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Abstract

The metabolism of S. Typhimurium within infected host cells plays a fundamental role in vir-
ulence since it enables intracellular proliferation and dissemination and affects the innate
immune response. An essential requirement for the intracellular replication of S. Typhimur-
ium is the need to regenerate ATP. The metabolic route used to fulfil this requirement is the
subject of the present study. For infection models we used human and murine epithelial and
macrophage cell lines. The epithelial cell lines were mIC.45, a transimmortalised murine
colon enterocyte cell line that shows many of the characteristics of a primary epithelial cell
line, and Hela cells. The model macrophage cell lines were THP-1A human monocyte/
macrophages and RAW 264.7 murine macrophages. Using a mutational approach com-
bined with an exometabolomic analysis, we showed that neither fermentative metabolism
nor anaerobic respiration play major roles in energy generation in any of the cell lines stud-
ied. Rather, we identified overflow metabolism to acetate and lactate as the foremost route
by which S. Typhimurium fulfils its energy requirements.

Introduction

Salmonella is an enteric pathogen responsible for a variety of disease outcomes in humans and
animals ranging from self-limited gastroenteritis to lethal typhoid fever. It is estimated that
worldwide, typhoidal and non-typhoidal Salmonella infections result in an estimated 20 and
98.3 million human cases each year, of which 200,000 and 155,000 result in death respectively
[1, 2]. During the infection process, Salmonella invades epithelial cells lining the small intes-
tine, mediated by Salmonella Pathogenicity Island 1 (SPI1) which encodes a type 3 secretion
system (T3SS) which injects effector proteins into the host cell to facilitate uptake of bacteria
(invasion) [3]. Intracellular Salmonella deploy a second T3SS encoded within SPI12, which
modifies the initial membrane-bound compartment or phagosome to form the ‘Salmonella
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containing vacuole’ (SCV) [4]. The SCV is resistant to fusion with lysosomes, enabling Salmo-
nella to avoid antimicrobial compounds. In systemic infections, Salmonella passes through the
gut wall and is phagocytosed by macrophages which can carry the pathogen to systemic sites
within the host. Evidence suggests that SPI2 may also be involved in dissemination of S. Typhi-
murium within certain organs, at least within the murine infection model [5].

One of the most intriguing and highly relevant questions regarding Salmonella infection is
the metabolic adaptations required to enable intracellular replication of Salmonella bacteria
within host cells, and how these contribute to the overall pathogenicity of the organism. The
study of the metabolic requirements for intracellular replication of S. Typhimurium within
host cells has mainly relied on mutational analysis, isotopologue labelling and proteomic analy-
ses [6-12]. Key insights have arisen from all of these techniques. Previous mutational
approaches in a murine carcinoma macrophage cell line have demonstrated that glycolysis and
glucose are both essential for intracellular replication and survival of S. Typhimurium, and yet
several TCA cycle enzymes do not appear to be essential [7, 8]. The latter results are somewhat
in contrast to studies in HeLa epithelial cells which showed that deletion of the same TCA
cycle genes resulted in an attenuated phenotype in HeLa cells and that glycolysis and glucose
were not essential for intracellular replication [6]. The differences in nutritional and metabolic
requirements between macrophages and HeLa cells prompted us to investigate whether this
was also the case for a more physiologically and metabolically appropriate epithelial cell line.
We chose the mIC,;, cell line, which in contrast to cancerous epithelial cell lines such as HeLa,
is a mouse small intestine enterocyte cell line transimmortalised with SV40 [13]. The mIC,;,
cells have many of the characteristics of primary enterocyte cells and form a confluent mono-
layer of cuboid cells separated by tight junctions; they develop dense, short microvilli and form
domes, exhibit polarisation and retain the differentiated functions of intestinal crypt cells. In
response to infection, they produce a range of chemokines including MCP-1, MIP-2 MIP-1a
and B [13]. The mIC,, cell line has been used previously in to determine the antimicrobial
effects of secreted chemokines on Salmonella [14]. In this study, we use a mutational approach
coupled with exometabolite analysis to identify the metabolic routes by which S. Typhimurium
generates the ATP required for replication within mIC,;, epithelial and THP-1A macrophage
cell lines. We also contrast the results with similar experiments performed on murine (RAW
264.7) macrophages and HeLa cells. Firstly, we confirm the strict requirement for glycolysis for
replication of S. Typhimurium in all cell lines, except HeLa cells, and that glucose is a major,
but not the only substrate for S. Typhimurium in all host cell lines apart from THP-1A macro-
phages. Our further results then suggest that, in mIC,;, and HeLa epithelial cells, S. Typhimur-
ium can fulfil its ATP requirements via substrate level phosphorylation (SLP) and/or oxidative
phosphorylation (oxphos), however fermentative metabolism and anaerobic respiration play
relatively minor roles in intracellular replication. Instead, the data suggests that overflow
metabolism and oxphos can satisty the energetic requirements of S. Typhimurium for replica-
tion within these epithelial cell lines. However, in the macrophage cell lines studied, S. Typhi-
murium metabolism appears to be further restricted and the electron transport chain (ETC)
may be inactive, thus restricting the role of oxphos in ATP generation.

