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ABSTRACT

Salmonella enterica serovar Typhimurium (S. Typhimurium) is a Gram-negative pathogen that causes
various host-specific diseases. During their life cycle, Salmonellae survive frequent exposures to a
variety of environmental stresses, e.g. carbon-source starvation. The virulence of this pathogen
relies on its ability to establish a replicative niche, named Salmonella-containing vacuole, inside host
cells. However, the microenvironment of the SCV and the bacterial metabolic pathways required
during infection are largely undefined. In this work we developed different biological probes whose
expression is modulated by the environment and the physiological state of the bacterium. We
constructed transcriptional reporters by fusing promoter regions to the gfpmut3a gene to monitor
the expression profile of genes involved in glucose utilization and lipid catabolism. The induction of
these probes by a specific metabolic change was first tested in vitro, and then during different
conditions of infection in macrophages. We were able to determine that Entner-Doudoroff is the
main metabolic pathway utilized by Salmonella during infection in mouse macrophages.
Furthermore, we found sub-populations of bacteria expressing genes involved in pathways for the
utilization of different sources of carbon. These populations are modified in presence of different
metabolizable substrates, suggesting the coexistence of Salmonella with diverse metabolic states
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during the infection.

Introduction

Salmonella is a Gram-negative enteric bacterial pathogen
that can infect a variety of hosts including birds, reptiles
and mammals. Salmonella enterica subsp. enterica sero-
var Typhimurium (S. Typhimurium) causes a self-limit-
ing gastroenteritis in humans whereas the closely related
serovar S. Typhi produces typhoid fever, a frequently
fatal systemic disease. Salmonella is a major public health
issue causing more than one billion new human infec-
tions each year that lead to more than three million
deaths." The problem is greatly exacerbated by the emer-
gence of multi-drug resistant strains.” In addition, .
Typhimurium is studied because it induces in mice a sys-
temic infection with some similarities to human typhoid
fever. The virulence of Salmonella requires its intracellu-
lar replication within a membrane-bound compartment
called the Salmonella-containing vacuole (SCV),® and
the expression of a Type 3 Secretion System (T3SS-2)**
that allows Salmonella to traslocate bacterial effectors
into the infected cells."”"* Salmonellae are capable of
infecting and replicating in many cell types, but are

thought to primarily replicate in macrophages.'>"” This
is supported by observations that Salmonella strains that
are defective for macrophage replication are avirulent in
mouse models of infection.®

In order to survive and efficiently replicate in host
cells, intracellular pathogens must adapt their metabo-
lism to the available nutrients and physical conditions
encountered (mainly pH, oxygen availability and
osmotic pressure).””>> There exist more than 100 suit-
able carbon substrates available, within the numerous
niches that bacteria can find in vertebrate bodies, as well
as various nitrogen, phosphorous and sulfur sources.”***
Most of the existing studies related to the interactions
between Salmonella and host cells have focused on
microbial virulence factors. There are scarce reports
related to the characterization of the in vivo metabolism
of Salmonella or other intracellular bacterial pathogens,
due essentially to important methodological limita-
tions.2>**2° However, recent technical developments in
this field, as high-throughput methods (microarrays,
proteomics), reporter systems, studies with mutant
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strains and "*C-isotopologue profiling assays are begin-
ning to provide insights about this important aspect of
pathogenesis.

There exists evidence that glucose is the main source
of carbon during Salmonella infection in different mod-
els.”>*”* However, there is no consensus regarding the
metabolic pathways that this pathogen privileges to
catabolize glucose. The Entner-Doudoroff and the gly-
colysis pathways have been proposed as the most proba-
ble routes of glucose consumption.”>”” Bowden et al.
showed that mutants deficient in glycolysis and glucose
transport are severely attenuated in replication in RAW
264.7 mouse macrophages.”” It was also proposed that
during infection of BALB/c mice, S. Typhimurium strain
SR-11 grows in a mixed mode using limiting glycolytic
sugars and either amino acids or tricarboxylic acid
(TCA) cycle intermediates, allowing continuous forma-
tion of pyruvate from malate.”® The authors found that
not enough pyruvate is generated through glycolysis to
satisfy the metabolic requirements of the bacteria and for
full virulence, suggesting that SR-11 grows in vivo in an
environment scarce in glycolytic sugars.*’

On the other hand, a group of studies highlighted the
relevance of lipid metabolism for the virulence and sur-
vival of Salmonella during infection. Salmonella, as
Escherichia coli, contains the complete set of f-oxidation
genes for the catabolism of fatty acids (fad), and is able
to grow in phosphatidyl-serine and oleic acid as unique
carbon sources.”>® Moreover, it was reported that the
expression of the acyl-coenzyme A dehydrogenase gen
(fadE) from the B-oxidation cycle, is induced during
infection in epithelial MDCK cells,”” suggesting that the
intravacuolar environment contains fatty acids available
to be used as carbon and energy sources. In line with this
hypothesis, limited concentrations of glucose were mea-
sured intracellularly in this model. fadB that encodes for
a key pB-oxidation enzyme with several enzymatic activi-
ties is one of the most induced genes during mice infec-
tion.*® Malic enzyme39 and isocitrate liase aceBA,*°
which are central enzymes of the glyoxylate cycle, are
also required for normal growth and persistence of Sal-
monella in vivo. Yet, fad genes are not required for full
virulence in mouse.””*’ These results suggest that the
accessibility of different metabolites in the SCV could
evolve during the course of infection, increasing the
dependence of fatty acids and acetate utilization during
chronic infection.

In general, these metabolic studies are based on meth-
ods that provide an average measurement for the total
bacterial population. Therefore, a new and relevant
aspect of the infection process to be evaluated is the pos-
sibility that sub-populations of bacteria with different
metabolic states or with diverse availability of nutrients

coexist during the process of infection. In this work, we
studied the expression of Salmonella genes involved in
the main catabolic pathways during infection of RAW
264.7 macrophages and found the concomitant existence
of sub-populations of bacteria expressing genes corre-
sponding to different catabolic pathways for the utiliza-
tion of diverse carbon sources. The proportion of these
populations was modified with the presence of different
metabolizable substrates, suggesting the coexistence of
Salmonella with diverse metabolic states during the
infection.

