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Recombinant attenuated Salmonella enterica serovar Typhimurium strains are believed to act as powerful live vaccine carriers that are able to elicit protection against various pathogens. Auxotrophic mutations, such as a deletion of aroA, are
commonly introduced into such bacteria for attenuation without incapacitating immunostimulation. In this study, we describe
the surprising finding that deletion of aroA dramatically increased the virulence of attenuated Salmonella in mouse models. Mutant bacteria lacking aroA elicited increased levels of the proinflammatory cytokine tumor necrosis factor alpha (TNF-␣) after
systemic application. A detailed genetic and phenotypic characterization in combination with transcriptomic and metabolic profiling demonstrated that ⌬aroA mutants display pleiotropic alterations in cellular physiology and lipid and amino acid metabolism, as well as increased sensitivity to penicillin, complement, and phagocytic uptake. In concert with other immunomodulating mutations, deletion of aroA affected flagellin phase variation and gene expression of the virulence-associated genes arnT and
ansB. Finally, ⌬aroA strains displayed significantly improved tumor therapeutic activity. These results highlight the importance
of a functional shikimate pathway to control homeostatic bacterial physiology. They further highlight the great potential of
⌬aroA-attenuated Salmonella for the development of vaccines and cancer therapies with important implications for hostpathogen interactions and translational medicine.
ABSTRACT

IMPORTANCE Recombinant attenuated bacterial vector systems based on genetically engineered Salmonella have been developed as highly potent vaccines. Due to the pathogenic properties of Salmonella, efficient attenuation is required for clinical applications. Since the hallmark study by Hoiseth and Stocker in 1981 (S. K. Hoiseth and B. A. D. Stocker, Nature 291:238 –239,
1981, http://dx.doi.org/10.1038/291238a0), the auxotrophic ⌬aroA mutation has been generally considered safe and universally
used to attenuate bacterial strains. Here, we are presenting the remarkable finding that a deletion of aroA leads to pronounced
alterations of gene expression, metabolism, and cellular physiology, which resulted in increased immunogenicity, virulence, and
adjuvant potential of Salmonella. These results suggest that the enhanced immunogenicity of aroA-deficient Salmonella strains
might be advantageous for optimizing bacterial vaccine carriers and immunotherapy. Accordingly, we demonstrate a superior
performance of ⌬aroA Salmonella in bacterium-mediated tumor therapy. In addition, the present study highlights the importance of a functional shikimate pathway to sustain bacterial physiology and metabolism.
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I

nfectious diseases remain a major health problem worldwide.
Despite the existence of many antimicrobial drugs and an increasing knowledge of pathogen genetics, metabolism, and hostpathogen interaction, approximately 300 million new infections
and over 10 million deaths occur worldwide every year (1). Diseases like tuberculosis, malaria, or HIV infection are still major
killers. Insufficient hygienic conditions but also emerging multiresistant variants of common pathogens are responsible for this.
Lack of efficacious vaccines for particular infectious agents is another reason (2). As prophylactic protection by vaccination is the
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most appropriate and cost-effective measure against infectious
disease, the development of proper vaccines and immunization
strategies is one of the most challenging issues of contemporary
biomedical research. In addition, newly emerging infectious
agents demonstrate the need for easy-to-handle and efficacious
vaccines.
Salmonella sp. have been considered for a live vaccine carrier
for several decades (3, 4). Live bacteria have many advantages over
other approaches to immunization: (i) bacteria are simple to
propagate in vitro; (ii) bacteria can be applied orally, thus avoiding
®
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sterile needle injections and the need for specially trained personnel; and (iii) bacteria do not require cold chains as they can be
transported in a lyophilized state. In addition, the complete genome sequences of several strains are known and the molecular
genetics to modify those bacteria are well established.
Recombinant attenuated Salmonella has been shown to trigger
strong cellular and humoral immune responses against pathogenic bacteria and viruses as well as cancer (5, 6). However, while
the use of intrinsically pathogenic Salmonella strains as live vaccine carriers might be advantageous to obtain strong adjuvant
activity (7, 8), the general pathogenic properties must be controlled to prevent killing the vaccinees. This demonstrates the basic dilemma of such live vaccine carriers. Attenuation and immunostimulatory capacity in the form of virulence need to be well
balanced to guarantee safety and efficacy. Accordingly, it has been
observed that, for Salmonella, a decrease in adjuvant capacity correlated with the degree of attenuation (9).
To fine-tune adjuvant capacities and attenuation, several modulating strategies have been developed. Modifications of major
virulence factors, such as lipopolysaccharide (LPS) or the type III
injectisome system, were employed to attenuate Salmonella (9,
10). In addition, to ensure persistence of immunostimulatory
pathogen-associated molecular patterns (PAMPs), metabolic mutations affecting cell wall (⌬asd), nucleotide (⌬purI), or amino
acid (⌬aroA) synthesis were used to attenuate Salmonella (11–13).
The combination of metabolic mutations and modifications of
virulence factors culminated recently in a so-called delayed lysis
system, which maintained the wild-type (Wt) phenotype of Salmonella in vitro but became self-limiting in vivo (14).
A deletion of aroA is most commonly used as a metabolic mutation to attenuate Salmonella as well as other bacteria (15). AroA is part
of the shikimate pathway, which directly connects glycolysis to the
synthesis of aromatic amino acids (16). Thus, deletion of aroA renders Salmonella auxotrophic for aromatic amino acids, which are not
freely available in the mammalian host. Consequently, aroA-deficient
Salmonella strains are presumed to be highly attenuated and have
been considered suitable vector systems (17).
Interestingly, a recent study showed that an interruption of the
shikimate pathway in Salmonella not only resulted in auxotrophy
but also increased sensitivity toward albumen or EDTA (18). Furthermore, an upregulation of murA was observed, which might
explain the increased susceptibility toward albumen and EDTA,
because MurA shares substrates with enzymes involved in synthesis of lipid A and the O antigen (19). Deletion of aroA may also
influence the ubiquinone pathway that is known to influence the
membrane composition (20).
In the present study, we investigated the effects of aroA deficiency in the context of additional immunomodulatory mutations
and realized that the introduction of ⌬aroA into our Salmonella
strains dramatically altered their phenotype and pathogenic properties in vitro as well as in vivo. The molecular basis for these
phenotypic changes was characterized by transcriptional profiling, genetic engineering, and metabolic labeling. Importantly, besides the metabolic attenuation, we observed an increased immunostimulatory capacity, and therefore, pathogenicity in the
murine host was greatly enhanced in the absence of aroA. Thus,
these strains were highly efficient in tumor therapeutic approaches, and we conclude that attenuated bacteria based on
⌬aroA mutation might indeed prove to become optimal vector
systems for vaccination and cancer therapy.
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RESULTS