Results
Glycolysis is essential for replication of S. Typhimurium within mIC45
and THP-1A macrophages but not HeLa’s

Glycolysis is one of the three major sugar catabolic pathways found within bacteria that convert
sugars into pyruvate with the concomitant synthesis of ATP and NADH. The enzyme phos-
phofructokinase is a key committing step in glycolysis and irreversibly converts 8-D-fructose
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Fig 1. Outline of glycolysis and mixed acid fermentation (A) and ubiquinone (B) and menaguinone biosynthesis (C) with deleted genes shown in red font.
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doi:10.1371/journal.pone.0150687.g001

6-phosphate into B-D-fructosel,6-bisphosphate; loss of phosphofructokinase completely
blocks glycolysis (Fig 1A). Phosphofructokinase is encoded by two genes in most bacteria des-
ignated pfkA and pfkB. In Escherichia coli there are two isozymes of phosphofructokinase (Ptk-
1 and Pfk-2). Pfk-1 is a homotetrameric enzyme and the subunits are encoded by pfkA. Pfk-2 is
a homodimer and the subunits are encoded by pfkB. Less than 5% of the Ptk activity in E. coli
can be attributed to Pfk-2 [15].

We tested an S. Typhimurium ApfkAB mutant for its ability to invade and replicate within
mIC,y, cells. As shown in Fig 2A, we found that the strain was unable to replicate within
mlC,; cells suggesting that glycolysis is essential for the replication of S. Typhimurium within
these cells (complementation data for replication in all cell lines is shown in S2 Fig). Work by
others on the requirement for glycolysis in infected host cells has shown that eno, fba, pgk,
gapA and tpiA deficient strains of S. Typhimurium are strongly attenuated in RAW 264.7 mac-
rophages [16]. A strict requirement for phosphofructokinase was also found for replication of
S. Typhimurium within THP-1A (and RAW 264.7) macrophage cell lines as has previously
been demonstrated [8], (Fig 2A). The latter results were in contrast to HeLa cells where the
intracellular replication rate of the ApfkAB strain was reduced by 70% compared to the parental
strain, suggesting glycolysis is slightly less important for replication of S. Typhimurium in this
cell line [6]. It should be noted that it is possible that potential accumulation of toxic phosphor-
ylated glycolytic intermediates such as glucose-6-phosphate [17] may have some effect on
reducing replication of the S. Typhimurium ApfkAB strain, however, no severe growth defects
were observed in in vitro grown cultures of the latter strain relative to the parent in minimal
media containing glucose as sole carbon source (data not shown). In addition, we also observed
attenuated phenotypes of the S. Typhimurium glucose transport mutant
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Fig 2. Infection assays of S. Typhimurium 4/74 parental and mutant strains in epithelial cells and macrophages. The charts show the percentage
attenuation in mICg,o, HeLa, THP-1A and RAW 264.7 cells for the following mutant strains relative to the parent strain. (A) ApfkAB, AptsGAmanXYZAglk. (B)
AsucCD, Amdh, AgltA, AsucCD, AsdhCDAB (mlC.», Hela infections not determined for latter strain). Error bars represent the standard deviation from at
least three independent biological replicates performed on separate days and significant differences between parental strain 4/74 and the mutant strains are
indicated by asterisks, as follows: no asterisk, P > 0.05; *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Replicate data and statistical analysis is from S2 Table.

doi:10.1371/journal.pone.0150687.g002

(AptsGAmanXYZAglk) in certain host cell lines (Fig 2A and described in the following section),
suggesting glucose is an important substrate, and most likely catabolised via the glycolytic
pathway.

