni
acetogenesis pathway for expression. Further analysis revealed that transcription of
these acetogenesis-dependent genes was restored by supplementing an acetogenesis
mutant with exogenous SCFAs, including acetate, butyrate, and propionate, with
effects likely independent of SCFA metabolism. These SCFAs are often present in
abundance in the lower regions of the intestinal tracts of avian and human hosts, which
are the preferred niches for C. jejuni growth and colonization (29, 30, 62, 63). Expression
of these SCFA-influenced genes was repressed by another intestinal metabolite, the
organic acid lactate, which is usually abundant in the upper regions of the intestinal
tract. This upper intestinal region supports less C. jejuni colonization. Furthermore, we
provided in vivo correlative evidence that C. jejuni likely senses these metabolites
throughout the intestinal tract of the natural avian host to modulate different levels of
expression of the SCFA-influenced genes required for commensalism.

In the lower intestinal tract where SCFAs are abundant, C. jejuni expressed the
highest levels of these SCFA-influenced genes and colonized efficiently. Many of these
genes encode proteins for transport and utilization of amino acids that contribute to
C. jejuni metabolism. C. jejuni has a great dependency on amino acids and keto acids
rather than carbohydrates to supply carbon sources for metabolism. Thus, an SCFA-rich
environment of the ceca and lower intestinal tract is likely recognized by C. jejuni and
stimulates the bacterium to induce dissimilation and catabolic pathways needed for
optimal growth and colonization in these preferred niches in the natural avian host. In
contrast, the lowest levels of expression of the SCFA-influenced genes occurred in the
small intestines, which contain higher concentrations of lactate. We propose that
lactate, possibly with other metabolites in the upper regions of the avian intestinal
tract, dampens gene expression for the SCFA-influenced colonization determinants. To
the best of our knowledge, our work provides one of the first examples and strongest
evidence for metabolites that are likely in vivo cues for C. jejuni that impact expression
of colonization factors necessary for commensalism in the natural avian host. We

FIG 10 In vivo expression of the acetogenesis-dependent genes in C. jejuni colonizing different regions
of the avian intestinal tract. Semiquantitative real-time PCR analysis of transcription of ggt, peb1c, and
Cjj0683 in WT C. jejuni isolated from different regions of the avian intestinal tract on day 7 postinfection.
The levels of expression of ggt, peb1c, and Cjj0683 in the WT C. jejuni 81-176 Smr isolated from the ceca
as measured by qRT-PCR were set at 1. Expression of each gene in C. jejuni from different regions of the
intestinal tract is shown relative to the C. jejuni isolated from the ceca. In total, gene expression was
analyzed from six different chicks and combined. Error bars indicate standard deviations. Statistically
significant differences in gene expression between WT C. jejuni isolated from the ceca and other regions
of the intestinal tract (*, P � 0.05) as performed by Student’s t test are indicated.
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propose that C. jejuni may discriminate between regions of the avian intestinal tract to
find preferred niches for colonization by monitoring and responding to gradients of
lactate and SCFAs in the avian host. We suspect that a similar spatial arrangement of
lactate and SCFAs may be sensed by C. jejuni in the human host, which may lead to the
production of virulence determinants to promote infection and diarrheal disease.
Although SCFAs and lactate are some in vivo metabolites recognized by C. jejuni, the
bacterium most likely monitors a combination of factors and conditions in the host gut
to discern appropriate niches for colonization.

Considering that lactate and SCFAs are generated by the normal intestinal micro-
biota, our findings suggest that the microbiota indirectly spatially influences the ability
of C. jejuni, another bacterial commensal in the avian intestine, to colonize different
regions of the avian host. Our data also suggest that the microbiota can temporally
influence the colonization dynamics of C. jejuni in the avian host. In this study, we orally
gavaged chicks on the day they hatched with WT C. jejuni or the Δpta ackA acetogen-
esis mutant and found that C. jejuni was dependent upon its own acetogenesis
pathway for colonization throughout the intestinal tract at least through day 7 postin-
fection. However, by day 14 postinfection, the acetogenesis pathway was no longer
required for colonization. Although we have not yet investigated the complexity of the
microbiota in our chick model of commensalism, the data we acquired quantifying the
levels of lactate, acetate, and butyrate throughout the chick intestines for up to 14 days
indicate that the microbiota and microbiota-derived metabolites enrich in complexity
over time. Furthermore, previous work analyzing the chick intestinal microbiota by
others correlates with our findings that lactate-producing bacteria colonize after hatch-
ing of the chicks and dominate in the upper small intestines, with SCFA producers
colonizing thereafter and dominating the ceca and lower intestinal tract (summarized
in references 30 and 64). Thus, on the day the chicks hatch, the chicks at the time of
infection in our assays possess an immature microbiota with lactate present but little
to no SCFAs. The in vivo levels of SCFAs produced by the microbiota at this early time
point of infection are likely not sufficient to be sensed by C. jejuni and activate
expression of the SCFA-influenced genes. To compensate for the lack of SCFAs in
these young chicks, C. jejuni apparently requires its acetogenesis pathway to generate
acetate and stimulate expression of these genes necessary for optimal colonization. As
the chicks age, the microbiota develops in complexity and contributes significant SCFA
levels, especially in the ceca and large intestines. This surge of SCFAs appears to negate
the need for the acetogenesis pathway of C. jejuni to supply acetate to maintain
transcription of the SCFA-influenced genes sufficient for colonization in 14-day-old
chicks. We propose that C. jejuni employs its acetogenesis system as a compensatory
mechanism to ensure a supply of the SCFA acetate sufficient to induce expression of
the SCFA-influenced genes. This compensatory mechanism to supply its own acetate
appears to be especially important for C. jejuni if the bacterium is transmitted to a
young chick with an immature microbiota community or in an intestinal region that
lacks sufficient SCFA levels. New lines of investigation will focus on manipulating the
avian intestinal microbiota relative to C. jejuni infection to strengthen our proposed
correlations between SCFA and lactate generation, in vivo expression of the SCFA-
influenced genes, and the commensal colonization capacity of C. jejuni in different
regions of the avian intestinal tract.

We found that three different SCFAs, acetate, butyrate, and propionate, were each
individually sufficient in vitro to restore expression of SCFA-influenced genes in the
C. jejuni acetogenesis mutant. At least for acetate and butyrate, the levels of the SCFAs
(50 to 100 mM and 12.5 mM, respectively) that restored expression of the genes to WT
levels were at physiological concentrations in the chick ceca as reported by others (29,
30) and a modestly higher level than what we measured in our chick model. However,
we were able to demonstrate that C. jejuni can sense a mixture of these SCFAs in which
each SCFA is present at a level that did not restore gene expression when added
individually. Additionally, the levels of the SCFAs in this mixture are mostly lower than
those reported by us in our chick model or by others. Although we are not yet able to
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determine whether the effects of these SCFAs are additive or synergistic, it is clear that
these SCFAs can together be sensed by C. jejuni and stimulate expression of the
SCFA-influenced genes.

Currently, the mechanism by which C. jejuni may sense lactate and SCFAs to regulate
transcription of SCFA-influenced genes is unknown. The C. jejuni Δpta ackA acs mutant
was reduced in expression of these genes and could be stimulated by acetate to
express these genes at levels close to the WT levels. This mutant lacks all known
pathways for catabolism of acetate, including conversion of acetate to Ac-CoA and
Ac-P. Furthermore, butyrate (and propionate at a high concentration) also induced
expression of these genes. Unlike other enteric bacteria, the C. jejuni chromosome lacks
genes encoding any known proteins or enzymes for catabolism of butyrate or propi-
onate. Considering this information and the data presented in this work, we strongly
suggest that acetate, butyrate, and propionate serve as direct cues that influence one
or more systems to induce expression of these SCFA-influenced genes. We attempted
to determine whether a lactate dehydrogenase present in C. jejuni was required to
promote the lactate-dependent repressive effects we observed, but we were unable to
interpret the results because the data acquired from multiple mutants were inconsis-
tent, perhaps due to pleiotropic effects upon mutation of these genes (data not
shown). However, lactate dehydrogenase converts lactate to pyruvate, which is present
in the CDM used in this study (24). Furthermore, serine, a favored amino acid in C. jejuni
metabolism that is also present in CDM, is also converted to pyruvate by a serine
dehydratase (18). In a preliminary assay where we added exogenous serine or pyruvate
to 25 mM (the concentration of lactate that repressed expression of the SCFA-
influenced genes) to the WT strain, transcription of these genes was unchanged
compared to the WT strain without supplementation (data not shown). We propose
that lactate conversion to pyruvate does not likely lead to repression of the SCFA-
influenced gene and that lactate itself is the direct cue sensed by C. jejuni that leads to
repression of gene expression. Considering that we observed effects of SCFAs and
lactate on expression of SCFA-influenced genes and that the SCFAs and lactate could
compete with each other for respective effects on transcription, the simplest explana-
tion is that a system is present in C. jejuni to sense these metabolites as cues and
activate or repress transcription of SCFA-influenced genes depending on the concen-
tration and composition of lactate and SCFAs in the microenvironment. Although
unlikely, it is possible that C. jejuni may contain novel and as yet uncharacterized
pathways for catabolism of each of these SCFAs and lactate to convert each into a
metabolite that is a cue to influence transcription of these genes.

