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Intestinal Long-Chain Fatty Acids Act as a Direct Signal To Modulate
Expression of the Salmonella Pathogenicity Island 1 Type III Secretion
System
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ABSTRACT  Salmonella enterica serovar Typhimurium uses the Salmonella pathogenicity island 1 (SPI1) type III secretion sys-
tem (T3SS) to induce inflammatory diarrhea and bacterial uptake into intestinal epithelial cells. The expression of hilA, encoding
the transcriptional activator of the T3SS structural genes, is directly controlled by three AraC-like regulators, HilD, HilC, and
RtsA, each of which can activate hilD, hilC, rtsA, and hilA genes, forming a complex feed-forward regulatory loop. Expression of
the SPI1 genes is tightly controlled by numerous regulatory inputs to ensure proper timing in production of the T3SS apparatus.
Loss of FadD, an acyl coenzyme A (acyl-CoA) synthetase required for degradation of long-chain fatty acids (LCFAs), was known
to decrease hilA expression. We show that free external LCFAs repress expression of hilA independently of FadD and the LCFA
degradation pathway. Genetic and biochemical evidence suggests that LCFAs act directly to block primarily HilD activity. Fur-
ther analyses show that in the absence of FadD, hilA expression is downregulated due to endogenous production of free LCFAs,
which are excreted into the culture medium via TolC and then transported back into the bacterial cell via FadL. A fadL mutant is
more virulent than the wild-type strain in mouse oral competition assays independently of LCFA degradation, showing that, in
the host, dietary LCFAs serve as a signal for proper regulation of SPI1 expression, rather than an energy source.

IMPORTANCE To cause disease, Salmmonella must respond to diverse environmental cues to express its invasion machinery at the
appropriate location in the host intestine. We show that host intestinal free long-chain fatty acids (LCFAs) affect Salmonella in-
vasion by reducing expression of the SPI1 type III secretion system, acting primarily via the AraC-like activator HilD. Degrada-
tion of LCFAs is not required for this regulation, showing that free LCFAs serve as a cue to proper intestinal localization to in-
vade host epithelial cells and not as a nutrient source.
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acterial pathogens are challenged with adapting to specific

host environments, including spatial detection of particu-
lar niches within a given tissue. In the intestine, Salmonella
enterica serovar Typhimurium preferentially colonizes the dis-
tal ileum. The bacteria induce inflammatory diarrhea and in-
vade nonphagocytic epithelial cells using the type III secretion
system (T3SS) encoded on Salmonella pathogenicity island 1
(SPI1; for a review, see reference 1). The T3SS apparatus is a
needle-like structure that injects bacterial effector proteins into
the host cell cytosol, where they interact with specific host cell
proteins to promote actin cytoskeletal rearrangements and acti-
vate inflammatory pathways.

The level of SPI1 gene expression is dependent on the level of
the SPI1-encoded regulator HilA, which directly activates expres-
sion of the SPI1 structural genes (Fig. 1A) (2—4). Expression of
hilA is directly controlled by three AraC-like regulators, HilD,
HilC, and RtsA (5, 6), each of which is independently capable of
inducing expression of the hilD, hilC, and rtsA genes, as well as
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hilA, forming a complex feed-forward regulatory loop to control
SPI1 expression (7). HilD is the dominant regulator of the system,
while HilC and RtsA act as amplifiers of the signal (7, 8). The
system is tightly controlled by a multitude of external regulatory
inputs, which presumably ensure that SPI1 is expressed only at the
appropriate time and place within the host (9). These factors are
integrated to control the threshold of HilD required for autoacti-
vation (8), which then acts as a switch to turn on SPI1 (10-12).
Transport of external free long-chain fatty acids (LCFAs)
across the outer membrane requires the B3-barrel protein FadL
(13). Subsequently, free LCFAs partition into the inner membrane
and can cross the inner membrane bilayer unassisted (14, 15).
FadD facilitates unidirectional transport by converting free
LCFAs to their acyl coenzyme A (acyl-CoA) form, trapping them
in the cytoplasm, where they can enter the B-oxidation cycle
(Fig. 1B) (13). Expression of the fad regulon genes is controlled by
the transcriptional regulator FadR, which dissociates from regu-
lated promoters upon binding acyl-CoA LCFAs. In the absence of
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FIG1 (A) SPI1 regulatory circuit. For clarity, the genes encoding HilC, RtsA,
and HilA are not shown (7, 9). (B) Pathway for B-oxidation of fatty acids.
Enzymes in the anaerobic pathway are in parentheses (adapted from data in
reference 13). OM, outer membrane; IM, inner membrane; FAD, flavin ade-
nine dinucleotide. (C) Schematic representation of the free LCFA import and
export in Salmonella.

acyl-CoA LCFAs, FadR represses fad (fatty acid degradation)
genes and activates fab (fatty acid biosynthesis) genes (13).

Loss of the acyl-CoA synthetase FadD was shown to reduce
hilA expression independently of the regulatory protein FadR
(16). However, the mechanism of this regulation was not eluci-
dated. Given the potential impact of fatty acids in the intestine, we
sought to understand the role of LCFAs, and their utilization, in
SPI1 regulation. Here, we show that LCFAs act as a direct signal to
control expression of the Salmonella invasion system. This regu-
lation is distinct from the effects of short-chain fatty acids, which
also affect SPI1. We propose that Salmonella integrates the con-
centration information for both long- and short-chain fatty acids
to determine the optimal site for intestinal invasion.