Results

Analysis of the expression of the -oxidation genes
in axenic cultures and during macrophage infection
using fluorescence probes

Differential gene expression profiling (DGEP) and'*C-
isotopologue profiling analysis (">C-IPA) suggest that
glucose, glucose-6P and gluconate are the main carbon
sources for intracellular S. Typhimurium,*® while other
studies provide evidences that fatty acid catabolism and
glyoxylate shunt are relevant metabolic pathways during
certain steps of the infection process.’””*' To gain
insights about the metabolic relevance of these two path-
ways in the course of infection, five transcriptional
fusions were constructed by cloning the promoter region
of different genes involved in S-oxidation cycle and the
glyoxylate shunt upstream of the reporter gene
gfpmut3A,*** and used to transform a wild-type strain
of Salmonella. We first evaluated the promoter activity of
the following genes: fadBA, encoding for the fatty acid
oxidizing complex; fadL, encoding for long-chain fatty
acid outer membrane transporter; fadD, encoding for the
acyl-CoA synthase; fadE, encoding for the acyl-CoA
dehydrogenase (also named as fadF,37); and aceBA,
encoding for the malate synthase A and the isocitrate
lyase, respectively. A Salmonella strain harboring fadBA-
gfp fusion was grown in Luria-Bertani (LB) broth and
minimal medium (M9) supplemented or not with oleic
acid and the GFP fluorescence of bacteria was analyzed
at different time points (Fig. 1A). The rich LB broth con-
tains a low concentration of glucose and other sugars
than can be metabolized by bacteria allowing a very short
steady-state growth. Then the cells must switch their
metabolism to use amino acids as a carbon source.*® M9
minimal medium contains salts, phosphate, sulfate,
ammonium minerals and 0.2% of glucose as carbon
source. In both media the presence of oleic acid led to an
increase of the fadBA promoter activity (Fig. 1A), sug-
gesting that the fadBA-gfp reporter is functional and
responds to the presence of this fatty acid. The activation
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Figure 1. Analysis of Salmonella B-oxidation and glyoxylate shunt pathways in axenic cultures and during macrophages infection. (A)
Wild-type Salmonella (12023) carrying the fadBA-gfp fusion was grown in LB or M9 supplemented or not with oleic acid. GFP synthesis
was recorded over 24 hours using a fluorimeter. The fluorescence levels shown on the graphics were calculated as the GFP values
reported to the OD600. Values are means =+ SD of 3 independent experiments. Unpaired t-test was used to determine whether two val-
ues were significantly different. P-values: ns, not significant; *, P < 0.05; **, P < 0.01. (B and C) Opsonized wild-type strains carrying the
fadBA-gfp, fadD-gfp, fadl-gfp, fadE-gfp or aceBA-gfp fusions were phagocytized by activated RAW 264.7 cells. 0, 2, 4, 8 and 16 hours
post infection, macrophages were lysed, and the mean fluorescence of bacteria extracted from them was determined by flow cytometry
and plotted as a function of time. These data are representative of at least three independent experiments.

of the promoter was significant after 8 hours of growth,
in late exponential phase, time at which the concentra-
tion of glucose in the medium decreases, thereby releas-
ing the catabolic repression of the promoter. A
Salmonella strain porting the empty pFPV25 plasmid
was used as a control; the very low basal fluorescence
value obtained for this construction was subtracted to
those values obtained for all the reporter fusions used in
this study (Fig S1A). A dose-dependent induction of the
fadBA-gfp fusion was also observed when the bacteria
were submitted to different amounts of oleic acid (Fig.
S1B). These results were confirmed by recording the
B-galactosidase activity of a Salmonella strain harboring
a single chromosomal copy of fadBA-lacZ reporter
fusion and grown in LB or M9 media with or without
addition of oleic acid (Fig. S1C). In the same way, similar
results were obtained for other B-oxidation transcrip-

tional fusions: fadD-gfp, fadL-gfp, and fadE-gfp

(Fig. S1D and data not shown). Correspondingly, the
aceBA-gfp reporter presented an increased activation
when the Salmonella strain harboring this fusion was
grown in presence of acetate (Fig. S1E and F).

On the basis of these results, we next aimed to detect if
intracellular Salmonella activates fatty acid catabolism
and/or the glyoxylate shunt. For this, we performed mac-
rophage infection assays with Salmonella strains contain-
ing the fadBA-gfp, fadD-gfp, fadL-gfp, fadE-gfp, or aceBA-
gfp reporters. The bacteria were grown in M9 during
3.5 hours in order to maintain a low induction of the
reporters, and used to infect activated RAW 264.7 macro-
phages grown in DMEM medium. Intracellular bacteria
were extracted after different times of infection, and their
fluorescence levels monitored by flow cytometry. Single
peak of GFP histograms were recorded for the different
Salmonella strains extracted from macrophages, indicating
that the entire population of intracellular bacteria was
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responding to the vacuolar environment (data not
shown). The mean GFP levels of the four strains, carrying
the fad reporters, decrease significantly soon after infec-
tion (Fig. 1B). Conversely, intracellular bacteria harboring
the aceBA-gfp reporter presented a rapid increase of the
promoter activity until 8 hours after infection (Fig. 1C).
At later time points, the GFP level decreased. These
results indicate that Salmonella does not use the S-oxida-
tion pathway during RAW 264.7 macrophages infection
in DMEM medium under these conditions; however, the
glyoxylate shunt is activated during the first hours of
infection. Confocal microscopy analysis of RAW 264.7
macrophages infected with Salmonella strains porting the
tusions fadBA-gfp, fadD-gfp, or aceBA-gfp, or the plasmids
pFPV25 and pFPV25.1 as controls, confirmed the results
obtained by flow cytometric analysis (Suppl. Fig 2).

Analysis of Salmonella g-oxidation and glyoxylate
shunt pathways during mouse infection

During in vivo infection Salmonella is found in various
organs and different cell types, and infection of macro-
phages may not necessarily reflect the complexity of envi-
ronments encountered in vivo. Thus, we also analyzed the
activity of the fadBA, fadD and aceBA promoters during
mice infection. For this C57BL/6 mice were infected with
Salmonella strains containing the reporters, and after 2
days the bacteria present in the spleens were extracted and
analyzed by flow cytometry. We found that the GFP level
corresponding to the fadBA promoter was slightly lower
compared with bacteria of the inoculum, while the fluores-
cence corresponding to the aceBA promoter was noticeably
increased (Fig. 2A and B and Suppl. Fig. 3). These results

are similar to those obtained for these two reporters in
RAW 264.7 macrophages. Interestingly, the activity of the
fadD promoter also increased significantly in vivo (Fig. 2B).
Taken together, these results show that, under these condi-
tions, the B-oxidation pathway is repressed and glyoxylate
shunt activated in mice and in cultured cells. However, the
discrepancy observed for the activity of the fadD promoter
between both models of infection, suggests that the envi-
ronment of the SCV is probably richer in fatty acids in vivo,
and that infection experiments performed in cultured cells
do not reflect the complexity of conditions found in the
context of infected animals. Nevertheless, even if fatty acids
are internalized by bacteria, they are probably not catabo-
lized by the B-oxidation pathway since the expression of
fadBA genes is repressed.