Deletion of aroA increases pathogenicity and immunogenicity
of Salmonella enterica serovar Typhimurium in vivo. We aimed
to generate an attenuated Salmonella strain for use in bacteriummediated cancer therapy. As described before, we used the highly
immunogenic strain SF100 (originally 9845), which harbors LPS
with homogeneously hexa-acylated lipid A (see Table S1 in the
supplemental material). For further attenuation, we introduced a
deletion of rfaG resulting in the truncated LPS structure of strain
SF103. As an additional safety feature, we deleted the frequently
used gene aroA for metabolic attenuation (17), thereby generating
strain SF104.
BALB/c mice were infected with SF103 and SF104, and body
weight loss as a general health indicator was monitored for 2 weeks
(Fig. 1). As expected, the rfaG-deficient strain SF103 (⌬lpxR9
⌬pagL7 ⌬pagP8 ⌬rfaG42) was highly attenuated as evidenced by a
minor loss of body weight. However, to our surprise, BALB/c mice
succumbed to SF104 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬rfaG42 ⌬aroA)
within 4 days after intravenous (i.v.) infection (Fig. 1A). This finding was in line with increased tissue burdens of SF104 compared to
SF103, in particular 36 h postinfection (hpi) (see Fig. S1A and B in
the supplemental material). Only a 5-fold reduction of the infection dose allowed the mice to survive, although a severe reduction
of body weight was observed.
We next measured serum tumor necrosis factor alpha (TNF-␣)
levels as diagnostic markers for cytokine induction 1.5 h after i.v.
injection of Salmonella. TNF-␣ levels in sera of mice exposed to
SF104 were comparable to levels induced upon Wt infection, adding evidence for an increased immunostimulatory capacity of the
aroA deletion strain (Fig. 1B, left panel).
To corroborate this observation, mice were infected with
SF101 bearing only an aroA deletion and SF102 (⌬lpxR9 ⌬pagL7
⌬pagP8 ⌬aroA), which harbors, besides deletion of aroA, homogeneous lipid A but lacks the LPS truncation of the rfaG mutant.
Interestingly, induction of TNF-␣ was significantly increased in
both cases compared to Wt and SF100, respectively (Fig. 1B, right
panel). Similar results were obtained when the aroA deletion was
introduced into strain ATCC 14028, demonstrating that the observed increased immunogenicity of ⌬aroA is not restricted to one
particular Salmonella background (see Fig. S1E in the supplemental material). As the tissue loads for the two strains were comparable during the early stage of infection, we can exclude enhanced
lysis and increased release of endotoxin by the ⌬aroA strains to
explain the elevated cytokine storm (see Fig. S1A and C).
Along these lines, induction of beta interferon (IFN-␤) by the
bacteria was measured as an indicator for an inflammatory response of the host by employing our recently established IFN-␤
reporter mice (21). At 2 h and 4 h postinfection, SF101 induced
higher IFN-␤ expression in the spleen, one of the target organs of
Salmonella, than did the Wt (Fig. 1C and D). The same results
were obtained using SF100 and SF102, respectively (see Fig. S1F
and G in the supplemental material). We thus concluded that
deletion of aroA not only renders Salmonella auxotrophic for aromatic amino acids but also alters its immunogenic and pathogenic properties.
Deletion of aroA increases sensitivity of Salmonella toward
membrane and periplasmic stress and decreases motility. We
hypothesized that alterations of the cell envelope might explain
the increase in pathogenicity and immunogenicity of the ⌬aroA
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FIG 1 In vivo behavior of aroA-deficient Salmonella variants. (A) Body weight measurement as an indicator of the general health of mice infected with 5 ⫻ 106
cells of SF103 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬rfaG42) or SF104 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA ⌬rfaG42) and 1 ⫻ 106 cells of SF104. (B) TNF-␣ levels in the sera of

mice, 1.5 h after infection with Wt, SF100 (⌬lpxR9 ⌬pagL7 ⌬pagP8), SF101 (⌬aroA), SF102 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA), SF103, or SF104. (C and D)
Determination of IFN-␤ induction using IFN-␤ reporter mice 2 h, 4 h, and 24 h postinfection. The means ⫾ standard deviations are displayed. Results are
representative for two independent experiments with 5 replicates per group. *, P ⬍ 0.05.

variants. Hence, we tested the sensitivity of our strains against
membrane-active reagents like EDTA. ⌬aroA mutants of S. Typhimurium strain LT2 had been shown before to be 10 times more
sensitive to EDTA than Wt (18). In accordance, SF101 and SF102
were 100 times more sensitive towards EDTA than was the Wt
strain UK-1 or SF100. Similarly, strains lacking aroA were more
sensitive to penicillin and ampicillin. Complementation of the
aroA deletion by plasmid-carried aroA (SF105 and SF106) rescued
resistance of ⌬aroA mutants to EDTA (Fig. 2A). Of note, ⌬aroC
(SF137) and ⌬aroD (SF138) mutants exhibit similar EDTA sensitivities, indicating that the lack of this metabolic pathway leads to
the phenotype and is not specific for ⌬aroA (see Fig. S2A in the
supplemental material).
Similarly, ⌬aroA mutants were tested for resistance against effector mechanisms of the innate immune system. When exposed
to complement of human sera, bacteria lacking aroA (SF101 and
SF102) were significantly more sensitive than Wt and SF100
(Fig. 2B). Furthermore, Wt and SF100 were more resistant to
phagocytic uptake by the macrophage-like cell line J774 (Fig. 2C).
On the other hand, Wt and SF100 were more capable of surviving
intracellularly than SF101 and SF102 lacking aroA (Fig. 2D). We
thus concluded that aroA mutant strains exhibit severe alterations
of the cell envelope.
Previously, we had shown that cell envelope integrity and alterations of the LPS influenced motility of Salmonella (9, 22).
Thus, we tested the motility of the aroA-deficient strains. As displayed in Fig. 2E and F, SF101 and SF102 harboring ⌬aroA were
significantly less motile than the corresponding parental strains.
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The same phenotype was observed for ⌬aroC (SF137) and ⌬aroD
(SF138) strains (see Fig. S2B in the supplemental material).
In an attempt to visualize potential alterations of the outer
membrane of ⌬aroA mutants, we employed electron microscopy
of negatively stained bacteria (see Fig. S3A in the supplemental
material). No differences were observed between Wt and SF101.
Flagella were visible for both strains, although motility was impaired for SF101.
Taken together, these in vitro results demonstrate that the deletion of genes of the shikimate pathway, like aroA, aroC, or aroD,
exerts a pleiotropic effect on the membrane status of Salmonella.
Complementation of ⌬aroA restored the original wild-type phenotype concerning pathogenicity, intracellular survival, and complement resistance, indicating that the alterations were indeed
caused by the absence of aroA, i.e., a functional shikimate pathway
(see Fig. S3B to E in the supplemental material).
Putative defects in ubiquinone synthesis can only partially
explain the ⌬aroA phenotype. Recently, it has been shown that
ubiquinone deficiency affects cell envelope stability (20). Ubiquinones derive from chorismate. Hence, the observed phenotype of
⌬aroA mutants may be caused by ubiquinone deregulation. To
address this question, the genes ubiG (SF140) and ubiA (SF141)
were deleted in Salmonella. Interestingly, these mutants were
more sensitive to EDTA than the ⌬aroA mutant SF101 (see
Fig. S4A in the supplemental material). However, the in vitro
growth of SF140 and SF141 in LB medium was significantly impaired (see Fig. S4B). This argued that the ubiquinone dysregulation might be only partially responsible for the in vitro ⌬aroA
®
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FIG 2 Phenotypic characterization of aroA mutants. (A) MIC values for EDTA (millimolar), penicillin (Pen; micrograms per milliliter), and ampicillin (Amp;
micrograms per milliliter) of Wt and aroA-deficient strains SF101 (⌬aroA) and SF102 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA) as well as complemented strains SF105
(⌬aroA p-aroA) and SF106 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA p-aroA). (B) In vitro sensitivity toward human complement. Bacteria (2 ⫻ 107) were treated with
either untreated or heat-inactivated (HI) human serum for 30 min at 37°C. The lysis effect was determined by plating. (C) Phagocytic uptake of Wt and ⌬aroA
variants. J774 cells were infected with an MOI of 1, and uptake was determined relative to Wt after 1 h. (D) Intracellular replication of Wt and ⌬aroA variants in
J774 cells. Cells were allowed to engulf the bacteria as in the experiment depicted in panel C. Infected cells were incubated for 18 h, and the remaining numbers
of bacteria were determined by plating. (E and F) Motility was assessed on semisolid agar. Means ⫾ standard deviations are displayed. Results are representative
for two independent experiments with 5 biological replicates per group. *, P ⬍ 0.05.

phenotype of SF101. Furthermore, genes of the ubiquinone pathway were not differentially regulated (see below).
To evaluate whether deficiency in the ubiquinone pathway
would have an impact on the immunogenicity of Salmonella in
vivo, TNF-␣ levels were measured in serum of mice 1.5 h after i.v.
infection by SF140 and SF141. TNF-␣ levels induced by these
bacteria were significantly lower than those induced by Wt and
SF101 (see Fig. S4C in the supplemental material). This correlated
with negligible body weight loss upon infection, indicating that
mutants deficient in ubiquinone synthesis are not viable in vivo.
Altogether, the in vivo phenotype of aroA-deficient mutants does
not resemble that of ubiquinone mutants, although the ubiquinone synthesis pathway is situated downstream of chorismate.
However, it appears possible that disturbances in ubiquinone synthesis may contribute to the observed alterations of membrane
integrity.
Differential turnover of fatty and amino acids in Wt and
⌬aroA variants. Fatty acids (FAs) are an essential part of bacterial
membranes. Variations in their composition could be responsible
for the observed phenotype. Therefore, we analyzed the FA composition of ⌬aroA mutants in steady state by high-resolution gas
chromatography. The fatty acid methyl ester (FAME) profiles
were in general comparable between the ⌬aroA mutants and their
corresponding aroA⫹ parental strains. Only a significant decrease
in the amount of heptadecenoic acid (c17:16) was observed for
the ⌬aroA mutants SF101 and SF102 (see Fig. S5 in the supplemental material). Its contribution to the observed phenotype remains unclear.
We next investigated the turnover of FAs by cultivating the