RESULTS

Free LCFAs mediate a fast and reversible decrease in hilA tran-
scription. To study SPI1 regulation by free long-chain fatty acids
(LCFAs), we used a single-copy chromosomal hilA-lac transcrip-
tional fusion as an established readout for SPI1 expression (17).
Addition of unsaturated (oleate) or saturated (myristate and
palmitate) free LCFAs resulted in a concentration-dependent de-
crease in hilA transcription (Fig. 2), effectively decreasing hilA
transcription at submillimolar concentrations. In further experi-
ments, oleate was used as a representative LCFA due to greater
solubility. The observed repression of hilA transcription by
0.6 mM oleate was evident at 15 min after oleate addition to the
medium, and repression was reversible; transfer to medium with-
out oleate relieved repression within 30 to 45 min (see Fig. S1 in
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FIG 2 External unsaturated (oleate) and saturated (myristate and palmitate)
LCFAs repress hilA transcription in a concentration-dependent manner. Rel-
ative B-galactosidase (3-gal) activity in strains containing a hilA-lac transcrip-
tional fusion grown under SPI1-inducing conditions in the presence of indi-
cated concentrations of LCFAs. Relative [B-galactosidase activity was
calculated as a percentage of the untreated control strain value for each LCFA
concentration. The detergent Tergitol NP-40 (2.5%) was present in all sam-
ples. B-Galactosidase activity units are defined as (micromoles of ONP formed
minute~!) X 10%/(ODg,, X milliliter of cell suspension) and are reported as
mean =+ standard deviation, where 7 is 4. The strain used was JS749.

the supplemental material). These results suggested that it was
LCFAs per se that caused the effect, rather than metabolic break-
down products or, for example, synthesis of new lipids.
Decreased hilA expression by external LCFA is independent
of FadD, FadK, FadR, and B-oxidation of LCFAs. A previous
study concluded that FadD positively regulates hilA expression in
the absence of external LCFAs by an unknown FadR-independent
mechanism (16). We wanted to determine the role of FadD in
modulation of hilA expression and understand the relationship to
the effects of external LCFAs. Loss of FadD caused a 1.6-fold de-
crease in expression, but addition of oleate still caused a 4-fold
decrease in the fadD background, suggesting that external LCFAs
act independently of FadD (Fig. 3). Loss of FadK, an acyl-CoA
synthetase that functions under anaerobic conditions (13), did
not affect the phenotype. Blocking the 3-oxidation pathway (fadE
fadAB) also had no effect on hilA expression. Moreover, addition
of oleate had a slightly greater effect in this background. These
results support the concept that the free fatty acids are causing the
effect; degradation only lowers the concentration. Loss of the tran-
scriptional regulator FadR caused a slight decrease in hilA tran-
scription in the absence of external oleate, suggesting that FadR
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FIG 3 External oleate causes a decrease in hilA expression independent of
FadD, FadR, or the B-oxidation pathway; FadL is required for downregulation.
Strains containing a hilA-lac fusion and the indicated mutations were grown
under SPIl-inducing conditions in the absence or presence of 0.3 mM
oleate. Tergitol NP-40 (0.2%) was present in all samples. 3-Galactosidase
activity is reported as mean = standard deviation, where # is 4. Strains used
were JS749 and JS2057 to -62. wt, wild type.

January/February 2016 Volume 7 Issue 1 e02170-15


mbio.asm.org

w B
o o
o o
l

=

wt fadD fadR fadD fadE

B-galactosidase activity 3
N
o

-
o

o o o
| l

fadD fadR fadD fadE

fadR fadAB fadR fadAB
fadD fadD
fadl* fadR fadl- fadR
B C
;;200 200 I Biobeads SM-2
S 160 160
§1zo— 120-
'g 80 80
3 40 40
S
& 0~ 0-
0 0.3 wt fadD fadR fadD fadE
oleate (mM) fadR fadAB
wt . fadD
hilA-lac fadR

FIG 4 (A) Loss of the FadL transporter suppresses the fadD phenotype.
Strains containing a hilA-lac fusion and the indicated mutations were grown
under SPI1-inducing conditions. wt, wild type. (B) Addition of SM-2 Bio-
Beads relieves hilA repression by external oleate. The wild-type strain contain-
ing a hilA-lac fusion was grown under SPI1-inducing conditions with SM-2
Bio-Beads and Tergitol NP-40 (0.2%) with or without 0.3 mM oleate. (C)
Addition of SM-2 Bio-Beads relieves the fadD phenotype. Strains containing a
hilA-lac fusion and the indicated mutations were grown under SPI1-inducing
conditions with SM-2 Bio-Beads. B-Galactosidase activity is reported as
mean * standard deviation, where 7 is 4. Strains used were JS749, JS2057 to
-59, JS2061 to -66, and JS2068.

does have some regulatory input into SPI1 (Fig. 3). However, re-
pression of hilA by oleate is evident in the absence of FadR. Dele-
tion of both fadD and fadR leads to an apparent additive effect, but
oleate still caused a decrease in hilA expression in the double mu-
tant background. Taken together, these data suggest that free
LCFAs cause a decrease in hilA expression independently of deg-
radation or the regulatory protein FadR.