The extracellular concentration of glucose influences
Salmonella survival in RAW 264.7 macrophages

DMEM medium, commonly used to grow macrophages
and other cell lines and to carry out infection experi-
ments contains 4.5 g/L of glucose, which is a very high
concentration compared with the physiological level of
this sugar in the blood of vertebrates.*”** Moreover, the
host cells can be exposed to different concentration of
glucose in different organs. It has also been demon-
strated that S. Typhimurium preferentially associates
with  anti-inflammatory/M2  macrophages, which
degrade and use fatty acids as a source of carbon and
energy.”® To further understand the physiological state
of Salmonella during infection, we analyzed its replica-
tion in RAW 264.7 macrophages previously exposed,
during 24 hours, to different concentrations of glucose
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Figure 2. Cytometry analysis of Salmonella g-oxidation and glyoxylate shunt pathways during in vivo infections. (A and B) C57BL/6 mice
were infected for 48 hours with wild-type strains carrying the fluorescence fusions. The relative fluorescence intensity of the injected
bacteria and bacteria present in spleens was determined by flow cytometry. (A) Histogram graphs that display the relative GFP fluores-
cence versus the number of events shows a Gaussian distribution indicating GFP expressing bacteria. Wild-type Salmonella carrying the
aceBA-gfp fusion before infection (light blue, control), extracted from spleens (blue, green, red, and orange, each color correspond to a
different mouse) (n = 4). (B) C57BL/6 mice (n = 4) were infected for 48 hours with wild-type strains carrying the fadBA-gfp, fadD-gfp, or
aceBA-gfp fusions. The relative fluorescence intensity of the injected bacteria and bacteria present in spleens was determined by flow
cytometry. Unpaired t-test was used to determine whether two values were significantly different. P-values: *, P < 0.05; ***, P < 0.001.
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Figure 3. Analysis of Salmonella intracellular replication, internal glucose concentration, and macrophages viability and phagocytic
capacity in presence of different concentration of glucose in the infection medium. (A-D) Activated RAW 264.7 macrophages grown in
the presence of different concentrations of glucose (from 0 to 4.5 g/L) or with oleic acid were used for different assays. (A) RAW 264.7
cells were infected with wild-type strains and lysed at 2 and 16 hours post infection for enumeration of intracellular bacteria. The values
shown represent the fold increase calculated as a ratio of the intracellular bacteria between 16 and 2 hours. Values are means + SD (n
= 4). (B) Cell viability was evaluated by MTT assay. (C) RAW 264.7 macrophages were infected with wild-type strains and lysed at 2 hours
for enumeration of intracellular bacteria. (D) RAW 264.7 cells were grown for 24 hours, collected by centrifugation, and lysed. Glucose
concentration was determined by a fluorometric assay.”* (A-D) Values are means =+ SD of 3 independent experiments. An unpaired t-
test was used to determine whether a value was significant different from the control. ns, not significant; *, P < 0.05; ***, P < 0.001. (E)
Activated RAW 264.7 macrophages were infected with wild-type, B-oxidation mutants (AfadBA, AfadD), or a complemented (AfadD-
pfadD) strains and lysed at 2 and 16 hours post infection for enumeration of intracellular bacteria. The values shown represent the fold
increases calculated as a ratio of the intracellular bacteria between 16 and 2 hours and normalized to that of the wild-type strain in
DMEM medium supplemented with 4.5 g/L of glucose. Normalized fold increase of wild type strain in DMEM media supplemented with
oleic acid or mutants in both media against the wild-type (WT) strain in DMEM media supplemented 4.5 g/I of glucose were deter-
mined. Values are means + SD of 3 independent experiments. One-way ANOVA and Tukey post-tests were used to determine whether
the values were significantly different. Different letters (a, b, ¢, and d) indicate statistically significant differences between groups (mean
=+ SE). P-values: a vs. b, P < 0.05; a vs. cand a vs. d, P < 0.001; c vs. d P < 0.01.
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(from 0 to 4.5 g/L) in DMEM medium. Furthermore,
with the purpose of generating a SCV environment
enriched in fatty acids, we grew macrophages during
24 hours in DMEM medium in the absence of glucose
and with the supplementation of oleic acid (OA) in the
presence of BSA as carrier.”>' We observed that concen-
trations of glucose of 0.5 g/L or below lead to a replica-
tion defect in macrophages (Fig. 3A). Fig. 3B shows that
RAW 264.7 macrophages cultured in the absence of glu-
cose during 24 hours presented a reduction of viability of
20%, whereas the intracellular replication decreased 3.2-
fold independently of the presence of oleic acid. Also, the
viability of macrophages was not altered in the presence
of 0.5 g/L of glucose (Fig. 3B) while this condition leads
to an intracellular Salmonella replication defect of 1.8-
fold compared with those infecting macrophages grown
with a concentration of glucose > 1 g/L (Fig. 3A). We
then analyzed if the DMEM concentration of glucose
had an effect on the levels of Salmonella uptake. For
these experiments, we enumerated bacteria 2 hours post
infection (PI), and found that the growth of macro-
phages with different concentrations of glucose did not
affect the uptake of Salmonella by the host (Fig. 3C).
Then, we measured the intracellular concentration of
glucose *® after 24 hours of incubation in DMEM supple-
mented with different concentrations of the sugar and in
the presence or not of OA. We found that intracellular
levels of glucose were mildly affected under the tested
conditions (Fig. 3D). The intracellular concentration of
glucose decreased less than 25% when macrophages were
grown in a concentration of this carbohydrate < 0.5 g/L.
These results indicate that temporary reductions in the
external concentration of glucose do not strikingly affect
the intracellular concentration of this sugar, nor the
phagocytic capacity of macrophages, but have a marked
effect on the replication of bacteria into the SCV, sug-
gesting that the availability of the carbon source inside
the vacuole is limited. Finally, we infected RAW 264.7
macrophages with Salmonella wild type and with mutant
strains deficient in B-oxidation (AfadBA) or in fatty acid
transport (AfadD). These experiments were performed
in the context of the two extreme conditions analyzed
before: DMEM supplemented with 4.5 g/L of glucose
(DMEM-highGlc) and DMEM without glucose and sup-
plemented with 400 uM of OA (DMEM-nonGlc-OA).
In DMEM-highGlc the intracellular replication of the
AfadBA mutant did not statistically differ from the wild
type strain whereas those of the AfadD mutant was 2.79-
fold lower (Fig. 3E). In DMEM-nonGlc-OA, the wild
type strain showed a marked deficiency in replication,
compared with the same strain in DMEM-highGlc
(Fig. 3A and E). The effect was even more substantial
when infections were performed with mutant strains

AfadBA and AfadD in DMEM-nonGlc-OA, showing a
reduction in replication of 2.38- and 2.53-fold compared
with the wild type strain in the same medium. An effi-
cient trans complementation was observed when the
AfadD strain was transformed with a FadD expressing
plasmid (Fig. 3E). All together these results indicate that,
in macrophages, restricted external concentrations of
glucose during 24 hours lead to limited levels of glucose
into the SCV, and directly affect the intracellular replica-
tion of Salmonella. Also, the B-oxidation pathway, which
is dispensable in the presence of glucose gains relevance
in a medium starved for glucose. Interestingly, the prod-
uct of the fadD gene, the acyl-CoA synthetase, appears to
be necessary for replication even in the presence of high
glucose concentration in the medium, suggesting that
this enzyme could have an additional role besides the
B-oxidation.