In Escherichia coli, SCFAs are sensed by the BarA/SirA-UvrY two-component regula-
tory systems (39). SCFAs are detected by the BarA sensor kinase, which results in
phosphorylation of the UvrY response regulator and transcription of the noncoding
RNAs (ncRNAs) CsrB and CsrC. These ncRNAs sequester the mRNA-binding protein CsrA.
Without sequestration, CsrA represses translation of mRNAs encoding proteins that
function in various aspects of physiology such as carbon metabolism, motility, peptide
uptake, and virulence. In Salmonella, acetate influences the BarA/SirA-UvrY system via
Ac-P-dependent activation of SirA (40). However, propionate exerts its effects down-
stream of BarA/SirA-UvrY and the Csr system by influencing the activity and stability of
the HilD transcriptional regulator to eventually repress genes required for invasion of
eukaryotic cells (65). These studies also showed that while acetate activates expression
of invasion genes, butyrate and propionate function to repress expression of invasion
genes, demonstrating that different SCFAs have opposite effects on invasion gene
expression (40, 65). Although C. jejuni produces CsrA, which affects expression and
translation of some virulence and colonization genes, it lacks homologs of the BarA/
UvrY system, CsrB, CsrC, and HilD (66–69). Thus, C. jejuni employs a different system
than E. coli and Salmonella species to sense and respond to these metabolites in the
chick intestinal tract.

We also noticed that not all SCFA-influenced genes were altered to the same
degrees by lactate or SCFAs. Currently, without a transcriptional mechanism to explain
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how these metabolites influence expression of these genes, we are unable to comment
on these differences in expression. We suspect that while there is an SCFA-dependent
mechanism to influence expression of these genes, some of the genes may be affected
by other systems and regulators to create complex mechanisms for their expression in
different environments.

The repressive effects of lactate on the transcription of SCFA-influenced genes we
observed shed new insights into how this metabolite may negatively impact in vivo
C. jejuni growth and colonization. Lactate itself and lactate-producing bacteria are
potential probiotics to reduce C. jejuni in poultry flocks in agriculture (70, 71). Admin-
istration of lactate to chicken carcasses after slaughter reduces the levels of C. jejuni on
the surfaces of commercial poultry meats (72, 73). The potential antimicrobial proper-
ties of lactate remain to be elucidated. In one report, the acidification of the environ-
ment by lactate reduced the viability of C. jejuni, but evidence was presented for lactate
having pH-independent effects on C. jejuni (70). In our assays where CDM was supple-
mented with lactate or any SCFAs, pH was not a factor, as all media were balanced to
neutral pH. Considering our findings presented in this work, it is possible that a
probiotic effect of lactate and lactate-producing bacteria is to lower transcription of
genes required for in vivo growth and catabolism, thereby hindering C. jejuni coloni-
zation.

In this work, we identified dozens of SCFA-influenced genes where transcription is
either stimulated by SCFAs or repressed by lactate. A fair number of genes with the
greatest level of induction by SCFAs have previously been shown to be required for
optimal levels of commensal colonization of avian species or infection of mice in
different murine models, which indicate their potential to be required for virulence and
diarrheal disease progression. We verified that peb1c, encoding a component of the
Peb1 ABC transporter for uptake of glutamate and aspartate for catabolism of these
amino acids, is required by C. jejuni for commensal colonization of the chick ceca (46).
Many of the remaining genes have yet to be tested for commensal colonization of avian
hosts or infection of mice. We suspect that this set of genes contains many more
colonization and virulence factors that can influence interactions with different hosts.
The combined reduction of expression of many of these factors likely contributes to the
attenuation in colonization observed with the C. jejuni Δpta ackA acetogenesis mutant
throughout the intestinal tract in young chicks.

Our work provides strong evidence for metabolites, specifically lactate and SCFAs
produced by the intestinal microbiota, to greatly impact the in vivo behavior of C. jejuni
and its ability to colonize the natural avian host. We suspect that similar mechanisms
may occur in the human host to impact the ability of C. jejuni to express virulence
factors for pathogenesis of diarrheal disease in the human colon. Much future work will
be required to unravel how lactate and SCFAs serve as cues for C. jejuni and how
mechanisms of response to these cues lead to opposing effects on transcription of
colonization and virulence determinants. Furthermore, our work may have implications
for how lactate, and possibly other unidentified metabolites, may negatively impact
C. jejuni growth in vivo, providing an opportunity to explore different antimicrobial
strategies to reduce C. jejuni in the human host, agriculture, and the human food
supply.

MATERIALS AND METHODS
Bacterial strains and plasmids. All strains and plasmids used in this study are listed in Tables S3 and

S4 in the supplemental material. C. jejuni strains were routinely grown from freezer stocks under
microaerobic conditions (10% CO2, 5% O2 and 85% N2) on Mueller-Hinton (MH) agar containing 10 �g/ml
trimethoprim at 37°C for 48 h. For analysis of C. jejuni strains grown in the presence of specific SCFAs,
Campylobacter defined medium (CDM) was used and supplemented with one or more short-chain fatty
acids (SCFAs) at a specific concentration. The medium contains all 20 amino acids (ranging from 5 to
19 mM) and the keto acids �-ketoglutarate and pyruvate (5 to 9 mM) as primary carbon sources (34).
Strains were then restreaked onto appropriate media and grown for an additional 16 h. The following
antibiotics were added to the media, when appropriate, at the concentrations indicated: 100 �g/ml
kanamycin; 20 �g/ml chloramphenicol; 30 �g/ml cefoperazone; or 0.1, 0.5, 1, 2, or 5 mg/ml streptomycin.
E. coli DH5� strains were grown on LB agar or in LB broth containing 100 �g/ml ampicillin, 100 �g/ml
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kanamycin, or 12.5 �g/ml tetracycline, when necessary. C. jejuni strains were stored at �80°C in a mixture
of 85% MH broth and 15% glycerol. E. coli strains were stored at �80°C in a mixture of 80% LB broth and
20% glycerol.

Construction of C. jejuni mutants. C. jejuni mutants were constructed through electroporation
using previously published methods (74). Briefly, the use of pJMB553 (pUC19::pta ackA [28]) facilitated
the creation of strains with mutations in the pta ackA locus. In order to create a pta deletion, a cat-rpsL
resistance cassette was removed from pDRH265 (74) through SmaI digestion and ligated into the SpeI
site of pta in pJMB533, resulting in the creation of pJMB566. Electroporation of pJMB566 into C. jejuni
81-176 Smr ΔastA (DRH461) and recovery of transformants on MH agar plates containing chloramphen-
icol resulted in the creation of strain JMB611 (81-176 Smr ΔastA pta::cat-rpsL) (33, 74). To cleanly remove
the pta gene from the C. jejuni genome, an in-frame deletion of pta was created on pJMB553 through
PCR-mediated mutagenesis (75). DNA sequencing verified the mutation, resulting in the plasmid
pJMB627 (pUC19::Δpta). The plasmid was electroporated into strain JMB611, and transformants were
recovered on MH agar containing 0.5 to 5.0 mg/ml streptomycin. The deletion of pta was verified using
colony PCR, resulting in the creation of strain JMB638 (81-176 Smr ΔastA pta).

Mutants lacking the ackA gene were created as previously described (28). Briefly, the plasmid
pJMB653 (containing ackA::cat-rpsL) was electroporated into strain DRH461. The transformants were
recovered on MH agar plates containing chloramphenicol to result in strain PML1239 (81-176 Smr ΔastA
ackA::cat-rpsL), which was confirmed by colony PCR. A mutation resulting in the gutting of both the pta
and ackA genes was performed as previously described, resulting in plasmid pJMB955 (28). pJMB955 was
electroporated into strain DRH461, and transformants were recovered on MH agar plates containing
chloramphenicol, resulting in the creation of strain JMB957 (81-176 Smr ΔastA pta ackA::cat-rpsL), which
was confirmed by colony PCR.