4

®

mbio.asm.org

bacteria in media containing 13C-labeled glucose. In contrast to
the steady-state profile, the metabolic turnover of [13C]glucose
was significantly changed for aroA mutants (Fig. 3A). The incorporation of 13C into FAs was slower and delayed, demonstrating
that deletion of aroA significantly alters the kinetics of FA synthesis. Increased incorporation was observed only for fatty acid c17:
16 (see Fig. S5 in the supplemental material). Note that the lipid
A modification of strain SF100 also affected FA synthesis, although the aroA deletion exhibited a dominant effect and resulted
in delayed incorporation (see Fig. S5).
The cellular fraction of FA was analyzed in detail by separation
into phospholipids, glycolipids, and neutral lipids. In particular,
the turnover of phospholipids and neutral lipids was significantly
delayed in ⌬aroA variants (data not shown). We concluded that
the altered synthesis of phospholipids as major components of the
cell envelope could explain the increased sensitivity to membraneacting compounds (Fig. 2A to C).
Due to the sensitivity of ⌬aroA to penicillin, the peptidoglycan
composition of the cell wall was analyzed using ultraperformance
liquid chromatography (UPLC) chromatography. However, no
significant differences were revealed (see Fig. S5E in the supplemental material). Thus, we concluded that the outer membrane
but not the cell wall composition is affected in the ⌬aroA strains.
We next investigated the turnover of representative amino acids using incorporation of [13C]glucose (Fig. 3; see also Fig. S5 in
the supplemental material). The synthesis of the majority of analyzed amino acids was not significantly altered. However, the synthesis of alanine was negatively affected in the aroA variants as
judged by significantly reduced incorporation of [13C]glucose
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FIG 3 Differential turnover of fatty and amino acids in Wt and ⌬aroA variants. (A) 13C incorporation into fatty acids. Salmonella bacteria were fed with labeled
glucose, and the 13C/12C ratios of the fatty acids were measured. The values of the parental strain were subtracted from those of the aroA variants. Positive values
indicate that the metabolic turnover from 13C-labeled glucose to fatty acid was significantly higher than that for the parental strain. (B) 13C incorporation into
amino acids. Left, difference of SF101 (⌬aroA) from Wt. Right, difference of SF102 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA) from SF100 (⌬lpxR9 ⌬pagL7 ⌬pagP8). The
means with standard deviations are displayed. Results are representative for two independent experiments with 3 biological replicates per group.

(Fig. 3B). In contrast, synthesis of proline, threonine, or glycine
was enhanced in the ⌬aroA mutants. In addition, the incorporation into serine was altered only for strains SF100 and SF102,
which express a modified lipid A (Fig. 3B, right panel).
In summary, the interruption of the shikimate pathway by deletion of aroA has a global effect on the metabolism of Salmonella
as exemplified here for fatty acids and amino acid metabolisms,
indicating a severe metabolic stress.
⌬aroA modulates the genetic profile of S. Typhimurium. In a
complementary approach to the physiological investigations and
metabolic profiling, we performed in vitro transcriptome analyses
of the aroA mutants. Transcriptome data of strain SF101 revealed
an in-frame deletion of the Mu phage-like region (STMUK_1978
to STMUK_2030) and were not analyzed further. We focused on
transcriptome analysis of strains SF100 and SF102, which represent the basis of our therapeutic attempts. In addition, the observed phenotypes of strains SF101 and SF102 were very similar, as
described above. In total, 104 genes (22 upregulated, 82 downregulated) were differentially regulated in the ⌬aroA mutant
strain SF102 compared to the parental aroA⫹ strain SF100 (Fig. 4).
The differentially regulated genes could be classified into four major functional pathways: (i) metabolism of sugars, amino acids,
and lipoproteins; (ii) osmoregulation; (iii) virulence; and (iv) flagellar biosynthesis.
Metabolic pathways responsible for the synthesis of mannose
(manXYZ) and lipoproteins (e.g., ecnB, blc, ynbE, etc.) were downregulated in the absence of aroA, while the glycerophospholipid
metabolism (glpQT) was significantly upregulated (see Table S2 in
the supplemental material, GSE74433). These molecules are part
of the cell envelope and extracellular structures, and we concluded
that the altered expression might be relevant for the increased
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susceptibility to membrane-active reagents or macrophages. Furthermore, glycolysis was negatively regulated, suggesting that excessive pyruvate is available in mutants deficient for the shikimate
pathway. Consistently, intracellular pyruvate levels were increased
in the aro mutants (see Fig. S6A).
Second, we observed significantly decreased expression of the
genes otsAB, osmE, and yehVWXYZ involved in osmoregulation.
This suggested that altered sugar production might be sufficient to
compensate for the increased pyruvate levels. Alternatively, such
sugars may lead to an osmotic imbalance that causes physiological
stress for the bacteria. This hypothesis was supported by differential regulation of many transporter systems (see Table S2 in the
supplemental material). In addition, the concentration of
trehalose-6-phosphate, a sugar molecule that regulates osmotic
pressure, was significantly lower in the ⌬aroA mutants (see

FIG 4 In vitro transcriptome analysis of SF100 (⌬lpxR9 ⌬pagL7 ⌬pagP8) and

SF102 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA). Expression profile of the most prominent differentially regulated genes in the aroA-deficient mutant SF102 in
comparison to its parental strain SF100. Normalized reads for particular genes
are shown.
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FIG 5 Flagellar phenotype of ⌬aroA strains. (A) ␤-Galactosidase assay to measure activity of fusion of mudJ with genes of the different flagellar gene classes. Class
I (flhDC5213-mudJ), class II (fliL5100-mudJ), and class III (fljB5001::mudJ ⌬hin5718::FRT) constructs were on a Wt (SF109, SF110, and SF111), SF101 (SF112,
SF113, and SF114), SF100 (SF115, SF116, and SF117), or SF102 (SF118, SF119, and SF120) background (bkg), respectively. (B) Swimming assay for fliC deletion
mutants SF126 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬fliC::FCF) and SF128 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA ⌬fliC::FCF) compared to parental strains SF102 and SF100,
respectively. SF127 and SF125 served as positive controls for constitutively expressed fljB. (C) Preferential phase switching from fliC (Lac⫹) to fljB (Lac⫺) or vice
versa. Lac⫹ or Lac⫺ colonies were cultured and plated after 4 h on TTC (2,3,5-triphenyltetrazolium chloride) plates. The switching was assayed by counting Lac⫹
and Lac⫺ colonies developed from either fliC or fljB strains. The means with standard deviations are displayed. Results are representative for two independent
experiments with 5 biological replicates per group.

