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Several intercellular bacterial communication mechanisms have been identified in a
broad range of bacterial species. These systems, collectively termed quorum-sensing
systems, have been demonstrated to play significant roles in a variety of bacterial
processes including motility, biofilm formation, expression of virulence genes, and animal
colonization. Campylobacter jejuni is known to possess a LuxS/ autoinducer2 (Al-2)
mediated system that have been partially characterized over the last decade. Al-2 is
formed as a byproduct of the activated methyl recycling pathway, specifically by the
LuxS enzyme. Previous work in our laboratory and that of others has demonstrated that
this gene is involved in a variety of physiologic pathways of C. jejuni including motility,
autoagglutination, cytolethal distending toxin (CDT) expression, flagellar expression,
oxidative stress, and animal colonization. This review article will summarize the current
research associated with LuxS in C. jejuni and will provide insights into the role of this
system in the metabolism and intercellular communication of this organism. Additionally,
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the evidence for other quorum-sensing pathways in Campylobacter will be discussed.
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GENERAL MECHANISMS OF QUORUM-SENSING

The first evidence of bacterial communication came from the
study of density-dependent bioluminescence of Vibrio fischeri
(Engebrecht et al., 1983; Engebrecht and Silverman, 1984). The
induction of bioluminescence was found to be mediated by
the concentration-dependent action of small signaling com-
pounds produced by the bacteria and termed autoinducers (Als).
This work provided the basis for the quorum-sensing model in
Gram-negative bacteria where an acyl-homoserine lactone (HSL)
autoinducer (AI-1) accumulates in the extracellular environment
and freely diffuses into the bacterial cytoplasm. When intracellu-
lar Al levels reach a critical threshold concentration it binds to a
cellular transcriptional activator (luxR homolog) that is respon-
sible for luciferase gene induction (Bassler, 1999). Subsequent
work has demonstrated a similar system in over 30 species of
Gram-negative bacteria where it exerts control over a variety
of cell density-dependent processes. In contrast, Gram-positive
species have been demonstrated to produce small peptide sig-
naling molecules that are secreted through the action of an ABC
transporter protein system (Bassler, 1999). The extracellular Als
are then recognized by a cognate two-component sensor kinase
that initiates a phosphorelay signal transduction cascade. Perhaps
most intriguing is the identification of a third quorum-sensing
mechanism that appears to be highly conserved over a variety
of gram-negative and gram-positive organisms. In these organ-
isms the [uxS gene is responsible for the synthesis of a novel Al
termed autoinducer-2 (AI-2), which has mechanisms reminis-
cent of both the Gram-positive and Gram-negative systems. The
model system, Vibrio harveyi, uses a well described two compo-
nent sensor kinase system (LuxP/Q) to initiate a phosphorelay sig-
nal transduction event that ultimately leads to dephosphorylation
of the response regulator (LuxO) and changes in gene expression

(Bassler et al., 1993). In contrast, Salmonella and, more recently,
E. coli have both been demonstrated to rely on a periplasmic
binding protein (LsrB) that recognizes the AI-2 and leads to inter-
nalization via an ABC transporter (encoded by the IsrACDBFGE
operon) where the AI-2 is phosphorylated and regulates gene
expression via LsrR (Taga et al., 2003; Xavier and Bassler, 2005b).
According to genomic sequences, C. jejuni does not possess acyl-
HSL synthetases and the AI-1 sensing system, but possesses a luxS
homolog (Parkhill et al., 2000; Fouts et al., 2005). For the pur-
poses of this review, we will first review what is known about LuxS
and AI-2 production in C. jejuni since this has been the primary
focus of quorum-sensing research in this species. Following the
discussion of LuxS we will summarize the current understand-
ing of alternative quorum-sensing mechanisms in Campylobacter,
including the HSL/AI-1 system.

LuxS AND AUTOINDUCER-2 PRODUCTION

AI-2 production by the S-ribosylhomocysteinase, LuxS, was first
described in Vibrio harveyi as a result of work on biolumines-
cence by this organism (Bassler et al., 1993). It was discovered
that as the bacterial population grew, the environmental con-
centrations of AI-2 increased and that the presence of a critical
concentration of this signal was necessary for bioluminescence
of the organism. LuxS cleaves S-ribosylhomocysteine to form
homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD) which
is then spontaneously cyclized to form AI-2 (Winzer et al., 2002;
De Keersmaecker et al., 2005; Rajan et al., 2005). As this sys-
tem has been evaluated in a number of species it has become
clear that the spontaneous cyclization of DPD does not produce
a single molecular compound but instead can produce multiple
molecules with varying abilities to bind AI-2 receptors. This has
led to the use of the term “AI-2” to collectively represent a variety
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of molecular variants that result from spontaneous changes to
DPD and act as ligands of AI-2 receptors (Vendeville et al., 2005).
Recent work even suggests that these molecules are able to inter-
convert allowing for the inclusion of mixed bacterial populations
in the quorum recognized by a single species (Xavier and Bassler,
2005a). The molecular form of AI-2 produced by C. jejuni is
unknown at this time, however, work by our group and others
groups has demonstrated that it is active as a JuxP ligand dur-
ing in vitro bioluminescence assays with a Vibrio harveyi reporter
strain (Elvers and Park, 2002; Jeon et al., 2003; Quinones et al.,
2009; Plummer et al., 2011b).

