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When bacterial pathogens enter the gut, they encounter a complex milieu of signaling
molecules and metabolites produced by host and microbial cells or derived from external
sources such as the diet. This metabolomic landscape varies throughout the gut, thus
establishing a biogeographical gradient of signals that may be sensed by pathogens and
resident bacteria alike. Enteric bacterial pathogens have evolved elaborate mechanisms to
appropriately regulate their virulence programs, which involves sensing and responding to
many of these gut metabolites to facilitate successful gut colonization. Long chain fatty
acids (LCFAs) represent major constituents of the gut metabolome that can impact
bacterial functions. LCFAs serve as important nutrient sources for all cellular organisms
and can function as signaling molecules that regulate bacterial metabolism, physiology,
and behaviors. Moreover, in several enteric pathogens, including Salmonella enterica,
Listeria monocytogenes, Vibrio cholerae, and enterohemorrhagic Escherichia coli, LCFA
sensing results in the transcriptional repression of virulence through two general
mechanisms. First, some LCFAs function as allosteric inhibitors that decrease the DNA
binding affinities of transcriptional activators of virulence genes. Second, some LCFAs also
modulate the activation of histidine kinase receptors, which alters downstream intracellular
signaling networks to repress virulence. This mini-review will summarize recent studies
that have investigated the molecular mechanisms by which different LCFA derivatives
modulate the virulence of enteric pathogens, while also highlighting important gaps in the
field regarding the roles of LCFAs as determinants of infection and disease.

Keywords: long chain fatty acids, lipid signaling, enteric infection, bacterial virulence, bacterial pathogenesis,
two-component systems
INTRODUCTION

The mammalian gastrointestinal (GI) tract is a dynamic metabolic environment that harbors a
community of microbes known as the gut microbiota. The factors that modulate microbial niche
availability throughout the gut varies temporally and geospatially due to diverse host,
environmental, and microbial factors ranging from diet to host physiology and inflammation.
Enteric bacterial pathogens must navigate these changing metabolic landscapes and compete with
endogenous microbes to successfully colonize the gut. To accomplish this feat, pathogens deploy a
suite of virulence factors including pili, toxins, and type III secretion systems to establish a
gy | www.frontiersin.org June 2022 | Volume 12 | Article 9285031
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replicative niche, which disrupts homeostatic intestinal functions
and can result in disease. Despite their necessity for pathogen
colonization, many virulence factors are energetically costly to
produce (Sturm et al., 2011; Diard et al., 2013; Vasanthakrishnan
et al., 2015; Davis, 2020; Hockenberry et al., 2021). Consequently,
the expression of virulence genes is tightly regulated by
transcription factors and complex signaling networks that link
pathogen sensing of the environment to optimal activation of
their virulence programs (Pacheco and Sperandio, 2015; Nisco
et al., 2018).

Nutrients such as sugars, amino acids, and fatty acids often
act as signaling molecules that regulate virulence in enteric
pathogens. Throughout the intestines, the concentrations of
specific nutrients derived from the diet or from host or
microbial metabolism vary longitudinally along the tract and
radially from the lumen to the mucosal-epithelial interface. This
establishes a geospatial map of signals that may be sensed by
invading pathogens and contribute to their virulence regulation.
This mini-review will focus on a class of lipids known as long
chain fatty acids and the mechanisms by which they regulate
virulence in enteric pathogens.
LONG CHAIN FATTY ACIDS

Long chain fatty acids (LCFAs) are non-esterified fatty acids 12-
20 carbons in length with varying degrees of saturation. Because
of their dual roles as nutrients and signaling molecules, LCFAs
modulate bacterial growth and functions through various
mechanisms. LCFAs serve as essential building blocks for
membrane biosynthesis and can be catabolized for energy via
beta-oxidation by some bacterial taxa (Fujita et al., 2007).
Additionally, LCFAs directly act as signaling molecules that
regulate diverse functions in bacteria – including virulence
(Prasun et al., 2020). Some bacterial taxa modify LCFA
substrates to produce bioactive metabolites such as diffusible
signal factors, cis-2-unsaturated LCFAs that function as quorum
sensing signals (Dow, 2017). Finally, some LCFAs exhibit
antimicrobial properties against certain bacterial taxa (Prasun
et al., 2020). Thus, LCFAs impact bacterial growth, metabolism,
physiology, and behaviors in complex ways including through
their roles as environmental signals.