Fig. S6B). Finally, as expected from the altered turnover of FAs
and amino acids, the expression levels of genes involved in the
respective metabolism/synthesis pathways were altered.
Interestingly, the transcriptome analysis revealed differentially
regulated virulence factors, which may contribute to the increased
pathogenic/immunogenic phenotype of the aroA mutants. The
gene ansB was significantly upregulated in SF102. AnsB is known
to interfere with T-cell responses (23), and overproduction of
AnsB could explain the increased pathogenicity of ⌬aroA in the
rfaG-deficient background in vivo (Fig. 1A).
⌬aroA is biased to FljB phase 2 flagellin orientation in a hexaacylated lipid A environment. Since we observed a motility defect
of aroA-deficient strains, we analyzed the flagellar phenotype in
detail. The flagellar regulon is organized in a transcriptional hierarchy of three promoter classes (class I, class II, and class III). We
used transcriptional lacZ fusion to representative genes that are
under the control of class I, class II, or class III promoters. Expression levels from class I (flhC) and class II (fliL) promoters were
similar in the Wt and aroA mutant, whereas a significant downregulation of class III gene expression was observed (fljB) in both
SF101 and SF102 (Fig. 5A). The lower expression of the fljB phase
2 flagellin correlated with the reduced motility (Fig. 2F).
Interestingly, the flagellin locus orientation was found to be
affected by ⌬aroA but only in the context of hexa-acylated lipid A
of strain SF102 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA). This indicates a
joined effect of the aroA deletion and the lipid A modification on
the transcriptional regulation of flagella. Of note, transcriptome
analysis of Wt and the corresponding hexa-acylated lipid A mutant SF100 (⌬lpxR9 ⌬pagL7 ⌬pagP8) did not reveal any regulatory
differences. However, the flagellin phase 2 gene fljB and the flagellin phase 1 repressor gene fljA were significantly upregulated in the
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isogenic aroA deletion strain SF102. In addition, the expression
level of the DNA invertase hin was reduced (see Table S2 in the
supplemental material). These data indicated that flagellar biosynthesis was altered in SF102. Components of the flagellum are
known to affect the pathogenicity and immunogenicity of Salmonella. As this might be important for our therapeutic approach, we
consequently investigated flagellar biosynthesis and composition
in detail.
Our transcriptome data showed upregulation of fljB in the
aroA mutant strain SF102, whereas fliC expression was reduced in
comparison to the parental strain SF100 (see Table S2 in the supplemental material). This finding was supported by motility analyses of mutants lacking fliC (SF126 and SF128) as shown in
Fig. 5B. Strain SF100 expresses preferentially flagellin phase 1
(FliC), since the isogenic fliC mutant SF126 (⌬lpxR9 ⌬pagL7
⌬pagP8 ⌬fliC::FCF) was nonmotile. In accordance, the deletion of
fliC in Wt or SF101 resulted also in a nonmotile phenotype (data
not shown). In contrast, the deletion of fliC in the aroA deletion
strain SF128 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA ⌬fliC::FCF) did not
change the motility phenotype compared to the parental strain
SF102 (Fig. 5B). Together with the transcriptome data, these results indicated that the ⌬aroA strain SF102 preferentially expressed flagellin phase 2 (FljB).
To corroborate these findings, we determined the switching
frequency from flagellin phase 1 (FliC) to flagellin phase 2 (FljB)
and vice versa as described before (24). In the absence of aroA,
almost 50% of the FliC-positive colonies of SF102 displayed a bias
to switch to the fljB-ON orientation, while less than 2% switched
from fljB-ON to fliC-ON (Fig. 5C). In contrast, the three other
strains preferably switched to fliC-ON, which is consistent with
previous reports on flagellin phase-switching frequencies (24).
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Taken together, the expression of flagellar genes is differentially regulated in the ⌬aroA mutant strains SF102 and SF101. In
addition, SF102 displayed a bias for flagellin phase 2 (fljB-ON)
orientation. Thus, the switch to FljB is caused by a synergism
between aroA and the lipid A. Both gene deletions are apparently
involved in the modification of the cell envelope (Fig. 3; see also
Fig. S5 in the supplemental material).
In vivo transcriptome analysis revealed arnT as a possible
contributor to the cytokine storm. The in vitro transcriptome
analysis revealed major changes in the metabolism of bacteria that
lack aroA. Therefore, we performed transcriptome profiling from
tumor-residing Salmonella ex vivo. Due to the identical transcriptomes of Wt and SF100 in vitro, we conducted the ex vivo transcriptome comparison for Wt and SF102 (Fig. 6A). To normalize
conditions, RNA was extracted from tumors that were colonized
equally with Salmonella (data not shown). Expression of 530 genes
was differentially altered. Importantly, genes that were differentially regulated in vitro showed the same expression pattern in
tumor-colonizing bacteria (see Fig. S7 in the supplemental material). In addition, various virulence factors (e.g., inv, sop, and ssa)
were downregulated in SF102 in vivo (see Table S3), indicating loss
of certain virulence properties in vivo. These data show that the
pleiotropic impact of ⌬aroA on gene expression in vitro is replicated in in vivo environments.
Of note, the gene arnT was significantly downregulated in vivo.
This indicated changes in the lipid A structure of the aroA deletion
mutant (see Table S3 in the supplemental material). ArnT masks
the 4=-phosphate group of lipid A, and accordingly, lipid A recognition by the TLR4-MD2 receptor complex is minimized (25). A
reduced arnT expression in the aroA mutant SF102 might result in
enhanced triggering of TLR4 and would thus explain the increased
immunogenicity (Fig. 1B and C).
To validate the impact of arnT, deletion strains SF133 (⌬arnT::
FKF) and SF134 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA ⌬arnT::FKF)
were tested in mice and the serum concentration of TNF-␣ was
measured as a marker for the elicited cytokine storm. As expected,
arnT deficiency increased the immunostimulatory capacity of
SF133 in comparison to Wt (Fig. 6B). No additive effect of the
arnT deletion was observed for TNF-␣ levels on the aroA mutant
background of strain SF102 (Fig. 6B). This suggests that TNF-␣
induction in the aroA mutant was already at its maximum due to
downregulation of arnT.
In vitro, ansB was found to be upregulated in the aroA mutants.
As ansB is already known to affect adaptive immunity, we wondered whether it could also influence the initial innate immune
response. Thus, the gene for ansB was deleted in Wt and SF101,
resulting in strains SF142 (⌬ansB::FKF) and SF143 (⌬aroA
⌬ansB::FKF), respectively. Interestingly, lack of ansB resulted in a
significant reduction of TNF-␣ levels in vivo (Fig. 6C). Therefore,
the upregulation of ansB may add to the increased immunogenicity of the aro mutants.
Components of the flagellum have previously been shown to
be immunogenic. Therefore, flagellar mutant ⌬fliHIJ (no filament) and flagellin phase-locked mutant fliC-ON or fljB-ON were
generated on the aroA mutant background of strain SF102. As
shown in Fig. 6C, no significant differences in TNF-␣ levels between the mutants and the parental aroA mutant strain were observed, indicating a low impact of flagella on immunogenicity
under these conditions.
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FIG 6 In vivo transcriptome analysis of Wt and SF102 (⌬lpxR9 ⌬pagL7
⌬pagP8 ⌬aroA). (A) Principal component analysis. (B) TNF-␣ levels in the
sera of mice infected with Wt, SF102 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA), SF133
(⌬arnT::FKF), or SF134 (⌬lpxR9 ⌬pagL7 ⌬pagP8 ⌬aroA ⌬arnT::FKF) 1.5 h
postinfection. (C) TNF-␣ levels in the sera of mice infected with Wt, SF101
(⌬aroA), SF142 (⌬ansB::FKF), or SF143 (⌬aroA ⌬ansB::FKF). (D) Effect of
flagellar phenotype on TNF-␣ induction. The means with standard deviations
are displayed. Results are representative for two independent experiments with
5 replicates per group. *, P ⬍ 0.05; **, P ⬍ 0.01.

⌬aroA significantly contributes to a successful cancer therapy using attenuated Salmonella. As demonstrated above, deletion of aroA increased the immunostimulatory properties of Salmonella. Therefore, a boost of the adjuvant effects during
therapeutic approaches might be produced. To address this ques®
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FIG 7 Therapeutic benefit of ⌬aroA in bacterium-mediated tumor therapy. Immunogenic CT26 (A)- and aggressive RenCa (B)-bearing mice were infected i.v.
with 5 ⫻ 106 SF135 (⌬rfaG) or SF136 (⌬aroA ⌬rfaG) bacteria. The tumor volume was monitored, and the medians with ranges are displayed. (C and D) Blood,
spleen, liver, and tumor bacterial burdens of CT26-bearing mice were determined by plating serial dilutions of tissue homogenates. CFU counts of SF135 and
SF136 at 12 hpi (C) and 36 hpi (D). (E) Body weight measurement as indicator for general health status upon infection with LPS variants. Results are
representative for two independent experiments with 5 replicates per group. *, P ⬍ 0.05; **, P ⬍ 0.01.

tion, we modified previously described LPS mutants (9) for
bacterium-mediated tumor therapy by deleting aroA. As shown
before, the rfaG mutant SF135 is able to target CT26 tumors and
retard their growth. However, no tumor clearing was observed
(Fig. 7). In contrast, an ⌬aroA ⌬rfaG double mutant (SF136) was
able to target CT26 tumors and completely clear the tumors
(Fig. 7A). Importantly, aggressive RenCa tumors were also targeted by both strains, and the growth of RenCa was significantly
delayed upon infection with the aroA-deficient strain SF136
(Fig. 7B). In line with results described above, the deletion of aroA
increased the pathogenicity of SF136 during early stages of infection. The bacterial burden in spleen and liver was enhanced at
12 hpi (Fig. 7C). This was also reflected in the increased initial
body weight drop of the mice (Fig. 7E). However, at later stages
the attenuating characteristics of ⌬rfaG and ⌬aroA were dominating (Fig. 7D). Hence, these experiments show that deletion of aroA
contributes significantly to the therapeutic power of Salmonella in
bacterium-mediated tumor therapy.
DISCUSSION

