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A B S T R A C T

Background: Salmonella causes intracellular infections in humans. Besides quinolones, third generation ceph-
alosporins are first line drugs used for salmonellosis therapy. An unresolved anomaly of this practice involves
high relapse rates associated to quinolone- or cephalosporin-susceptible Salmonella isolates in patients that
are discharged clinically following initial recovery. Reduced drug accessibility to intracellular locations has
been hypothesized to impair pathogen eradication although supporting evidence is lacking in vivo. Here, we
uncover a novel penicillin-binding protein as the first Salmonella factor likely contributing to relapse follow-
ing beta-lactam, mainly ceftriaxone, therapy.
Methods: We used Salmonella enterica serovar Typhimurium mutants lacking the alternative penicillin-bind-
ing proteins PBP2SAL or PBP3SAL. Affinity of PBP2SAL and PBP3SAL for beta-lactam antibiotics was tested.
Relapse after ceftriaxone therapy was analysed in the murine typhoid model.
Findings: S. Typhimurium does not express PBP2SAL or PBP3SAL in the Mueller-Hinton medium used for sus-
ceptibility testing. The pathogen produces these PBPs in response to acidic pH and nutrient limitation, condi-
tions found in phagosomes of mammalian cells. PBP3SAL has low affinity for beta-lactams, even at acidic pH.
In vitro susceptibility to ceftriaxone at low pH is strongly reduced. S. Typhimurium lacking PBP3SAL was
unable to cause relapse in mice following ceftriaxone therapy.
Interpretation: The reduced capacity of ceftriaxone to clear S. Typhimurium in vivo is favoured by a switch in
beta-lactam targets. This switch, involving production of the less-susceptible PBP3SAL, remains invisible for
standard procedures used in clinical therapy. We conclude that eradication of salmonellosis will be possible
only upon targeting of PBP3SAL with novel drugs.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Salmonella enterica has an enormous impact in human health
causing high morbidity and mortality [1,2]. The evidence accumu-
lated in the last decades has demonstrated that S. enterica infections
progress intracellularly with bacteria located inside epithelial cells
and phagocytes [2]. Intracellularity has marked the evolution of S.
enterica as pathogen following the acquisition of novel genes that
enabled the bacterium to invade mammalian cells and to survive and
proliferate inside host cells [3, 4].

Most intracellular infections impose a barrier for effective antimi-
crobial chemotherapy due to the poor penetration of commonly used
antibiotics [5]. In vitro assays show that beta-lactams do not accumu-
late enough in intracellular locations to reach bactericidal effects [6].
Treatment failure of intracellular infections might also relate to other
factors like: adaptive variations in the physiology of intracellular bac-
teria [2]; exposure of the pathogen to heterogeneous host stresses in
distinct cell types leading to emergence of persistence phenotypes
[7]; and, inhomogeneous distribution of the drug in intracellular loca-
tions [8]. These factors are thought to contribute the lack of effective-
ness following antibiotic therapy in relapses associated to drug-
susceptible isolates.

The epidemiology of S. enterica in recent years shows an alarming
increase in antibiotic resistance in both typhoid and non-typhoid
serovars [9, 10]. Resistance is frequently reported to first choice anti-
biotics used to treat human salmonellosis such as quinolones and
third generation cephalosporins. These drugs replaced chloramphen-
icol, trimethoprim-sulphamethoxazole and ampicillin due to the
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Research in context

Evidence before this study

In an extensive search of literature about relapses and antibiotic
resistance published up to March 2020, the available informa-
tion refers to widespread resistance to third generation cepha-
losporins in typhoid and non-typhoid S. enterica serovars, and
randomized controlled trials in which failure of the antibiotic
therapy and relapse rates with the original isolate were esti-
mated. The most representative original and review articles are
cited in this study. Importantly, in early studies of 2002 involv-
ing randomized controlled trials using third generation cepha-
losporins in typhoid fever patients, principally ceftriaxone and
cefixime, the rates of treatment failure were estimated 5 to 10
per cent, with relapse rates that were 3 to 6 per cent. In another
study of 2016 performed in Nepal and involving uncomplicated
enteric fever, third generation cephalosporins were associated
with slow clinical improvement and high relapse burden. In a
2016 study in Japan, the relapse rate with intravenous ceftriax-
one exceeded 10%. In a review published in 2011, relapse rates
reaching up to 17% are reported in diverse randomized clinical
trials involving typhoid fever patients. Relapses caused by
drug-susceptible isolates have also been reported in cases of
combined therapies involving quinolones and cephalosporins.
Insufficient effect of beta-lactam antibiotics in vivo was attrib-
uted to low intracellular concentrations, although these obser-
vations are restricted to in vitro infection assays based on tissue
cultured mammalian cells.