The extracellular concentration of glucose modifies
the metabolic state of Salmonella in RAW 264.7
macrophages

Next we analyzed, by flow cytometry, if changes in the
external concentration of glucose induce any modifica-
tion in the expression profile of Salmonella genes
involved in fatty acid catabolism and/or glyoxylate shunt
during infections of macrophages. In order to not induce
the probe before the infection, we grew a Salmonella
strain harboring the fadBA-gfp reporter during 3.5 hours
in M9 (Fig. 1A, and Suppl. Fig. 4) and infected activated
RAW 264.7 macrophages grown in different DMEM
media. We observed a clear reduction of the mean GFP
levels during the infections, regardless of the presence or
the absence of glucose in the external medium (Fig. 1B
and Fig. 4A). At 5 hours post infection, most of the Sal-
monella extracted from macrophages grown in DMEM-
nonGlc-OA showed GFP fluorescence levels (blue curve)
similar to those found for the bacteria extracted from
macrophages grown in DMEM-highGlc (black curve)
(Fig. 4B). This indicates that the majority of bacteria
within RAW 264.7 macrophages exhibit a very low or no
expression of fadBA. However, in DMEM-nonGlc-OA,
we also observed a second population of bacteria with a
higher GFP fluorescence mean. This population, hereaf-
ter referred to as GFP"8" bacteria, corresponds to Salmo-
nella in which expression of fadBA is induced. Although,
this GFP"8" population did not exceed 12% of the total
Salmonella population, it was significantly more preva-
lent in macrophages grown in DMEM-nonGlc-OA that
in those grown in DMEM-highGlc (6% approximately),
at different times of infection (Fig. 4C). Similar results
were observed for bacteria harboring the reporter fadD-
gfp (Fig. 4D and Suppl. Fig. 5), indicating that a
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Figure 4. Salmonella present sub-populations expressing genes corresponding to different source of carbon utilization pathways during
macrophage infection. (A) Wild-type strain, carrying the fadBA-gfp fusion, was cultured in M9 during 3.5 hours, bacteria were then
opsonized and phagocytized by activated RAW 264.7 cells. 0, 5, 16 and 24 hours post infection, macrophages were lysed, and the mean
fluorescence of bacteria extracted from them was determined by flow cytometry and plotted as a function of time. These data are repre-
sentative of at least three independent experiments. (B) At 5 hours post infection, the relative GFP fluorescence intensity of bacteria
extracted from macrophages, cultured in DMEM-highGlc (black) or DMEM-nonGlc-OA (blue), was determined by flow cytometry.
Between 5000 and 10.000 bacteria were analyzed for each sample. A small population of Salmonella extracted from infected macro-
phages is highly fluorescent (GFP"9")_ (C-E) Wild-type strains, carrying the fadBA-gfp (C), fadD-gfp (D), or aceB-gfp (E) fusions, were cul-
tured in M9 during 3.5 h, opsonized and phagocytized by activated RAW 264.7 cells, cultured in DMEM-highGlc or DMEM-nonGlc-OA. 5,
16, and 24 hours post infection, macrophages were lysed, and the fraction of GFP high bacteria extracted from macrophages was deter-
mined by flow cytometry. An unpaired t-test was used to determine whether the values were significantly different. P-values: *, P<0.05;
™, P<0.01; ***, P<0.001. (F) Wild-type strain, carrying the fadBA-gfp fusion, was cultured in M9 during 16 hours, bacteria were then
opsonized and phagocytized by activated RAW 264.7 cells, cultured in different media. 5 and 24 hours post infection, macrophages
were lysed, and the mean fluorescence of bacteria extracted from macrophages was determined by flow cytometry. One-way ANOVA
was used to determine whether the values were significantly different. Different letters (a, b, ¢, and d) indicate statistically significant dif-
ferences between groups (mean =+ SE, P<0.05). ns, not significant.

subpopulation of intracellular bacteria was respondingto  prevalent in DMEM-highGlc, resulting in values of 30.9
the limiting concentration of glucose and the presence of  and 70.9% at 5 and 16 hours, respectively, compared
fatty acids. Remarkably, a different GFP expression pro-  with 9.2 and 16.4% obtained in DMEM-nonGlc-OA.
file was observed for the aceBA promoter (Fig. 4E). In  Interestingly, at 24 hours post infection, the recovered
this case, the percentage of GFP"8" population was  GFP"&" population represented 5.2% of the total bacteria
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in DMEM-highGlc, and 14.5% in DMEM-nonGlc-OA.
These results indicate that even in the presence of high

maintains the expression of the glyoxylate shunt until
16 hours post infection in RAW 264.7 macrophages. At

in DMEM-nonGlc-OA

concentrations of glucose, Salmonella induces and all time points evaluated
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Figure 5. (For figure legend, see page 983).




medium, aceBA-gfp was induced in a low percentage of
bacteria (below 16.4%), suggesting that this metabolic
pathway is less representative under this condition.

In order to evaluate if the initial metabolic state of
Salmonella influences its intracellular physiology or
behavior, we grew a Salmonella strain harboring the
fadBA-gfp reporter cassette during 16 hours in M9
medium and infected RAW 264.7 macrophages grown
in four different DMEM media: 0.5 g/L of glucose
and supplemented with OA, 1 g/L of glucose and
supplemented or not with OA, and 4.5 g/L of glucose.
Under these conditions the fadBA-gfp reporter was
already induced at the moment of the infection
(Fig. 1A and Suppl. Fig. 4). Fig. 4F shows that more
than 40% of the bacteria maintain the induction of
fadBA promoter until 5 hours post infection com-
pared with the 5.2% of GFP"" population observed
for Salmonella which have not induced the pathway
previous to the infection (Fig. 4C). In these experi-
ments the only difference consists in the inoculum of
the pathogen. In addition, for the fadBA-gfp fusion, at
5 h post infection, the percentage of GFP"&" popula-
tions were slightly higher when infection medium had
lower glucose concentration or was supplemented
with OA. At 24 hours post infection, the levels of
bacteria expressing high GFP fluorescence were
markedly reduced in the four media evaluated, pre-
senting a minimum of 5.3% in DMEM-highGlc, and
a maximum of 26.2% in DMEM 0.5 g/L of glucose
and supplemented with OA (Fig. 4F). These results
suggest that various populations of bacteria, with dif-
ferent metabolic state, coexist into the macrophages
during the infection. Also, the initial metabolic states
of the pathogen in the inoculum and the medium uti-
lized for the infection can influence the proportion of
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bacteria expressing genes corresponding to a particu-
lar pathway.

Entner-Doudoroff is the main metabolic pathway
utilized by Salmonella during infections in RAW
264.7 macrophages

Since a small fraction of bacteria activates the B-oxida-
tion cycle during infection of macrophages, we decided
to study the prevalence of different catabolic pathways
for glucose. For this we generated two new reporters to
analyze the level of transcription of the 6-phosphofructo-
kinase from glycolysis (pfkA-gfp) and of the phospho-
gluconate dehydratase from the Entner-Doudoroff (ED)
pathway (edd-gfp). A Salmonella strain carrying the
pfkA-gfp fusion was grown in medium M9 supplemented
with glucose or glycerol as unique source of carbon, and
tested for GFP fluorescence levels. A clear induction of
the pfkA promoter was evidenced in the presence of glu-
cose (Fig. 5A). A similar analysis was performed for a
strain with the edd-gfp fusion, which was grown in
medium M9 supplemented with glucose or gluconate or
in LB medium. As compared with bacteria grown, in LB
in which the concentration of glucose and other metabo-
lizable sugars is very limited, the edd-gfp reporter was
strongly induced in M9 in the presence of glucose and
even more in the presence of gluconate (Fig. 5B). These
data indicate that both reporters are able to sense the
availability of different carbon sources. A dose-depen-
dent induction of the pfkA-gfp and edd-gfp fusions was
also observed (Suppl. Fig. 6).