The LCFA transporter FadL is required for the effects of both
external LCFAs and loss of FadD. The LCFA transporter FadL is
required for transport of external LCFAs to the periplasm. Dele-
tion of fadL alone had no effect on hilA expression. However, loss
of FadL prevented hilA repression by 0.3 mM external oleate
(Fig. 3), showing that free LCFAs must gain access to the
periplasm to affect hilA expression. FadL is also required for re-
pression by myristate and palmitate (data not shown). Interest-
ingly, deletion of fadL also suppressed the decrease in hilA tran-
scription caused by loss of FadD. However, the fadL deletion did
not suppress the fadR phenotype, as hilA expression was still de-
creased 1.5-fold in all fadR fadL genetic backgrounds (Fig. 4A).
These data suggest that FadD and FadR act independently to con-
trol hilA expression. Moreover, the fadD phenotype is dependent
on transport of LCFAs across the outer membrane, despite the fact
that no external LCFAs were added to the medium. One explana-
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tion is that free LCFAs accumulate in the medium in the fadD
mutant culture and that FadL is transporting these LCFAs back
into the cell, resulting in decreased hilA expression.

External absorption of LCFAs relieves the fadD phenotype.
SM-2 Bio-Beads (Bio-Rad, Inc.) can be used to absorb LCFAs in
culture. As proof of SM-2 Bio-Bead functionality, bacteria were
grown with Bio-Beads in the presence of 0.3 mM oleate; under
these conditions, the added LCFAs had no effect on hilA transcrip-
tion (Fig. 4B). Likewise, in the presence of Bio-Beads, loss of FadD
had no effect on hilA transcription in the wild-type background
(Fig. 4C). A 2-fold decrease in hilA expression was still evident in
the presence of Bio-Beads in strains lacking FadR, independent of
any other genetic changes. Thus, addition of Bio-Beads specifi-
cally relieves hilA repression caused by loss of FadD, suggesting
that the fadD phenotype involves free LCFAs in the culture me-
dium. FadR apparently functions independently to control hilA
transcription.

Free LCFAs produced by the fadD mutant cells are excreted
into the culture medium in a TolC-dependent manner. Loss of
FadD apparently results in an accumulation of free LCFAs in the
culture medium (18), which then have to be transported into the
cell via the outer membrane transporter FadL to repress hilA ex-
pression. This also implies that loss of FadD or addition of the
external free LCFAs to the culture medium regulates hilA expres-
sion by the same mechanism. Internally produced free LCFAs
would have to be subjected to efflux out of the cells and/or be
liberated by cell lysis to accumulate in the culture medium. A
recent study implicated multidrug efflux pumps that function via
the outer membrane channel TolC in the export of free fatty acids
in Escherichia coli (19). We introduced a tolC deletion into the
transcriptional hilA-lac fusion strains in wild-type, fadD, fadL, or
fadD fadL backgrounds. Loss of TolC alone resulted in a slight
decrease in hilA transcription (Fig. 5A) as seen previously (20).
Simultaneous loss of both FadD and TolC caused a 10-fold de-
crease in hilA expression, which could no longer be suppressed by
the loss of the FadL outer membrane transporter. These data sug-
gest that TolC mediates free LCFA efflux in a fadD mutant. Block-
ing the efflux of free LCFAs accumulating in the absence of FadD
causes an increase in the free LCFA concentration inside the fadD
tolC mutant cells, which results in hilA expression being decreased
to an even greater level than that in the fadD mutant. Loss of FadL
does not suppress loss of FadD in the t0/C mutant because the
LCFAs are trapped inside the cell. Surprisingly, the addition of
Bio-Beads did partially suppress the fadD phenotype in the tolC
deletion background (Fig. 5A). However, there was no effect of
Bio-Beads in a fadD tolC fadL triple mutant. These data suggest
that, consistent with our hypothesis, LCFAs are building up in the
fadD tolC fadL mutant and that these LCFAs are not accessible to
the culture medium. Free LCFAs are also apparently accumulating
in the fadD tolC mutant, as evidenced by the decrease in hilA
expression, but in this case, the LCFAs can be absorbed if a “sink”
(Bio-Beads) is provided external to the cell. These results imply
that LCFAs accumulate and equilibrate across the cytoplasmic
membrane in the absence of FadD and that these LCFAs can pass
from the periplasm into the external milieu in a FadL-dependent
manner, albeit less efficiently than via TolC.

To further test our model, we determined the free LCFA con-
centration in the supernatant of fadL, fadL fadD, and fadL fadD
tolC mutants via mass spectrometry (MS); the fadL background
negated any reuptake of LCFAs. The B-galactosidase activity pro-

mBio® mbio.asm.org 3


mbio.asm.org

Golubeva et al.