Added value of this study

Salmonella is recognized as one of the main bacterial pathogens
causing asymptomatic and chronic infections in humans and
livestock. Clinical evidence also associates drug-susceptible Sal-
monella isolates to high relapse rates in human patients that
were clinically discharged after an antibiotic treatment that
resulted in remission of symptoms. These relapses are attrib-
uted to a reduced antibiotic penetration into the intracellular
locations where the pathogen resides, although no evidence
has yet formally obtained in vivo for such potential cause. To
our knowledge, our study provides the first clue explaining this
clinical anomaly for a Salmonella enzyme that is involved in cell
wall metabolism -the penicillin binding protein PBP3SAL- pro-
moting pathogen persistence in host tissues after antibiotic
chemotherapy. Targeting of this alternative PBP3SAL is therefore
needed to successfully treat salmonellosis patients and eradi-
cate this important pathogen.

Implications of all the available evidence

The data obtained in the assays involving binding of beta-lac-
tams to PBP3SAL indicate that this enzyme, which replaces PBP3
in intracellular Salmonella, has low affinity for ceftriaxone,
resulting in reduced in vitro susceptibility and a significant
increase in relapse after therapy in an animal model. These
findings suggest that modifications of current cephalosporins
to better inhibit PBP3SAL might have consequences in the suc-
cess in treatment of human infections.
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emergence of resistance in mobile genetic elements and, in the case
of chloramphenicol, to undesirable haematologic side effects [11, 12].
In addition, worrisome relapse rates are also repeatedly reported in
salmonellosis patients discharged clinically after remission of
symptoms with third generation cephalosporin therapies [13]. Thus,
in randomized controlled trials of third generation cephalosporins in
typhoid fever, principally ceftriaxone and cefixime, the rates of treat-
ment failure were 5 to 10 percent, with relapse rates that were 3 to 6
percent [14]. In other studies of uncomplicated enteric fever, third
generation cephalosporins are generally associated with slow clinical
improvement and high relapse burden [15]. In some series, the
relapse rate with intravenous ceftriaxone, a first-choice cephalospo-
rin, exceeded 10 percent [16]. The causes sustaining these high
relapse rates remain unknown.

In this study, we characterize in serovar Typhimurium the
production in intracellular bacteria of two pathogen-specific peni-
cillin binding proteins (PBPs), natural targets of beta-lactam anti-
biotics. These alternative PBPs are expressed by the pathogen
inside the mammalian cell and bind current beta-lactams with
low affinity. Here, we demonstrate that these two factors, involv-
ing niche-dependant expression and reduced antibiotic binding,
contribute to the failure of ceftriaxone treatment in terms of
pathogen eradication.

2. Materials and methods

2.1. Bacterial strains, media and growth conditions

Bacterial strains and plasmids used are listed in Table S1. All S.
enterica serovar Typhimurium (S. Typhimurium) strains used are
derivates of virulent wild-type strain SV5015, an His+ prototroph
of strain SL1344 [17]. Strains were grown in Luria-Bertani (LB)
broth, composed of 1% (w/v) casein peptone, 0.5% (w/v) yeast
extract and, 0.5% (w/v) sodium chloride; or, phosphate-carbon-
nitrogen (PCN) minimal medium [18]. When necessary, pH was
buffered with 80 mM MES [2-(N-morpholino) ethanesulfonic
acid]. The composition of PCN medium is: 4 mM Tricine [N-[Tris
(hydroxymethyl) methyl]glycine], 0.1 mM FeCl3, 376 mM K2SO4,
50 mM NaCl, 15 mM NH4Cl, 1 mM MgSO4, 1 mM CaCl2, 0.4% (w/
v) glucose, 0.4 mM inorganic phosphate (Pi), and micronutrients
[18]. The 80 mM MES solution was adjusted to the desired pH
value with NaOH and used to buffer the medium. To grow strains
harbouring plasmids, the media were supplemented with
100 mg/mL ampicillin or, 10 mg/mL chloramphenicol. For kana-
mycin, the antibiotic was used at 30 mg/mL or 60 mg/mL in neu-
tral (7.0) or acidic (4.6) pH, respectively.