Intestinal LCFAs are likely derived from dietary sources, host
cells, and microbial metabolites. The most abundant LCFAs
within the lumen include unsaturated fatty acids such as oleic
acid and linoleic acid, and saturated fatty acids such as stearic
acid and palmitic acid (Batta et al., 2002; Metzler-Zebeli et al.,
2021). As with other nutrients, the relative abundances of LCFAs
vary throughout the GI tract because of numerous factors that
likely include host diet, bile acid secretions, and microbial
metabolism (Metzler-Zebeli et al., 2021). Indeed, a recent study
reported that luminal concentrations of all detected LCFAs were
higher in the cecum and colon compared to the ileum and
jejunum in the porcine intestines (Metzler-Zebeli et al., 2021).
However, it remains unclear how LCFAs or their bioavailability
vary throughout the gut in humans or in small laboratory
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
animals commonly used for models of enteric infection.
Nonetheless, recent molecular studies in combination with
bacterial genetics and in vivo infection models have
demonstrated the contributions of LCFAs in regulating the
virulence potentials of bacterial pathogens in the gut. Finally, it
should be noted that short chain fatty acids (SCFAs) – non-
esterified fatty acids with fewer than six carbons – are even more
abundant within the gut and can also act as signaling molecules
that modulate virulence through diverse mechanisms
(Cummings et al., 1987; Lawhon et al., 2002; Gantois et al.,
2006; Hung et al., 2013; Zhang et al., 2020; Hockenberry et al.,
2021; Hobbs et al., 2021), recently reviewed here (Mirzaei
et al., 2021).
CYTOPLASMIC LCFA SENSORS

FadR in Attaching/Effacing Pathogens
FadR functions as the master transcriptional regulator of fatty
metabolism in many bacterial taxa (Iram and Cronan, 2005;
Fujita et al., 2007; Shi et al., 2015). Exogenous LCFAs are first
imported across the outer membrane via the FadL transporter,
flipped across the inner membrane, and then esterified in the
cytoplasm by the thioesterase FadD into long-chain acyl
coenzyme A (CoA) thioesters (Fujita et al., 2007). In this
activated form, LCFA-CoAs serve as substrates for beta-
oxidation and membrane biosynthesis and can be directly
sensed by FadR (Aalten et al., 2000). FadR is comprised of an
N-terminal helix-turn-helix (HTH) DNA binding domain linked
to a C-terminal effector binding domain that binds the CoA
moiety of LCFA-CoAs (Aalten et al., 2000). FadR binds its target
DNA sequence in its apo form to activate fatty acid biosynthesis
genes (fab) and repress fatty acid degradation (fad) genes (Fujita
et al., 2007). Upon binding LCFA-CoA, FadR affinity for DNA
binding is decreased, thus alleviating repression of fad genes
while diminishing activation of fab genes. Thus, FadR links the
regulation of fatty acid metabolism with LCFA-CoA
intracellular availability.

More recent studies have established a link between FadR and
virulence in two attaching/effacing (A/E) pathogens,
enterohemorrhagic E. coli (EHEC) and C. rodentium (Pifer
et al., 2018; Ellermann et al., 2021). A/E pathogens utilize type
3 secretion systems (T3SS), needle-and-syringe like structures, to
translocate their effector proteins directly into host cells to
establish replicative niches at the colonic epithelium (Kaper
et al., 2004). The genes that encode the T3SS structural
components, effectors, and regulators are almost all located
within the locus of enterocyte effacement (LEE) pathogenicity
island, which is activated by the transcription factor Ler (Furniss
and Clements, 2018). Using a screen to identify novel regulators
of the LEE, Pifer et al. identified FadR as a putative transcription
factor that regulates ler expression and demonstrated that apo-
FadR binds within the LEE1 promoter region (Pifer et al., 2018).
Subsequent in vitro studies demonstrated that saturated and
unsaturated LCFAs decrease LEE activity in a fadR-dependent
manner (Ellermann et al., 2021). Biochemical studies further
June 2022 | Volume 12 | Article 928503
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revealed that acyl-CoAs decrease FadR DNA binding at the LEE1
promoter region, which corresponds with reduced LEE
expression (Ellermann et al., 2021). Intestinal expression of the
LEE is also decreased in a C. rodentium fadR-deficient mutant,
resulting in attenuated disease (Pifer et al., 2018). Together, these
findings suggest that FadR functions as an activator of ler
(Figure 1A). Thus, the LEE pathogenicity island in A/E
pathogens somehow became integrated into the FadR regulon,
which suggests that intracellular LCFA-CoA sensing is critical
for appropriate regulation of this virulence program.