Then, both strains were used to infect RAW 264.7
macrophages cultured in DMEM-highGlc or DMEM-
nonGlc-OA. We found that, like for other reporters,
Salmonella recovered from macrophages presents a

Figure 5. (see previous page) Salmonella prioritizes the Entner-Doudoroff pathway during infections in macrophages. Wild-type Salmo-
nella carrying the pfkA-gfp (A) or edd-gfp (B) reporters were grown in LB or M9 medium supplemented with glucose, glycerol, or gluco-
nate. Bacterial growth was resumed and GFP synthesis was recorded over 24 h using a fluorimeter. The fluorescence levels shown on
the graphics were calculated as the GFP values reported to the OD600. Values are means £ SD of 3 independent experiments. (A) An
unpaired t-test was used to determine whether the values were significantly different. P-values: *, P<0.05; **, P<0.01. (B) One-way
ANOVA was used to determine whether the values were significantly different. Different letters (a, b and ¢) indicate statistically signifi-
cant differences between groups (mean + SE, P<0.05). Opsonized wild-type strain carrying the pfkA-gfp (C) or edd-gfp (D) fusions were
phagocytized by activated RAW 264.7 cells, cultured in different DMEM media. 5 and 24 hours post infection, macrophages were lysed,
and fraction of GFP"9" bacteria extracted from them was determined by flow cytometry. (C) An unpaired t-test was used to determine
whether the values were significantly different. P-values: *, P<0.05; **, P<0.01. (D) One-way ANOVA was used to determine whether
the values were significantly different. Different letters (a, b and c) indicate statistically significant differences between groups (mean +
SE, P<0.05). ns, not significant. (E) Opsonized wild-type strain carrying the pfkA-gfp or edd-gfp fusions were phagocytosed by RAW
264.7 cells grown on coverslips in DMEM medium supplemented with 4.5 g/L of glucose. 5 or 24 hours post infection macrophages
were fixed, immunostained for LPS and LAMP1, and imaged by confocal microscopy for GFP (green), LPS (blue), LAMP1 (red), and nuclei
(yellow). The voltage gain of the GFP photomultiplier was increased until Salmonella expressing GFP under the control of a reference
constitutive promoter (rpsM-gfp, shown in Fig S2 presented few saturated pixels and was kept unchanged to image macrophages
infected with other Salmonella carrying other reporters. Magnified insets showing grayscale images for LPS (left), GFP (middle) and
LAMP1 (right) are presented (scale bar, 10 um). Glc is abbreviation for glucose.
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Figure 6. Growth curves of Salmonella in LB and M9 with glucose
or gluconate. Wild-type Salmonella was grown during 12 hours
in LB or M9 medium supplemented with glucose, or gluconate.
0OD600 was recorded. These data are representative of at least
three independent experiments.

heterogeneous population. Interestingly, the pfkA-gfp
reporter presented a higher percentage of GFP™&" popula-
tion in macrophages cultured in DMEM-nonGlc-OA
(Fig. 5C), both at 5 and 24 hours post infection. However,
this GFPM" population was not higher than 20% of the
total Salmonella population. In the case of edd-gfp, the
percentage of GFP™&" population reached 89.8%, at
5 hours post infection in DMEM-highGlc, and decreased
to 44.3 and 26.9% in DMEM-nonGlc and DMEM-
nonGlc-OA media, respectively (Fig. 5D). At 24 hours
post infection we found between 40 and 50% of GFP™&"
bacteria in the three different media. Altogether these
results indicate that the Entner-Doudoroff pathway is
prevalently used by intracellular Salmonella regardless
the presence of glucose or fatty acids. They also show that
glycolysis is less relevant even if the expression of 6-phos-
phofructokinase is increased when the concentration of
glucose is limited. Confocal microscopy analysis of RAW
264.7 macrophages cultured in DMEM-highGlc, and
infected with Salmonella strains porting the fusions pfkA-
gfp, or edd-gfp, confirmed the results obtained by flow
cytometric analysis (Fig. 5E).

Finally, in order to test the source of carbon that
favors the development of Salmonella in axenic cultures,
we grew at 37°C the wild type strain of S. Typhimurium
in three different media: LB, M9 supplemented with
0.2% w/v of glucose, or 0.2% w/v of gluconate. Fig. 6
shows that the highest growth rate of Salmonella occurs
in LB broth, reaching a final DO at 600 nm of approxi-
mately 4.8 at stationary phase. In M9 medium with glu-
conate the growth curve reached a similar density but
presented a longer lag phase. Finally, for Salmonella

grown in M9 supplemented with glucose, an important
decrease of the growth rate and of the final OD of the
cultures was observed. These results suggest that this
strain of Salmonella can metabolize gluconate more effi-
ciently than glucose as a source of carbon.

Discussion

Salmonella and other intracellular pathogens must adapt
their metabolism to available nutrients and to physical
conditions. Several studies have revealed that resistance
to antimicrobial peptides, nitric oxide and oxidative kill-
ing are important to bacterial survival within macro-
phages and to virulence.>>® Microarray studies have
shown that several hundreds of S. Typhimurium genes
are differentially regulated in response to the nutritional-
limited phagosomal environment 27, however, the micro-
environment of the SCV has remained largely unknown.
Recent studies®® provided us with a vision of the in
vivo metabolism of pathogens within the host cell com-
partments. Though, gene expression analysis of intracel-
lular bacteria is wusually measured at the whole
population level, which may mask potential cell-to-cell
heterogeneity.”>*° Furthermore, a number of data exist
from the comparison of the bacteria growing in LB
broth, or a rich media, with those obtained from the
intracellular environment, this may also affect the rela-
tive conclusions obtained from the analysis.®'

In this work we used fluorescence reporter fusions to
analyze the relevance of different metabolic pathways
used by Salmonella during infections in RAW 264.7
macrophages. We modified the availability of glucose
and fatty acids in the medium of infection in order to
challenge the adaptation capability of bacteria into the
SCV. First we identified that the high concentrations of
glucose contained in the host cells growth media, com-
monly used to evaluate expression and actions of bacte-
rial protein effectors, can mask slight metabolic tuning of
the pathogen during infection. This is the case for varia-
tions of the B-oxidation genes expression in a minority
fraction of the bacteria in culture media supplemented
with fatty acid. In E. coli and Salmonella ssp, the expres-
sion of genes involved in fatty acid catabolism is nega-
tively controlled by the transcriptional regulator
FadR.°**® High glucose concentrations induce carbon
catabolite repression, a regulatory mechanism by which
the expression of genes required for the utilization of sec-
ondary carbon sources is prevented by the CRP-cAMP
complex.***> However, during infections in vertebrates
the bacteria could face variations in glucose concentra-
tions, and the presence of other sources of carbon. In
infected mice, the promoter of the fadBA, a central gene
involved in B-oxidation, showed a very low activity



suggesting that this pathway is not activated. However,
fadD encoding for the acyl-CoA synthetase, a key
enzyme for the internalization and activation of fatty
acid together with the transporter FadL, is highly
expressed. These results indicate that fatty acids could be
internalized but not processed by the B-oxidation cycle,
during infections in vivo. We have also found that a
AfadD mutant has a defect in replication inside macro-
phages, even in the presence of elevated concentration of
glucose, suggesting that this enzyme has an additional
role besides fatty acid catabolism. In line with these
observations, Lucas et al. ® have shown that FadD is a
positive regulator of the hilA expression, which is a cen-
tral player for the host invasion process. The authors
suggested that fatty acid and/or their derivatives, acti-
vated by FadD, may act as intracellular signals to regulate
hilA expression and to increase expression of the SPI-1
Salmonella invasion genes.°>’ In addition, it was found
that in E. coli and Sinorhizobium meliloti, FadD activates
exogenous long-chain fatty acids (LCFA), but also plays
a major role in the activation of endogenous fatty acids
released from membrane.”® Recently, it has also been
demonstrated that long chain unsaturated free fatty acids
(LCUFAs), present in the bacterial growth medium, exert
a repressive action on the PhoP/PhoQ system activity
that is independent of the fatty acid S-oxidative pathway.
This inhibition could be due to a FadD-mediated change
in the phospholipid composition of the bacterial mem-
branes that would perturb the catalytic activity of mem-
brane-anchored PhoQ protein.*’