The ggt, peb1C, Cjj0682-0683, acs, pycA, and gltA loci were amplified via PCR from the C. jejuni 81-176
chromosome using primers located approximately 750 bp upstream and downstream of the locus and
containing 5= BamHI sites. The PCR products were cloned into the BamHI site of pUC19 to create
pPML456 (pUC19::ggt), pPML706 (pUC19::Cjj0682-0683), pPML725 (pUC19::peb1C), pPML874 (pUC19::
gltA), pPML963 (pUC19::acs), and pABT255 (pUC19::pycA). An EcoRV site was created in Cjj0683 (on
pPML706) through PCR-mediated mutagenesis to create pPML708 (75, 76). A cat-rpsL resistance cassette
was removed from pDRH265 by SmaI digestion and ligated into the EcoRV sites of ggt and Cjj0683 and
into the HpaI site of peb1C, resulting in the creation of pPML1013, pPML1014, and pPML1017, respec-
tively (74). A kan-rpsL resistance cassette was removed from pDRH437 by SmaI digestion and ligated into
the AfeI site of acs to create pPML1001, the BsaBI site of gltA to create pPML925, and into the T4 DNA
polymerase filled-in NcoI site of pycA to create pPML941 (33). Plasmids pPML1013, pPML1014, and
pPML1017 were subsequently electroporated into strain DRH212, and transformants were recovered on
MH agar plates containing chloramphenicol. Strains PML1049 (81-176 Smr peb1c::cat-rpsL), PML1059
(81-176 Smr ggt::cat-rpsL), and PML1065 (81-176 Smr Cjj0683::cat-rpsL) were recovered and confirmed by
colony PCR. Plasmids pPML1001, pPML925, and pPML941 were electroporated into strains DRH461
(81-176 Smr ΔastA) and JMB957 (81-176 Smr ΔastA pta ackA::cat-rpsL), and transformants were recovered
on MH agar containing kanamycin, resulting in strains PML953 (81-176 Smr ΔastA gltA::kan-rpsL), PML956
(81-176 Smr ΔastA pycA::kan-rpsL), PML960 (81-176 Smr ΔastA pta ackA::cat-rpsL pycA::kan-rpsL), PML1006
(81-176 Smr ΔastA acs::kan-rpsL), and PML1009 (81-176 Smr ΔastA pta ackA::cat-rpsL acs::kan-rpsL).
Mutants were confirmed by colony PCR.

To remove the Cjj0683 gene from the C. jejuni genome, an in-frame deletion of Cjj0683 was created
on pPML706 through PCR-mediated mutagenesis (75). DNA sequencing verified the mutation, resulting
in the plasmid pPML1144 (pUC19::ΔCjj0683). The plasmid was electroporated into strain PML1065, and
transformants were recovered on MH agar containing 0.5-5.0 mg/ml streptomycin. The deletion of
Cjj0683 was verified using colony PCR, resulting in the creation of strain PML1160 (81-176 Smr ΔCjj0683).

Construction of plasmids for complementation of C. jejuni in trans. To overexpress the pta and
ackA genes in trans from a plasmid in C. jejuni, a fragment containing the 203 bp upstream of the start
codon of flaA followed by the start codon and an NcoI site was amplified by PCR using primers with a
5= XbaI site and a 3= BamHI site. Following restriction digestion, this fragment was inserted into the
corresponding sites in pRY108 to create pDAR1423 (pRY108::PflaA-NcoI). A 2.7-kb fragment, including
codon 2 of pta through codon 396 of ackA was amplified by PCR using primers with 5= and 3= NcoI sites.
The fragment was digested with NcoI and inserted into the NcoI site in pDAR1423 to create pPML1071
(pDAR1423::pta ackA).

pPML1071 and pDAR1423 were transformed into chemically competent E. coli DH5�/pRK212.1 which
contains the conjugation transfer element (77) and conjugated into the appropriate C. jejuni strains (77,
78). Transconjugants were recovered on MH agar containing kanamycin, streptomycin, and trim-
ethoprim, and the presence of the plasmid was verified by colony PCR.

Chick colonization assays. All use of animals in experimentation has been approved by the IACUC
at the University of Texas Southwestern Medical Center. The ability of WT or isogenic mutant 81-176 Smr

C. jejuni strains to colonize the ceca of chicks after oral inoculation was determined as previously
described (5). Briefly, fertilized chicken eggs (SPAFAS) were incubated for 21 days at 37.8°C with
appropriate humidity and rotation in a Sportsman II model 1502 incubator (Georgia Quail Farms
Manufacturing Company). Within 24 h of hatching, chicks were orally inoculated with 100 �l of MH broth
containing approximately 102 CFU of either the WT or mutant strain. Strains were prepared for infection
by suspending C. jejuni strains from MH agar plates after 16 h of growth at 37°C and microaerobic
conditions in MH broth and diluting the strains to achieve the appropriate inoculum for oral gavage of
the chicks. Dilutions of the inoculum were plated on MH agar to assess the number of bacteria in each
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inoculum. At 7 or 14 days postinfection, chicks were sacrificed. The proximal small intestine, distal small
intestine, cecal, or large intestine contents were removed and suspended in phosphate-buffered saline
(PBS), and serial dilutions were plated on MH agar containing trimethoprim and cefoperazone. Following
72 h of growth at 37°C under microaerobic conditions, the bacteria were counted to determine the
number of CFU per gram of cecal contents. The small intestine was divided in half by length to create
what we term the proximal and distal small intestine.

Determination of in vivo lactate and SCFA concentrations. Fertilized eggs were incubated as
described above until the chicks hatched. Uninfected chicks were divided into groups of 6 or 7 chicks and
given heat, water, and food ad libitum. On days 0, 7, and 14 after hatching, the chicks were sacrificed, and
the contents of the proximal small intestine, distal small intestine, ceca, and large intestine from each
chick were removed. The contents were immediately resuspended in PBS to a final concentration of
200 mg/ml. Samples were vortexed to disrupt particulate matter and then centrifuged at 6,000 rpm
for 10 min to pellet any remaining debris. For each sample, 85 �l was combined with 15 �l of a
solution containing deuterated acetate, lactate, and butyrate so that each deuterated metabolite
was at a final concentration of 50 �M. Samples were dried without heat in a Speed-Vac and then
stored at �80°C until use.

Dried extracts were solubilized by sonication in 0.1 ml anhydrous pyridine and then incubated for
20 min at 80°C. An equal amount of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 1%
tert-butyldimethylchlorosilate (Sigma-Aldrich) was added, and the samples were incubated for 1 h at
80°C. Samples were centrifuged at 20,000 � g for 1 min to remove particles. One hundred microliters of
the supernatant was transferred to an autosampler vial and analyzed by gas chromatography-mass
spectrometry (Shimadzu TQ8040 mass spectrometer). The sample was injected with a 1:50 split ratio at
an injection temperature of 250°C on an Rtx 5 Sil mass spectrometer (MS) (30-m-length, 0.25-mm-
diameter, 0.25-�m-film-thickness) fused silica capillary column. Helium was used as the carrier gas with
a constant velocity of 50 cm/s. The gas chromatograph (GC) oven temperature started at 50°C for 2 min,
rising to 100°C at 20°C/min and holding for 3 min, then raised to 330°C at 40°C/min with a final hold for
3 min. The interface was heated to 300°C. The ion source was used in electron ionization (EI) mode (70 V,
150 �A, 200°C). The event time for selected ion monitoring (SIM) and multiple reaction monitoring (MRM)
events was 50 ms. The mass spectrometry method, monitored m/z (quantifier in italics), and experimen-
tally determined retention indices (RI) (N-alkane scale) are as follows: acetate (SIM, 117, 75, 159; RI, 949),
butyrate-d7 (SIM, 152, 76, 153; RI, 1081), butyrate (SIM, 145, 75, 146; RI, 1086), lactate-d3 (MRM, 264 � 236,
collision energy (CE) 6 V; 264 � 189, CE 8 V; RI, 1470), lactate (MRM, 261 � 233, CE 6 V; 261 � 189, CE 8
V; RI, 1478). Efficient recovery of target metabolites was determined using deuterated compounds as
internal standards. Quantification was based on external standards comprised of a series of dilutions of
pure compounds, derivatized as described above at the same time as the samples.