The FadR regulon has also been linked to virulence through
other less defined mechanisms. In some V. cholerae strains,
genetic inactivation of fadR decreases ToxT-dependent
virulence through undefined transcriptional and post-
translational mechanisms, one of which is linked to the FadR-
mediated activation of unsaturated fatty acid biosynthesis by
FabA (Kovacikova et al., 2017). Loss of fadR also decreases
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
virulence gene expression in S. Typhimurium via an undefined
mechanism (Golubeva et al., 2016). Deletion of fadD attenuates
virulence in EHEC, V. cholerae, and S. Typhimurium (Lucas
et al., 2000; Ray et al., 2011; Gastón et al., 2013; Reens et al., 2019;
Ellermann et al., 2021). Given its function as an LCFA
thioesterase, the lack of functional FadD may increase
intracellular non-esterified LCFAs, which also act as
cytoplasmic anti-virulence signals as described below. In V.
cholerae, decreased virulence gene expression in the fadD
mutant is specifically associated with impaired activation of
TcpP, a transcriptional inducer of toxT-dependent virulence
(Ray et al., 2011). Finally, deletion of fadL in V. cholerae, C.
rodentium, and S. Typhimurium attenuates pathogen growth
within the mouse intestines, suggesting that import of LCFAs
modulates infectivity (Reens et al., 2019; Rivera-Chávez and
Mekalanos, 2019; Ellermann et al., 2020). However, loss of
fadL in S. Typhimurium has also been reported to enhance its
A

B C

FIGURE 1 | Mechanisms of virulence regulation by LCFA cytoplasmic sensors. (A) In enterohemorrhagic E. coli (EHEC), apo-FadR binds its target DNA sequences
at the LEE1 promoter region and functions as a transcriptional activator of ler, which encodes the master activator of the LEE pathogenicity island. In the presence of
LCFA-CoAs, FadR binds the CoA moiety of LCFA-CoA. This alleviates FadR binding of DNA, resulting in decreased activation of ler. (B) In V. cholerae, LCUFAs bind
the master virulence activator ToxT. This interaction induces a conformational change that precludes ToxT dimerization and DNA binding. As a result, ToxT-mediated
activation of tcpA, ctxAB, and other virulence genes is decreased. (C) In L. monocytogenes, LCUFAs bind the master virulence activator PrfA. This interaction inhibits
DNA binding by apo-PrfA through a mechanism that has not been fully characterized. As a result, PrfA-regulated virulence genes are not activated. Glutathione
allosterically enhances PrfA binding to DNA, resulting in increased expression of PrfA-regulated virulence genes.
June 2022 | Volume 12 | Article 928503
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competitive advantage within the murine gut (Golubeva et al.,
2016). This discrepancy may be explained by the use of different
mouse and S. Typhmurium strains in the two studies (Golubeva
et al., 2016; Reens et al., 2019). Taken together, the FadR regulon
clearly contributes to the virulence potential of several enteric
pathogens through mechanisms that in many cases have not
been fully elucidated.

ToxT in V. cholerae
V. cholerae initially establishes infection within the small
intestines. Following epithelial attachment that is in part
facilitated by its toxin co-regulated pilus (Tcp), V. cholera
secretes cholera toxin (CT), which causes the characteristic
watery diarrhea of cholera (Pierce et al., 1971; Thelin and
Taylor, 1996; Kumar et al., 2020). The master virulence
regulator ToxT activates CT and Tcp expression by binding
toxbox sequences within the promoter regions of the ctxAB and
tcp operons, respectively (Prouty et al., 2005; Withey and DiRita,
2006; Childers et al., 2011). The structure of ToxT is comprised
of two HTH DNA binding motifs within the C-terminal that is
connected by a linker sequence to the regulatory and
dimerization domains within the N-terminal (Lowden et al.,
2010; Cruite et al., 2019). ToxT dimerization is required for
inducing CT and Tcp expression and for full V. cholerae
virulence (Prouty et al., 2005; Shakhnovich et al., 2007;
Childers et al., 2011).

Several in vitro studies initially linked long chain unsaturated
fatty acids (LCUFAs) with the decreased expression of ToxT-
regulated genes and consequent virulence activity (Chatterjee
et al., 2007; Lowden et al., 2010; Childers et al., 2011; Plecha and
Withey, 2015; Withey et al., 2015). In contrast, saturated LCFAs
have been reported to either have no effect or decrease CT
expression (Chatterjee et al., 2007; Lowden et al., 2010; Childers
et al., 2011). Electrophoretic mobility shift assays (EMSAs) later
demonstrated that LCUFAs specifically decrease the binding
affinity of ToxT to DNA (Lowden et al., 2010; Plecha and
Withey, 2015; Withey et al., 2015). Interestingly, the first
reported crystal structure of ToxT captured the transcription
factor as a monomer bound to the LCUFA cis-palmitoleate
(Lowden et al., 2010). A hydrophobic ligand binding pocket
was revealed within the N-terminal domain that interfaces the
dimerization domain, where the carboxylate head of the LCUFA
interacts with residues supplied by the two domains (Lowden
et al., 2010). A later crystal structure captured apo-ToxT in a
different conformation that favors dimerization (Cruite et al.,
2019). These findings, together with supporting ToxT mutational
and functional studies, revealed that LCUFAs repress virulence
by inhibiting ToxT dimerization, which in turn precludes DNA
binding (Figure 1B) (Childers et al., 2011; Cruite et al., 2019).
Notably, this mechanism of action resembles that of the well-
characterized ToxT inhibitor virstatin (Shakhnovich et al., 2007).
Taken together, ToxT functions as a cytoplasmic sensor that
directly links intracellular LCUFAs with virulence repression in
V. cholerae.