Requirement for glucose for efficient replication of S. Typhimurium within
mIC.,> cells, HeLa’s and THP-1A macrophages

The importance of glycolysis for replication of S. Typhimurium within the macrophage and
epithelial cell lines used in this study suggested hexose sugar(s) were a major catabolic sub-
strate. Of the potential carbohydrates entering via the glycolytic pathway, previous and current
work indicated that glucose was required for replication of S. Typhimurium in RAW 264.7
macrophages (Fig 2A and [8]). This has been shown using an S. Typhimurium AptsGAman-
XYZAglk strain, which is unable to transport glucose [8], and where replication was reduced to
42% of the parent strain in RAW 264.7 macrophages (Fig 2A, S2 Table). In contrast, there was
no significant difference in the replication of the AptsGAmanXYZAglk strain compared to the
parent strain in THP-1A macrophages, showing glucose is not an important substrate in this
cell line (Fig 2A, S2 Table). However the strong replication defect of the ApfkAB strain in THP-
1A macrophages suggests an alternative glycolytic carbohydrate is important. In the mIC,;,
and HeLa cell lines, replication of the AptsGAmanXYZAglk strain was reduced by 44% and 41%
respectively compared to the parent strain. The latter observation indicates that although glu-
cose is required for efficient replication within these cell lines, it is not an essential substrate
(Fig 2A, S2 Table); again, the high attenuation of the ApfkAB strain suggests alternate glycolytic
substrates are available within these cell lines.

An intact TCA cycle is not required for efficient replication of S.
Typhimurium within mIC,4. epithelial cells or THP-1A macrophages
Having previously demonstrated that an intact TCA cycle was not required for replication of

RAW 264.7 macrophages [7], we decided to test whether this was also the case for S. Typhi-
murium within THP-1A macrophages and mIC,,, and HeLa epithelial cells. We used strains
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harbouring deletions of genes encoding the following enzymes involved in the TCA cycle: suc-
cinyl-CoA synthetase (AsucCD), malate dehydrogenase (Amdh), citrate synthase (AgltA) and
succinate dehydrogenase (AsdhCDAB). As described previously, we found that the AsucCD,
Amdh and AsdhCDAB strains showed increased recovery from infected RAW 264.7 macro-
phages compared to the parent strain [7], (Fig 2B). For THP-1A macrophages, we found that
the S. Typhimurium AgltA, AsucCD, Amdh and AsdhCDAB strains showed no significant dif-
ferences in intracellular cfu’s compared to the parent strain after 18h infection (Fig 2B, S2
Table). For infected mIC,,, cells, we also found that there was no significant difference in
recovered cfu’s of the AsucCD and Amdh strains compared to the parent strain and a slight
reduction (25%) of the AgltA strain. For infected HeLa cells, there was a reduction in recovered
cfu’s of the AsucCD and AgltA strains compare to the parent strain, although this was not sig-
nificant (Fig 2B, S2 Table). Together, the results demonstrate that S. Typhimurium does not
require an intact TCA cycle for efficient replication in any of the host cell lines studied. The lat-
ter observation could imply that oxphos may not be completely necessary for intracellular rep-
lication and that biosynthetic intermediates derived from the TCA cycle such as amino acids
might be available from other sources (e.g. host cells, tissue culture media).

ATP synthase is essential for replication of S. Typhimurium within THP-
1A and RAW 267.4 macrophages but not mIC.4, or HeLa epithelial cell
lines

The requirement of glycolysis for efficient replication of S. Typhimurium within the macro-
phage and the epithelial cell lines used in this study, and the lack of requirement for an intact
TCA cycle (Fig 2A and 2B) led us to consider whether oxidative phosphorylation (oxphos) or
substrate level phosphorylation (SLP), or potentially both could supply intracellular Salmonella
with the majority of its ATP requirements [18]. Substrate level phosphorylation can occur dur-
ing glycolysis by the conversion of 1,3-bisphospho-D-glycerate to 3-phospho-D-glycerate by
phosphoglycerate kinase and from the conversion of phosphoenolpyruvate to pyruvate by
pyruvate kinase (Fig 1A). Substrate level phosphorylation also generates ATP in the TCA cycle
via the conversion of succinyl-CoA to succinate by succinyl-CoA synthetase and also poten-
tially during fermentation via the conversion of acetyl phosphate to acetate by acetate kinase
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attenuation in mIC,», HelLa, THP-1A and RAW 264.7 host cells for the following mutant strains relative to the parent strain. (A) AatpA-F, AmenA, AubiCA,
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(Fig 1A), [19]. If oxphos was essential for replication within the host cell lines considered in
this study, then ATP synthase would also be required. We therefore deleted the entire ATP
synthase operon (AatpI-C) and tested the ability of the latter mutant to replicate within
mlIC,;,, HeLa, THP-1A and RAW 264.7 cells. Fig 3A shows that replication of the AatpI-C
strain was significantly reduced to 63% and 55% respectively of the parent strain within mIC,,,
and HeLa cells, showing that although ATP synthase contributes to the replication of S. Typhi-
murium within these cell lines it is not essential. In contrast, replication of the S. Typhimurium
Aatpl-C strain in THP-1A and RAW 264.7 macrophages was strongly reduced to 10% and 18%
respectively relative to the parent strain (Fig 3A, S2 Table). Complementation data is shown in
S2 Fig.