Determination of acetate concentrations in vitro. WT C. jejuni 81-176 Smr ΔastA (DRH461) or
isogenic pta and ackA mutants were grown from freezer stocks in MH agar containing trimethoprim at
37°C under microaerobic conditions for 48 h. Strains were then restreaked on MH agar and grown for an
additional 16 h. C. jejuni growth was suspended from the plates in CDM broth and diluted into 25 ml of
CDM broth containing trimethoprim to an optical density at 600 nm (OD600) of approximately 0.1 (34).
Cultures were grown at 37°C under microaerobic conditions without shaking to mid-log phase. Samples
of cultures for analysis were taken every 4 h. Cultures were centrifuged for 5 min at 13,000 rpm to pellet
cells, and the supernatant was removed. The supernatant was then centrifuged again for 5 min at
13,000 rpm to remove any remaining C. jejuni cells. Triplicate samples from the supernatants of C. jejuni
DRH461 (WT) and JMB957 (pta ackA::cat-rpsL) were used as directed in a microplate assay for detection
of acetic acid (Megazyme), with uninoculated CDM broth serving as a control.

Growth curve analysis in MH and CDM broth. C. jejuni strains PML1140, PML1125, and PML1102
were grown from freezer stocks on MH agar containing kanamycin at 37°C under microaerobic condi-
tions for 48 h. Strains were then restreaked on MH agar containing kanamycin and grown for an
additional 16 h. C. jejuni growth was suspended from the plates in MH or CDM broth and diluted into
25 ml of MH or CDM broth containing trimethoprim and kanamycin to an OD600 of approximately 0.1
(34). Strain PML1140 served as the WT control, PML1125 served as the pta ackA mutant, and PML1102
was a pta ackA complemented strain. Cultures were grown at 37°C under microaerobic conditions
without shaking, and growth was measured via absorbance at 600 nm from 0 h up to 80 h. Each culture
was grown in triplicate.

Collection of RNA for microarray analysis. WT C. jejuni 81-176 Smr (DRH212) and the isogenic ΔastA
pta ackA::cat-rpsL (JMB957) mutant were grown from freezer stocks on MH agar containing trimethoprim
at 37°C under microaerobic conditions for 48 h. Strains were then restreaked on MH agar and grown for
an additional 16 h. C. jejuni growth was suspended from the plates in MH broth and diluted into 25 ml
of MH broth to an OD600 of approximately 0.05. Strains were then grown statically at 37°C under
microaerobic conditions for 8 h to achieve mid-log-phase growth. Following growth, strains were
suspended in 10� stop solution (95% ethanol plus 5% phenol), incubated on ice for 20 min, pelleted by
centrifugation, and stored at �80°C (79). Pellets were suspended in 1 ml of RiboZol (Amresco), and RNA
was removed by chloroform extraction. Total RNA (60 �g) was treated with DNase I (Invitrogen) and then
purified through an RNeasy Mini Column (Qiagen). Real-time PCR (RT-PCR) was performed to confirm the
absence of DNA from the RNA samples.

Transcriptome analysis with DNA microarrays. A DNA microarray-based transcriptome analysis
was performed as previously described (80, 81). Briefly, comparisons of gene expression were performed
indirectly by comparing the transcriptome profile of WT C. jejuni 81-176 Smr ΔastA (DRH461) or 81-176
Smr ΔastA pta ackA::cat-rpsL (JMB957). Total RNA samples (20 �g) for each strain were labeled with
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Cy3-dUTP during cDNA production by reverse transcriptase and mixed with Cy5-dUTP-labeled reference
genomic DNA from WT C. jejuni 81-176 Smr before being hybridized separately to custom cDNA
microarrays (Gene Expression Omnibus [GEO] platform GPL6315 on Corning UltraGAPS slides). Microar-
rays were scanned using an Axon GenePix 4000B microarray laser scanner (Axon Instruments, Union City,
CA). Microarray experiments were performed with two technical replicates per array, with two replicate
features for each coding sequence per array. GenePix 4.0 software was used to process the spot and
background intensities, and data normalization was performed to compensate for differences in the
amount of template or unequal Cy3 or Cy5 dye incorporation. GeneSpring 7.3 software (Silicon Genetics,
Palo Alto, CA) was used to analyze the normalized data, and the parametric statistical t test was used to
determine the significance of the centered data (P values of �0.05 indicate statistical significance), with
adjustment of the individual P values by use of the Benjamini-Hochberg false-discovery rate multiple-test
correction in the GeneSpring analysis package.

Semiquantitative real-time RT-PCR analysis. WT C. jejuni and isogenic mutant strains were grown
from freezer stocks on MH agar containing trimethoprim at 37°C under microaerobic conditions for 48 h.
Strains were then restreaked on MH agar and grown for an additional 16 h. C. jejuni growth was
suspended from the plates in MH broth and diluted into 25 ml of MH broth to an OD600 of approximately
0.1. Strains were then grown statically at 37°C under microaerobic conditions for 8 h to achieve
mid-log-phase growth. Total RNA was extracted with RiboZol (Amresco), and RNA was treated with
DNase I (Invitrogen). RNA was diluted to a concentration of 50 ng/�l before analysis. Semiquantitative
real-time PCR (qRT-PCR) was performed using a 7500 real-time PCR system (Applied Biosystems) with
secD mRNA detection as an endogenous control. mRNA transcript levels in strains DRH212 and DRH461
served as WT controls to determine relative gene expression in isogenic mutants.

To examine the effects of different short-chain fatty acids on gene expression in C. jejuni, WT and
isogeneic mutant strains were grown from freezer stocks on MH agar as detailed above. Following the
additional 16 h of growth, the C. jejuni strains were suspended from plates in CDM, which is a medium
containing nutrients at specific concentrations to support growth, and diluted into 25 ml of CDM broth
to an OD600 of approximately 0.1 (34). Strains were grown in CDM alone, CDM containing 0, 10, 25, 50,
or 100 mM potassium acetate, sodium propionate, or sodium L-lactate (Sigma), CDM containing 0, 12.5,
or 25 mM sodium butyrate (Acros Organics), or CDM containing 12.5 mM sodium butyrate and 25 mM
sodium L-lactate. For analysis of how a mixture of SCFAs impacts gene expression, strains were grown in
CDM alone or CDM containing 30 mM potassium acetate, 5 mM sodium butyrate, and 7.5 mM sodium
propionate. All media were adjusted to pH 7.0 prior to inoculation of bacteria. Bacterial growth occurred
statically at 37°C under microaerobic conditions for 8 h to achieve mid-log-phase growth. Total RNA was
extracted with RiboZol (Amresco), and RNA was treated with DNase I (Invitrogen). RNA was diluted to a
concentration of 50 ng/�l before analysis. qRT-PCR was performed using a 7500 real-time PCR system
(Applied Biosystems) with secD mRNA detection as an endogenous control. mRNA transcript levels in the
DRH461 strain grown in CDM alone served as the WT control to determine relative gene expression in
the wild type and isogenic mutant at the different concentrations of SCFAs.

To examine the effect of overexpression in trans of pta and ackA on gene expression in C. jejuni,
strains PML1102, PML1125, and PML1140 were grown in MH and CDM broth containing kanamycin and
trimethoprim. Total RNA was extracted and purified as detailed above. mRNA transcript levels in strain
PML1140 were used as the WT control, and secD mRNA detection was used as the endogenous control
to determine relative gene expression.

To examine the levels of expression of colonization and virulence genes throughout the chick
intestinal tract, 1-day-old chicks were orally inoculated with 100 �l of MH broth containing approxi-
mately 102 CFU of WT C. jejuni as described above. At 7 days postinfection, the chicks were sacrificed, the
small intestine, cecal, or large intestine contents were removed, and total RNA was extracted with
RiboZol (Amresco). RNA was then purified as described above. mRNA transcript levels in the ceca served
as the organ load control, and secD mRNA detection was used as the endogenous control to determine
relative gene expression.