Salmonella Typhimurium is exploited as a versatile vehicle for
vaccination as well as therapeutic purposes. It exerts strong im-
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munogenicity due to its pathogenic nature, i.e., it expresses virulence factors that alert the immune system but might also subvert
immune effector mechanisms. Thus, strong safety measures need
to be applied to allow the use of these bacteria in experimental as
well as clinical studies. Among many possibilities, the introduction of an auxotrophic mutation by deleting the gene aroA has
commonly been used for metabolic attenuation. AroA is involved
in the synthesis of aromatic amino acids, which are not freely
available in the mammalian host. Nevertheless, such bacteria can
survive to a certain extent in the host and might exert fatal virulence in immunocompromised individuals (26). Surprisingly, a
highly attenuated ⌬rfaG mutant became lethal in mice when combined with a deletion of aroA.
Here, we investigated this unexpected effect by analyzing the in
vitro and in vivo transcriptome, metabolism, and physiology of
aroA-deficient Salmonella. We show that the absence of aroA not
only metabolically attenuates the microorganisms but also exerts
wide-ranging pleiotropic effects on bacterial physiology, virulence, and immunogenicity (Fig. 8).
AroA is part of the shikimate pathway. The lack of AroA interrupts the pathway that connects glycolysis to aromatic amino acid
synthesis. This interruption leads to an accumulation of intracel-

September/October 2016 Volume 7 Issue 5 e01220-16

FIG 8 Graphic summary showing the effects of ⌬aroA in Salmonella. The
deletion of aroA acts globally on Salmonella, leading to increased immunogenicity, increased susceptibility toward components of the innate immune system, and increased therapeutic efficacy in bacterium-mediated tumor therapy.