The glyoxylate shunt (ICL) is necessary for persistence
of Salmonella in vivo, but not for the acute phase of
infection.** However, we unexpectedly found that aceBA
genes are highly expressed during infection in mice and
also until 16 hours post infection in RAW 264.7 macro-
phages, even in the presence of elevated concentration of
glucose. Then, at 24 hours post infection we observed a
dramatic decrease in the percentage of bacteria express-
ing these genes. Also, in media lacking glucose and sup-
plemented with oleic acid, a low population of
Salmonella expressing aceBA was detected, suggesting
that the enzymes involved in the glyoxylate cycle could
have less relevance in the long-term infection in macro-
phages. The glyoxylate cycle is commonly associated to
functions in anaplerosis and gluconeogenesis, like the
assimilation of C2 compounds and catabolism of fatty
acids. However, in E. coli, the glyoxylate shunt can act
together with the PEP carboxykinase, in the presence of
glucose, in order to complete oxidation of carbohydrates
to CO,, and also as a redox-cofactor balancing. Specifi-
cally these enzymes could add potential metabolic flexi-
bility to redox metabolism by effectively decoupling
catabolic carbon flow from NADPH formation that
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would occur in parallel with tricarboxylic acid cycle.”’
Therefore in the case of Salmonella, the central enzymes
of the glyoxylate cycle could be required in different
stages of the infection process to optimize its metabolic
and energetic status.

We also found that variations of glucose concentration
in the culture media during a period of 24 hours did not
decrease dramatically the macrophages viability nor cyto-
plasmic levels of glucose. Yet, an external concentration of
glucose <0.5 g/L led to a significant decrease of Salmo-
nella replication within the host, while the levels of bacte-
ria up-take were not affected. These results suggest that
the amount of glucose available into the SCV become lim-
iting even if the cytoplasmic concentration of glucose is
steady. A AfadBA mutant, defective in fatty acid catabo-
lism, did not show reduction in replication into the RAW
264.7 cells, cultured in media with high glucose concentra-
tion. However, a AfadD mutant, defective in fatty acid
activation and transport, showed a clear defect in replica-
tion. These results also suggest that FadD could have
additional roles apart from the activation of fatty acids
that are shuffled into the B-oxidation cycle. Though, both
AfadBA and AfadD mutants showed an important drop
for replication in macrophages cultured in low glucose
concentration. Consequently, it is possible that in the
presence of an excess of glucose, the S-oxidation pathway
does not play a significant role in the metabolism of Sal-
monella during infection, while when the concentration of
glucose is limited the catabolism of fatty acids gains rele-
vance for survival and replication of the pathogen. Con-
sidering that the availability of fatty acids may vary in
different organs during infection in vivo,” S. Typhimurium
may perceive these SCV environment variations and
adapt the metabolic gene expression accordingly.

Then, by using variations in the media where macro-
phages were cultured, we detected heterogeneity of the
intracellular bacterial gene expression. The percentages
of bacteria expressing fadBA and fadD genes increased
when we changed the medium of infection from
DMEM-highGlc to DMEM-nonGlc-OA. In both media
a minority fraction of bacteria activated the expression
of these f-oxidation genes. Nevertheless, in DMEM-
nonGlc-OA, AfadBA and AfadD mutants were defective
in replication inside macrophages, suggesting that these
small populations could have relevance for survival
under conditions with limiting glucose concentrations.
Accordingly to this, microarrays data also have showed
that the expression of S-oxidation genes of S. Typhimu-
rium in J774 macrophages was up- or down- regulated
as compared with bacteria grown in RPMI medium with
glucose or in LB medium, respectively.”>”" Conse-
quently, in differential metabolic gene expression analy-
sis it is extremely relevant to consider the origins of the
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RNAs comparator, since the results inferred may there-
fore differ substantially.”””> Further studies also showed
that Salmonella upregulates expression of fadE and fadB
genes during infection in epithelial MDCK cells*” and
mice.”® These data suggest that the intravacuolar envi-
ronment contains fatty acids available to be used as car-
bon and energy sources.

We also obtained different gene expression profiles for
fadBA-gfp fusion when the Salmonella strain used to
infect macrophages was in exponential or in stationary
phase of growth in M9 media. In macrophages infected
with an inoculum of Salmonella grown in M9 during
more than 8 hours, the fadBA-gfp fusion has already a
significant level of promoter activity before the infection
(Fig. 1A) and approximately half of the population con-
serves an elevated expression level of fadBA genes early
during infection (Fig. 4F). Then, after 24 hours of infec-
tion in a medium with elevated concentration of glucose,
the percentage of bacteria with high level of fadBA-gfp
expression decreases significantly. However, the reduc-
tion of the GFP™&" population is moderated when glu-
cose concentration in the medium decreases and/or the
media is supplemented with oleic acid. Consequently,
variations in the carbon and energy sources availability
before and during the infection have inference in the
metabolic pathway activated for the bacteria. Conse-
quently, it is critical to consider the initial metabolic state
of the bacteria, since the conclusion obtained could be
influenced or biased by the origin of the inoculum.

The pfkA and edd genes involved in two different
pathways of glucose catabolism, glycolysis and Entner-
Doudoroft, respectively, were tested in order to identify
which pathway is prioritized by the bacteria for survival
and replication inside macrophage. In both media, high
and low glucose and supplemented with fatty acids, the
fraction of bacteria expressing the 6-phosphogluconate
dehydratase was more important than those expressing
the phosphofructokinase. This result together with the
expression profile observed for aceBA suggest that the
metabolism of Salmonella could alternate between gly-
colysis and ED pathways and between Krebb cycle and
glyoxylate shunt in order to optimize the intracellular
concentrations of NADH and NADPH and the redox
balance of bacteria during the different stages of infec-
tion. This could allow the bacteria to fine-tune their fit-
ness and to adapt to different environmental changes.