Availability of data. Data from microarray analyses were submitted to the GEO database with series
accession number GSE86327 and are available for review.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.00407-17.
TEXT S1, PDF file, 0.1 MB.
FIG S1, PDF file, 0.3 MB.
TABLE S1, PDF file, 0.1 MB.
TABLE S2, PDF file, 0.1 MB.
TABLE S3, PDF file, 0.1 MB.
TABLE S4, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
We thank Joseph Boll for creation of C. jejuni Δpta and Δpta ackA mutants and the

plasmids used to generate these mutants.
This work was supported by NIH grants R01AI065539 (D.R.H.), R21AI115362 (D.R.H.),

SCFAs and Lactate Modulate C. jejuni Gene Expression ®

May/June 2017 Volume 8 Issue 3 e00407-17 mbio.asm.org 23

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL6315
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86327
https://doi.org/10.1128/mBio.00407-17
https://doi.org/10.1128/mBio.00407-17
http://mbio.asm.org


and R01AI118807 (S.E.W.). P.M.L. was supported by NIH training grant T32 AI007520.
This work was also funded by the U.S. Department of Agriculture, Agricultural Research
Service, CRIS project 5325-42000-230-047.

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

REFERENCES
1. Friedman CR, Hoekstra RM, Samuel M, Marcus R, Bender J, Shiferaw B,

Reddy S, Ahuja SD, Helfrick DL, Hardnett F, Carter M, Anderson B, Tauxe
RV, Emerging Infections Program FoodNet Working Group. 2004. Risk
factors for sporadic Campylobacter infection in the United States: a
case-control study in FoodNet sites. Clin Infect Dis 38(Suppl 3):
S285–S296. https://doi.org/10.1086/381598.

2. Crim SM, Iwamoto M, Huang JY, Griffin PM, Gilliss D, Cronquist AB,
Cartter M, Tobin-D’Angelo M, Blythe D, Smith K, Lathrop S, Zansky S,
Cieslak PR, Dunn J, Holt KG, Lance S, Tauxe R, Henao OL, Centers for
Disease Control and Prevention. 2014. Incidence and trends of infection
with pathogens transmitted commonly through food—Foodborne Dis-
eases Active Surveillance Network, 10 U.S. sites, 2006-2013. MMWR Morb
Mortal Wkly Rep 63:328 –332.

3. Epps SV, Harvey RB, Hume ME, Phillips TD, Anderson RC, Nisbet DJ. 2013.
Foodborne Campylobacter: infections, metabolism, pathogenesis and
reservoirs. Int J Environ Res Public Health 10:6292– 6304. https://doi.org/
10.3390/ijerph10126292.

4. Beery JT, Hugdahl MB, Doyle MP. 1988. Colonization of gastrointestinal
tracts of chicks by Campylobacter jejuni. Appl Environ Microbiol 54:
2365–2370.

5. Hendrixson DR, DiRita VJ. 2004. Identification of Campylobacter jejuni
genes involved in commensal colonization of the chick gastrointestinal
tract. Mol Microbiol 52:471– 484. https://doi.org/10.1111/j.1365-2958
.2004.03988.x.

6. Lindblom G-B, Sjörgren E, Kaijser B. 1986. Natural campylobacter colo-
nization in chickens raised under different environmental conditions. J
Hyg (Lond) 96:385–391. https://doi.org/10.1017/S0022172400066146.

7. van Spreeuwel JP, Duursma GC, Meijer CJ, Bax R, Rosekrans PC, Linde-
man J. 1985. Campylobacter colitis: histological immunohistochemical
and ultrastructural findings. Gut 26:945–951. https://doi.org/10.1136/gut
.26.9.945.

8. Stahl M, Butcher J, Stintzi A. 2012. Nutrient acquisition and metabolism
by Campylobacter jejuni. Front Cell Infect Microbiol 2:5. https://doi.org/
10.3389/fcimb.2012.00005.

9. Hofreuter D. 2014. Defining the metabolic requirements for the growth
and colonization capacity of Campylobacter jejuni. Front Cell Infect
Microbiol 4:137. https://doi.org/10.3389/fcimb.2014.00137.

10. Vorwerk H, Huber C, Mohr J, Bunk B, Bhuju S, Wensel O, Spröer C, Fruth
A, Flieger A, Schmidt-Hohagen K, Schomburg D, Eisenreich W, Hofreuter
D. 2015. A transferable plasticity region in Campylobacter coli allows
isolates of an otherwise non-glycolytic food-borne pathogen to catab-
olize glucose. Mol Microbiol 98:809 – 830. https://doi.org/10.1111/mmi
.13159.

11. Stahl M, Friis LM, Nothaft H, Liu X, Li J, Szymanski CM, Stintzi A. 2011.
L-Fucose utilization provides Campylobacter jejuni with a competitive
advantage. Proc Natl Acad Sci U S A 108:7194 –7199. https://doi.org/10
.1073/pnas.1014125108.

12. Muraoka WT, Zhang Q. 2011. Phenotypic and genotypic evidence for
L-fucose utilization by Campylobacter jejuni. J Bacteriol 193:1065–1075.
https://doi.org/10.1128/JB.01252-10.

13. Dwivedi R, Nothaft H, Garber J, Xin Kin L, Stahl M, Flint A, van Vliet AH,
Stintzi A, Szymanski CM. 2016. L-Fucose influences chemotaxis and
biofilm formation in Campylobacter jejuni. Mol Microbiol 101:575–589.
https://doi.org/10.1111/mmi.13409.

14. Wright JA, Grant AJ, Hurd D, Harrison M, Guccione EJ, Kelly DJ, Maskell
DJ. 2009. Metabolite and transcriptome analysis of Campylobacter jejuni
in vitro growth reveals a stationary-phase physiological switch. Microbi-
ology 155:80 –94. https://doi.org/10.1099/mic.0.021790-0.

15. Hofreuter D, Novik V, Galán JE. 2008. Metabolic diversity in Campylobac-
ter jejuni enhances specific tissue colonization. Cell Host Microbe
4:425– 433. https://doi.org/10.1016/j.chom.2008.10.002.

16. Guccione E, del Rocio Leon-Kempis M, Pearson BM, Hitchin E, Mulhol-
land F, van Diemen PM, Stevens MP, Kelly DJ. 2008. Amino acid-

dependent growth of Campylobacter jejuni: key roles for aspartase
(AspA) under microaerobic and oxygen-limited conditions and identifi-
cation of AspB (Cj0762), essential for growth on glutamate. Mol Micro-
biol 69:77–93. https://doi.org/10.1111/j.1365-2958.2008.06263.x.

17. del Rocio Leon-Kempis M, Guccione E, Mulholland F, Williamson MP,
Kelly DJ. 2006. The Campylobacter jejuni PEB1a adhesin is an aspartate/
glutamate-binding protein of an ABC transporter essential for mi-
croaerobic growth on dicarboxylic amino acids. Mol Microbiol 60:
1262–1275. https://doi.org/10.1111/j.1365-2958.2006.05168.x.

18. Velayudhan J, Jones MA, Barrow PA, Kelly DJ. 2004. L-Serine catabolism
via an oxygen-labile L-serine dehydratase is essential for colonization of
the avian gut by Campylobacter jejuni. Infect Immun 72:260 –268. https://
doi.org/10.1128/IAI.72.1.260-268.2004.

19. Lin AE, Krastel K, Hobb RI, Thompson SA, Cvitkovitch DG, Gaynor EC.
2009. Atypical roles for Campylobacter jejuni amino acid ATP binding
cassette transporter components PaqP and PaqQ in bacterial stress
tolerance and pathogen-host cell dynamics. Infect Immun 77:
4912– 4924. https://doi.org/10.1128/IAI.00571-08.

20. Guccione E, Hitchcock A, Hall SJ, Mulholland F, Shearer N, van Vliet AH,
Kelly DJ. 2010. Reduction of fumarate, mesaconate and crotonate by Mfr,
a novel oxygen-regulated periplasmic reductase in Campylobacter jejuni.
Environ Microbiol 12:576 –591. https://doi.org/10.1111/j.1462-2920.2009
.02096.x.

21. Weingarten RA, Grimes JL, Olson JW. 2008. Role of Campylobacter jejuni
respiratory oxidases and reductases in host colonization. Appl Environ
Microbiol 74:1367–1375. https://doi.org/10.1128/AEM.02261-07.

22. Sellars MJ, Hall SJ, Kelly DJ. 2002. Growth of Campylobacter jejuni sup-
ported by respiration of fumarate, nitrate, nitrite, trimethylamine-N-
oxide, or dimethyl sulfoxide requires oxygen. J Bacteriol 184:4187– 4196.
https://doi.org/10.1128/JB.184.15.4187-4196.2002.