Ubiquinone is required for replication of S. Typhimurium within mIC.»
and Hela cells but not THP-1A or RAW 264.7 macrophages

The reduced requirement for ATP synthase for efficient replication of S. Typhimurium within
the mIC,;, and HeLa epithelial cell lines compared to the THP-1A and RAW 264.7 macro-
phage cell lines led us to consider the necessity for an active electron transport chain (ETC) for
replication of S. Typhimurium within these cell lines. Ubiquinone and menaquinone are key
components of the ETC embedded within the bacterial cytoplasmic membranes where they
function as hydrogen carriers. Ubiquinone and menaquinone are essential for aerobic and
anaerobic respiration respectively. We constructed S. Typhimurium strains containing dele-
tions of either the ubiquinone (4biCA) or menaquinone (menA) genes (or both; AubiCAA-
menA strain). These genes encode key enzymes involved in the biosynthetic pathways of
ubiquinone and menaquinone (Fig 1B and 1C), and it has been shown previously that deletion
of the ubiCA and menA genes disrupts synthesis of ubiquinone or menaquinone respectively
[20, 21]. The mutant strains were tested for replication within HeLa and mIC_,, epithelial cells
as well as THP-1A and RAW 264.7 macrophages. The data shows that there was no significant
difference in replication of the AmenA strain compared to the parent strain in any of the host
cell lines tested (Fig 3A, S2 Table). Interestingly, recovery of the AubiCA or AubiCAAmenA
strains from both macrophage cell lines was significantly increased relative to the parent strain;
however, in contrast, the AubiCA or AubiCAAmenA strains were highly attenuated within
HeLa and mIC,;, epithelial cells (Fig 3A).

Fermentation is not necessary for the efficient replication of S.
Typhimurium within RAW 264.7 and THP-1A macrophages and mICq1»
and Hela cells

The partial attenuation of the AatpI-C strain in mIC, and HelLa cells, and the lack of require-
ment for ubiquinone or menaquinone for replication of S. Typhimurium in the macrophage
cell lines might suggest that fermentation is supplying intracellular S. Typhimurium with a pro-
portion of its ATP requirements.

In order to test this hypothesis, we deleted the genes encoding pyruvate formate-lyase and
the anaerobically induced lactate dehydrogenase (pfIB and IdhA respectively), (Fig 1A). Pyru-
vate formate-lyase anaerobically converts pyruvate to formate and acetyl-CoA and the fer-
mentative D-lactate dehydrogenase converts pyruvate to lactate under anaerobic conditions
at acidic pH [22]. An E. coli strain in which the pfIB and IdhA genes have been deleted is
unable to ferment due to its inability to achieve redox balance during growth [22]. Similarly,
we showed that an S. Typhimurium ApfIBAldhA double mutant was unable to grow in vitro
under fermentative conditions (S1 Fig). When we tested the S. Typhimurium ApfIBAldhA
strain for its ability to replicate in the epithelial and macrophage cell lines used in this study,
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we found that there was no significant difference compared to the parent strain for any of the
cell lines (Fig 3B), implying that fermentative metabolism is not necessary for intracellular
replication.

Exometabolite production by S. Typhimurium within macrophages and
epithelial cell lines

The results described above suggested that fermentative metabolism played a minor role, if
any, in the replication of S. Typhimurium in the host cell lines used in this study. In order to
underpin this finding and to potentially obtain further insight into the intracellular metabolism
of S. Typhimurium we used 1D "H-NMR of cell culture media to monitor excretion of metabo-
lites (exometabolites) produced during infection of host cells. The NMR spectra were analysed
for acetate, succinate, fumarate, ethanol, lactate and formate (after controlling for potential
production of these metabolites by uninfected host cells and cell culture medium, and also by
host cells infected with heat inactivated bacteria). We were unable to detect significant quanti-
ties of succinate, fumarate, ethanol or formate excreted from infected mIC_,, cells or THP-1A
or RAW 264.7 macrophages, and only a relatively small quantity of formate from infected
HeLa cells (Fig 4). However significant concentrations of lactate and acetate were found com-
pared to uninfected host cells for all of the host cell lines studied (Fig 4). The highest concentra-
tions of both lactate and acetate were found to be excreted from infected HeLa cells, followed
by THP-1A and RAW 264.7 macrophage cell lines, and the lowest, but significant concentra-
tions were excreted by infected mIC,,, cells (Fig 4). That excreted acetate was not being pro-
duced by host cells as a result of infection was demonstrated using an S. Typhimurium
AptaAackA strain in which the conversion of acetyl-CoA to acetate was unable to occur; we
were unable to detect significant quantities of acetate excreted by host cells infected with the
latter strain (Fig 4). In addition to acetate, we also monitored lactate and formate production in