THE STRUCTURE AND ACTIVITY OF LuxS

Crystal structures of the LuxS homologs suggest that the pro-
tein forms a homodimer with a highly conserved active site
(Vendeville et al., 2005). Structural studies have demonstrated
that the LuxS protein forms a secondary structure contain-
ing a four-stranded antiparallel B sheet interacting with four a
helices (Hilgers and Ludwig, 2001; Lewis et al., 2001; Ruzheinikov
et al., 2001). The LuxS structural fold observed in all of these
crystals is highly conserved and appears to be a new type of
fold in the alpha-beta family (Lewis et al., 2001). At the inter-
face of the homodimer two identical active sites are present
with a tetrahedrally coordinated Fe’*. Homodimerization also
leads to the formation of two deep pockets adjacent to the
active sites. The function of the pockets is still unclear, but they
were demonstrated to hold a covalently bound homocysteine
molecule in at least one study (Ruzheinikov et al., 2001). The
proposed enzymatic activity involves a series of proton trans-
fer reactions, catalyzed by two Lewis acid/bases and the divalent
metal ion that will be discussed further in the next paragraph
(Zhu et al., 2004). Although the LuxS protein of Campylobacter
jejuni has not been crystallized, the gene sequence shows a
high degree of homology to other sequenced strains (74% aa
identity to LuxS from Vibrio harveyi, 71% aa identity to LuxS
from E. coli, and 73% aa identity to LuxS from Pasteurella
multocida) and would be expected to have a similar structure
(Elvers and Park, 2002).

LuxS$ is a Fe?™ metalloenzyme whose catalytic mechanism has
been extensively studied and is well defined (Zhu et al., 2003;
Pei and Zhu, 2004; Zhu et al., 2004; Rajan et al., 2005). Two
universally conserved residues, Cys-84 and Glu-57 (amino acid
numbering in E. coli LuxS), have been shown to act as criti-
cal general acids/bases during catalysis. In addition, several other
active-site residues including Ser-6, His-11, and Arg-39 are also
important for full activity of the LuxS enzyme (Pei and Zhu, 2004;
Zhu et al., 2004). Recently we described the identification of a
naturally occurring G92D mutation in some clones of C. jejuni
81116 (Plummer et al., 2011b). The glycine at the 92 position
is invariant in enzymatically active enzymes described to date.
Strains with this mutation fail to produce significant levels of AI-
2 in the biological systems utilized. Importantly, not all clones of
81116 harbor this mutation and several prior publications have
demonstrated the presence of a functional LuxS enzyme and AI-2
production in this strain (Elvers and Park, 2002; Jeon et al., 2003).
This finding underlines that significance of fully characterizing
isolates used for quorum-sensing research even if they are strains

previously reported in the literature to have functional LuxS
systems.

METABOLIC ROLE OF LuxS
The primary function of LuxS in bacterial cells is as a critical
component of the s-adenosyl-homocysteine recycling pathway.
Functionally, LuxS is an s-adenosyl-homocysteinase responsible
for hydrolysis of s-adenosylhomocysteine to homocysteine which
is then further metabolized to reclaim s-adenosylmethionine
(SAM). As a consequence, mutagenesis of LuxS results in both
a loss of normal SAM recycling and a loss of AI-2 synthesis. This
fact has greatly hindered the ability to specifically attribute any
phenotypic differences associated with mutagenesis of LuxS with
a specific loss of quorum-sensing ability. It is clear that mutagen-
esis of [uxS results in alteration of the extracellular concentration
of other SAM pathway metabolites. Using a recombinant Lux$
protein bioassay we have demonstrated that the extracellular con-
centration of s-ribosylhomocysteine, the SAM intermediate on
which LuxS functions, increases significantly in the culture super-
natant of strains deficient in normal LuxS activity (Plummer
etal., 2011b). Based on these findings, it is likely that many of the
SAM pathway intermediates are present in altered concentrations
both intracellularly and extracellularly in JuxS mutant strains.
The SAM pathway is the primary means of methyl recycling in
bacteria (Parveen and Cornell, 2011). Methyl groups donated by
SAM are critical for the activity of methyl transferases that are
intimately associated with bacterial DNA methylation, chemo-
taxis, motility, and a variety of other metabolic and biosynthetic
reactions. SAM is also critical in bacterial polyamine formation
and vitamin synthesis (Parveen and Cornell, 2011). As a conse-
quence, alteration of SAM recycling associated with luxS mutage-
nesis can have significant impacts on bacterial metabolism.