[ untreated

[ Biobeads SM-2

n m

200

==

0000 1

160 T

120 1
HHFE= =

wt tolC fadD fadD fadl fadl fadD fadD  wt
tolC tolC fadlL fadlL
tolC

H
o o
T

B-galactosidase activity 3

hilA-lac

tolC fadD fadD fadlL fadlL fadD fadD

=

0000 1

0000
=

10000 1

N W b

—

fadlL fadD fadD
fadlL fadL
tolC

Relative total [LCFAS]
supernatant/dry cell weight

tolC tolC fadlL fadL

tolC

FIG 5 Free LCFAs produced by the fadD mutant cells are excreted into the culture medium in a TolC-dependent manner. (A) Strains containing a hilA-lac
fusion and the indicated mutations were grown under SPI1-inducing conditions with or without SM-2 Bio-Beads. B-Galactosidase activity is reported as mean *+
standard deviation, where # is 4. Strains used were JS749, JS2057, JS2062 and -63, and JS2069 to -72. wt, wild type. (B) The fadL, fadD fadL, and fadD fadL tolC
bacterial cultures were grown in defined medium, and LCFA content in 15 ml of filtered supernatant from each culture was determined. Resulting LCFA content
was normalized to dry cell weight. For the box plot, the line in the middle of the rectangle is the median (or the second quartile [Q2]). The top whisker denotes
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duced from a hilA-lacZ fusion present in each strain was as ex-
pected. Moreover, there was no detectable 3-galactosidase activity
in any of the supernatants, suggesting that cell lysis was negligible
in this experiment (see Fig. S2 in the supplemental material). Fig-
ure 5B shows that the concentration of LCFAs present in the su-
pernatant was significantly increased in the fadL fadD mutant
compared to the fadL mutant, whereas extracellular LCFAs were
significantly reduced in the fadL fadD tolC mutant. These results
are perfectly consistent with our model; free LCFAs build up in the
fadD mutant and are secreted into the milieu in a TolC-dependent
manner.

Decreased hilA expression in response to external free
LCFAs is independent of periplasmic stress regulators or the
PhoPQ two-component regulatory system. The data above show
that externally added free LCFAs must gain access to either the
periplasm or the cytoplasm to reduce hilA expression. The effect
of internally produced free LCFAs is enhanced when their efflux
across the outer membrane is blocked. However, because there is
clear equilibration across the cytoplasmic membrane, it is diffi-
cult, based on the above data, to distinguish whether the effect of
LCFAs is mediated in the periplasm, the cytoplasmic membrane,
or the cytoplasm. It is possible that free LCFAs act in the periplasm
to repress hilA, by inducing periplasmic stress or by being sensed
by another SPI1 regulator. We tested the role of the periplasmic
stress regulators CpxR and RpoE, as well as the PhoPQ two-
component system, which was recently shown to sense free unsat-
urated LCFAs in the periplasm of Salmonella (21). Deleting these
systems had no effect on hilA expression in the presence or ab-
sence of external LCFAs (see Fig. S3 in the supplemental material).
Hence, it seems unlikely that free LCFAs are acting via any
periplasmic system to control SPI1 expression.

External LCFAs act primarily via the AraC-like SPI1 regula-
tor HilD. Vibrio cholerae AraC-like regulator ToxT was recently
shown to bind free LCFAs, thus blocking ToxT DNA binding
(22-25). Production of the Salmonella SPI1 T3SS is dependent on
three AraC-like regulators, HilD, HilC, and RtsA. HilD serves as a
major point of integration of regulatory signals into the SPI1 cir-
cuit (7-9). We addressed the effect of free LCFAs on the ability of
each of these proteins to induce hilA expression by utilizing a
Aspil ArtsA strain (hilD, hilC, rtsA, and hilA genes are deleted).
Each of the three AraC-like regulators was then produced individ-
ually via a regulated promoter, and activity was monitored using

4 mBio® mbio.asm.org

the hilA-lac transcriptional fusion in cultures grown with or with-
out 1.2 mM oleate, the highest feasible concentration. Expression
of hilA in the wild-type strain was decreased more than 20-fold in
the presence of oleate (Fig. 6A). Expression was dependent on
HilD, HilC, and RtsA, as evidenced by the lack of activity in the
spil rtsA deletion strain. When production of a TetR-controlled
HilD protein was induced with anhydrotetracycline, addition of
1.2 mM oleate caused a 7-fold decrease in hilA-lac transcription
compared to the untreated control. Thus, the ability of HilD pro-
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FIG 6 Effect of oleate on HilD, HilC, or RtsA activity. (A) Strains containing
a hilA-lac fusion in the wild-type (wt) or spil rtsA background grown under
SPI1-inducing conditions in the presence or absence of 1.2 mM oleate. Relative
B-galactosidase activity is a percentage of untreated wild-type strain value
(238.75 units). (B) Strains containing a hilA-lac transcriptional fusion in the
spil rtsA background with HilD or RtsA proteins produced under a
tetracycline-regulated promoter were grown under SPI1-inducing conditions
with the indicated anhydrotetracycline (aTet) concentrations in the presence
orabsence of 1.2 mM oleate. Relative 3-galactosidase activity is a percentage of
untreated strain value in the presence of 100 ng/ml aTet, inducing production
of HilD (127.16 units) or RtsA (34.42 units). (C) Strains containing a hilA-lac
transcriptional fusion in the spil rtsA background with HilC protein produced
under the control of an arabinose-regulated promoter. Strains were grown
under SPI1-inducing conditions with the indicated arabinose concentrations
in the presence or absence of 1.2 mM oleate. All samples contained 2.5%
Tergitol. Relative B-galactosidase activity is a percentage of untreated strain
value in the presence of 0.0001% arabinose (243.21 units). B-Galactosidase
activity is reported as mean = standard deviation, where n is 4. Strains used
were JS749 and JS2075 to -79.
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tein alone to activate hilA expression is reduced in the presence of
oleate. When only RtsA protein was produced, addition of 1.2 mM
oleate resulted in a 1.8-fold reduction in hilA expression (Fig. 6B).
HilC was produced from an arabinose-dependent promoter on a
plasmid, with some HilC produced even when uninduced. But,
whether uninduced or induced, addition of 1.2 mM oleate caused
only a slight decrease in hilA-lac transcription (Fig. 6C). These
results suggest that free LCFAs affect each of these regulatory pro-
teins independently, with HilD being the most susceptible to in-
hibition. It should be noted that production of HilC and RtsA is
normally dependent on HilD and that HilD is also autoregula-
tory (7, 8). Thus, this 7-fold effect on HilD seen in this exper-
iment could easily account for the 20-fold effect seen in the
wild-type background, despite the limited inhibition of RtsA or
HilC activity.