lular pyruvate by negative feedback loops in the bacteria (27) that
might cause osmotic stress and could elicit all the observed alterations in turn (see Fig. S6A in the supplemental material). In
agreement with this interpretation, many synthesis pathways that
are differentially affected by ⌬aroA are starting from pyruvate and
may compensate for this effect. Furthermore, the downregulation
of proteins upstream of pyruvate in glycolysis (e.g., Gcd, FbaB,
and TalA) further supports cytoplasmic accumulation of pyruvate. As the pyruvate accumulation was observed for other aro
deletions such as aroC or aroD, a general effect of the shikimate
pathway on the physiology of Salmonella becomes apparent (see
Fig. S6A in the supplemental material). The metabolic blockage
may also alter the intracellular redox potential NADH/NAD⫹,
which is known to affect cellular processes in turn (28).
The increased turnover of the amino acids serine and glycine
correlates with elevated pyruvate concentrations in aroA deletion
mutants, as they derive from 3-phosphoglycerate. We conclude
that the increased turnover of these amino acids indicates a higher
turnover of the tricarboxylic acid cycle. However, we expected
alanine synthesis to be upregulated in aroA mutants in order to
remove intracellular pyruvate, but the opposite was the case
(Fig. 3B). Thus, we hypothesize that the alanine synthesis pathway
is negatively affected by the general stress conditions in the absence of aroA.
The production of sugars that act as osmolytes is altered in the
⌬aroA mutant. Such sugars may lead to further osmotic imbalance and osmostress. The excessive sugar synthesis may be an
attempt by the cell to balance osmoregulation. This could also be
the explanation for the significant downregulation of genes like
otsAB and yehVWXYZ that are involved in osmoregulation. In
support, trehalose, a regulator of osmotic pressure under normal
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conditions, was found in lower concentrations in aroA mutants.
Another potential indicator for physiological stress was defects in
synthesis of neutral lipids, which function as important energy
storage (29).
The metabolism of phospholipids and especially glycerophospholipids was also delayed in the aroA mutant. Glycerophospholipids are a major component of the outer membrane and therefore crucial for membrane integrity (30). Next to
glycerophospholipids, we investigated the role of ubiquinones
that can affect envelope stability if their synthesis is impaired (20).
Indeed, abrogation of ubiquinone synthesis increased the sensitivity to EDTA. However, the general phenotype of such variants
did not resemble that of aroA-, aroC-, or aroD-deficient mutants.
Thus, aro-deficient mutants are at least partially able to complement deficiencies in the ubiquinone pathway.
Altogether, the altered glycerophospholipids and putative disturbances of ubiquinone synthesis could interfere with the stability of the outer membrane and therefore provide an explanation
for the sensitivity to albumen or EDTA observed by us and Sebkova et al. (18). Furthermore, it might explain the increased sensitivity to ampicillin and penicillin and the reduced intracellular
survival after phagocytosis. The latter phenotype might also be
influenced by the downregulation of bacterioferritin that has been
reported to protect bacteria from toxic hydroxyl radicals and reactive oxygen species (ROS) in phagocytes (31).
Along the line of cell envelope changes, mannose synthesis was
found to be downregulated in aroA deletion mutants. As the O
antigen of LPS is composed of hexose sugars, lack of mannose
might result in a modified primary structure of the O antigen. This
could influence the recognition by macrophages and complement
system, as was observed before (32).
The mutant SF101 that lacks only aroA exhibits the same flagellation state and bias toward the fliC-ON orientation as Wt Salmonella. Likewise, hexa-acylated lipid A alone does not result in a
bias toward the fljB-ON orientation or affect flagellar gene expression. However, flagellar biosynthesis was altered in ⌬aroA strains
in conjunction with an optimized lipid A structure (⌬lpxR9
⌬pagL7 ⌬pagP8). Therefore, the aroA deletion does contribute to
the switch to fljB-ON orientation only in the double mutant with
hexa-acylated lipid A and ⌬aroA. This suggests that the ⌬aroA
phenotype becomes apparent only if amplified by hexa-acylation
of lipid A. Additional experiments will be required to reveal the
potential cross talk between these two modifications.
The bias toward the flagellin phase 2 (fljB-ON) orientation in
the ⌬aroA mutant SF102 does not explain the lack of motility.
Mutants locked in either fliC-ON or fljB-ON orientation do not
display motility defects (33). However, in addition, expression of
class III flagellar genes (e.g., fliC and fljB) was significantly decreased. Thus, the reduced expression of flagellar genes might explain the decreased motility of the aroA-deficient strain.
The abovementioned alterations do not explain the increased
immunogenicity and pathogenicity of the ⌬aroA strains especially
since genes connected to the type III injectisome apparatus were
downregulated. The transcriptome analysis revealed ansB as a potential candidate gene responsible for the increased immunogenicity. ansB was upregulated in ⌬aroA strains. The gene ansB encodes an L-asparaginase II, which catalyzes the hydrolysis of
L-asparagine to aspartic acid and ammonia and has been shown to
suppress T-cell-mediated immune reactions like blastogenesis,
proliferation, and cytokine production (23). Furthermore, a dele®
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tion of ansB resulted in a reduced TNF-␣ induction (Fig. 6C).
Therefore, the increased activity of AsnB in ⌬aroA mutants could
explain the enhanced pathogenicity and immunogenicity
(Fig. 1A). In this context, recognition of flagellin by TLR5 might
also play a role in vivo. In a previous study, it has been demonstrated that Salmonella expressing flagellin phase 2 (FljB) exhibited an increased adjuvant effect and boosted FljB-specific IgG
responses (34). We found that the bias toward the fljB-ON orientation in aroA mutants did not contribute significantly to the increased TNF-␣ and IFN-␤ levels. However, the switch in flagellin
phase might contribute to immunogenicity in infection systems
other than the murine model employed here.
In general, the lipid A molecule as part of the LPS is known to
play a major role in septicemia (35). Importantly, we found that
the gene arnT was significantly downregulated in the ⌬aroA mutants. It encodes a 4-amino-4-deoxy-L-arabinose transferase that
masks the lipid A molecule in vivo in order to avoid recognition by
TLR4 (36). While a hexa-acylated, diphosphorylated lipid A is
highly immunostimulatory, tetra-acylated lipid A with masked
phosphate groups acts antagonistically (25). The aroA-deficient
Salmonella mutant lacks the ability to mask the 4=-phosphate
group of lipid A due to the downregulation of arnT. In accordance, cytokine production is increased in aroA mutant strains
(Fig. 6). Similarly, a deletion mutant of arnT added additional
immunogenicity to the strains. However, when arnT was deleted
in the hexa-acylated lipid A strain background SF102, no increase
in pathogenicity was observed. This suggested that SF102 already
exhibited the same phenotype as the ⌬arnT mutant. In summary,
we conclude that differential regulation of arnT and ansB mediates the increased immunogenicity of the ⌬aroA mutation in vivo.
Finally, we hypothesized that the increased in vivo pathogenicity/immunogenicity might increase the therapeutic potency of
the aroA-deficient Salmonella when employed in bacteriummediated cancer therapy. Importantly, when aroA was deleted in
the highly attenuated ⌬rfaG mutant (SF135), we observed a significantly boosted antitumor effect. This became most apparent
when the bacteria were tested in the RenCa tumor model, which
usually exhibits only limited susceptibility to bacterial therapy.
We conclude that tumor clearance or growth retardation might
benefit from the increased induction of TNF-␣ by aroA mutants.
The increased potency of these ⌬aroA mutants is also reflected in
initially higher bacterial burdens that might further stimulate the
immune system.
Taken together, this study demonstrated that the commonly
used deletion ⌬aroA exerts global effects on gene expression, metabolism, and physiology of Salmonella. The absence of aroA not
only renders Salmonella auxotrophic for aromatic amino acids but
also improves its immunogenicity and adjuvant power while decreasing virulence mediated by its type III injectisome system at
the same time. Therefore, we propose that the use of aroA deletion mutants or alternative mutants of the shikimate pathway
in combination with other attenuating modifications might
produce a highly optimized Salmonella strain for vaccination
and bacterium-mediated cancer therapy.
MATERIALS AND METHODS
Ethics statement. All animal experiments were performed according to
the guidelines of the German Law for Animal Protection and with the
permission of the local ethics committee and the local authority LAVES
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(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit) under permission no. 33.9-42502-04-12/0713.
Bacterial strains. Bacterial strains and plasmids are shown in Table S1 in the supplemental material. Bacteria were grown in LB or 1%
(wt/vol) galactose minimal medium at 37°C. Suicide vector pYA3600 was
used for aroA deletion in 3761 (UK-1 Wt) and SF100 (⌬lpxR9 ⌬pagL7
⌬pagP8) as described previously (37). Deletion was confirmed by PCR.
P22 bacteriophage transduction was used for targeted gene deletions (38).
For complementation studies, the vector pTrc99A (Plac ColE1 ori Ampr)
was used and induced with 1 mM isopropyl-␤-D-thiogalactopyranoside
(IPTG) (39).
Preparation of inoculum. Salmonella strains were grown overnight
and subcultured to mid-log phase in LB medium at 37°C. The bacteria
were washed twice and adjusted to the desired optical density at 600 nm
(OD600) (e.g., 0.055 equals 5 ⫻ 107 Salmonella bacteria/ml) in pyrogenfree phosphate-buffered saline (PBS).
Motility assay. The motility of mutant strains was assayed on semisolid swimming plates containing 0.3% (wt/vol) agar and quantified by
measuring the swarm diameter after a 4-h incubation at 37°C.
Flagellar expression. To quantify flagellar gene expression, transcriptional lacZ fusions to flhDC (class I), fliL (class II), and fljB or fliC (class
III) were used, and lacZ activity was measured as described previously
(24, 40).
Electron microscopy. Overnight cultures were fixed in 2% glutaraldehyde and negatively stained with 2% uranyl acetate. Samples were examined in a Zeiss 910 transmission electron microscope (TEM) at 80 kV
with calibrated magnifications. Images were recorded with a slow-scan
charge-coupled device (CCD) camera (ProScan; 1,024 by 1,024) and
ITEM software (Olympus Soft Imaging Solutions).
Trehalose measurement. Strains were cultured overnight in 10 ml LB.
Bacteria were centrifuged, washed, and resuspended in 500 l doubledistilled water (ddH2O). The lysate was prepared by treating the bacteria
for 30 min at 95°C. The trehalose assay kit (Megazyme) was used to measure intracellular trehalose concentrations in the supernatant as described
by the manufacturer.
Pyruvate measurement. Bacteria were cultured in 5 ml LB overnight.
Bacteria (2 ml) were washed and resuspended in 300 l ddH2O. The lysate
was prepared by treatment for 30 min at 95°C. The pyruvate assay kit
(Cayman Chemicals) was used to measure intracellular pyruvate concentrations in the supernatant as described by the manufacturer.
RNA isolation and sequencing. For processing RNA from planktonic
cultures, the ScriptSeq v2 transcriptome sequencing (RNA-Seq) library
prep kit (Illumina) was used according to the vendor’s protocol. To isolate
RNA from tumors, tumor-bearing mice were sacrificed 36 h postinfection. The tumor was squeezed twice through nylon filters (70 m) and
rinsed with RNAprotect solution. The suspension was centrifuged at
400 ⫻ g to settle cell debris. RNA extraction, cDNA preparation, and deep
sequencing were performed as previously described (41).
Quantification of gene expression. Sequence reads were separated
according to their bar codes mapped to the genome sequence of the reference strain Salmonella enterica subsp. enterica serovar Typhimurium
UK-1 (GenBank accession no. CP002614.1) using Stampy (42). The R
package DESeq (43) was used for differential gene expression analysis.
Differentially expressed genes were identified using the nbinomTest function based on the negative binomial model. The Benjamini-Hochberg
correction was used to control false discovery rate (FDR) at 5% in order to
determine the list of regulated genes. Genes were identified as differentially expressed when they fulfilled the following criteria: (i) at least 2-fold
down- or upregulation in comparison to the Wt and (ii) a BenjaminiHochberg-corrected P value lower than 5%.
Metabolic studies. Bacteria were fed with 50 mg/liter [U-13C]glucose
(99% 13C). Fatty acids and amino acids were analyzed after 1, 2, 4, and 8 h
according to a published protocol (44). For a more detailed analysis of
lipid metabolism, lipids were separated into neutral lipids, glycolipids,
and phospholipids as described previously (45). The fractions were sa-
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ponified and analyzed as described for the cellular fatty acids. Isotope ratio
data are given in ␦13C (‰). Controls followed the same protocol but used
glucose with natural 13C abundance.
Isolation of peptidoglycan and UPLC analysis. Wt and mutant
strains were harvested in stationary phase by centrifugation and quickly
resuspended in 1⫻ PBS buffer. Purification of peptidoglycan was performed as described previously (46) and analyzed by UPLC. Relative
amounts of the muropeptides were calculated as described by Glauner
(47).
Complement sensitivity. Human blood was taken from volunteers.
Serum was isolated using Microvette serum tubes (Sarstedt). Bacteria
were adjusted to 2 ⫻ 107 CFU and challenged with serum by mixing it at
1:1. Heat-inactivated serum was prepared for 2 h at 56°C as a control. The
reaction mixture was incubated for 30 min at 37°C. The remaining CFU
were determined by plating.
Invasion assay. J774 cells were used to determine the phagocytic uptake and intracellular replication of the bacteria. The assay was performed
as described previously using a multiplicity of infection (MOI) of 1 (48).
Uptake was assayed 2 h postinfection, and intracellular replication was
assayed 18 h postinfection. All values were compared to Wt.
TNF-␣ measurement in serum. Blood samples were collected 1.5 h
postinfection. The TNF-␣ ELISA Max standard kit (BioLegend) was used
to determine the TNF-␣ level in serum according to the manufacturer’s
manual. Three biological replicates were analyzed, and a PBS-treated
group served as negative control.
Murine tumor model. Six- to 7-week-old BALB/c mice (Janvier) were
intradermally inoculated with 5 ⫻ 105 syngeneic CT26 tumor cells (colorectal cancer, ATCC CRL-2638) or 2 ⫻ 106 RenCa tumor cells (renal
adenocarcinoma) in the right flank. The tumor establishment was monitored using a caliper. Upon reaching a tumor volume of approximately
150 mm³ after 10 days, the mice were injected intravenously in the tail vein
with 5 ⫻ 106 Salmonella bacteria.
Therapeutic benefit and bacterial burden. Tumor development was
monitored with a caliper until tumors either were cleared or grew too
large (⬎1,000 mm³). Body weight was monitored with a scale as a general
health indicator. Mice were euthanized when the body weight dropped
below 80% of initial weight at day 0 of infection.
IFN-␤ reporter mice. IFN-␤⫹/⌬␤-luc reporter BALB/c mice (HZI)
were used to measure endogenous IFN-␤ induction by Salmonella (21).
Before imaging, 150 mg D-luciferin/kg of body weight was administered
via intravenous injection. The mice were anesthetized with isoflurane
(Baxter) and imaged using an IVIS 200 imaging system. Photon flux was
quantified by Living Image 3.0 software (Caliper).
Statistics. Statistical analyses were performed using the two-tailed
Student t test with P values of ⬍0.05 considered significant.
Accession number(s). All raw and processed expression data have
been submitted to GEO under accession number GSE74433.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01220-16/-/DCSupplemental.
Figure S1, PDF file, 0.4 MB.
Figure S2, PDF file, 0.2 MB.
Figure S3, PDF file, 0.3 MB.
Figure S4, PDF file, 0.2 MB.
Figure S5, PDF file, 0.3 MB.
Figure S6, PDF file, 0.3 MB.
Figure S7, PDF file, 0.5 MB.
Table S1, PDF file, 0.2 MB.
Table S2, PDF file, 0.4 MB.
Table S3, PDF file, 0.4 MB.