REGULATION OF LuxS EXPRESSION

Hwang et al. (Hwangetal., 2011) recently reported that antisense-
mediated gene silencing of CosR, an essential response regulator
of Campylobacter jejuni, upregulated LuxS expression by 1.7 fold.
Similarly, over expression of the CosR protein resulted in a 2.2-
fold down regulation of LuxS expression. Collectively there results
suggest that the CosR response regulator negatively regulates the
expression of LuxS. Building on these findings the group was also
able to demonstrate that CosR bindings to the promoter region
of LuxS by showing that the incubation of labeled LuxS gene
probeswith recombinant CosR protein resulted in a concentration-
dependent electrophoretic mobility shift of the probes. Finally,
using DNase I fingerprinting methods the group was able to
develop a consensus binding site for CosR, and they identified
a putative binding site located 10 bp upstream of the LuxS start
codon. Collectively, these studies provide strong evidence for CosR
playing a role in the regulation of LuxS expression. As discussed
later in this review, LuxS has been associated with the cellular
response of Campylobacter to oxidative stress, thus additional
studies focused on the role of CosR in this response are warranted.

ENVIRONMENTAL SENSING OF Al-2

Variation has been demonstrated in the mechanism of cellular
recognition of environmental Als. Recent evidence suggest that
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chemical interconversion of AI-2 may also allow the signal of
one species to effect the response of another species (Xavier and
Bassler, 2005b). At present, no mechanisms of cellular recognition
of AI-2 are known for Campylobacter. In the initial report of AI-2
production by C. jejuni Elvers and Park (2002) showed that peak
AI-2 concentrations were reached at 18 h and maintained at that
level foratleast42 h. This finding would suggest that Campylobacter
does not have an active “LSR type” system that pumps the
compound into the intracellular matrix. More recently, two studies
have demonstrated that AI-2 supernatent concentrations peak in
mid- to late-exponential growth and decline during stationary
phase, more similar to the pattern observed in Salmonella and
E. coli (Cloak et al., 2002; Quinones et al., 2009). Using a slightly
differentapproach, Holmesetal. demonstrated that AI-2 was either
inactivated or taken up by Campylobacter after the addition of
exogenous Al-2 to cultures, although the levels of bioluminescence
observed in the Vibrio bio assay remained similar to the levels
produced endogenously by wildtype strains (Holmes et al., 2009).
Collectively, these findings leave uncertainty regarding the fate of
AI-2 in the culture supernatant of Campylobacter. There are no
LSR homologs identified using comparative genomics, however,
Campylobacter does encode a number of ABC type transporters
that could be involved in uptake of AI-2. There is a need for
additional work in this area to further define the mechanisms, if
any, for sensing or uptake of AI-2 in this species.

PHENOTYPES ASSOCIATED WITH LuxS MUTAGENESIS

Alterations in biofilm formation, growth rates, antimicrobial
production, motility, toxin secretion, and colonization have
been observed with [uxS mutants of different bacterial species
(Vendeville et al., 2005). For an excellent review of the currently
described phenotypic changes in more than 15 species see the
paper by Vendeville et al. (Vendeville et al., 2005). The experi-
mental design of many of these studies involves mutation of [uxS
and subsequent evaluation for phenotypic changes. As LuxS is
required for both homocysteine production and AI-2 synthesis,
the phenotypic changes associated with the luxS mutants could
be due to AI-2-mediated quorum-sensing or the loss of metabolic
function of LuxS. Most studies demonstrate the phenotypic
changes in the presence of reduced AI-2 levels but fail to demon-
strate the direct link of the AI presence with the phenotype. This
issue of dissecting the significance of metabolic changes versus Al-
2 synthase activity (and the subsequent presence of AI-2 in the
environment) has been addressed by several authors and repre-
sents a significant challenge in this field of research (Vendeville
et al., 2005; De Keersmaecker et al., 2006). A recent study in
Listeria monocytogenes demonstrated that the increased biofilm
thickness observed in [uxS mutant strains may be associated with
increased levels of s-ribosylhomocysteine in the media of the
mutant strain presumably associated with the metabolic defi-
ciency of the enzyme and not the lack of AI-2 (Challan Belval
et al., 2006). Despite the shortcomings of some experimental
designs at differentiating these roles, many of the observed phe-
notypic changes associated with AI-2 in other species involve
essential molecular processes or virulence factors. As such, the
findings remain scientifically significant and relevant regardless of
the exact mechanisms for the phenotypic changes. The following

sections will focus on a review of the current understanding
of Campylobacter phenotypes associated with [uxS mutagene-
sis. Table 1 includes a summary of phenotypes that have been
associated with /uxS mutagenesis in this species.

CONFIRMATION OF LuxS AND AUTOINDUCER-2 IN
Campylobacter

The publication of the first full genome sequence of C. jejuni in
2000 (Parkhill et al., 2000) allowed for the in silico identification
of a luxS ortholog (Cj1198) in 2002 (Elvers and Park, 2002). Elvers
and Park were able to demonstrate the presence of AI-2 activ-
ity in growth media of C. jejuni using the AI-2 bioluminesence
assay reported by Bassler et al. (1993) and were able to eliminate
the AI-2 activity by insertional mutation of the /uxS gene. The
authors were unable to demonstrate any differences in growth
rate, resistance to oxidative stress, or in vitro invasion assays, but
did show a decrease in motility of the mutant compared to the
parent strain. Cloak et al. (2002) subsequently confirmed the
presence of a functional [uxS gene and production of active Al-
2 using the same bioluminescence assay. Additionally, they were
able to demonstrate measurable levels of AI-2 in milk and chicken
broth inoculated with Campylobacter, suggesting that the nutri-
ent requirements necessary for AI-2 are present in common food
sources. Collectively these results provide strong evidence for the
presence of a functional luxS gene capable of producing AI-2 in
C. jejuni. Recently, Tazumi et al. (2011) screened 20 isolates of
C. jejuni, C. coli, C. upsaliensis, C. fetus, and C. lari to determine
how widely conserved the gene was in the genus. Interestingly,
hybridization assays along with PCR demonstrated the presence
of LuxS homologs in all isolates of C. jejuni, C. coli, C. upsalien-
sis, and C. fetus but failed to identify LuxS homologs in any of the
four C. lari isolates. Furthermore, AI-2 bioluminescence assays
showed the production of functional AI-2 products in all strains
except the C. lari isolates. Based on these results it is clear that
with the exception of C. lari, the majority of Campylobacter spp.
have functional LuxS enzymes and produce AI-2.