LCFAs act directly on HilD. HilD and HilC are homologous,
particularly in their DNA binding domains, and thus bind the
same sites in the various promoters that they regulate (26). To
study DNA binding in vitro, we used Sumo-HilD and Sumo-HilC
fusion proteins (27). These fusion proteins specifically bind a hilC
promoter fragment at the same relative protein-to-DNA concen-
trations (see Fig. S4 in the supplemental material). The addition of
10 to 30 uM oleate to these gel shift reactions completely blocked
HilD DNA binding but had little effect on the binding of HilC
(Fig. 7). These results recapitulate the in vivo data above and sug-
gest that LCFAs directly interact with HilD to affect its DNA bind-
ing ability.

Regulation of the SPI1 T3SS by Long-Chain Fatty Acids

Free LCFAs repress SPI1 expression in the host in a FadL-
dependent manner. The ability of external free LCFAs to repress
SPI1 expression raises the important question of whether this reg-
ulation is relevant in the host. Our in vitro data showed that loss of
FadL resulted in bacteria being “blind” to external LCFAs, pre-
venting repression of hilA. To address the role of FadL in Salmo-
nella virulence, we used mouse oral and intraperitoneal (i.p.)
competition assays to determine the virulence phenotype of a fadL
null mutant. In the oral experiments, we recovered bacteria from
the distal small intestine, the primary site of Salimonella invasion
(28,29).

Dietary fatty acids could constitute a significant source of free
LCFAs in the intestine. Accordingly, we compared the outcomes
of the infection in mice where food was withheld for 4 h before
oral inoculation with those in mice that were actively feeding
(8664 Teklad rodent diet; 6.4% fat). The competitive index (CI)
data in Table 1 show that loss of FadL conferred a small (1.4-fold)
but statistically significant increase in virulence compared to the
wild-type strain when food was withheld. In contrast, when mice
were fed, loss of FadL resulted in a 3-fold increase in competitive-
ness. This effect was evident only upon oral infection, since loss of
FadL had no effect when bacteria were inoculated intraperitone-
ally, suggesting that degradation of LCFAs is irrelevant; SPI1 is
also dispensable when bacteria are administered i.p. (7).

To prove that the fadL virulence phenotype was not dependent
on the ability of Salmonella to degrade free LCFAs in vivo, we
competed the mutant lacking FadE, FadAB, FadD, and FadR (8-
oxidation ™) against the wild-type strain (3-oxidation™). Loss of
B-oxidation resulted in a 20-fold attenuation in virulence com-
pared to the wild-type strain in oral mouse infection (Table 1). If
this virulence defect was due to SPI1 downregulation, then loss of
B-oxidation should have no effect on virulence in the spil deletion
background. Indeed, the spil mutant lacking fadE, fadAB, fadD,
and fadR genes was not attenuated in oral mouse competition
assays compared to the spil mutant strain, consistent with the
model that LCFAs are acting as a signal rather than a nutritional
source. We then asked whether loss of FadL still had an effect on
virulence in the absence of B-oxidation. The B-oxidation™ mu-
tant lacking FadL was 14-fold more virulent than the isogenic
B-oxidation™ mutant in the oral competition assay (Table 1), ef-
fectively suppressing the virulence defect conferred by loss of
B-oxidation; the fadL mutation had no effect on virulence when
bacteria were administered i.p. Taken together, our in vitro and in

TABLE 1 Dietary free LCFAs repress SPI1 expression in the host in a FadL-dependent manner

Infection type Strain A¢ Strain B¢ No. of mice CIv Pe
Oral infection® fadL (no food) wt (no food) 7 1.39 0.026
fadL wt 10 2.99 0.025
fadE fadAB fadD fadR wt 9 0.05 0.034
fadE fadAB fadD fadR Aspil Aspil 9 1.11 NS
fadE fadAB fadD fadR fadL fadE fadAB fadD fadR 10 13.78 <0.0005
i.p. infection? fadL wt 5 0.71 NS
fadE fadAB fadD fadR fadL fadE fadAB fadD fadR 5 0.94 NS

@ The strains used were JS135, JS749, JS2066 to -68, JS2080, and JS2081. wt, wild type.
b The competitive index (CI) was calculated as described in Materials and Methods.
¢ The Student ¢ test was used to compare the CIs to the inocula. NS, not significant.