2.2. Construction of S. Typhimurium mutants lacking PBPs

To delete the native copy of mrdA encoding PBP2, a KanR cas-
sette was used. This cassette contained upstream and down-
stream regions (50 bp) of mrdA including some codons of the
gene due to short distance between mrdA and the flanking gene
mrdB. The KanR cassette was amplified from pKD13 template
plasmid [19] using primers KO STPBP2 FW/ KO STPBP2 RV
(Table S2). Gene replacement was done using Lambda Red-
mediated recombination [20]. After electroporation, Super Opti-
mal Broth with Catabolite repression (SOC) medium buffered at
pH 4.6 with MES was added and cells were grown for 3 h.
Recombinants were selected on LB agar pH 4.6 supplemented
with 60 mg/mL kanamycin. Primers pbp2-flanking FW and
pbp2-flanking RV (Table S2) were used to confirm the gene
deletion. The construction was verified by sequencing. Deletion
of the SL1344_1845 gene, encoding PBP2SAL, was done with the
primers KO PBP2* FW/ KO PBP2* RV (Table S2) using essentially
similar inactivation procedure as for mrdA but selecting
recombinants on LB agar pH 7.4 with 60 mg/mL kanamycin. Pri-
mers FL-2* Fw and FL-2* Rv (Table S2) were used to confirm
gene deletion. S. Typhimurium mutants lacking PBP3 or PBP3SAL,
have been published elsewhere [21].
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2.3. Plasmid constructions involving PBP expression for Bollicin-650
binding assays

mrdA (PBP2) and SL1344_1845 (PBP2SAL) genes were cloned in the
expression vector pFUS-Para [22]. The mrdA and SL1344_1845 genes
were amplified using primers fwSpeI-PBP2/revSpe-PBP2 and primers
fwSpeI-PBP2*/revSpeI-PBP2* (Table S2), respectively, digested with
SpeI and ligated into pFUS-Para [21]. The final constructs were
sequenced to ensure no undesired mutation. To construct pAC::
PBP2SAL and pAC-HIS-::PBP2SAL, SpeI-SpeI fragments containing their
respective coding sequences were ligated into pAC-Plac and pAC-
6xHIS-Plac, respectively. To construct pAC-HIS::PBP2, the coding
sequence of mrdA (SpeI-SpeI fragment) was ligated also into pAC-
6xHIS-Plac. Generation of plasmids expressing PBP3-6xHIS and
PBP3SAL-6xHIS variants has been previously described [21].

2.4. Bocillin-650 binding assays to detect PBPs

Subcellular fractions containing bacterial membranes were pre-
pared from 100 mL cultures of E. coli strains SP4500 [mrdA (ts)] [23]
or RP41 [ftsI(ts)] [23] expressing PBP2/PBP2SAL or PBP3/PBP3SAL,
respectively, from a lac inducible promoter. At OD600 = 0.3, 1 mM iso-
propyl b-D-1-thiogalactopyranoside (IPTG) was added to induce
expression of the PBP of interest. After 2 h induction, bacteria were
pelleted by centrifugation (4400 x g, 10 min, 4 °C), washed in 0.1 M
phosphate buffer adjusted to pH 7.4, 5.8 or 4.6 and frozen at -80 °C.
Preparation of lysates and binding assays with Bocillin-650 were
done as previously described [21].

2.5. DNA techniques

All primers used in this study are listed in Table S2. PCR was per-
formed using Q5 polymerase (New England Biolabs) according to
manufacture instructions. PCR fragments were purified using the
Speedtools PCR Clean-Up kit (Biotools).

2.6. Immunoblot analyses

The following antibodies were used as primary antibodies: mouse
monoclonal anti-Flag (1:5000; Sigma), mouse monoclonal anti-6xHis
(1:2500), rabbit polyclonal anti-PBP2 (1:1000; lab collection), rabbit
polyclonal anti-PBP3 (1:1000, lab collection) [21]. Goat polyclonal
anti-mouse (1:20,000) or anti-rabbit IgG (1:20,000) conjugated to
horseradish peroxidase (Bio-Rad) were used as secondary antibodies.
Proteins were separated by 4-20% precasted polyacrylamide gels, 7%
tricine gels, or 6% acrylamide gels.