Recent studies have reported the rational design of potent
LCUFA mimics that inhibit DNA binding by ToxT (Woodbrey
et al., 2017; Woodbrey et al., 2018; Markham et al., 2021). Notably,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
one of these putative anti-virulence inhibitors also decreases V.
cholerae colonization in a murine infection model (Woodbrey
et al., 2018). However, the evolution of resistance remains a
concern especially considering that virstatin-resistant V. cholerae
isolates have been reported (Shakhnovich et al., 2007). Some of
these isolates encode toxT alleles with altered dimerization
domains that confer resistance to virstatin (Shakhnovich et al.,
2007). Interestingly, some virstatin-resistant isolates are also
impervious to the anti-virulence effects of bile (Prouty et al.,
2005). However, it remains to be tested whether these isolates
are specifically resistant to LCUFAs present in the bile and/or to
LCUFA mimics. More broadly, these studies also raise interesting
questions regarding the selective pressures that drove the
emergence of virstatin-resistant ToxT alleles in the first place –
and whether such pressures may also result in strain-specific
responses to LCUFAs.

HilD in S. Typhimurium
S. Typhimurium establishes infection within the small intestines
and invades enterocytes by using a T3SS secretion encoded
within the Salmonella pathogenicity island 1 (SPI-1) (Wallis
and Galyov, 2000; Zhou and Galán, 2001; Yip et al., 2005;
Ellermeier and Slauch, 2007). SPI-1 genes are directly activated
by the transcriptional regulator HilA (Bajaj et al., 1995). The
expression of hilA is positively regulated by interactions between
the transcriptional regulators HilD, HilC, and RtsA (Ellermeier
et al., 2005; Koh-Eun et al., 2020). HilD, which is structurally
similar to ToxT, is considered the principal regulator that links
environmental conditions to SPI-1 activity, while HilC and RtsA
primarily function as signal amplifiers (Ellermeier et al., 2005;
Lin et al., 2008; Golubeva et al., 2012; Koh-Eun et al., 2020;
Chowdhury et al., 2021).

A recent study demonstrated that luminal LCFAs extracted
from murine colonic contents potently inhibit hilA promoter
activity (Chowdhury et al., 2021). The diffusible signal factor
(DSF) cis-2-hexadecenic acid (c2-HDA), a C16:1 derivative, was
among the most abundant molecules recovered from these
colonic LCFAs (Chowdhury et al., 2021). Further studies
revealed that purified c2-HDA is a strong inhibitor of hilA
promoter activity by interfering with HilD binding of DNA
(Bosire et al., 2020; Chowdhury et al., 2021). Similarly,
common dietary LCFAs such as oleic acid inhibit HilD binding
to DNA, thus repressing SPI-1 virulence genes (Golubeva et al.,
2016). These findings correspond with the enhanced intestinal
fitness of a fadL-deficient mutant in a fadR and beta-oxidation
independent manner, which supports the idea that LCFA
derivatives may function as anti-virulence signals in the gut via
their interactions with HilD (Golubeva et al., 2016; Bosire et al.,
2020). In silico modeling and HilD mutational studies identified
common residues in HilD that likely interact with the carboxylic
heads of LCFAs and DSFs (Chowdhury et al., 2021). Distinct
residues in HilD were also identified that uniquely interact with
LCFAs or with DSFs (Chowdhury et al., 2021). Notably, unlike
dietary LCFAs with a cis-2 saturation, c2-HDA also promotes the
proteolytic degradation of HilD and decreases the DNA binding
activities of the other two SPI-1 regulators RtsA and HilC
(Golubeva et al., 2016; Bosire et al., 2020; Chowdhury et al.,
June 2022 | Volume 12 | Article 928503
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2021; Chowdhury et al., 2021). Finally, c2-HDA also inhibits the
promoter activity of the ToxT-regulated ctxAB operon,
suggesting that this DSF may also repress virulence in V.
cholerae by targeting ToxT activity (Bosire et al., 2020).