LuxS AND GROWTH

Elvers and Park were the first group to evaluate the growth pheno-
types of luxS mutants in C. jejuni. Using the NCTC 11168 strain
they demonstrated that the mutant had a similar doubling time
compared to the wildtype strain (103 min for the mutant com-
pared to 110 min for the wildtype) (Elvers and Park, 2002).
Furthermore, both strains required approximately 20 h to enter
stationary phase. Subsequently, other studies have demonstrated
essentially equal growth rates between the wildtype and LuxS
mutant strains of C. jejuni 81116 (Jeon et al., 2003), M129 (Reeser
et al., 2007), and NCTC 11168 grown in both Mueller Hinton
broth and MEM-a broth(Holmes et al., 2009). Interestingly, He
et al. (2008) showed that in C. jejuni 81-176 the LuxS mutant
had a statistically longer doubling time compared to the wildtype
strain when the isolates were incubated at 37°C, but not at 42°C
when the growth rates were not different. Recently another publi-
cation demonstrated that the LuxS mutant of the 81-176 strain
had a decreased growth rate during the exponential phase but
reached stationary phase at the same time as its wildtype coun-
terpart when grown at 42°C (Quinones et al., 2009). Based on
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Table 1| Campylobacter jejuni phenotypes associated with mutagenesis of LuxS.

Growth

Motility

Host colonization

In vivo virulence

Biofilm formation
Cytolethal distending toxin
Autoagglutination

Cellular adherence and invasion

Oxidative stress

No significant difference

No difference at 42°C but decreased at 37°C
Decreased in exponential phase but reach stationary at the same time
Decreased in luxS mutant

Motility able to be complemented

Motility decreased in mutant at 37°C but not at 42°C
Motility not changed
Decrease in flaA transcription in mutant

Decreased colonization of chickens beyond day 4 post inoculation using 81-176
Unchanged when monoinoculated NCTC 11168

Decreased competitive fitness of mutant

Complete absence of colonization in chicks using IA3902 mutant

Complete absence of colonization in guinea pigs using IA3902 mutant
Decreased survival of mutant in meat juice stored at 5°C

Complete loss of abortion phenotype in guinea pig abortion model using IA3902,

fully restored with complementation
Decreased biofilm formation in mutant
Decrease in cdt gene transcription
Altered kinetics in mutant with decreased autoagglutination
Decreased autoagglutination
No difference in wildtype and mutant on Caco-2 cells
Decreased adherence and invasion of mutant on LMH cells
No difference with hydrogen peroxide and paraquat

Elvers and Park, 2002
Jeon et al., 2003
Reeser et al., 2007
He et al., 2008
Holmes et al., 2009
Quinones et al., 2009
Elvers and Park, 2002
Jeon et al., 2003
Holmes et al., 2009
Quinones et al., 2009
Plummer et al., 2011b
Quinones et al., 2009
Plummer et al., 2011b
He et al., 2008
Guerry et al., 2006
Jeon et al., 2003
Holmes et al., 2009
Quinones et al., 2009
Plummer et al., 2011a
Plummer et al., 2011a
Plummer et al., 2011a
Plummer et al., 2011a
Ligowska et al., 2011
Plummer et al., 2011a

Reeser et al., 2007
Jeon et al., 2005
Jeon et al., 2003
Guerry et al., 2006
Elvers and Park, 2002
Quinones et al., 2009
Elvers and Park, 2002

Increased sensitivity of mutant to cumene hydroperoxide and hydrogen peroxide using

disk diffusion

Increased sensitivity of mutant to hydrogen peroxide using MIC method

Chemotaxis

Increased chemotaxis of mutant to amino acids
Decreased chemotaxis of mutant to organic acids

He et al., 2008
He et al., 2008
Quinones et al., 2009
Quinones et al., 2009

these collective results it appears that most strains of C. jejuni do
not show significant growth defects associated with mutagenesis
of LuxS enzyme, however, strain 81-176 seems to have additional
complexity associated with the growth kinetics of mutant strains.
Given that there are significant differences in how the bacteria
were grown in each of these studies (Mueller—Hinton agar ver-
sus anaerobe basal agar, microaerophilic conditions established by
Oxoid CampyGen versus anaerobic chamber) the reader should
be cautious in trying to compare the differences observed between
studies. In the case of 81-176, based on He et al. findings there was
a temperature dependent difference in growth. Since the majority
of other studies did not evaluate the growth kinetics under two
temperatures in the same growth controlled growth conditions,
it is not clear if similar differences might exist in other strains.
Furthermore, not all of the studies (Elvers and Park, 2002; He
et al., 2008) performed complementation of the mutant strains,
thus secondary mutations associated with the changes in growth
kinetics cannot be excluded.