nM/cell/h
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Fig 4. Exometabolite concentrations of acetate, lactate and formate produced by S. Typhimurium
within macrophages and epithelial cells. Concentrations of acetate lactate and formate are shown for all
host cell lines for the S. Typhimurium parent strain (4/74) or AptaAackA strain as indicated. The data was
corrected for exometabolite production by uninfected host cells. Error bars represent the standard deviation
from at least three independent biological replicates performed on separate days and significant differences
between infected and uninfected medium is indicated by asterisks, as follows: no asterisk, P > 0.05; *,

P <0.05; **, P<0.01; and *** P <0.001. The data is presented as average concentrations of exometabolite
produced per bacterial cell, per hour.

doi:10.1371/journal.pone.0150687.g004
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the AptaAackA strain. We were unable to detect formate in post-infection cell culture medium
from any of the cell lines infected with the AptaAackA strain, however, lactate production was
increased slightly by 1.2-1.5 fold), but this was not significant (Fig 4). Decreased formate and
elevated lactate production in an E.coli Apta mutant has previously been noted [23].

Both acetate and lactate can be produced as a result of ‘overflow metabolism’ or the ‘bacte-
rial Crabtree effect’ [24-26]. Overflow metabolism can occur under aerobic conditions and at
relatively high glucose levels where the carbon flux from acetyl-CoA is mainly directed to ace-
tate and lactate instead of, or in addition to entering the TCA cycle (Fig 1A). Under such condi-
tions the role of oxidative phosphorylation is reduced and the high glycolytic flux generates the
majority of ATP (via SLP) for growth. The aerobic production of lactate can serve to re-oxidise
some of the NADH produced during glycolysis, and has also been shown to regenerate the
transmembrane proton gradient, and therefore ATP [27]. Two enzymes are involved in the
conversion of acetyl-CoA to acetate: phosphotransacetylase and acetate kinase [28]. The for-
mer enzyme, (encoded by the pta gene), results in the synthesis of acetyl phosphate which is
then converted to acetate by acetate kinase (encoded by the ackA gene) with the concomitant
production of ATP (Fig 1A). In order to determine the possible contribution of the latter path-
way in replication of S. Typhimurium within host cells, we constructed a AptaAackA deletion
strain and tested it in infection assays; Fig 3B shows that replication of the AptaAackA strain
was attenuated by ~50% in HeLa and THP-1A cells compared to the parent strain; however in
mIC,, cells replication was slightly increased and in RAW 264.7 macrophages there was no
difference compared to the parent strain.

Discussion

In this study, we performed a mutational and exometabolomic analysis to determine the
requirement for central metabolic pathways related to ATP generation that enable the replica-
tion of S. Typhimurium within mIC,;, and HeLa epithelial cells and THP-1A and RAW 267.4
macrophage cells. Key mutants in genes involved in glycolysis, the TCA cycle, fermentation,
oxidative phosphorylation, and electron transfer were used to gain an insight into ATP genera-
tion by intracellular S. Typhimurium. We determined intracellular replication of the mutant
strains within all host cell lines at two time points during infection, a final time point of 18h for
the macrophage lines (and mIC,;, cells), and 9h for HeLa cells, and also at an intermediate
time point (53 Fig). For all of the mutant strains in all of the host cell lines we found the same
trends, in terms of percentage replication relative to the parent strain, at the intermediate and
final time points (S3 Fig).