23. Kassem II, Candelero-Rueda RA, Esseili KA, Rajashekara G. 2017. Formate
simultaneously reduces oxidase activity and enhances respiration in
Campylobacter jejuni. Sci Rep 7:40117. https://doi.org/10.1038/
srep40117.

24. Thomas MT, Shepherd M, Poole RK, van Vliet AH, Kelly DJ, Pearson BM.
2011. Two respiratory enzyme systems in Campylobacter jejuni NCTC
11168 contribute to growth on L-lactate. Environ Microbiol 13:48 – 61.
https://doi.org/10.1111/j.1462-2920.2010.02307.x.

25. Mendz GL, Ball GE, Meek DJ. 1997. Pyruvate metabolism in Campylobac-
ter spp. Biochim Biophys Acta 1334:291–302. https://doi.org/10.1016/
S0304-4165(96)00107-9.

26. Velayudhan J, Kelly DJ. 2002. Analysis of gluconeogenic and anaplerotic
enzymes in Campylobacter jejuni: an essential role for phosphoenolpyruvate
carboxykinase. Microbiology 148:685– 694. https://doi.org/10.1099/
00221287-148-3-685.

27. Wolfe AJ. 2005. The acetate switch. Microbiol Mol Biol Rev 69:12–50.
https://doi.org/10.1128/MMBR.69.1.12-50.2005.

28. Boll JM, Hendrixson DR. 2011. A specificity determinant for phosphory-
lation in a response regulator prevents in vivo cross-talk and modifica-
tion by acetyl phosphate. Proc Natl Acad Sci U S A 108:20160 –20165.
https://doi.org/10.1073/pnas.1113013108.

29. Molnár A, Hess C, Pál L, Wágner L, Awad WA, Husvéth F, Hess M, Dublecz
K. 2015. Composition of diet modifies colonization dynamics of Campy-
lobacter jejuni in broiler chickens. J Appl Microbiol 118:245–254. https://
doi.org/10.1111/jam.12679.

30. Rehman HU, Vahjen W, Awad WA, Zentek J. 2007. Indigenous bacteria
and bacterial metabolic products in the gastrointestinal tract of broiler
chickens. Arch Anim Nutr 61:319 –335. https://doi.org/10.1080/
17450390701556817.

31. Hendrixson DR. 2006. A phase-variable mechanism controlling the
Campylobacter jejuni FlgR response regulator influences commensal-
ism. Mol Microbiol 61:1646 –1659. https://doi.org/10.1111/j.1365
-2958.2006.05336.x.

Luethy et al. ®

May/June 2017 Volume 8 Issue 3 e00407-17 mbio.asm.org 24

https://doi.org/10.1086/381598
https://doi.org/10.3390/ijerph10126292
https://doi.org/10.3390/ijerph10126292
https://doi.org/10.1111/j.1365-2958.2004.03988.x
https://doi.org/10.1111/j.1365-2958.2004.03988.x
https://doi.org/10.1017/S0022172400066146
https://doi.org/10.1136/gut.26.9.945
https://doi.org/10.1136/gut.26.9.945
https://doi.org/10.3389/fcimb.2012.00005
https://doi.org/10.3389/fcimb.2012.00005
https://doi.org/10.3389/fcimb.2014.00137
https://doi.org/10.1111/mmi.13159
https://doi.org/10.1111/mmi.13159
https://doi.org/10.1073/pnas.1014125108
https://doi.org/10.1073/pnas.1014125108
https://doi.org/10.1128/JB.01252-10
https://doi.org/10.1111/mmi.13409
https://doi.org/10.1099/mic.0.021790-0
https://doi.org/10.1016/j.chom.2008.10.002
https://doi.org/10.1111/j.1365-2958.2008.06263.x
https://doi.org/10.1111/j.1365-2958.2006.05168.x
https://doi.org/10.1128/IAI.72.1.260-268.2004
https://doi.org/10.1128/IAI.72.1.260-268.2004
https://doi.org/10.1128/IAI.00571-08
https://doi.org/10.1111/j.1462-2920.2009.02096.x
https://doi.org/10.1111/j.1462-2920.2009.02096.x
https://doi.org/10.1128/AEM.02261-07
https://doi.org/10.1128/JB.184.15.4187-4196.2002
https://doi.org/10.1038/srep40117
https://doi.org/10.1038/srep40117
https://doi.org/10.1111/j.1462-2920.2010.02307.x
https://doi.org/10.1016/S0304-4165(96)00107-9
https://doi.org/10.1016/S0304-4165(96)00107-9
https://doi.org/10.1099/00221287-148-3-685
https://doi.org/10.1099/00221287-148-3-685
https://doi.org/10.1128/MMBR.69.1.12-50.2005
https://doi.org/10.1073/pnas.1113013108
https://doi.org/10.1111/jam.12679
https://doi.org/10.1111/jam.12679
https://doi.org/10.1080/17450390701556817
https://doi.org/10.1080/17450390701556817
https://doi.org/10.1111/j.1365-2958.2006.05336.x
https://doi.org/10.1111/j.1365-2958.2006.05336.x
http://mbio.asm.org


32. Hendrixson DR. 2008. Restoration of flagellar biosynthesis by varied
mutational events in Campylobacter jejuni. Mol Microbiol 70:519 –536.
https://doi.org/10.1111/j.1365-2958.2008.06428.x.

33. Hendrixson DR, DiRita VJ. 2003. Transcription of �54-dependent but
not �28-dependent flagellar genes in Campylobacter jejuni is associ-
ated with formation of the flagellar secretory apparatus. Mol Micro-
biol 50:687–702.

34. Leach S, Harvey P, Wali R. 1997. Changes with growth rate in the
membrane lipid composition of and amino acid utilization by continu-
ous cultures of Campylobacter jejuni. J Appl Microbiol 82:631– 640.

35. Bouché S, Klauck E, Fischer D, Lucassen M, Jung K, Hengge-Aronis R.
1998. Regulation of RssB-dependent proteolysis in Escherichia coli: a role
for acetyl phosphate in a response regulator-controlled process. Mol
Microbiol 27:787–795. https://doi.org/10.1046/j.1365-2958.1998.00725.x.

36. Fredericks CE, Shibata S, Aizawa S, Reimann SA, Wolfe AJ. 2006. Acetyl
phosphate-sensitive regulation of flagellar biogenesis and capsular bio-
synthesis depends on the Rcs phosphorelay. Mol Microbiol 61:734 –747.
https://doi.org/10.1111/j.1365-2958.2006.05260.x.

37. Xu H, Caimano MJ, Lin T, He M, Radolf JD, Norris SJ, Gherardini F, Wolfe
AJ, Yang XF. 2010. Role of acetyl-phosphate in activation of the Rrp2-
RpoN-RpoS pathway in Borrelia burgdorferi. PLoS Pathog 6:e1001104.
https://doi.org/10.1371/journal.ppat.1001104.

38. Wolfe AJ. 2010. Physiologically relevant small phosphodonors link me-
tabolism to signal transduction. Curr Opin Microbiol 13:204 –209. https://
doi.org/10.1016/j.mib.2010.01.002.

39. Chavez RG, Alvarez AF, Romeo T, Georgellis D. 2010. The physiological
stimulus for the BarA sensor kinase. J Bacteriol 192:2009 –2012. https://
doi.org/10.1128/JB.01685-09.

40. Lawhon SD, Maurer R, Suyemoto M, Altier C. 2002. Intestinal short-chain
fatty acids alter Salmonella typhimurium invasion gene expression and
virulence through BarA/SirA. Mol Microbiol 46:1451–1464. https://doi
.org/10.1046/j.1365-2958.2002.03268.x.

41. Schilling B, Christensen D, Davis R, Sahu AK, Hu LI, Walker-Peddakotla A,
Sorensen DJ, Zemaitaitis B, Gibson BW, Wolfe AJ. 2015. Protein acetyla-
tion dynamics in response to carbon overflow in Escherichia coli. Mol
Microbiol 98:847– 863. https://doi.org/10.1111/mmi.13161.

42. Shibayama K, Wachino J, Arakawa Y, Saidijam M, Rutherford NG, Hen-
derson PJ. 2007. Metabolism of glutamine and glutathione via gamma-
glutamyltranspeptidase and glutamate transport in Helicobacter pylori:
possible significance in the pathophysiology of the organism. Mol Mi-
crobiol 64:396 – 406. https://doi.org/10.1111/j.1365-2958.2007.05661.x.