ACKNOWLEDGMENTS
We sincerely thank Susanne zur Lage, Regina Lesch, and Ina Schleicher for
expert technical assistance and Esther Surges for isotope ratio determinations.

September/October 2016 Volume 7 Issue 5 e01220-16

We declare no conflict of interest regarding the publication of this
article.

FUNDING INFORMATION
This work was supported in part by the Deutsche Krebshilfe, the Federal
Ministry for Education and Research (BMBF), the Helmholtz Association
Young Investigator grant no. VH-NG-932 and the People Programme
(Marie Curie Actions) of the European Unions’s Seventh Framework Programme grant no 334030 (to M.E.). S.F. was funded in the Zoonosis PhD
program via a Lichtenberg Fellowship from the Niedersächsische Ministerium für Wissenschaft und Kultur (MWK). D.K. was partially funded by
Niedersächsische Krebsgesellschaft. The funders had no role in study design, data collection and interpretation, or the decision to submit the work
for publication

REFERENCES
1. World Health Organization. 2013. World health statistics 2014. World
Health Organization, Geneva, Switzerland.
2. Osterholm MT, Kelley NS, Sommer A, Belongia EA. 2012. Efficacy and
effectiveness of influenza vaccines: a systematic review and meta-analysis.
Lancet Infect Dis 12:36 – 44. http://dx.doi.org/10.1016/S1473
-3099(11)70295-X.
3. Curtiss R, III. 2015. Antigen delivery system II: Development of live
attenuated bacterial vectors, p 1233–1269. In Mestecky J, Strober W, Russell M, Cheroutre H, Lambrecht BN, Kelsall B (ed), Mucosal immunology,
4th ed. Academic Press, New York, NY.
4. Wang S, Kong Q, Curtiss R. 2013. New technologies in developing
recombinant attenuated Salmonella vaccine vectors. Microb Pathog 58:
17–28. http://dx.doi.org/10.1016/j.micpath.2012.10.006.
5. Juárez-Rodríguez MD, Yang J, Kader R, Alamuri P, Curtiss R, ClarkCurtiss JE. 2012. Live attenuated Salmonella vaccines displaying regulated
delayed lysis and delayed antigen synthesis to confer protection against
Mycobacterium tuberculosis. Infect Immun 80:815– 831. http://dx.doi.org/
10.1128/IAI.05526-11.
6. Kong Q, Liu Q, Jansen AM, Curtiss R. 2010. Regulated delayed expression of rfc enhances the immunogenicity and protective efficacy of a heterologous antigen delivered by live attenuated Salmonella enterica vaccines. Vaccine 28:6094 – 6103. http://dx.doi.org/10.1016/
j.vaccine.2010.06.074.
7. Kong Q, Liu Q, Roland KL, Curtiss R. 2009. Regulated delayed expression of rfaH in an attenuated Salmonella enterica serovar Typhimurium
vaccine enhances immunogenicity of outer membrane proteins and a heterologous antigen. Infect Immun 77:5572–5582. http://dx.doi.org/
10.1128/IAI.00831-09.
8. Mitra A, Loh A, Gonzales A, Laniewski P, Willingham C, Curtiss R, III,
Roland KL. 2013. Safety and protective efficacy of live attenuated Salmonella gallinarum mutants in Rhode Island Red chickens. Vaccine 31:
1094 –1099. http://dx.doi.org/10.1016/j.vaccine.2012.12.021.
9. Frahm M, Felgner S, Kocijancic D, Rohde M, Hensel M, Curtiss R,
Erhardt M, Weiss S. 2015. Efficiency of conditionally attenuated Salmonella enterica serovar Typhimurium in bacterium-mediated tumor therapy. mBio 6:e00254-15. http://dx.doi.org/10.1128/mBio.00254-15
10. Crull K, Bumann D, Weiss S. 2011. Influence of infection route and
virulence factors on colonization of solid tumors by Salmonella enterica
serovar Typhimurium. FEMS Immunol Med Microbiol 62:75– 83. http://
dx.doi.org/10.1111/j.1574-695X.2011.00790.x.
11. Xin W, Wanda S-Y, Zhang X, Santander J, Scarpellini G, Ellis K,
Alamuri P, Curtiss R. 2012. The Asd⫹/DadB⫹ dual plasmid system offers
novel means to deliver multiple protective antigens by recombinant attenuated Salmonella vaccine. Infect Immun 80:3621–3633. http://dx.doi.org/
10.1128/IAI.00620-12.
12. Arrach N, Cheng P, Zhao M, Santiviago CA, Hoffman RM, McClelland
M. 2010. High-throughput screening for Salmonella avirulent mutants
that retain targeting of solid tumors. Cancer Res 70:2165–2170. http://
dx.doi.org/10.1158/0008-5472.CAN-09-4005.
13. Clairmont C, Lee KC, Pike J, Ittensohn M, Low KB, Pawelek J, Bermudes D, Brecher SM, Margitich D, Turnier J, Li Z, Luo X, King I,
Zheng LM. 2000. Biodistribution and genetic stability of the novel antitumor agent VNP20009, a genetically modified strain of Salmonella Typhimurium. J Infect Dis 181:1996 –2002. http://dx.doi.org/10.1086/
315497.