4 Bacteria were recovered from the spleen in the case of intraperitoneal (i.p.) competition assays.
¢ Bacteria were recovered from the distal portion of the small intestine in oral competition assays. Mice were actively feeding before oral inoculation in all oral infection experiments

except as specified otherwise (no food).
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vivo results suggest that dietary free LCFAs have an impact on
Salmonella virulence by downregulating SPI1 genes in the host
intestine. Indeed, the virulence defect caused by loss of the
B-oxidation pathway is explained completely by the effect on SPI1
expression. Moreover, additional deletion of fadL suppresses this
defect. Thus, Salmonella is using dietary free LCFAs as an environ-
mental cue in the host intestine, not as a significant energy source.

DISCUSSION

Here, we show that free long-chain fatty acids (LCFAs) act as an
environmental signal in the intestine that dictates appropriate ex-
pression of the SPI1 T3SS during oral infection. Submillimolar
concentrations of extracellular free LCFAs added to the growth
medium are sufficient for significant downregulation of hilA, en-
coding the primary regulator of the SPI1 structural genes. Both
saturated and unsaturated free LCFAs are effective. The simplest
model that explains our data is that free LCFAs above some
threshold concentration in the cytoplasm bind directly to HilD
protein to block its ability to bind DNA and activate transcription,
effectively blocking expression of hilD, hilC, rtsA, and hilA. LCFAs
have a lesser effect on the activity of the homologous SPI1 regula-
tors HilC and RtsA. This is, perhaps, not surprising given that the
three proteins share only 10% identity in their N-terminal do-
mains, the most likely site of LCFA binding. This mechanism of
SPI1 regulation by free LCFAs in Salmonella is similar to that of
ToxT in V. cholerae (22-25). Indeed, it has been suggested that the
activities of other AraC-like regulatory proteins, including VirF
from Yersinia enterocolitica and Rns from enterotoxigenic E. coli,
are negatively affected by binding to unsaturated fatty acids (30).
Interestingly, the SphR protein in Pseudomonas aeruginosa is acti-
vated by direct binding to sphingosine (31). Additional studies,
ideally including crystal structures of the SPI1 AraC-like regula-
tors, will be required to understand the binding of free LCFA to
HilD, enabling direct comparison to the structural models of the
ToxT-LCFA binding (23).

Our results suggest that free LCFAs can traverse/equilibrate
across the cytoplasmic membrane in the absence of FadD enzy-
matic activity, which normally would convert the LCFAs to acyl-
CoA derivatives, thus trapping them in the cytoplasm. This is in
agreement with both experimental (14) and computational (15)
studies showing that LCFAs in protonated form can cross a phos-
pholipid bilayer unassisted, where the absorption and flip-flop
stages are fast (milliseconds) and desorption from the opposite
membrane leaflet is slower (seconds). Accordingly, loss of FadD
causes a buildup of free LCFAs that reach some equilibrium across
the inner membrane. They are then exported out of the cell by
TolC and are imported back into the periplasm by FadL. The
result is some concentration equilibrium between external and
cytoplasmic LCFAs. Loss of either TolC or FadL disrupts this equi-
librium, altering the steady-state concentration of free LCFAs in
the cytoplasm.

Loss of FadR also causes a decrease in SPI1 expression. Thus,
FadR is a positive regulator of the SPI1 system. However, the
mechanism of FadR-mediated regulation is independent of that
caused by free LCFAs. This is evidenced by the fact that loss of
FadL or the addition of SM-2 Bio-Beads suppresses the effects of
LCFAs or loss of FadD but does not affect the phenotype conferred
by loss of FadR. More experiments are required to determine how
this transcriptional regulator feeds into the SPI1 regulatory cir-
cuit.
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The distribution of the environmental signals encountered in-
side the host is likely critical for Salmonella infection. Both dietary
sources and bile secretions in the proximal small intestine would
likely account for the LCFAs encountered by Salmonella in the
host intestinal tract (22). Medium-chain FAs (Cg4 to C,,) are also
known to both decrease hilA expression and inhibit Salmonella
growth at relatively high concentrations (32), but the mechanism
behind this regulation is unknown. Short-chain FAs, specifically,
acetate, formate, propionate, and butyrate, have also been shown
to significantly affect SPI1 gene expression. However, these com-
pounds act by very different mechanisms. Acetate activates trans-
lation of the hilD mRNA via the SirA/Csr system (9, 33, 34). For-
mate also activates the SPI1 system, but the mechanism is
unknown (35). In contrast, butyrate downregulates the SPI1 sys-
tem and does so independently of HilD (9, 36). Propionate also
negatively affects SPI1 expression. Although propionate does act
via HilD protein, it does not do so directly. Rather, production of
propionyl-CoA is required (37). Our results expand an overall
model put forward by Altier and colleagues whereby Salmonella
cells sense the relative location in the gastrointestinal tract (33, 35,
37, 38). We propose that the luminal concentration of LCFAs
should decrease as they are absorbed along the length of the small
intestine. Thus, at the distal ileum, the concentration of LCFAs
would be low (39, 40). In contrast, the concentrations of acetate
and formate are high in the distal ileum (38), signaling the optimal
location for induction of the SPI1 T3SS and invasion of the host
epithelia. In the cecum, past the site of invasion, increased con-
centrations of propionate and butyrate would result in repression
of SPI1 genes (37). Itis also interesting that Salmonella is incapable
of using butyrate as a carbon source (13, 41), and our results
suggest that utilizing LCFAs is irrelevant during infection. Thus,
these compounds in particular are acting primarily as signals for
proper intestinal location.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All Salmonella strains used in
this study (see Table S1 in the supplemental material) are isogenic deriv-
atives of Salmonella enterica serovar Typhimurium 14028 (American
Type Culture Collection) and were constructed using P22 HT105/1 int-
201 (P22)-mediated transduction (42). Deletion of various genes and
concomitant insertion of an antibiotic resistance cassette were carried out
using lambda Red-mediated recombination (43, 44) as described previ-
ously (45). The endpoints of each deletion/insertion are indicated in Ta-
ble S1 in the supplemental material. The appropriate insertion of the
antibiotic resistance marker was confirmed by PCR analysis. In each case,
the constructs resulting from this procedure were moved into a clean
wild-type background (14028) by P22 transduction. Each mutant strain
was reconstructed at least once to ensure that the phenotype was the result
of the designated mutation(s). In some cases, antibiotic resistance cas-
settes were removed using the temperature-sensitive plasmid pCP20 car-
rying the FLP recombinase (46).