Finally, we determined that Salmonella grows more
efficiently in M9 minimal media using gluconate than
glucose as carbon source. Other studies also proposed
that Salmonella can use the ED pathway to survive in dif-
ferent host cells, like Caco-2 cells,*® J774-A.1 macro-
phages,”””" and HeLa cells.”" 7>

Recent studies have shown that low-pH conditions
can regulate the expression of virulence and metabo-
lism Salmonella genes.”>”* Consequently, we evaluated
ED and B-oxidation pathways in anexic cultures at
pH 5.2 and found that the expression of edd gene is
not altered by the lower pH conditions (Suppl.
Fig. 7). On the other hand, at late time points of
growth (more than 8 hours), fadBA expression level
showed a decrease at pH 5.2. This effect was more
significant in the absence of oleic acid. These results
indicate that the expression of certain Salmonella
genes, involved in the catabolism of carbon sources,
can also be regulated by the pH.

In conclusion, we found that major populations of
bacteria survive using glucose and/or gluconate as sub-
strates, while a minority uses fatty acid. The gfp fusion
method is a unique tool for the measurement of gene
expression in individual bacteria in response to complex
environments such as the phagosome, and presents mul-
tiple advantages: its specificity to a dedicated pathway
and its sensitivity. Moreover, this reporter system can be
used in different conditions and can be monitored using
various methods (fluorimeter, flow cytometry, quantita-
tive microscopy). Yet, we should keep in mind that the
use of plasmids might sometime lead to artifacts arising
from their high copy number, their loss in the absence of
antibiotic during long-term infection experiments, or an
abnormal regulation of promoters. Yet, in this study all
the gfp transcriptional reports were evaluated first in axe-
nic culture and the fadBA promoter profile was also vali-
dated by a chromosomal single copy construction using
a lacZ reporter. A specific LPS Salmonella antibody was
used to detect bacteria, and constitutive gfp construction
was used as control for plasmid maintenance in the flow
cytometry assays. Though, in future analysis it will be
important to consider the nutritional variables involved
in different models of infection, infection conditions,
and the initial metabolic state of the bacteria. Also, if the
metabolism of intracellular and cultured in media bacte-
ria is compared, we must evaluate if the ‘comparator bac-
teria’ derive from a rich media with poorly defined
nutrient and carbon substrate compositions or a well-
defined medium, since the deducing details about central
carbon and other key metabolisms depend on these data.
Our results suggest that Salmonella could use diverse
strategies to adapt its metabolism to the variable condi-
tions found in the environment of the SCV in different
stages of the infection. Also, every population could have
a particular relevance to facilitate the proliferation or to
establish a chronic infection or latency in different cell
types or organs encountered by the pathogen in the host
organism.



Table 1. Bacterial strains and plasmids.

Relevant genotype Source or
Strain and/or information reference
12023 Wild-type Laboratory
stock

PB7956 12023 - AfadBA Garcia-Véscovi

PB8099 12023 - AfadD o8

AfadD - pfadD 12023 - AfadD - pfadD This study

Plasmids

pFPV25 GFP reporter fusion vector (Ap") a2

pMAN-3 pFPV25 derivative carrying the fadAB:: This study
gfpmut3a promoter (Ap®)

pMAN-4 pFPV25 derivative carrying the fadl: This study
gfpmut3a promoter (Ap®)

pMAN-5 pFPV25 derivative carrying the fadD:: This study
gfpmut3a promoter (Ap®)

pMAN-6 pFPV25 derivative carrying the fadE: This study
gfpmut3a promoter (Ap®)

pMAN-11 pFPV25 derivative carrying the aceBA:: This study
gfpmut3a promoter (Ap®)

pMAN-12 pFPV25 derivative carrying the pfkA:: This study
gfpmut3a promoter (Ap®)

pMAN-13 pFPV25 derivative carrying the edd:: This study
gfomut3a promoter (Ap®)

p28LL pET28a(+) carrying gene fadD, This study

as a His-tag fusion (Km")

Experimental procedures
Chemicals, strains, plasmids and DNA manipulation

The Salmonella Typhimurium strains used in this work
were wild-type 12023 (NTCC) and its isogenic deriva-
tives. The Salmonella and E. coli strains, and plasmids
used in this study are listed in Table 1. Ampicillin was
added at 100 ug ml™".

Culture conditions

E. coli and Salmonella strains harbouring the indicated plas-
mids were grown at 37°C in Luria Bertani medium (Difco,
San Jose, CA), or in minimal medium (M9, glucose 0.2%,
MgSO,4 1 mM, CaCl, 200 mM, thiamine 1 ug ml~}, casa-
mino acids 1 mg ml™"). When indicated, glucose in M9
was replaced by gluconate 0.2%, glycerol 0.5%, acetate
0.5%, or oleic acid (Sigma) 0.2% and brij 0.4%.

Fluorescence analysis with microplate reader

Fluorescence from bacteria grown in LB or M9 medium
was analyzed with a Synergy 2 Multi-Mode Microplate
Reader (BioTek). 2 ml of bacteria were grown at 37°C with
aeration and 200 ul were transferred to the 96-well plate at
each time point. For each sample fluorescence detected at
482 and 515 nm excitation and emission wavelengths,
respectively, was related to the absorbance at 600 nm to
make it proportional to bacterial cell concentration. For
dose-dependent experiments, wild-type strains carrying the
analyzed fusion were grown in M9 minimal medium or LB
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to an OD600 of 0.4. Then, different concentrations of oleic
acid, glucose, acetate or gluconate were added and GFP lev-
els were recorded over 9 hours. GFP synthesis was recorded
over using a fluorimeter.

Eukaryotic cells and culture conditions

RAW 264.7 were grown routinely in DMEM (GibcoBRL,
Gaithersburg, MD) supplemented with 10% FCS (Life
Technologies, Rockville, MD), 2 mM nonessential amino
acids, and glutamine (GibcoBRL) at 37°C in 5% CO2. In
experiments in which the concentration of glucose was
changed, RAW-264.7 cells were first grown in classical
DMEM during 24 hours. Then the medium was changed
for DMEM without glucose, supplemented with 0, 0.5, 1
or 4.5 g/L of glucose, or 400 1M of oleic acid complexed
with BSA (1:4 molar ratio),”® for the rest of the
experiment.

Gene cloning and plasmid construction

The cloning vector used was pFPV25, carrying promo-
torless gfpmut3a gene (Valdivia and Falkow, 1997). The
inserts carrying 300-400 bp upstream of fadBA, fadD,
fadL, fade, aceBA, pfkA, and edd start codons were PCR-
amplified from S. typhimurium 12023 by using the syn-
thetic primers listed in Table 2. PCR products were
digested using Xbal and BamHI or Kpnl, cloned into
pFPV25 vector to generate the plasmids pMAN3 to
PMANI13. For trans complementation experiments, the
cloning vector pET28a(4) (Novagen) was used to
express the gene fadD. The insert corresponding to the
coding sequence of fadD of approximately 1700 pb was
PCR-amplified from S. typhimurium 12023 by using the
synthetic primers listed in Table 2. PCR product was
digested using Ndel and BamHI, cloned into the pET28a

Table 2. Oligonucleotides used in this study.