DSFs like c2-HDA are produced by several Gammaproteobacteria
including opportunistic respiratory pathogens such as
Pseudomonas aeruginosa and Burkholderia cenocepacia (Boon
et al., 2008; Twomey et al., 2012). While DSFs have been detected
in the murine gut, their producers remain to be identified
(Chowdhury et al., 2021). Given their anti-virulence effects,
DSFs may represent a mechanism of colonization resistance
that is imparted by some members of the gut microbiome
against closely related pathogens. It is also possible that
Salmonella and V. cholerae utilize DSFs as signals that inform
them of their luminal localization, where the maximal expression
of virulence factors that facilitate epithelial colonization is
suboptimal. Thus, it will be interesting to determine whether
DSFs also modulate the virulence of other enteric pathogens.
More broadly, given that different classes of LCFAs inhibit the
DNA binding activities of two AraC-like virulence activators –
HilD and ToxT – it will be interesting to determine whether
LCFAs also inhibit similar virulence regulators in other
pathogens to impart their anti-virulence effects.

PrfA in L. monocytogenes
L. monocytogenes initiates infection in the small intestines by first
invading epithelial cells, and then escaping into the cytoplasm to
replicate and disseminate into adjacent cells via actin-based
motility (Dussurget et al., 2004). PrfA is the master virulence
regulator that activates genes required for intracellular
replication (Scortti et al., 2007). PrfA is comprised of a C-
terminal domain that contains the HTH DNA-binding motif
and an N-terminal domain that contains the dimerization
domain and a ligand binding pocket (Scortti et al., 2007; Tran
et al., 2022). PrfA binds its target DNA sequences called PrfA
boxes as a homodimer in a hierarchical fashion (Sheehan et al.,
1995). Early virulence genes including hly that are required for
pathogen escape into the cytoplasm contain PrfA boxes with
high affinity for apo-PrfA within their promoters (Scortti et al.,
2007). Virulence genes that are activated later in the intracellular
replication cycle contain low affinity PrfA boxes within their
promoters (Scortti et al., 2007). Thus, PrfA requires allosteric co-
activation by glutathione to bind these low affinity DNA
sequences (Reniere et al., 2015; Hall et al., 2016).

Although LCFAs can exert bactericidal effects against L.
monocytogenes, some LCFAs also function as anti-virulence
signals at subinhibitory concentrations (Lillebæk et al., 2017;
Santos et al., 2020). Similar to ToxT in V. cholerae, PrfA-
regulated genes are repressed following treatment with
different unsaturated, but not saturated, LCFAs (Lillebæk et al.,
2017; Santos et al., 2020; Chen et al., 2021). A follow-up study
demonstrated that LCUFAs inhibit DNA binding at the hly
promoter region by a PrfA allele with enhanced DNA affinity
(Santos et al., 2020). The precise mechanism by which LCUFAs
interact with PrfA to modulate its DNA binding activity remains
to be elucidated (Figure 1C). Notably, small molecule inhibitors
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
have been identified that induce a conformational shift that
precludes PrfA binding to DNA (Good et al., 2016; Kuleıń
et al., 2018; Tran et al., 2022). Thus, LCUFAs may also act
through a similar mechanism. Collectively, these findings
demonstrate that LCFAs attenuate virulence in Gram-positive
organisms, in a similar manner to Gram-negative enteric
pathogens, by allosterically inhibiting the activities of pro-
virulence transcriptional activators.
EXTRACELLULAR SENSING OF LCFAS BY
HISTIDINE KINASES