43. Vorwerk H, Mohr J, Huber C, Wensel O, Schmidt-Hohagen K, Gripp E,
Josenhans C, Schomburg D, Eisenreich W, Hofreuter D. 2014. Utilization
of host-derived cysteine-containing peptides overcomes the restricted
sulphur metabolism of Campylobacter jejuni. Mol Microbiol 93:
1224 –1245. https://doi.org/10.1111/mmi.12732.

44. Barnes IH, Bagnall MC, Browning DD, Thompson SA, Manning G, Newell
DG. 2007. Gamma-glutamyl transpeptidase has a role in the persistent
colonization of the avian gut by Campylobacter jejuni. Microb Pathog
43:198 –207. https://doi.org/10.1016/j.micpath.2007.05.007.

45. Hofreuter D, Tsai J, Watson RO, Novik V, Altman B, Benitez M, Clark C,
Perbost C, Jarvie T, Du L, Galán JE. 2006. Unique features of a highly
pathogenic Campylobacter jejuni strain. Infect Immun 74:4694 – 4707.
https://doi.org/10.1128/IAI.00210-06.

46. Hofreuter D, Mohr J, Wensel O, Rademacher S, Schreiber K, Schomburg
D, Gao B, Galán JE. 2012. Contribution of amino acid catabolism to the
tissue specific persistence of Campylobacter jejuni in a murine coloniza-
tion model. PLoS One 7:e50699. https://doi.org/10.1371/journal.pone
.0050699.

47. Pei Z, Burucoa C, Grignon B, Baqar S, Huang XZ, Kopecko DJ, Bourgeois
AL, Fauchere JL, Blaser MJ. 1998. Mutation in the peb1A locus of Cam-
pylobacter jejuni reduces interactions with epithelial cells and intestinal
colonization of mice. Infect Immun 66:938 –943.

48. Flanagan RC, Neal-McKinney JM, Dhillon AS, Miller WG, Konkel ME. 2009.
Examination of Campylobacter jejuni putative adhesins leads to the
identification of a new protein, designated FlpA, required for chicken
colonization. Infect Immun 77:2399 –2407. https://doi.org/10.1128/IAI
.01266-08.

49. Yamasaki M, Igimi S, Katayama Y, Yamamoto S, Amano F. 2004. Identi-
fication of an oxidative stress-sensitive protein from Campylobacter
jejuni, homologous to rubredoxin oxidoreductase/rubrerythrin. FEMS
Microbiol Lett 235:57– 63. https://doi.org/10.1016/j.femsle.2004.04.012.

50. Novik V, Hofreuter D, Galán JE. 2010. Identification of Campylobacter

jejuni genes involved in its interaction with epithelial cells. Infect Immun
78:3540 –3553. https://doi.org/10.1128/IAI.00109-10.

51. Barrero-Tobon AM, Hendrixson DR. 2012. Identification and analysis of
flagellar coexpressed determinants (Feds) of Campylobacter jejuni in-
volved in colonization. Mol Microbiol 84:352–369. https://doi.org/10
.1111/j.1365-2958.2012.08027.x.

52. Barrero-Tobon AM, Hendrixson DR. 2014. Flagellar biosynthesis exerts
temporal regulation of secretion of specific Campylobacter jejuni colo-
nization and virulence determinants. Mol Microbiol 93:957–974. https://
doi.org/10.1111/mmi.12711.

53. Bingham-Ramos LK, Hendrixson DR. 2008. Characterization of two pu-
tative cytochrome c peroxidases of Campylobacter jejuni involved in
promoting commensal colonization of poultry. Infect Immun 76:
1105–1114. https://doi.org/10.1128/IAI.01430-07.

54. Ziprin RL, Young CR, Stanker LH, Hume ME, Konkel ME. 1999. The
absence of cecal colonization of chicks by a mutant of Campylobacter
jejuni not expressing bacterial fibronectin-binding protein. Avian Dis
43:596 –589. https://doi.org/10.2307/1592660.

55. Buelow DR, Christensen JE, Neal-McKinney JM, Konkel ME. 2011. Cam-
pylobacter jejuni survival within human epithelial cells is enhanced by
the secreted protein CiaI. Mol Microbiol 80:1296 –1312. https://doi.org/
10.1111/j.1365-2958.2011.07645.x.

56. Weingarten RA, Taveirne ME, Olson JW. 2009. The dual-functioning
fumarate reductase is the sole succinate:quinone reductase in Campy-
lobacter jejuni and is required for full host colonization. J Bacteriol
191:5293–5300. https://doi.org/10.1128/JB.00166-09.

57. Christensen JE, Pacheco SA, Konkel ME. 2009. Identification of a Cam-
pylobacter jejuni-secreted protein required for maximal invasion of host
cells. Mol Microbiol 73:650 – 662. https://doi.org/10.1111/j.1365-2958
.2009.06797.x.

58. Linton D, Allan E, Karlyshev AV, Cronshaw AD, Wren BW. 2002. Identifi-
cation of N-acetylgalactosamine-containing glycoproteins PEB3 and
CgpA in Campylobacter jejuni. Mol Microbiol 43:497–508. https://doi.org/
10.1046/j.1365-2958.2002.02762.x.

59. Young NM, Brisson JR, Kelly J, Watson DC, Tessier L, Lanthier PH, Jarrell
HC, Cadotte N, St Michael F, Aberg E, Szymanski CM. 2002. Structure of
the N-linked glycan present on multiple glycoproteins in the Gram-
negative bacterium, Campylobacter jejuni. J Biol Chem 277:
42530 – 42539. https://doi.org/10.1074/jbc.M206114200.

60. Min T, Vedadi M, Watson DC, Wasney GA, Munger C, Cygler M, Matte A,
Young NM. 2009. Specificity of Campylobacter jejuni adhesin PEB3 for
phosphates and structural differences among its ligand complexes.
Biochemistry 48:3057–3067. https://doi.org/10.1021/bi802195d.

61. Rubinchik S, Seddon AM, Karlyshev AV. 2014. A negative effect of
Campylobacter capsule on bacterial interaction with an analogue of a
host cell receptor. BMC Microbiol 14:141. https://doi.org/10.1186/1471
-2180-14-141.

62. Wong JM, de Souza R, Kendall CW, Emam A, Jenkins DJ. 2006. Colonic
health: fermentation and short chain fatty acids. J Clin Gastroenterol
40:235–243. https://doi.org/10.1097/00004836-200603000-00015.

63. Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. 1987.
Short chain fatty acids in human large intestine, portal, hepatic and
venous blood. Gut 28:1221–1227. https://doi.org/10.1136/gut.28.10
.1221.

64. Stanley D, Hughes RJ, Moore RJ. 2014. Microbiota of the chicken gas-
trointestinal tract: influence on health, productivity and disease. Appl
Microbiol Biotechnol 98:4301– 4310. https://doi.org/10.1007/s00253-014
-5646-2.

65. Hung CC, Garner CD, Slauch JM, Dwyer ZW, Lawhon SD, Frye JG,
McClelland M, Ahmer BM, Altier C. 2013. The intestinal fatty acid
propionate inhibits Salmonella invasion through the post-
translational control of HilD. Mol Microbiol 87:1045–1060. https://doi
.org/10.1111/mmi.12149.

66. Fields JA, Li J, Gulbronson CJ, Hendrixson DR, Thompson SA. 2016.
Campylobacter jejuni CsrA regulates metabolic and virulence associated
proteins and is necessary for mouse colonization. PLoS One 11:
e0156932. https://doi.org/10.1371/journal.pone.0156932.

67. Fields JA, Thompson SA. 2008. Campylobacter jejuni CsrA mediates
oxidative stress responses, biofilm formation, and host cell invasion. J
Bacteriol 190:3411–3416. https://doi.org/10.1128/JB.01928-07.

68. Dugar G, Svensson SL, Bischler T, Wäldchen S, Reinhardt R, Sauer M,
Sharma CM. 2016. The CsrA-FliW network controls polar localization of
the dual-function flagellin mRNA in Campylobacter jejuni. Nat Commun
7:11667. https://doi.org/10.1038/ncomms11667.