2.7. Synthesis of PBPs during a shift from pH 7�4 to 4�6

S. Typhimurium strain MD5064 (PBP2SAL::3xFlag PBP3SAL::3xFlag)
(Table S1) was grown overnight at 37 °C in PCN pH 7.4 medium. Cul-
tures were prepared to a starting optical density at 600 nm (OD600) of
0.05 in PCN pH 4.6 medium. Bacteria were collected at different times
for protein analysis by western blot, as described [21].

2.8. Synthesis of PBPs in macrophage and mouse infections

The murine macrophage line RAW 264.7 (Cell Lines Service) was
cultured in Dulbecco’s modified Eagle�s medium (DMEM) with 5% (v/
v) foetal bovine serum (FBS) and 4 mM glutamine at 37 °C in a 5% CO2

atmosphere. RAW 264.7 macrophages were seeded in p150 plates
and pre-cultured for 24 h before infection in the presence of 2.5 ng/
mL interferon-g. For infection, culture medium was replaced by fresh
medium without interferon-g and macrophages exposed to S. Typhi-
murium strain MD5064 (PBP2SAL::3xFlag PBP3SAL::3xFlag) (Table S1)
at a multiplicity of infection (MOI) of 10:1 during 10 min.
Macrophages were washed with phosphate-buffered saline (PBS)
supplemented with 0.5 mM MgCl2 and 0.9 mM CaCl2. Extracellular
non-phagocytosed bacteria were killed by incubation in medium
containing gentamicin (100 mg/mL for 1 h, followed by 10 mg/mL for
the remaining incubation). To determine levels of PBPs produced by
intracellular bacteria the infected macrophages were lysed at 2 and 8
hpi, as described [21]. Production of PBPs in bacteria colonizing
spleen of BALB/c mice was monitored with S. Typhimurium strain
MD5064 (PBP2SAL::3xFlag PBP3SAL::3xFlag), as described [21].

2.9. Spot dilution and antibiotic susceptibility assays

Bacterial viability was monitored after spotting 5 mL of 10-fold
serially dilutions of the cultures onto agar plates containing PCN
medium at pH 7.4 or 4.6, with or without antibiotic added. Antibiotic
susceptibility was also tested using MIC strips (MIC Test Strip; Liofil-
chem) in PCN agar plates containing 0.01% yeast extract (w/v) at neu-
tral or acid pH.

2.10. Relapse experiments

BALB/c mice were challenged intraperitoneally with a dose of
~5 £ 103 cfu of S. Typhimurium wild-type strain SV5015 or mutant
derivates lacking PBPs of interest (PBP2, PBP3, PBP2SAL or PBP3SAL)
(Table S1). One group of infected mice was left non-treated. In the
second infected group, ceftriaxone was administrated orally at a dose
of 400 mg/kg per 24 h for three days. This antibiotic therapy con-
trolled infection (no symptoms after 3 days) although all mice of this
group showed relapse after 7 days of therapy discontinuation. Mice
were sacrificed at 3 days (group with no antibiotic therapy) and
10 days (group showing relapse after antibiotic therapy) for bacterial
counts in spleen and liver, as previously described [21].

2.11. Ethical regulations

Animal experiments were performed in accordance with the
guidelines of the European Commission for the handling of laboratory
animals (directive 2010/63/EU) and approved by the Environment
Council (Consejería de Medio Ambiente) of the Regional Government
of Madrid, under license PROEX 110/19.

2.12. Statistical analysis

We analysed data with GraphPad Prism, version 8.0, software
(GraphPad Inc. San Diego, CA). In the mice experiments, total bacte-
rial numbers per organ were normalized to the median of the group
infected with wild-type bacteria. Significant differences amongst
these normalized values for each of the groups challenged with the
different bacterial mutants (WT, DPBP2, DPBP3, DPBP2SAL, DPBP3SAL)
were determined by Kruskal-Wallis multiple comparison tests, using
the group of mice challenged with wild-type bacteria as control. Sig-
nificance was established at P values � 0.05.