Two-component systems (TCS), typically comprised of a
histidine kinase (HK) and a cytoplasmic response regulator
(RR), are mechanisms by which extracellular signals are
coupled to gene regulation in bacteria (Wolanin et al., 2002).
HKs are transmembrane receptors that become activated via the
autophosphorylation of a histidine residue in response to specific
ligands. The signal is then transduced via the transfer of the
phosphate from the HK to the RR, which in turn modulates the
DNA binding affinity of the RR to regulate gene expression.
2-Arachidonoyl Glycerol Sensing by QseC
in A/E Pathogens
QseC is a HK receptor that autophosphorylates following
interactions with the host neurotransmitters epinephrine and
norepinephrine or with the quorum sensing signal autoinducer-3
(Clarke et al., 2006; Hughes et al., 2009). In EHEC and C.
rodentium, QseC activation stimulates complex intracellular
signaling cascades that ultimately induce ler expression to
activate the LEE (Hughes et al., 2009; Moreira et al., 2016). A
recent study identified the endocannabinoid 2-AG, an
arachidonic acid derivative, as a host-derived signal that
attenuates virulence in several enteric pathogens (Ellermann
et al., 2020). In EHEC and C. rodentium, 2-AG inhibits the
activation of LEE-encoded genes and decreases T3SS activity in a
qseC-dependent manner (El le rmann et a l . , 2020) .
Autophosphorylation assays further revealed that 2-AG
specifically inhibits QseC activation to impart its anti-virulence
effects (Figure 2A). Supporting these findings, mice with
elevated 2-AG levels in the colon were resistant to C.
rodentium infection, a protective effect that was lost in mice
challenged with a qseC-deficient mutant (Ellermann et al., 2020).
2-AG also attenuates SPI-1 and SPI-2 associated functions in S.
Typhimurium through an undefined mechanism (Ellermann
et al., 2020). Notably, virulence regulation in S. Typhimurium
has also been linked to QseC activity (Moreira et al., 2010;
Moreira and Sperandio, 2012). Given the identification of small
molecule inhibitors of QseC that attenuate virulence in various
pathogens (Rasko et al., 2008; Curtis et al., 2014), it will be
interesting to determine whether 2-AG and other host-derived
arachidonic acid derivatives act as general anti-virulence signals
in pathogens in which QseC activity modulates virulence.
June 2022 | Volume 12 | Article 928503
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LCUFA Sensing by PhoQ in S. Typhimurium
PhoPQ is a TCS that regulates a complex network of genes involved
in virulence, cationic antimicrobial peptide (CAMP) resistance,
magnesium homeostasis, and outer membrane physiology
(Groisman et al., 2021). Accordingly, the HK receptor PhoQ
becomes autophosphorylated in response to various
environmental signals including moderate acid stress, osmotic
stress, low Mg2+ availability, and CAMPs (Fields et al., 1986; Fields
et al., 1989). More recently, a screen of potential plant-derived
inhibitors of PhoQ identified LCUFAs, and not saturated LCFAs,
as exogenous signals that inhibit autokinase activity in PhoQ and
repress PhoP regulated genes (Gastón et al., 2013; Carabajal et al.,
2020). Interestingly, this included conjugated linoleic acids (CLAs),
which are common products of bacterial biotransformation
reactions that occur in the gut. However, the administration of a
CLAsupplement failed toattenuateS.Typhimuriumgut infectionor
systemic dissemination in the streptomycin infection model
(Carabajal et al., 2020). Subsequent studies demonstrated that the
periplasmic sensor domain in PhoQ likely interacts with various
LCUFAs to inhibit its autophosphorylation (Carabajal et al., 2020).
(Figure 2B) Finally, in addition to its phosphorylation by PhoQ,
recent work has demonstrated that PhoP DNA binding activity is
further modulated by the acetylation of lysine residues within its
DNA binding domain (Ren et al., 2016; Li et al., 2021). PhoP
acetylation diminishes its DNA binding activity, resulting in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
attenuated virulence in S. Typhimurium. One mechanism of PhoP
acetylation involves the enzymatic transfer of an acetyl moiety from
an acetyl-CoA donor (Ren et al., 2016). Notably, acetyl-CoA is a
product of LCFAbeta-oxidation, thus introducing a further putative
mechanism by which LCFA metabolism may modulate bacterial
virulence. Taken together, as with QseC, the PhoPQ TCS is
expressed in various Gram-negative enteric bacteria and is
stimulated by many of the same activating signals (Groisman
et al., 2021). Therefore, it will be interesting to investigate whether
LCUFAs and post-translational modifications such as acetylation
also inhibit the PhoPQ TCS in diverse enteric bacteria, and if so, to
delineate the resulting transcriptional and functional effects of
such interactions.
CONCLUSIONS

Collectively, these molecular studies clearly demonstrate that
LCFAs often act as anti-virulence signals that inhibit key
transcriptional activators of virulence and histidine kinases that
stimulate pro-virulence intracellular cascades. Strikingly, the anti-
virulence effects of LCUFAs in particular are shared by many
enteric pathogens with distinct physiologies, virulence programs,
infectious processes, and lifestyles. However, many fundamental
questions remain unanswered including: Why have many gut
A B

FIGURE 2 | Mechanisms of virulence regulation via LCFA sensing by histidine kinase receptors. (A) In EHEC and C. rodentium, the activation of the pro-virulence
histidine kinase receptor QseC is either induced by epinephrine (Epi), norepinephrine (NE), or autoinducer 3 (AI-3) or inhibited by 2-arachidonylglycerol (2-AG).
Following its activation, QseC phosphorylates the response regulators (RR) QseB, QseF, and/or KdpE, resulting in the downstream transcriptional regulation of
virulence genes. (B) In S. Typhimurium, the histidine kinase receptor PhoQ is inhibited by LCUFAs or activated in the periplasm by low Mg2+, other divalent cations,
or the presence of cationic antimicrobial peptides (CAMPs). PhoQ is also activated by low cytoplasmic pH (~5) or by osmotic stress. Following its activation, PhoQ
phosphorylates the RR PhoP, which results in the downstream transcriptional regulation of virulence genes.
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pathogens evolved to respond to LCFAs as anti-virulence signals?
And how do different host-, microbe- and diet-derived LCFA
molecules precisely modulate virulence during the pathogen life
cycle in the gut? The latter question is especially difficult to answer
because it remains poorly understood how LCFA profiles vary
spatially throughout the gut and how these profiles are altered
during infection. Moreover, it remains unknown to what extent
intestinal LCFAs are bioavailable for uptake by bacterial pathogens
to function as anti-virulence signals – or as nutrients or
antimicrobials. Nonetheless, in vivo infection studies that have
utilized LCFA “blind” mutants or that have increased the content
of specific LCFA-derivatives have shown that LCFAs have the
potential to attenuate the virulence of enteric pathogens during gut
infection. Thus, a more complete understanding of how pathogens
and commensals sense and respond to LCFAs in the gut may
enable the design of new anti-virulence approaches that target
intestinal pathogens while minimally impacting the endogenous
gut microbiota.
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Scortti, M., Monzó, H. J., Lacharme-Lora, L., Lewis, D. A., and Vázquez-Boland, J.
A. (2007). The PrfA Virulence Regulon. Microbes Infect. 9, 1196–1207. doi:
10.1016/j.micinf.2007.05.007