SCFAs and Lactate Modulate C. jejuni Gene Expression ®

May/June 2017 Volume 8 Issue 3 e00407-17 mbio.asm.org 25

https://doi.org/10.1111/j.1365-2958.2008.06428.x
https://doi.org/10.1046/j.1365-2958.1998.00725.x
https://doi.org/10.1111/j.1365-2958.2006.05260.x
https://doi.org/10.1371/journal.ppat.1001104
https://doi.org/10.1016/j.mib.2010.01.002
https://doi.org/10.1016/j.mib.2010.01.002
https://doi.org/10.1128/JB.01685-09
https://doi.org/10.1128/JB.01685-09
https://doi.org/10.1046/j.1365-2958.2002.03268.x
https://doi.org/10.1046/j.1365-2958.2002.03268.x
https://doi.org/10.1111/mmi.13161
https://doi.org/10.1111/j.1365-2958.2007.05661.x
https://doi.org/10.1111/mmi.12732
https://doi.org/10.1016/j.micpath.2007.05.007
https://doi.org/10.1128/IAI.00210-06
https://doi.org/10.1371/journal.pone.0050699
https://doi.org/10.1371/journal.pone.0050699
https://doi.org/10.1128/IAI.01266-08
https://doi.org/10.1128/IAI.01266-08
https://doi.org/10.1016/j.femsle.2004.04.012
https://doi.org/10.1128/IAI.00109-10
https://doi.org/10.1111/j.1365-2958.2012.08027.x
https://doi.org/10.1111/j.1365-2958.2012.08027.x
https://doi.org/10.1111/mmi.12711
https://doi.org/10.1111/mmi.12711
https://doi.org/10.1128/IAI.01430-07
https://doi.org/10.2307/1592660
https://doi.org/10.1111/j.1365-2958.2011.07645.x
https://doi.org/10.1111/j.1365-2958.2011.07645.x
https://doi.org/10.1128/JB.00166-09
https://doi.org/10.1111/j.1365-2958.2009.06797.x
https://doi.org/10.1111/j.1365-2958.2009.06797.x
https://doi.org/10.1046/j.1365-2958.2002.02762.x
https://doi.org/10.1046/j.1365-2958.2002.02762.x
https://doi.org/10.1074/jbc.M206114200
https://doi.org/10.1021/bi802195d
https://doi.org/10.1186/1471-2180-14-141
https://doi.org/10.1186/1471-2180-14-141
https://doi.org/10.1097/00004836-200603000-00015
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1007/s00253-014-5646-2
https://doi.org/10.1007/s00253-014-5646-2
https://doi.org/10.1111/mmi.12149
https://doi.org/10.1111/mmi.12149
https://doi.org/10.1371/journal.pone.0156932
https://doi.org/10.1128/JB.01928-07
https://doi.org/10.1038/ncomms11667
http://mbio.asm.org


69. Radomska KA, Ordoñez SR, Wösten MM, Wagenaar JA, van Putten JP.
2016. Feedback control of Campylobacter jejuni flagellin levels through
reciprocal binding of FliW to flagellin and the global regulator CsrA. Mol
Microbiol 102:207–220. https://doi.org/10.1111/mmi.13455.

70. Neal-McKinney JM, Lu X, Duong T, Larson CL, Call DR, Shah DH, Konkel
ME. 2012. Production of organic acids by probiotic lactobacilli can be
used to reduce pathogen load in poultry. PLoS One 7:e43928. https://
doi.org/10.1371/journal.pone.0043928.

71. Byrd JA, Hargis BM, Caldwell DJ, Bailey RH, Herron KL, McReynolds JL,
Brewer RL, Anderson RC, Bischoff KM, Callaway TR, Kubena LF. 2001. Effect
of lactic acid administration in the drinking water during preslaughter feed
withdrawal on Salmonella and Campylobacter contamination of broilers.
Poult Sci 80:278–283. https://doi.org/10.1093/ps/80.3.278.

72. Riedel CT, Brøndsted L, Rosenquist H, Haxgart SN, Christensen BB. 2009.
Chemical decontamination of Campylobacter jejuni on chicken skin and
meat. J Food Prot 72:1173–1180. https://doi.org/10.4315/0362-028X-72
.6.1173.

73. Chaine A, Arnaud E, Kondjoyan A, Collignan A, Sarter S. 2013. Effect of
steam and lactic acid treatments on the survival of Salmonella enteritidis
and Campylobacter jejuni inoculated on chicken skin. Int J Food Micro-
biol 162:276 –282. https://doi.org/10.1016/j.ijfoodmicro.2013.01.012.

74. Hendrixson DR, Akerley BJ, DiRita VJ. 2001. Transposon mutagenesis of
Campylobacter jejuni identifies a bipartite energy taxis system required
for motility. Mol Microbiol 40:214 –224. https://doi.org/10.1046/j.1365
-2958.2001.02376.x.

75. Makarova O, Kamberov E, Margolis B. 2000. Generation of deletion and
point mutations with one primer in a single cloning step. Biotechniques
29:970 –972.

76. Higuchi R. 1990. Recombinant PCR, p 77–183. In Innis MA, Gelfand DH,
Sninsky JJ, White TJ (ed), PCR protocols: a guide to methods and
applications. Academic Press, London, United Kingdom.

77. Figurski DH, Helinski DR. 1979. Replication of an origin-containing de-
rivative of plasmid RK2 dependent on a plasmid function provided in
trans. Proc Natl Acad Sci U S A 76:1648 –1652. https://doi.org/10.1073/
pnas.76.4.1648.

78. Guerry P, Yao R, Alm RA, Burr DH, Trust TJ. 1994. Systems of experimen-
tal genetics for Campylobacter species. Methods Enzymol 235:474 – 481.

79. Gaynor EC, Wells DH, MacKichan JK, Falkow S. 2005. The Campylobacter
jejuni stringent response controls specific stress survival and virulence-
associated phenotypes. Mol Microbiol 56:8 –27. https://doi.org/10.1111/
j.1365-2958.2005.04525.x.

80. Pryjma M, Apel D, Huynh S, Parker CT, Gaynor EC. 2012. FdhTU-modulated
formate dehydrogenase expression and electron donor availability enhance
recovery of Campylobacter jejuni following host cell infection. J Bacteriol
194:3803–3813. https://doi.org/10.1128/JB.06665-11.

81. Luethy PM, Huynh S, Parker CT, Hendrixson DR. 2015. Analysis of the
activity and regulon of the two-component regulatory system com-
posed by Cjj81176_1484 and Cjj81176_1483 of Campylobacter jejuni. J
Bacteriol 197:1592–1605. https://doi.org/10.1128/JB.02564-14.

Luethy et al. ®

May/June 2017 Volume 8 Issue 3 e00407-17 mbio.asm.org 26

https://doi.org/10.1111/mmi.13455
https://doi.org/10.1371/journal.pone.0043928
https://doi.org/10.1371/journal.pone.0043928
https://doi.org/10.1093/ps/80.3.278
https://doi.org/10.4315/0362-028X-72.6.1173
https://doi.org/10.4315/0362-028X-72.6.1173
https://doi.org/10.1016/j.ijfoodmicro.2013.01.012
https://doi.org/10.1046/j.1365-2958.2001.02376.x
https://doi.org/10.1046/j.1365-2958.2001.02376.x
https://doi.org/10.1073/pnas.76.4.1648
https://doi.org/10.1073/pnas.76.4.1648
https://doi.org/10.1111/j.1365-2958.2005.04525.x
https://doi.org/10.1111/j.1365-2958.2005.04525.x
https://doi.org/10.1128/JB.06665-11
https://doi.org/10.1128/JB.02564-14
http://mbio.asm.org

	RESULTS
	The acetogenesis pathway is required for initial commensal colonization of the avian intestinal tract. 
	Physiological defects of the C. jejuni acetogenesis mutant. 
	Transcriptional defects of C. jejuni pta ackA. 
	Colonization capacity of ggt, peb1c, and Cjj0683 mutants. 
	Exogenous acetate restores expression of genes to a C. jejuni acetogenesis mutant. 
	Physiologically relevant SCFAs influence expression of acetogenesis-dependent genes. 
	SCFAs and lactate influence expression of acetogenesis-dependent genes in opposing ways. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and plasmids. 
	Construction of C. jejuni mutants. 
	Construction of plasmids for complementation of C. jejuni in trans. 
	Chick colonization assays. 
	Determination of in vivo lactate and SCFA concentrations. 
	Determination of acetate concentrations in vitro. 
	Growth curve analysis in MH and CDM broth. 
	Collection of RNA for microarray analysis. 
	Transcriptome analysis with DNA microarrays. 
	Semiquantitative real-time RT-PCR analysis. 
	Availability of data. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