®

mbio.asm.org 11

Downloaded from mbio.asm.org on September 14, 2016 - Published by mbio.asm.org

aroA-Deﬁcient Salmonella

14. Curtiss R, Xin W, Li Y, Kong W, Wanda S-Y, Gunn B, Wang S. 2010.
New technologies in using recombinant attenuated Salmonella vaccine
vectors. Crit Rev Immunol 30:255–270. http://dx.doi.org/10.1615/
CritRevImmunol.v30.i3.30.
15. Ruby T, McLaughlin L, Gopinath S, Monack D. 2012. Salmonella’s
long-term relationship with its host. FEMS Microbiol Rev 36:600 – 615.
http://dx.doi.org/10.1111/j.1574-6976.2012.00332.x.
16. Bentley R, Haslam E. 1990. The shikimate pathway—a metabolic tree
with many branches. Crit Rev Biochem Mol Biol 25:307–384. http://
dx.doi.org/10.3109/10409239009090615.
17. Hoiseth SK, Stocker BAD. 1981. Aromatic-dependent Salmonella Typhimurium are non-virulent and effective as live vaccines. Nature 291:
238 –239. http://dx.doi.org/10.1038/291238a0.
18. Sebkova A, Karasova D, Crhanova M, Budinska E, Rychlik I. 2008. aro
mutations in Salmonella enterica cause defects in cell wall and outer membrane integrity. J Bacteriol 190:3155–3160. http://dx.doi.org/10.1128/
JB.00053-08.
19. Galloway SM, Raetz CR. 1990. A mutant of Escherichia coli defective in
the first step of endotoxin biosynthesis. J Biol Chem 265:6394 – 6402.
20. Sévin DC, Sauer U. 2014. Ubiquinone accumulation improves osmoticstress tolerance in Escherichia coli. Nat Chem Biol 10:266 –272. http://
dx.doi.org/10.1038/nchembio.1437.
21. Lienenklaus S, Cornitescu M, Zietara N, Łyszkiewicz M, Gekara N,
Jabłónska J, Edenhofer F, Rajewsky K, Bruder D, Hafner M, Staeheli P,
Weiss S. 2009. Novel reporter mouse reveals constitutive and inflammatory expression of IFN-beta in vivo. J Immunol 183:3229 –3236. http://
dx.doi.org/10.4049/jimmunol.0804277.
22. Deditius JA, Felgner S, Spöring I, Kühne C, Frahm M, Rohde M, Weiß
S, Erhardt M. 2015. Characterization of novel factors involved in swimming and swarming motility in Salmonella enterica serovar Typhimurium.
PLoS One 10:e0135351. http://dx.doi.org/10.1371/journal.pone.0135351.
23. Kullas AL, McClelland M, Yang H-J, Tam JW, Torres A, Porwollik S,
Mena P, McPhee JB, Bogomolnaya L, Andrews-Polymenis H, van der
Velden AW. 2012. L-asparaginase II produced by Salmonella Typhimurium inhibits T cell responses and mediates virulence. Cell Host Microbe
12:791–798. http://dx.doi.org/10.1016/j.chom.2012.10.018.
24. Gillen KL, Hughes KT. 1991. Negative regulatory loci coupling flagellin
synthesis to flagellar assembly in Salmonella Typhimurium. J Bacteriol
173:2301–2310.
25. Needham BD, Carroll SM, Giles DK, Georgiou G, Whiteley M, Trent
MS. 2013. Modulating the innate immune response by combinatorial engineering of endotoxin. Proc Natl Acad Sci U S A 110:1464 –1469. http://
dx.doi.org/10.1073/pnas.1218080110.
26. Paglia P, Terrazzini N, Schulze K, Guzmán CA, Colombo MP. 2000. In
vivo correction of genetic defects of monocyte/macrophages using attenuated Salmonella as oral vectors for targeted gene delivery. Gene Ther
7:1725–1730. http://dx.doi.org/10.1038/sj.gt.3301290.
27. Herrmann KM, Weaver LM. 1999. The shikimate pathway. Annu Rev
Plant Physiol Plant Mol Biol 50:473–503. http://dx.doi.org/10.1146/
annurev.arplant.50.1.473.
28. Sevcík M, Sebková A, Volf J, Rychlík I. 2001. Transcription of arcA and
rpoS during growth of Salmonella Typhimurium under aerobic and microaerobic conditions. Microbiology 147:701–708. http://dx.doi.org/
10.1099/00221287-147-3-701.
29. Wältermann M, Hinz A, Robenek H, Troyer D, Reichelt R, Malkus U,
Galla H-J, Kalscheuer R, Stöveken T, von Landenberg P, Steinbüchel A.
2005. Mechanism of lipid-body formation in prokaryotes: how bacteria
fatten up. Mol Microbiol 55:750 –763. http://dx.doi.org/10.1111/j.1365
-2958.2004.04441.x.
30. Bos MP, Tommassen J. 2004. Biogenesis of the gram-negative bacterial
outer membrane. Curr Opin Microbiol 7:610 – 616. http://dx.doi.org/
10.1016/j.mib.2004.10.011.
31. Velayudhan J, Castor M, Richardson A, Main-Hester KL, Fang FC.
2007. The role of ferritins in the physiology of Salmonella enterica sv.
Typhimurium: a unique role for ferritin B in iron-sulphur cluster repair

12

®

mbio.asm.org

32.

33.

34.

35.
36.

37.

38.
39.
40.

41.

42.
43.
44.

45.

46.
47.
48.

and virulence. Mol Microbiol 63:1495–1507. http://dx.doi.org/10.1111/
j.1365-2958.2007.05600.x.
Hölzer SU, Schlumberger MC, Jäckel D, Hensel M. 2009. Effect of the
O-antigen length of lipopolysaccharide on the functions of type III secretion systems in Salmonella enterica. Infect Immun 77:5458 –5470. http://
dx.doi.org/10.1128/IAI.00871-09.
Ikeda JS, Schmitt CK, Darnell SC, Watson PR, Bispham J, Wallis TS,
Weinstein DL, Metcalf ES, Adams P, O’Connor CD, O’Brien AD. 2001.
Flagellar phase variation of Salmonella enterica serovar Typhimurium
contributes to virulence in the murine typhoid infection model but does
not influence Salmonella-induced enteropathogenesis. Infect Immun 69:
3021–3030. http://dx.doi.org/10.1128/IAI.69.5.3021-3030.2001.
Eom JS, Kim JS, Jang JI, Kim B-H, Yoo SY, Choi JH, Bang I-S, Lee IS, Park
YK. 2013. Enhancement of host immune responses by oral vaccination to
Salmonella enterica serovar Typhimurium harboring both FliC and FljB flagella. PLoS One 8:e74850. http://dx.doi.org/10.1371/journal.pone.0074850.
Raetz CR, Whitfield C. 2002. Lipopolysaccharide endotoxins. Annu Rev
Biochem 71:635–700. http://dx.doi.org/10.1146/annurev.biochem.71.
110601.135414.
Trent MS, Ribeiro AA, Lin S, Cotter RJ, Raetz CR. 2001. An inner
membrane enzyme in Salmonella and Escherichia coli that transfers
4-amino-4-deoxy-L-arabinose to lipid A: induction in polymyxinresistant mutants and role of a novel lipid-linked donor. J Biol Chem
276:43122– 43131. http://dx.doi.org/10.1074/jbc.M106961200.
Kong Q, Yang J, Liu Q, Alamuri P, Roland KL, Curtiss R. 2011. Effect
of deletion of genes involved in lipopolysaccharide core and O-antigen
synthesis on virulence and immunogenicity of Salmonella enterica serovar
Typhimurium. Infect Immun 79:4227– 4239. http://dx.doi.org/10.1128/
IAI.05398-11.
Susskind MM, Botstein D. 1978. Molecular genetics of bacteriophage
P22. Microbiol Res 42:385– 413.
Amann E, Ochs B, Abel KJ. 1988. Tightly regulated tac promoter vectors
useful for the expression of unfused and fused proteins in Escherichia coli.
Gene 69:301–315. http://dx.doi.org/10.1016/0378-1119(88)90440-4.
Singer HM, Erhardt M, Hughes KT. 2013. RflM functions as a transcriptional repressor in the autogenous control of the Salmonella flagellar master operon flhDC. J Bacteriol 195:4274 – 4282. http://dx.doi.org/10.1128/
JB.00728-13.
Dötsch A, Eckweiler D, Schniederjans M, Zimmermann A, Jensen V,
Scharfe M, Geffers R, Häussler S. 2012. The Pseudomonas aeruginosa transcriptome in planktonic cultures and static biofilms using RNA sequencing.
PLoS One 7:e31092. http://dx.doi.org/10.1371/journal.pone.0031092.
Lunter G, Goodson M. 2011. Stampy: a statistical algorithm for sensitive
and fast mapping of Illumina sequence reads. Genome Res 21:936 –939.
http://dx.doi.org/10.1101/gr.111120.110.
Anders S, Huber W. 2010. Differential expression analysis for sequence
count data. Genome Biol 11:R106. http://dx.doi.org/10.1186/gb-2010-11
-10-r106.
Abraham WR, Hesse C. 2003. Isotope fractionations in the biosynthesis
of cell components by different fungi: a basis for environmental carbon
flux studies. FEMS Microbiol Ecol 46:121–128. http://dx.doi.org/10.1016/
S0168-6496(03)00203-4.
Abraham W, Meyer H, Lindholst S, Vancanneyt M, Smit J. 1997.
Phospho- and sulfolipids as biomarkers of Caulobacter sensu lato, Brevundimonas and Hyphomonas. Syst Appl Microbiol 20:522–539. http://
dx.doi.org/10.1016/S0723-2020(97)80022-7.
De Jonge BL, Chang YS, Gage D, Tomasz A. 1992. Peptidoglycan
composition of a highly methicillin-resistant Staphylococcus aureus strain.
The role of penicillin binding protein 2A. J Biol Chem 267:11248 –11254.
Glauner B. 1988. Separation and quantification of muropeptides with
high-performance liquid chromatography. Anal Biochem 172:451– 464.
http://dx.doi.org/10.1016/0003-2697(88)90468-X.
Gahring LC, Heffron F, Finlay BB, Falkow S. 1990. Invasion and replication of Salmonella Typhimurium in animal cells. Infect Immun 58:
443– 448.

September/October 2016 Volume 7 Issue 5 e01220-16

Downloaded from mbio.asm.org on September 14, 2016 - Published by mbio.asm.org

Felgner et al.