Luria-Bertani (LB) medium containing 10 g tryptone, 5 g yeast extract,
and 5 g or 10 g NaCl per liter was used for growth of bacteria in aeration.
Superoptimal broth with catabolite repression (SOC) was used for the
recovery of transformants (42). Bacterial strains were grown at 37°C, ex-
cept for the strains containing temperature-sensitive plasmids pCP20 and
pKD46 (43, 46), which were grown at 30°C. Antibiotics were used at the
following concentrations: 100 pg/ml ampicillin (Ap), 20 ug/ml chloram-
phenicol (Cm) (but 10 ug/ml Cm was used for strains containing a
Ar0lC::Cm deletion), 50 pg/ml kanamycin (Kn), 25 ug/ml tetracycline
(Tet), and 50 ug/ml apramycin. Enzymes were purchased from Invitro-
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gen or New England Biolabs and used according to the manufacturer’s
recommendations. Primers were purchased from IDT Inc.

To induce the SPII system (SPI1-inducing conditions), bacteria were
initially inoculated into LB medium (0.5% NaCl), grown overnight, and
then subcultured 1/100 in 1.5 ml LB medium with 1% NaCl (high-salt LB
[HSLB] medium) in 13- by 100-mm tubes and grown for 4.5 to 6 h on a
roller drum. In all experiments requiring added LCFAs, the indicated
concentration of Tergitol NP-40 was included in all subcultures. The
LCFAs were initially solubilized in 90% ethanol for oleate (or in 70 to 75%
ethanol and 3 to 7% Tergitol NP-40 for saturated LCFAs), and the pH was
adjusted to 6.8 to 7.0. Equivalent ethanol/detergent was also added to the
no-LCFA controls.

External absorption of LCFAs by SM-2 Bio-Beads. For experiments
with the SM-2 Bio-Beads (Bio-Rad Inc.), 0.25 g of beads (for 1.5 ml of
medium) was aliquoted into 13- by 100-mm tubes, washed with 70%
ethanol, and then extensively washed 3 times with sterile phosphate-
buffered saline (PBS) and 3 times with the HSLB medium. Bacterial
strains grown in LB medium overnight were subcultured 1/100 in 1.5 ml
HSLB medium containing SM-2 Bio-Beads and grown for 4.5to 6 hona
roller drum.

B-Galactosidase assays. 3-Galactosidase assays were performed using
a microtiter plate assay as previously described (47) on strains grown
under the indicated conditions. B-Galactosidase activity units are defined
as (micromoles of o-nitrophenol [ONP] formed per minute) X 10%/(op-
tical density at 600 nm [ODy,] X milliliter of cell suspension) and are
reported as means * standard deviations, where 7 is 4.

Analysis of LCFA content in culture supernatant. For the determi-
nation of LCFA content in the supernatants of the fadL, fadD fadL, and
fadD fadL tolC mutants, bacteria were initially inoculated into morpho-
linepropanesulfonic acid (MOPS) EZ rich defined medium (Teknova
Inc.), grown overnight, and then subcultured 1/100 in 25 ml modified
MOPS EZ medium (1X MOPS rich buffer, 1X ACGU solution, 0.04 mM
K,HPO,, 1X Supplement EZ, 0.2% glucose) in 125-ml flasks and grown
for 7 h with aeration at 200 rpm. Triplicate cultures were grown for each
mutant background. Fifteen milliliters of each resulting bacterial culture
was centrifuged for 5 min at 7,000 rpm, the supernatants were collected
and filtered through 0.45-um polyethersulfone (PES) filters (Foxx Life
Sciences Inc.), and the bacterial pellets were collected for normalization to
dry cell weight. All glassware used in the experiment was washed with
acetone prior to use to minimize LCFA contamination of the initial
growth medium.