3. Results

3.1. S. Typhimurium replaces PBP2 and PBP3 by the alternative PBP2SAL
and PBP3SAL in infection conditions

The clinical bases accounting for therapy failure in cases of salmo-
nellosis associated to drug-susceptible isolates remain unknown
[11, 14]. Third generation cephalosporins, commonly used to treat
salmonellosis, target penicillin-binding proteins (PBPs) involved in
cell wall metabolism. We reasoned that S. enterica, as intracellular
pathogen, could persist during the initial antibiotic therapy by modi-
fying expression of alternative PBPs in the intracellular niche of
mammalian cells. The first insight supporting this hypothesis came
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with the comparison of genome sequence from S. enterica serovar
Typhimurium reference strain SL1344 (genome sequence NC_016810.1)
and that of the non-pathogenic Escherichia coli K-12 strain MG1655
(genome sequence NC_000913.3). This comparative analysis
showed the presence in the pathogen of several genes encoding
enzymes involved in peptidoglycan metabolism that are absent in E.
coli. amongst these are PBP3SAL, which S. Typhimurium uses to repli-
cate inside mammalian cells [21,24], and a second pathogen-specific
PBP that we named PBP2SAL due to its high homology to the shape-
maintaining PBP2 (63% identity at the amino acid level) (Fig. S1).
BLAST analyses demonstrated that the genes of S. Typhimurium
strain SL1344 encoding PBP2SAL (SL1344_1845) and PBP3SAL
(SL1344_1765) are conserved in all species, subspecies, and serovars
of the Salmonella genus. Importantly, in addition to PBP2SAL and
PBP3SAL, all members of the Salmonella genus have functional the
"classic" PBP2 and PBP3, which are targets of beta-lactams and are
responsible for peptidoglycan synthesis during cell elongation and
cell division, respectively [25].

Similar to PBP3SAL, whose production is stimulated in intracellular
S. Typhimurium [21], we reasoned that PBP2SAL could be expressed
selectively by bacteria located in the acidic phagosome of mamma-
lian cells. S. Typhimurium produces PBP2SAL exclusively in acidic pH
(Fig. 1a), a feature reminiscent of what it is observed for PBP3SAL [21].
We also noted that as the nutrient rich media (Mueller-Hinton, LB)
was prepared progressively more acidic, the bacteria produced the
complete repertories of PBPs involved in cell elongation and division:
PBP2 vs PBP2SAL and PBP3 vs PBP3SAL (Fig. 1a). However, in contrast
to such behaviour in nutrient rich medium, we noticed that bacteria
growing in a minimal medium with limited amount of nutrients
expressed preferentially PBP2SAL and PBP3SAL, compared to PBP2 and
PBP3 (Fig. 1b). PBP2SAL and PBP3SAL also prevailed over PBP2 and
PBP3 in infection conditions, as denoted in intracellular bacteria
Fig. 1. S. Typhimurium produces the pathogen-specific PBP2SAL and PBP3SAL in acidic pH and
blot in bacteria grown in the indicated media and pH values. For these assays, bacteria exp
PBP2/PBP3 by PBP2SAL/PBP3SAL occurring in minimal medium PCN adjusted to pH 4.6. Not
PBP2SAL/PBP3SAL prevail over that of PBP2/PBP3 in intracellular bacteria; (d) PBP2SAL and PB
in a murine typhoid model. The assays were repeated in at least two independent biological
obtained from infected macrophages or, in bacteria isolated from
spleen of infected mice (Fig. 1c-d). Altogether, these data demon-
strated that PBP2SAL and PBP3SAL, which are not produced by S. Typhi-
murium in Mueller-Hinton medium at neutral pH (Fig. 1a), are
however the main PBPs that sustain pathogen growth in the host.

3.2. PBP3SAL has low affinity for beta-lactams, even in acidic pH

Our initial premise considered that S. Typhimurium could modify
PBP expression inside the mammalian cells. Our findings indeed
unveiled major changes consistent with the idea of a “replacement”
of functional PBPs involving main beta-lactam targets (Fig. 1).
Although it remains unknown the exact location of surviving bacteria
in the period that follows antimicrobial therapy and that precedes
relapses, it has been shown for S. Typhimurium in the murine model
that bacteria surviving antibiotic therapy are in a non-growing physi-
ological state that is induced “intracellularly” and, that allow them to
regrow in the absence of antibiotic pressure [26-28]. How PBPs con-
tribute to reach this intracellular persistence state is unknown. We
hypothesized that the novel PBP2SAL and/or PBP3SAL produced by
intracellular bacteria could have less affinity for known beta-lactams
and, as consequence, contribute to survival inside the infected host
cell despite exposure to the drug along the antibiotic therapy.