Our analysis showed firstly that glycolysis is required for efficient replication of S. Typhi-
murium in HeLa and mIC,;, cells and within THP-1A and RAW 264.7 macrophages. The lat-
ter observation supports previously published data showing the requirement of glycolysis for
replication of S. Typhimurium within RAW 264.7 macrophages [8, 16]. In HeLa cells, glycoly-
sis was found not to be essential for replication of S. Typhimurium, also as previously shown
[6]. Although glucose is a glycolytic substrate and present in tissue culture medium, we found
that it was differentially required by Salmonella within the cell lines studied here; for example,
in THP-1A macrophages, lack of glucose transport/uptake had no significant effect on the final
level of replication of S. Typhimurium (Fig 2A). However, it is noted that the concentrations of
glucose present in tissue culture medium may be a contributory factor to the occurrence of
overflow metabolism in tissue culture based infection assays. However, intracellular glucose
concentrations in other epithelial cell lines and THP-1A macrophages have been estimated at
100-200 uM (K. Tedin, pers. comm.) which is well within the estimated range potentially
occurring in human and murine intestinal epithelial cells in vivo [29-31].
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The requirement for glycolysis led us to consider whether ATP synthase and therefore
oxphos were required for replication of S. Typhimurium within host cell lines. Our data indi-
cated that ATP synthase was not absolutely essential for replication of S. Typhimurium within
mIC,,, and HeLa epithelial cell lines; the S. Typhimurium AatpI-C strain was attenuated by
37% and 45% respectively in these host cell lines relative to the parent strain. This result sug-
gested that oxphos and/or SLP can provide the ATP requirements necessary for replication of
Salmonella within these cell lines; this metabolic flexibility is also suggested by the lack of
requirement for an intact TCA cycle for replication of S. Typhimurium (Fig 2B). In support of
intracellular Salmonella potentially using oxphos as a means of ATP generation, the require-
ment for an active ETC was demonstrated by the necessity for ubiquinone for replication of S.
Typhimurium within mIC,,, and HeLa cells. However, in the case of HeLa cells, the produc-
tion of considerable quantities of excreted lactate and acetate, and a relatively small amount of
formate from intracellular Salmonella may suggest SLP can also provide sufficient ATP for
some replication. In infected mIC,;, cells, the much reduced concentrations of lactate and ace-
tate produced relative to infected HeLa cells could suggest oxphos is a major route of ATP gen-
eration. However, in the absence of ATP synthase, intracellular Salmonella may be sufficiently
metabolically flexible to produce enough ATP via SLP for replication in mIC,,, cells (the meta-
bolic flexibility of intracellular Salmonella has been highlighted elsewhere [32, 33]). The pres-
ence of considerable cytosolic subpopulations of S. Typhimurium within HeLa cells has
recently been demonstrated [34, 35]; such subpopulations may also occupy a distinct metabolic
niche compared to intravacuolar Salmonella which may also explain the partial attenuation of
the ATP synthase mutant within these host cell lines. For both mIC,;, and HeLa cells, the lack
of requirement for menaquinone suggests anaerobic respiration is not required for replication
of Salmonella.

In distinct contrast to the epithelial cell lines, the S. Typhimurium AatpI-C strain was highly
attenuated in the macrophage cell lines, which may have suggested oxphos plays a major role
in ATP generation. Surprisingly however, neither ubiquinone nor menaquinone biosynthesis
was required for replication of S. Typhimurium within macrophages. Indeed, significantly
higher cfu’s from the AubiCA and AubiCAAmenA strains were recovered compared to the par-
ent strains (Fig 3A). The latter result appears to support the prior demonstration that the ETC
is inactive in macrophages due to the effect of the respiratory oxidative burst [36], and perhaps
the reason for the apparent ‘hyper-replication’ of the AubiCA and AubiCAAmenA strains may
be due to reduction of further oxidative stress in the latter strains relative to the parent. Despite
the lack of requirement for ubiquinone or menaquinone for replication of S. Typhimurium in
macrophages, one explanation for the high attenuation of the AatpI-C strain in macrophages
may be that ATP synthase is acting in reverse as a proton pump ATPase to reduce the detri-
mental effects of acidification caused by the defensive macrophage v-ATPase. This could also
potentially reduce the effects of acidification caused by the lactate and acetate produced by
intracellular Salmonella in macrophages (Fig 4, [37, 38]). Indeed, the function of ATP synthase
acting ‘in reverse’ as a proton pump is a well-documented mechanism for reducing acidifica-
tion caused by organic acids in fermenting bacteria [39-42].