LuxS AND MOTILITY

As mentioned previously, Elvers and Park (2002) provided the
first experimental evidence for a role of LuxS in the motility of
C. jejuni. Using semisolid media they demonstrated that the LuxS
mutant formed a statistically smaller halo after incubation when
compared to the wildtype strain. Subsequently, many studies
have demonstrated that motility on semisolid media is decreased
in luxS mutant strains (Jeon et al., 2003; Holmes et al., 2009;
Quinones et al., 2009; Plummer et al., 2011b). In several cases this
motility defect could be at least partially restored by genetic com-
plementation of the luxS gene (Quinones et al., 2009; Plummer
et al., 2011b). Similar to growth studies, C. jejuni strain 81-176
seems to show a temperature dependent difference in motility
with a statistically significant decrease in the motility halo at 37°C
but a non-statistically significant reduction in motility at 42°C
(He et al., 2008). In contrast, a report of a luxS mutant of 81-176
generated to study autoagglutination demonstrated no loss of
motility (Guerry et al., 2006). In that study, however, there is
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no genetic confirmation presented to demonstrate the construc-
tion of a loss of function mutant and no complementation studies
were performed, thus the results should be interpreted with due
caution.

In an attempt to explain the decreased motility of luxS null
mutants Jeon et al. (2003) performed phase-contrast microscopy
on the wildtype and [uxS mutant strains and failed to observe
any differences in motility speed or motility pattern. To study the
molecular basis for the motility phenotype they evaluated tran-
scription of the two major flagellin genes (flaA and flaB) using
a primer extension assay. Using this assay they observed a 57%
reduction in the transcription of flaA in the luxS mutant back-
ground comparing to the wildtype strain. They were unable to
demonstrate a difference in FlaA protein levels using western blot-
ting and did not see a difference in flagellar structure based on
transmission electron microscopy. Additionally, they were able to
demonstrate decreased agglutination ability of the mutant strain.
This change is presumably mediated by altered expression of sur-
face proteins or flagella since a previous study has demonstrated a
complete loss of agglutination in flagellar ablated strains (Golden
and Acheson, 2002a). No significant changes were observed in the
expression of flaB using the primer extension assay. Subsequently,
Holmes et al. (2009) have confirmed a down regulation of flaA
(4.2-fold down-regulated in luxS mutant compared to wildtype)
using cDNA microarray.

LuxS AND HOST COLONIZATION

Two published reports have evaluated the role of LuxS in the colo-
nization of the gastrointestinal system of animals. Quinones et al.
(2009) utilized C. jejuni strain 81-176 to evaluate the coloniza-
tion of the chicken gastrointestinal tract. They demonstrated a
trend toward decreased colonization of the LuxS deficient strain
starting at day 4 post inoculation and a statistically significant
decrease of colonization of the mutant strain by 7 days post
inoculation in two separate experiments. Although differences
in mean colonization levels were observed there were several
birds inoculated with mutant strain that maintained coloniza-
tion levels similar to that observed in the wildtype through-
out the study. The authors suggested that in these birds the
exogenous levels of AI-2 produced by other enteric flora might
be providing the support necessary to maintain colonization
(Quinones et al., 2009). Our group has performed similar stud-
ies using the C. jejuni NCTC 11168 strain and the IA3902 strain
of C. jejuni, a sheep abortion isolate extensively characterized
by our group (Burrough et al., 2009; Sahin and Zhang, 2010).
In our study, inoculation of chickens with mono-cultures of
wildtype and luxS mutant strains of 11168 and the wildtype
strain of TA3902 resulted in similar levels of colonization while
the IuxS mutant of IA3902 completely failed to colonize the
gastrointestinal tract of chickens (Plummer et al, 2011a). A
genetically complemented strain of the IA3902 carrying a chro-
mosomally encoded luxS gene restored colonization to wildtype
levels. Given that the LuxS deficient strain of 11168 colonized
to normal levels, we proceeded to test this strain along with its
wildtype counterpart in a competitive fitness experiment where
we demonstrated a decreased fitness of the LuxS mutant asso-
ciated with statistically significant decreases in recovery of the

mutant compared to the wildtype populations (Plummer et al,,
2011a).

We have also evaluated the role of LuxS in the coloniza-
tion of the guinea pig gastrointestinal tract using strain IA3902.
Following oral inoculation of the wildtype strain IA3902, its uxS
mutant and a chromosomally encoded complement strain we saw
a significant defect in the ability of the mutant strain to colonize
the GI tract while the wildtype and complement strains showed
high quantity and prolonged colonization based on fecal culture
(Plummer et al., 2011a).