Restriction
Oligonucleotide Sequence (5’ to 3') site
fadBAfw CCCGGATCCCTCGCCAGAATGAATAAGTAACG  BamHI
fadBArev CCCTCTAGAGTCAGTCTCCTGAATCCAC Xbal
fadDfw CCCGGATCCCAGGTCGTCATGCCTCCAC BamHI
fadDrev CCCTCTAGACACAACCCCAGTTAATAAAC Xbal
fadLfw CCCGGATCCGGCATTCGCCTCTCCAGTC BamHI
fadLrev CCCTCTAGAAACCTCATTGATTATTTTTATAC Xbal
fadEfw CCCGGATCCAAAAATTAGCCAGCGTTTCC BamHI
fadErev CCCTCTAGAAACGAAAAGCTCCCTTGC Xbal
aceBAfw CAGATGGATCCATATGATCTGCGTCACATG BamHI
aceBArev TGTGGTCTAGACATGCAGCTCCTCGTTGTTG Xbal
pfkAup GACTGGTACCATTCAGATTCATTTGG Kpnl
pfkAdn TTCTTTCTAGAGACTACCTCTGAACTTTGG Xbal
eddfw GCGCTGGATCCCCGCCGTGACGAAGTGG BamHI
eddrev CCCCCTCTAGACATAGAGGCTCCTGAAA Xbal
fadDup(P) AGAGGTCATATGTTGAAGAAGGTTTGGCTTAAC  Ndel
fadDdn(P)1 AGCTGGGATCCCGCTCAGGCTTTATTGTC BamHI
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(4) vector to generate the plasmid p28LL. The inserts
were verified by DNA sequencing.

MTT assay

The viability of the RAW 246.7 cells was evaluated by the
MTT assay, based on the protocol described by.”>””
Briefly, RAW 246.7 macrophages were cultured for
24 hours in DMEM medium in 24 wells-plates. Then the
medium was substituted for DMEM with different con-
centrations of glucose or with oleic acid, for 24 hours. At
the end of the incubation time, cells were incubated for
4 hours with 0.5 mg/ml of MTT, dissolved in serum free
DMEM medium. Washing with PBS was followed by the
addition of DMSO (200 ul), gentle shaking for 10 min
so that complete dissolution was achieved. Absorbance
was recorded at 540 nm using a Synergy 2 Multi-Mode
Microplate Reader (BioTek).

Glucose measurements

RAW 264.7 macrophages were seeded at a density of
2.5 x 10° cells per well in 6-well tissue culture plates con-
taining DMEM (GibcoBRL) with 10% fetal calf serum
(FCS) (HyClone) and cultured during 24 hours, then
medium was changed as indicated for DMEM with differ-
ent glucose concentration or 400 uM oleic acid for
another 24 hours. Cells were washed twice with cold PBS,
and 100 mM Tris-HCI buffer, pH 7.6, was added onto the
cells. Macrophages were then scraped, passed through a
26 gauge needle 10 times to disrupt cells, and then clari-
fied by centrifugation.”® 7® Glucose in the supernatant
was specifically converted to 6-phosphogluconate in a
coupled enzymatic reaction (hexokinase, glucose 6-phos-
phate dehydrogenase), with formation of NADPH, which
was determined fluorometrically at 340 nm in a Synergy 2
Multi-Mode Microplate Reader (BioTek).””

Bacterial infection of macrophages

RAW 264.7 macrophages were seeded at a density of
4x10° cells per well in 6-well tissue culture plates in
DMEM-based growing medium with different glucose
concentration or 400 uM oleic acid. Macrophages were
supplemented with IFN-y (10 U ml~', ImmunoTools)
24 hours before use. Bacteria were cultured during 3.5, 8
or 16 hours at 37°C in M9 minimal medium with shak-
ing, and opsonized for 30 min in DMEM containing FCS
and 10% normal mouse serum (Perbio). Bacteria were
added to the monolayers at a m.o.i. ~70:1, centrifuged at
500 g for 5 min at 4°C, and incubated for 30 min at 37°C
in 5% CO,. The macrophages were washed three times
with PBS, and incubated with growing medium

supplemented with 100 g ml~" gentamicin for 90 min,
after that the gentamicin concentration was decreased to
10 g ml™" for the remainder of the experiment. For the
replication assays, bacteria were recovered and enumer-
ated after plating a dilution series onto LB agar and LB
agar with the appropriate antibiotics. Normalized fold
increase were determined for the ratio between the
mutants or the differential condition and wild-type
strains within the output (bacteria recovered from the
cells after 16 h post infection) divided by their ratios
within the input (bacteria recovered from the cells after
2 h post infection).

Mouse infections

Eight to 10 week-old C57BL/6 mice were inoculated
intraperitonealy with bacterial strains for a total of 10°
bacteria per mouse. The spleens were harvested 48 hours
after inoculation and homogenized.

Flow cytometry analysis of bacteria extracted from
macrophages or spleen

Infected macrophages were washed twice with PBS, lysed
with 0.1% Triton X-100 in PBS and immediately fixed in
two volumes of 3% paraformaldehyde for 1 h. Large
debris and nuclei were removed by centrifugation for
5 min at 200 g and bacteria were pelleted at 20 000 g for
10 min. Spleens were removed from infected mice and
homogenized on a 70 pum sieve in 4 ml 0.1% Tx-100.
Debris were removed by centrifugation for 5 min at 200 g
and bacteria were pelleted at 20 000 g for 10 min. Pellets
were resuspended in 0.5 ml 3% paraformaldehyde and
fixed for 1 h and then bacteria were pelleted again. Bacte-
ria extracted from macrophages or spleen were resus-
pended in 0.5 ml of 10 mM NH,Cl in PBS and
immunolabelled with a mouse anti-Salmonella 1E6
(Abcam) and a donkey anti-mouse PE (Abcam), both
diluted 1:1000. For flow cytometric analysis, bacteria were
gated in FL2 and analyzed for the expression of GFP in
FL1. Data were acquired with a FACScalibur (BD Bio-
sciences) equipped with blue argon laser (488 nm) and
analyzed with the FlowJo software (Tree Star Inc., Ash-
land, OR) on 2000 to 10000 events finally identified as S.
Typhimurium particles. Statistical analyses were per-
formed using Prism (GraphPad, San Diego, CA, USA).

Immunofluorescence staining and confocal
microscopy

Cells grown on coverslips were fixed with 3% parafor-
maldehyde (pH 7.4) in PBS at room temperature for
10 min. Fixed cells were washed three times in PBS and



permeabilized with 0.1% saponin in PBS. Primary and
secondary antibodies were diluted in PBS containing
0.1% saponin and 5% horse serum. Coverslips were incu-
bated with primary antibodies for 30-60 min at room
temperature, washed in PBS containing 0.1% saponin,
and then incubated with appropriate secondary antibod-
ies. Salmonella and SCVs were labeled using anti LPS
and anti lysosomal LAMP1 antibodies, respectively.
Slides were mounted in Prolong Gold (Invitrogen) and
nucleus were visualized by DAPI staining. Infected cells
were observed and imaged with a Zeiss LSM 710 confo-
cal microscope (Carl Zeiss, Jena, Germany).

Antibodies and reagents

The mouse anti-Salmonella 1E6 was obtained from
Abcam. The mouse monoclonal antibody against
LAMP1, H4A3 [developed by ]. T. August and J. E. K. Hil-
dreth (Johns Hopkins University School of Medicine, Bal-
timore, MD), obtained from the Developmental Studies
Hybridoma Bank (Iowa City, IA), developed under the
auspices of the National Institute of Child Health and
Human Development, and maintained by the University
of Iowa (Iowa City, IA)] was used at a dilution of 1077
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