In contrast to the infected macrophage cell lines, the AubiCA and AubiCAAmenA strains
were highly attenuated within HeLa and mIC,;, epithelial cells (Fig 3A). The latter results indi-
cate that oxphos and/or hydrogen transport are necessary for efficient growth of S. Typhimur-
ium within epithelial cells but not macrophages; however the partial attenuation of the AatpI-C
strain in epithelial cells suggests ATP synthesis (via SLP) can to some extent substitute for loss
of ATP synthetase. The stringent requirement for ubiquinone in the infected epithelial cell
lines may suggest respiration, and generation of a transmembrane proton gradient is essential
for processes in addition to ATP synthesis (e.g. solute transport). Finally, with respect to the
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apparent lack of strict requirement for oxphos in intracellular S. Typhimurium, it is perhaps of
relevance that recent findings have elucidated a link between ATP and virulence in Salmonella.
it has been shown that a virulence protein (MgtC) interacts with the a subunit of the F,F, ATP
synthase, hindering ATP-driven proton translocation and NADH-driven ATP synthesis in
inverted vesicles, and that high levels of intracellular ATP can cause decreased virulence and
result in growth arrest in low magnesium media [43-45].

Withn all of the host cell lines used in this study, the lack of attenuation of the S. Typhimur-
ium ApfIBAldhA strain demonstrates that redox control via fermentative metabolism is not a
significant metabolic requirement for replication of Salmonella. The production of a relatively
small quantity of formate in HeLa cells (Fig 4) may suggest some fermentation does occur in a
subpopulation of S. Typhimurium in HeLa cells, but the absence of fermentation had no signif-
icant impact on replication. The above observations, together with the lack of attenuation of
the AmenA mutant, suggests that the host cell intracellular environment is mostly aerobic, as
has previously been suggested [46]. The exometabolic production of significant quantities ace-
tate and lactate by S. Typhimurium within all of the host cell lines studied (Fig 4) suggests that
glycolytic overflow is the principal route which enables the replication of Salmonella within the
epithelial and macrophage cell lines used in this study. The latter phenomenon, well known in
commercial production strains of E. coli where high glucose or sugar concentrations are used,
can occur aerobically under conditions of high glycolytic flux [24-27]. Instead of, or in addition
to entering the TCA cycle, the acetyl-CoA produced is diverted to acetate and/or lactate; the
production of lactate is well known to occur under aerobic conditions due to the action of L-
lactate dehydrogenase (LIdD) [47, 48], (Fig 1A). The production of acetate can provide a fur-
ther growth advantage due to the synthesis of ATP from the conversion of acetyl phosphate to
acetate by acetate kinase, and the production of lactate helps to regenerate the NAD reduced
during glycolysis, ([27], Fig 1A). It should be noted that overflow metabolism does not preclude
oxphos as a means of NADH oxidation and ATP generation. The production of ATP by acetate
kinase may provide a possible reason for attenuation of the AptaAackA strain in HeLa cells and
THP-1A macrophages compared to mIC,, cells and RAW 264.7 macrophages (Fig 3B). In
corroboration of the latter observation it was found that S. Typhimurium within HeLa and
THP-1A cells produced significantly higher levels of excreted acetate compared to infected
mIC.j, and RAW 264.7 macrophages (Fig 4). In terms of virulence determinants, the produc-
tion of quantities of organic acids in intracellular Salmonella may impact SPI1 expression since
it has been shown that acetate induces SPI1 expression [49-51], and lactate reduces hilA
expression [52]. The latter results suggest that glycolytic flux could impinge on the temporal
dynamics of the Salmonella virulence regulons that in turn may account for host cell specific
infection cycles.

Methods
Bacterial strains, growth conditions and reagents

S. Typhimurium strains and plasmids used in this work are listed in S1 Table. Strains were
maintained in Luria-Bertani (LB) broth or on plates with appropriate antibiotics at the follow-
ing concentrations; ampicillin (Sigma Aldrich), 100 ug.ml'; chloramphenicol (Cm, Sigma
Aldrich), 12.5 pg.ml™'; kanamycin (Kn, Sigma Aldrich), 50 pug.ml™'; tetracycline (Tet, Sigma
Aldrich), 15 pg.ml™". M9 minimal medium with 0.4% w/v glucose was used where indicated.
Oligonucleotide primers were purchased from Sigma Genosys or Illumina.
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Mutant strain construction

S. Typhimurium mutant strains were constructed according to published procedures [17] and
as briefly described in [12]. Transductants were screened on green agar plates to obtain lyso-
gen-free colonies [18]. The complete absence of the structural genes was verified by DNA
sequencing of the deleted regions of the chromosome. The FLP-recombinase encoded on
pCP20 was used to remove the antibiotic resistance markers as described in [17].