LuxS AND VIRULENCE

Very few studies have evaluated the role of LuxS in the vir-
ulence of C. jejuni. Using the IA3902 strain and the guinea
pig model we have recently evaluated the role of LuxS in the
virulence of this strain as a cause of abortion. When the wild-
type IA3902 strain or its luxS mutant were inoculated by the
intraperitoneal route into pregnant guinea pigs there was no dif-
ference observed in the abortion rates of the groups (Plummer
et al., 2011a). In contrast, when the strains were inoculated by
the oral route the luxS mutant strain was completely attenu-
ated in its ability to produce abortions in the guinea pigs (5/9
aborted in wildtype versus 0/7 in the mutant) (Plummer et al.,
2011a). Furthermore, genetic complementation of the mutant
strain resulted in full restoration of the abortion phenotype.
Collectively these results suggest that LuxS plays an important role
in the translocation of C. jejuni out of the intestine and into the
systemic vasculature where it can move to the placenta and induce
abortions.

LuxS AND ENVIRONMENTAL ADAPTATION

Ligowska et al. (2011) evaluated the survival of the NCTC 11168
strain in chicken meat juice incubated at 5°C. They demon-
strated that the luxS mutant of 11168 started decreasing signifi-
cantly in number after six days of incubation while the wildtype
numbers remained unchanged for the 27-day duration of the
study. Based on these results they suggest that LuxS is impor-
tant for the environmental adaptation to meat juice and cold
temperatures.

LuxS AND BIOFILM FORMATION

In 2007, Reeser et al. demonstrated that [uxS and flagellar struc-
ture may be important for C. jejuni biofilm growth since isolates
that were mutagenized in either the flagellar proteins or luxS had
significantly decreased biofilm formation using a simple static
biofilm assay. Using C. jejuni strain M129, a human clinical iso-
late, they demonstrated that the luxS mutant had a statistically
significant reduction in crystal violet staining following a 48 h
and 72 h incubation at 37°C in a 10% CO, environment. Given
that similar reductions in crystal violet staining were observed in
a flaAB mutant it is unclear if the changes in biofilm formation
were a direct response to the loss of a functional LuxS enzyme
or secondary to altered transcription of flaA as demonstrated by
Jeon et al. (2003). The overall significance of biofilms in the phys-
iology and survival of C. jejuni is still not well understood, so the
importance of these findings to bacterial survival or persistence in
the environment is unclear presently.
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LuxS AND CYTOLETHAL DISTENDING TOXIN

Jeon et al. (2005) evaluated the role of AI-2 in expression of the
cytolethal distending toxin (CDT), a putative virulence factor for
C. jejuni. Using a primer extension assay they were able to demon-
strate a 39% decrease in cdt gene transcription when [uxS was
mutated. One biological function of CDT involves the arresting
of the cell cycle in the G2/M phase (Whitehouse et al., 1998), and
they were able to demonstrate a statistically significant decrease
in number of cells arrested in this phase in the luxS mutant
(Jeon et al., 2005). Recently, another study was published demon-
strating that the expression of LuxS was up-regulated following
incubation in chicken meat juices along with an up-regulation in
the expression of CDT (Ligowska et al., 2011). It is unclear what
mechanism underlies the up-regulation of CDT, however, the
authors suggest that one possible mechanism would be through
an up-regulation of LuxS expression. Additional work is necessary
to further define the role of LuxS in the expression of CDT.

LuxS AND AUTOAGGLUTINATION

Jeon et al. (2003) also studied the role of [uxS in autoagglutina-
tion of Campylobacter in an effort to determine if the mutation
was associated with changes in surface properties exhibited by
the bacteria. They were able to demonstrate a significant change
in autoagglutination kinetics of the mutant strain compared to
the wildtype, with the [uxS mutant having a decreased autoag-
glutination. Similarly, Guerry et al. demonstrated that a [uxS
mutant of C. jejuni strain 81-176 had a decreased autoaggluti-
nation compared to the wildtype parent strains (Guerry et al,,
2006). Autoagglutination has previously been associated with the
presence of flagellar assemblies (Misawa and Blaser, 2000; Golden
and Acheson, 2002b) and it is unclear if the observed change in
autoagglutination is mediated by changes in flagellar assembly.
Flagella are required for autoagglutionation, but are not sufficient
by themselves to induce agglutination (Golden and Acheson,
2002b), therefore, other mechanisms of altered surface structure
cannot be ruled out at this time.

LuxS AND CELLULAR ADHERENCE AND INVASION

In their initial description of the phenotypes associated with [uxS
mutagenesis, Elvers and Park (2002) failed to see a difference in
adherence and invasion of Caco-2 cells between the wildtype and
mutant strains. In their study using C. jejuni NCTC 11168 they
saw an internalization of 0.08% for the wildtype and 0.05% for
the luxS mutant, which did not prove to be statistically differ-
ent. More recently Quinones et al. evaluated the adherence of
C. jejuni to LMH cells (Quinones et al., 2009). In their study they
demonstrated a significant reduction (P < 0.01) in adherence of
the luxS mutant of 81-176 when compared to the wildtype strain
and that defect could be fully complemented with the addition
of another JuxS ORFE. Given the variability of invasion pheno-
types observed in C. jejuni, it is likely that the impact of [uxS
mutagenesis is determined by both the strain being tested and
the eukaryotic cell type used for the assay. At present, no studies
have evaluated the role of LuxS in the subvasion and invasion of
eukaryotic monolayers, however, such experiments would likely
provide useful information regarding the role of this gene in
pathogenicity.