Fatty acids were extracted with 2 ml of chloroform, dried under an N,
stream, and converted into their methyl esters with 50 ul of 2.0 M (trim-
ethylsilyl)diazomethane dissolved in hexanes (Sigma, St. Louis, MO,
USA) and 30 ul of methanol for 15 min at room temperature. Twenty
microliters of internal standard (1 mg - ml~! nonadecanoic acid) was
added to each sample prior to derivatization. One microliter of each sam-
ple was injected in split mode (7:1) into a gas chromatography-mass spec-
trometry (GC-MS) system consisting of an Agilent 7890 gas chromato-
graph, an Agilent 5975 mass selective detector (MSD), and an Agilent
7683B autosampler (Agilent Inc., Palo Alto, CA). Separation was per-
formed on a ZB-5MS (60 m by 0.32-mm inside diameter [i.d.], 0.25-um
film thickness) capillary column (Phenomenex, Torrance, CA). The inlet
and MSD interface temperatures were 250°C, and the ion source temper-
ature was adjusted to 230°C. The helium carrier gas was kept at a constant
flow rate of 2 ml - min~!. The temperature program was 3 min of isother-
mal heating at 120°C, followed by an oven temperature increase of
5°C - min~! to 260°C and a final 5 min at 310°C. The mass spectrometer
was operated in positive electron impact (EI) mode at 69.9-eV ionization
energy at an mm/z 50 to 800 scan range. The instrument variability was 5%,
which is within the standard acceptance limit.

The spectra of all chromatogram peaks were compared with NIST08
electron impact mass spectrum libraries (National Institute of Standards
and Technology [NIST], MD, USA), W8N08 (Palisade Corporation, NY,
USA), and a custom-built database (460 unique metabolites). All known
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artificial peaks were identified and removed. To allow comparison be-
tween samples, all data were normalized to the internal standard in each
chromatogram and the cell dry weight (DW). The spectra of all chromato-
gram peaks were evaluated using the AMDIS 2.71 (NIST, MD, USA) pro-
gram.

Metabolite concentrations are reported as “(analyte concentration rel-
ative to nonadecanoic acid) per gram dry weight” (relative concentra-
tion), i.e., as target compound peak area divided by the internal standard
(IS) peak area (IS concentrations are the same in all samples): N; = X; X
X~ ! X gdry weight 1. Only those LCFAs not present in growth medium
were plotted (LCFAs found in the initial growth medium were subtracted
from the data). Box plots were generated in R v.3.1.2 (http://www.r-
project.org) orin XLStat 2015v 2.02 programs. For the box plot, the line in
the middle of the rectangle is the median (or the second quartile [Q2]).
The top whisker denotes the maximum value or the third quartile plus
1.5 times the interquartile range [Q3 + (1.5 X IQR)], whichever is
smaller. The bottom whisker denotes either the minimum value or the
first quartile minus 1.5 times the interquartile range [Q1 — (1.5 X IQR)],
whichever is larger.

Purification of HilD and HilC proteins. HilD and HilC were purified
with N-terminal His6-Sumo fusion tags as described previously (27) and
stored at 4°C in 20% glycerol. Dilutions of proteins were made using
protein dilution buffer (50 mM phosphate buffer, pH 7.4, 20 mM NaCl,
10% glycerol).

EMSAs. Electrophoretic mobility shift assays (EMSAs) were per-
formed using the SYBR green EMSA kit (Thermo Fisher Inc.) according to
the manufacturer’s instructions. A 10 nM concentration of a double-
stranded 210-bp DNA fragment of the hilC promoter region (correspond-
ing to —162 to +48) or a 258-bp nonspecific DNA fragment was incu-
bated for 20 min at room temperature (RT) with indicated amounts of
purified HilD or HilC protein in a binding buffer (20 mM HEPES, pH 7.3,
20 mM KCl, 1% glycerol, I mM dithiothreitol [DTT], 0.04 mM EDTA,
0.05% Tergitol NP-40) and 0.5X Novex Hi-Density Tris-borate-EDTA
(TBE) sample buffer. Oleate (or 90% ethanol at pH 6.8 to 7.0 as a control)
was added to samples as indicated. The samples were separated on a 6%
DNA retardation gel using 0.5X TBE running buffer according to the
manufacturer’s instructions (Invitrogen, Inc.).

Virulence assays. Bacteria were initially inoculated into LB medium
(0.5% NaCl), grown overnight, and then subcultured 1/35 in 4 ml LB
medium without NaCl in 50-ml flasks and grown for 4 h with aeration at
200 rpm. BALB/c mice (Harlan) (6 to 8 weeks old) were inoculated either
orally or intraperitoneally (i.p.) with 0.2 ml of a bacterial suspension. For
oral infections, the bacteria were washed and suspended at 5 X 108 or 5 X
10 cells per ml in sterile 0.1 M sodium phosphate buffer, pH 8.0. For
intraperitoneal infections, the cells were diluted to 5 X 103 cells per ml in
sterile PBS. For oral infections, mice were sacrificed by CO, asphyxiation
at 2 to 2.5 days after inoculation and the ileal small intestines were har-
vested. For i.p. infections, the mice were sacrificed by CO, asphyxiation
between 4 and 5 days after inoculation and spleens were harvested. These
organs were homogenized, and serial dilutions were plated on the appro-
priate medium to determine the number of CFU per organ. The relative
percentage of each strain recovered was determined by replica plating to
the appropriate antibiotic-containing medium. In all competition assays,
the inoculum consisted of a 1:1 mix of two bacterial strains. The actual
CFU and relative percentage represented by each strain were determined
by direct plating of the inoculum. The competitive index (CI) was calcu-
lated as (percentage of strain A recovered/percentage of strain B recov-
ered)/(percentage of strain A inoculated/percentage of strain B inocu-
lated). The Student t test was used to determine whether the output ratio
was significantly different from the input ratio. All animal work was re-
viewed and approved by the University of Illinois Institutional Animal
Care and Use Committee (IACUC) and performed under protocol no.
10050.
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