Epithelial cell infection assays

Infection assays in human HeLa epithelial cells (obtained from American Type Culture Collec-
tion, Rockville, MD) were performed according to [16]. Briefly, HeLa cells were grown in
DMEM medium (Sigma, D5546) containing 1 g.L”' glucose and supplemented with 10% fetal
bovine serum (Sigma), 2mM L-glutamine (Sigma) and 20mM HEPES buffer (Sigma). Between
1 and 3 x10° HeLa cells were seeded into each well of a 6- or 12-well cell culture plate and
infected with S. Typhimurium 4/74 and mutant strains at an MOI of 10:1. Prior to infection
the S. Typhimurium strains had been grown to an ODgg, of 1.2 to allow expression of the SPI1
Type 3 secretion system.

To increase the uptake of Salmonella, plates were centrifuged at 1000 g for 5 min, and this
was defined as time 0 h. After 1 h of infection, extracellular bacteria were killed with 30 pg.ml™*
gentamicin. The media was replaced after 1 h with medium containing 5 ug.ml™* gentamicin.
Incubations were continued for 2 h and 6 h. To estimate the amount of intracellular bacteria at
each time point, cells were lysed using 0.1% SDS, and samples were taken for viable counts
[19]. Statistical significances were assessed by using Student’s unpaired f-test, and a P value of
<0.05 was considered significant.

The infection procedure for mIC,;, cells (obtained from Prof. S. Carding, IFR, Norwich),
was essentially the same, except the medium used was DMEM-F12 (sigma D6434); 5 ug.ml™
insulin (sigma 11882); 50 nM dexamethasone (sigma D8893); 60 nM sodium selenite (sigma
$9133); 5 pg.ml’1 transferrin (sigma T1428); 1 nM triiodothyronine (sigma T5516); 10 ng ml™
EGF from mouse (sigma E4127); 20 mM Hepes (sigma H0887); 2 mM L-glutamine (sigma
G7513); 2% Fetal Bovine Serum (sigma F7524); 1 g.L’1 D-glucose (sigma G8644). Infection was
carried out at an MOI of 1 and allowed to proceed for 2h and 18h. The recovered cfu’s at 18h
relative to 2h was used as an estimate of intracellular growth. Statistical significances were
assessed by using Student’s unpaired ¢-test, and a P value of <0.05 was considered significant
(S2 Table).

Macrophage infection assays

Infection assays in murine RAW 264.7 macrophages (obtained from American Type Culture
Collection; Rockville, MD; ATCC# TIB-71) were performed essentially as previously described
[27]. Macrophages were cultured in were grown in MEM medium (Sigma, M0268) containing
1 gL glucose and supplemented with 10% fetal bovine serum (Sigma), 2mM L-glutamine
(Sigma) and 20mM HEPES buffer (Sigma). The multiplicity of infection (MOI) for all experi-
ments was 10:1. The infection assays were allowed to proceed for 2 h and 18 h post infection.
To estimate the amount of intracellular bacteria at each time point, cells were lysed using 1%
Triton X-100 (Sigma), and samples were taken for viable counts [10]. Statistical significance
was assessed by using Student’s unpaired ¢ test, and a P value of 0.05 was considered significant
(S2 Table). Infection assays in THP-1A macrophages (an adherent derivative of the THP-1 cell
line as described in [51]) were performed as described above except the medium used was
IMDM (Sigma 13390), 10% Fetal Bovine Serum (Sigma F7524), 4 mM L-glutamine (Sigma
G7513).
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NMR analysis

"H Nuclear Magnetic Resonance ("H NMR) was used to identify the presence, absence, and
concentration of several metabolites in growth medium. The spent growth medium samples
were thawed at room temperature and prepared for "H NMR spectroscopy by mixing 400 pL
of spent medium with 200 pL of a solution made up in 100% D,O containing 0.12% w/v
sodium azide, and 1.6mM TSP (sodium 3-(trimethylsilyl)-propionated,) as a chemical shift
reference. The sample was mixed, and 500 uL was transferred into a 5-mm NMR tube for spec-
tral acquisition. The 'H NMR spectra were recorded at 600MHz on a Bruker Avance spectrom-
eter (Bruker BioSpin GmbH, Rheinstetten, Germany) running Topspin 2.0 software and fitted
with a cryoprobe and a 60-slot autosampler. Each 'H NMR spectrum was acquired with 64
scans, a spectral width of 12295 Hz, an acquisition time of 2.67 s, and a relaxation delay of 3.0
s. The “noesyprld” presaturation sequence was used to suppress the residual water signal with
a low-power selective irradiation at the water frequency during the recycle delay and a mixing
time of 10 ms. Spectra were transformed with a 0.3-Hz line broadening, manually phased, base-
line corrected, and referenced by setting the TSP methyl signal to 0 ppm. Absolute concentra-
tions were obtained by using CHENOMX software (version 5.1) with quantification calculated
relative to TSP.
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