LuxS AND OXIDATIVE STRESS

Two independent studies have evaluated the role of LuxS in the
cellular response to oxidative stress of C. jejuni. Elvers and Park
(2002) used a well diffusion assay to test the oxidative stress of
paraquat and hydrogen peroxide on C. jejuni NCTC 11168 and
its [uxS mutant. Using parquet concentrations between 1-40 mM
and hydrogen peroxide concentrations between 0.015 and 0.3%
they could not demonstrate any differences in sensitivity (Elvers
and Park, 2002). More recently He et al. compared the sensitivity
of C. jejuni 81-176 and its [uxS mutant to cumene hydroperoxide
(CHP) and hydrogen peroxide using both a disk inhibition assay
and a minimum inhibitory concentration (MIC) assay. Using the
disk diffusion method they demonstrated a significant (P ranging
from <0.001 to <0.0029) increase in sensitivity to both compounds
in a dose dependent fashion (He et al., 2008). Using the MIC
methodology they found that MIC of the /uxS mutant was two to
four-fold lower than the MIC of the wildtype strain for hydrogen
peroxide, consistent with the disk diffusion method. In contrast,
the MIC of the luxS mutant and wildtype were the same for CHP.
The group also demonstrated that the transcriptional expression
of the aphC and tpx genes, two stress response genes, appeared
to be down regulated in the [uxS mutant strain (He et al., 2008).
The reason for the differences in response to hydrogen peroxide
between the two studies is not clear. Neither study performed
genetic complementation of the mutants to rule out secondary
mutations and the methodologies used for testing the response
were different (well diffusion in Elvers and Park versus disk
diffusion/MIC in He et al.) making direct comparisons difficult.

LuxS AND CHEMOTAXIS

Quinones et al. used the hard-agar plug method to test the
chemotactic response of C. jejuni 81-176 to both amino acids
and organic acids. They demonstrated that zones of accumula-
tion for the amino acids aspartate, asparagine, glutamate, and
glutamine were all significantly increased in the luxS mutant
strain compared to the wildtype (Quinones et al., 2009). They
hypothesized that these changes might be a response to altered
metabolic activity of the [uxS mutant that resulted in disrupted
amino acid metabolism and carbon compound catabolism. In
contrast, the wildtype strain showed an increased chemotactic
behavior for all tested organic acids when compared to the uxS
mutant. Given that organic acids are important energy sources
of C. jejuni in the chicken gastrointestinal tract they hypothe-
sized that this decreased chemotactic activity may contribute to
the decreased chicken colonization that they observed with this
isolate.

LuxS AND TRANSCRIPTIONAL REGULATION

Two studies have been published that evaluated the role of LuxS
mutagenesis in transcriptional regulation of C. jejuni (He et al.,
2008; Holmes et al., 2009). Both studies performed a cDNA
microarray analysis comparing the mRNA levels of wildtype ver-
sus [uxS mutant. Furthermore, He et al. explored the role of
LuxS in the presence of hydrogen peroxide used to induce oxida-
tive stress while Holmes et al. evaluated transcriptional changes
associated with the addition of exogenous AI-2. The results of
both studies demonstrate altered expression of several flagellar,
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SAM metabolism, and ABC transporter genes in the /uxS mutant,
which would be consistent with the previously published pheno-
types. Interestingly, He et al. observed that the mutant strain was
more sensitive to the toxic effects of hydrogen peroxide and CHP.
This phenotype was confirmed by altered expression of both the
ahpC (encoding alkyl hydroperoxide reductase) and #px (encod-
ing thiol peroxidase) genes (He et al., 2008). Collectively these
findings would suggest that the luxS gene or AI-2 plays a role
in the response of C. jejuni to oxidative stress. During this study
they did not compare the differential transcriptional regulation of
C. jejuni luxS mutants in the presence or absence of exogenous AI-
2, so it is difficult to dissect how much of the observed change was
associated with the metabolic role of JuxS as opposed to its role in
AI-2 synthesis. More recently, Holmes et al. reported a microarray
experiment designed to further evaluate the issue of AI-2 sens-
ing by C. jejuni. In their experiment they added exogenous AI-2
to the culture media of luxS mutant strains and evaluated tran-
scriptional changes in gene expression. They were unable to find
a significant number of genes that were differentially expressed
in the presence of exogenous AI-2 and concluded that most of
the transcriptional changes observed in mid-exponential growth
luxS mutants of C. jejuni were the result of metabolic disturbances
induced by altering the SAM recycling pathway. They concluded
that AI-2 mediated quorum-sensing is not an important mech-
anism in mid-exponential growth of C. jejuni cultured in MH
media (Holmes et al., 2009). Interestingly, they also performed
the microarray analysis on samples recovered following a mini-
mal media (MEM-a as opposed to MH broth) incubation. They
demonstrate that there was a media dependent association of gene
expression with almost twice as many genes being differentially
expressed in the complex media versus the minimal media (131
vs. 60 genes for the MHB media and MEM media, respectively)
(Holmes et al., 2009). Of those genes there was a subset of 20 genes
that were differentially expressed in both media types.