Shakhnovich, E. A., Hung, D. T., Pierson, E., Lee, K., and Mekalanos, J. J. (2007a).
Virstatin Inhibits Dimerization of the Transcriptional Activator ToxT. Proc.
Natl. Acad. Sci. 104, 2372–2377. doi: 10.1073/pnas.0611643104

Shakhnovich, E. A., Sturtevant, D., and Mekalanos, J. J. (2007b). Molecular
Mechanisms of Virstatin Resistance by non-O1/non-O139 Strains of Vibrio
Cholerae. Mol. Microbiol. 66, 1331–1341. doi: 10.1111/j.1365-2958.2007.
05984.x

Sheehan, B., Klarsfeld, A., Msadek, T., and Cossart, P. (1995). Differential
Activation of Virulence Gene Expression by PrfA, the Listeria
Monocytogenes Virulence Regulator. J. Bacteriol. 177, 6469–6476. doi:
10.1128/jb.177.22.6469-6476.1995

Shi, W., Kovacikova, G., Lin, W., Taylor, R. K., Skorupski, K., Kull, F. J., et al
(2015). The 40-Residue Insertion in Vibrio Cholerae FadR Facilitates Binding
of an Additional Fatty Acyl-CoA Ligand. Nat. Commun. 6, 6032. doi: 10.1038/
ncomms7032

Sturm, A., Heinemann, M., Arnoldini, M., Benecke, A., Ackermann, M., Benz, M.,
et al. (2011). The Cost of Virulence: Retarded Growth of Salmonella
Typhimurium Cells Expressing Type III Secretion System 1. PloS Pathog. 7,
e1002143. doi: 10.1371/journal.ppat.1002143

Thelin, K. H., and Taylor, R. K. (1996). Toxin-Coregulated Pilus, But Not
Mannose-Sensitive Hemagglutinin, Is Required for Colonization by Vibrio
Cholerae O1 El Tor Biotype and O139 Strains. Infect. Immun. 64, 2853–2856.
doi: 10.1128/iai.64.7.2853-2856.1996

Tran, T. T., Mathmann, C. D., Gatica-Andrades, M., Rollo, R. F., Oelker, M.,
Ljungberg, J. K., et al. (2022). Inhibition of the Master Regulator of Listeria
Monocytogenes Virulence Enables Bacterial Clearance From Spacious
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
Replication Vacuoles in Infected Macrophages. PloS Pathog. 18, e1010166.
doi: 10.1371/journal.ppat.1010166

Twomey, K. B., O’Connell, O. J., McCarthy, Y., Dow, J. M., O’Toole, G. A., Plant,
B. J., et al. (2012). Bacterial Cis-2-Unsaturated Fatty Acids Found in the Cystic
Fibrosis Airway Modulate Virulence and Persistence of Pseudomonas
Aeruginosa. Isme J. 6, 939–950. doi: 10.1038/ismej.2011.167

Vasanthakrishnan, R. B., Heras, A. de las, Scortti, M., Deshayes, C., Colegrave, N.,
Vázquez-Boland, J. A. (2015). PrfA Regulation Offsets the Cost of L Isteria
Virulence Outside the Host. Environ. Microbiol. 17, 4566–4579. doi: 10.1111/
1462-2920.12980

Wallis, T. S., and Galyov, E. E. (2000). Molecular Basis of Salmonella-Induced
Enteritis. Mol. Microbiol. 36, 997–1005. doi: 10.1046/j.1365-2958.2000.01892.x

Withey, J. H., and DiRita, V. J. (2006). The Toxbox: Specific DNA Sequence
Requirements for Activation of Vibrio Cholerae Virulence Genes by ToxT.
Mol. Microbiol. 59, 1779–1789. doi: 10.1111/j.1365-2958.2006.05053.x

Withey, J. H., Nag, D., Plecha, S. C., Sinha, R., and Koley, H. (2015). Conjugated
Linoleic Acid Reduces Cholera Toxin Production In Vitro and In Vivo by
Inhibiting Vibrio Cholerae ToxT Activity. Antimicrob. Agents Chemother. 59,
7471–7476. doi: 10.1128/AAC.01029-15

Wolanin, P. M., Thomason, P. A., and Stock, J. B. (2002). Histidine Protein
Kinases: Key Signal Transducers Outside the Animal Kingdom. Genome Biol.
3, reviews3013.1–reviews3013.8. doi: 10.1186/gb-2002-3-10-reviews3013

Woodbrey, A. K., Onyango, E. O., Pellegrini, M., Kovacikova, G., Taylor, R. K.,
Gribble, G. W., et al. (2017). A New Class of Inhibitors of the AraC Family
Virulence Regulator Vibrio Cholerae ToxT. Sci. Rep.-uk 7, 45011. doi: 10.1038/
srep45011

Woodbrey, A. K., Onyango, E. O., Kovacikova, G., Kull, F. J., and Gribble, G. W.
(2018). AModified ToxT Inhibitor Reduces Vibrio Cholerae Virulence in Vivo.
Biochemistry-us 57, 5609–5615. doi: 10.1021/acs.biochem.8b00667

Yip, C. K., Kimbrough, T. G., Felise, H. B., Vuckovic, M., Thomas, N. A.,
Pfuetzner, R. A., et al. (2005). Structural Characterization of the Molecular
Platform for Type III Secretion System Assembly. Nature 435, 702–707. doi:
10.1038/nature03554

Zhang, Z. J., Pedicord, V. A., Peng, T., and Hang, H. C. (2020). Site-Specific
Acylation of a Bacterial Virulence Regulator Attenuates Infection. Nat. Chem.
Biol. 16, 95–103. doi: 10.1038/s41589-019-0392-5

Zhou, D., and Galán, J. (2001). Salmonella Entry Into Host Cells: The Work in
Concert of Type III Secreted Effector Proteins. Microbes Infect. 3, 1293–1298.
doi: 10.1016/S1286-4579(01)01489-7
Author Disclaimer: The funders had no role in the preparation of the manuscript.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mitchell and Ellermann. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
June 2022 | Volume 12 | Article 928503

https://doi.org/10.1016/j.tim.2020.03.014
https://doi.org/10.1111/j.1365-2958.2005.04897.x
https://doi.org/10.1126/science.1160354
https://doi.org/10.1128/IAI.00663-10
https://doi.org/10.1128/IAI.00776-19
https://doi.org/10.1371/journal.ppat.1005458
https://doi.org/10.1371/journal.ppat.1005458
https://doi.org/10.1038/nature14029
https://doi.org/10.1038/s41586-019-1453-3
https://doi.org/10.1038/s41586-019-1453-3
https://doi.org/10.1128/JB.00156-20
https://doi.org/10.1016/j.micinf.2007.05.007
https://doi.org/10.1073/pnas.0611643104
https://doi.org/10.1111/j.1365-2958.2007.05984.x
https://doi.org/10.1111/j.1365-2958.2007.05984.x
https://doi.org/10.1128/jb.177.22.6469-6476.1995
https://doi.org/10.1038/ncomms7032
https://doi.org/10.1038/ncomms7032
https://doi.org/10.1371/journal.ppat.1002143
https://doi.org/10.1128/iai.64.7.2853-2856.1996
https://doi.org/10.1371/journal.ppat.1010166
https://doi.org/10.1038/ismej.2011.167
https://doi.org/10.1111/1462-2920.12980
https://doi.org/10.1111/1462-2920.12980
https://doi.org/10.1046/j.1365-2958.2000.01892.x
https://doi.org/10.1111/j.1365-2958.2006.05053.x
https://doi.org/10.1128/AAC.01029-15
https://doi.org/10.1186/gb-2002-3-10-reviews3013
https://doi.org/10.1038/srep45011
https://doi.org/10.1038/srep45011
https://doi.org/10.1021/acs.biochem.8b00667
https://doi.org/10.1038/nature03554
https://doi.org/10.1038/s41589-019-0392-5
https://doi.org/10.1016/S1286-4579(01)01489-7
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Long Chain Fatty Acids and Virulence Repression in Intestinal Bacterial Pathogens
	Introduction
	Long Chain Fatty Acids
	Cytoplasmic LCFA Sensors
	FadR in Attaching/Effacing Pathogens
	ToxT in V. cholerae
	HilD in S. Typhimurium
	PrfA in L. monocytogenes

	Extracellular Sensing of LCFAs by Histidine Kinases
	2-Arachidonoyl Glycerol Sensing by QseC in A/E Pathogens
	LCUFA Sensing by PhoQ in S. Typhimurium

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