In general, transcriptional changes in C. jejuni luxS mutants
are less extensive then those demonstrated in other bacterial
species. For instance, LuxS appears to act as a global regulator
of E. coli where 5-10% of the genes in the genome are expressed
differentially in the mutant compared to wildtype (Delisa et al.,
2001; Sperandio et al., 2001). In C. jejuni less than 2% of the genes
are differentially regulated suggesting that LuxS is not a global
regulator in this species (He et al., 2008; Holmes et al., 2009).

OTHER QUORUM-SENSING COMPOUNDS IN C. jejuni
AUTOINDUCER-1 AND Campylobacter

As mentioned previously C. jejuni does not encode obvious
homologs of AI-1synthase genes. Moorhead et al. performed a
BLASTN search against C. jejuni strains 11168 and RM 1221 using
the luxI and ainS synthase genes as queries and did not identify
any putative homologs (Moorhead and Griffiths, 2011). However,
the sequence similarity of these genes has been reported to be
very low, often with values lower than 35% for pair-wise iden-
tity, making identification difficult (Fuqua et al., 1996). Using a
screen of eight AI-2 biosensors they were able to demonstrate
that two C. jejuni strains (81-176 and ¢j11) both produced posi-
tive reactions in the V. harveyi BB886 sensor system. This result
suggests that these strains are able to produce an HSL (AI-1)

product similar to N-(3-hydroxy-butanoyl)-L-HSL (3-OH-C4-
HSL) (Moorhead and Griffiths, 2011). The investigators were able
to fractionate the samples and obtain a purified fraction that
demonstrated the biological activity in the HSL sensor bioassay.
They named this fraction ¢jA. Subsequently, they tested a panel of
six different HSLs and cjA for their ability to induce changes in the
formation of a viable but non-culturable state (VBNC), biofilm
formation, virulence gene transcription, and IL-8 stimulation of
INT-407 cells. In summary, the short chained HSLs, along with
¢jA prolonged the onset of the VBNC state although the differ-
ence was fairly small. Likewise the addition of 3-OH-C4-HSL or
¢jA disrupted the ability of strain 81-176 to form microscopic
biofilms evaluated using confocal laser scanning microscopy
(CLSM) while the addition of the five other HSL compounds
had minimal impact. Using RT-PCR the authors then evaluated
the expression of five previously described virulence genes associ-
ated with C. jejuni pathogenesis. Included in the study were cadE,
cdtB, ciaB, flaA, and iamA. The additional of several of the HSL
compounds resulted in significant changes in transcriptional lev-
els of these virulence genes with the ¢jA fraction purified from
C. jejuni cell-free media inducing a 7-fold up-regulation of cadF,
a 6.60-fold increase in cdtB, a 1.98-fold increase in ciaB, a 2.27-
fold increase in flaA and a 10.0-fold decrease in iamA. Collectively
these results suggest that C. jejuni is able to either produce a HSL
compound or a mimic that is capable of inducing a response in
bioassays for C4-HSL. Furthermore, the differences in biofilm
formation and gene expression following exogenous addition of
¢jA and other HSL compounds suggest that the organism is capa-
ble of sensing and responding to these compounds in the envi-
ronment. Additional work is necessary to define the role of HSL
signaling in C. jejuni and to determine the molecular mechanisms
responsible for the synthesis and sensing of these compounds.

AUTOINDUCER-3 AND Campylobacter

Work conducted by Sperandio et al. (2003) demonstrated that
in vitro synthesized AI-2 was unable to induce the expression of
the locus of enterocyte effacement (lee) in E. coli and did not
complement the type III secretion system phenotype observed
in EHEC luxS mutants. Furthermore, they demonstrated that
using column purification they could induce lee expression and
restore the type III secretion system with a purified fraction dif-
ferent from the fraction exhibiting AI-2 activity by the Vibrio
bioluminescence assay. They associated this activity with a new
Al named AI-3 and developed a LEEI:lacZ fusion for assay-
ing cell free supernatents for the presence of this compound.
Importantly, mutation of the luxS gene in E. coli leads to the loss
of both AI-2 and AI-3 activity (52). Testing of Campylobacter cell
free supernatants for the presence of AI-3 using the LEEI::lacZ
fusion kindly provided by Dr. V. Sperandio have failed to demon-
strate such activity in Campylobacter (unpublished data from our
laboratory).

CONCLUSIONS

It is clear from multiple studies that the mutagenesis of the LuxS
enzyme in C. jejuni results in repeatable phenotypes, some of
which can significantly alter its virulence. Based on the dual func-
tion of LuxS as both a key metabolic enzyme in the SAM recycling
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pathway and the synthase protein for the precursor of AI-2 it is
more difficult to determine which of these mechanisms underlies
the phenotypic changes. Holmes et al. have argued that the lack of
a transcriptional response to exogenous AI-2 would suggest that
Campylobacter is not readily able to recognize and respond to Al-
2 as a quorum-sensing molecule in the conditions tested (Holmes
et al., 2009). We must consider the fact that the conditions tested
were significantly different from the microenvironments present
in natural host and as such do not exclude the role of AI-2 as a
sensing compound in other environments.
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