To test this hypothesis involving low affinity for current drugs, we
performed antibiotic binding assays using a fluorescent-labelled
beta-lactam, Bocillin-650, commonly used to detect PBPs [29]. We
expressed S. Typhimurium PBP2SAL and PBP3SAL in E. coli strains bear-
ing endogenous PBP2 and PBP3 labile variants that do not bind Bocil-
lin-650. In this manner, we were confident that the Bocillin-650
signal detected at the expected molecular weight corresponded to
PBP2SAL or, PBP3SAL. Antibiotic binding was performed at three differ-
ent pH values (7.4, 5.8, and 4.6) with membrane material prepared
during infection. (a) Levels of PBP2, PBP2SAL, PBP3, and PBP3SAL determined by western
ressing functional 3x-flag-tagged PBP2SAL and PBP3SAL, were used; (b) replacement of
e that such replacement is favoured at the lowest pH value tested; (c) production of
P3SAL replace PBP2 and PBP3 in bacteria colonizing the spleen of susceptible mice used
replicates.
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from the corresponding recombinant strains overproducing PBP2SAL
or, PBP3SAL. For comparison, we also produced in E. coli the fully func-
tional PBP2 or PBP3 from S. Typhimurium. These Bocillin-650 binding
assays showed that PBP2SAL binds efficiently the beta-lactam at acidic
pH (5.8 and 4.6), although at neutral pH the affinity was lower than
that displayed by PBP2 (Fig. 2). Remarkably, PBP3SAL did not bind Bocil-
lin-650 at neutral pH with poor binding capacity even at the acidic pH
(Fig. 2), at which this enzyme is functional in vivo [21]. This observa-
tion prompted us to classify PBP3SAL as a specialized enzyme that plays
an essential role in intracellular S. Typhimurium persistence and has
low affinity to known beta-lactams currently used in clinics.

3.3. PBP3SAL expression decreases beta-lactam susceptibility in S.
Typhimurium

To further determine whether PBP2SAL or PBP3SAL could alter
beta-bactam susceptibility in S. Typhimurium, we generated mutants
lacking each of the four PBPs under study: PBP2, PBP2SAL, PBP3, or,
PBP3SAL (see Materials and methods). As we previously reported, the
S. Typhimurium mutant lacking PBP3 is unable to grow at neutral pH
since PBP3SAL is only active at acid pH [21]. These four mutants were
then tested for antimicrobial susceptibility to ceftriaxone, a drug of
choice to treat salmonellosis that binds with high affinity to PBP3
[30]. The production of PBP3SAL at pH 4.6 resulted in a pronounced
decrease in ceftriaxone susceptibility (Fig. 3a). Thus, viability assays
revealed that the mutant lacking PBP3SAL was four-log more sensitive
to ceftriaxone when plated on low-pH plates containing 5 mg/mL of
the drug (Fig. 3a). E-test assays further confirmed that the presence
of PBP3SAL in acid pH also reduces cephalothin, cefuroxime, ceftazi-
dime, and aztreonam susceptibility (Fig. 3b-c). Certainly, the effect of
reduction in ceftriaxone susceptibility in conditions mimicking the
intra-phagosomal environment, might be enhanced by the relatively
low intracellular active concentrations of the drug, facilitating patho-
gen persistence in the host, and, as consequence, the relapse.
Fig. 2. PBP3SAL has low affinity for binding of Bocillin-650, a fluorescent reagent that
detects PBPs. The binding was performed at the indicated pH values. The upper panels
refer to levels of the respective PBPs, the lower panels to the signal obtained with the
fluorescent Bocillin-650. Note that PBP3SAL binds Bocillin-650 with low efficiency at all
pH values tested, despite acidic pH the optimal for its function. The assays were
repeated in three independent biological replicates.
3.4. Production of PBP3SAL in the host contributes to S. Typhimurium
relapse in the typhoid murine model

The possible contribution of alternative PBP2SAL and PBP3SAL to
relapses after ceftriaxone therapy was further tested by using the
murine typhoid model, in which serovar Typhimurium infection
progresses as an invasive disease similar to the typhoid fever
caused by serovar Typhi in humans [31]. Mice were challenged
with the isogenic mutants lacking each of the PBPs of interest. Of
the two groups of infected mice, one received ceftriaxone therapy
for 3 days starting at 24 h after inoculation, which prevented
appearance of symptoms. However, once the antibiotic therapy
was discontinued, this group of mice showed relapse after seven
days, with a significant bacterial burden in target organs such as
liver and spleen (Fig. 4). The only exception was the mutant lack-
ing PBP3SAL, which reached up to 3-logs less bacterial loads in
the liver during relapse (P = 0.0021, Kruskal-Wallis multiple com-
parison test) (Fig. 4). These observations unveiled an unsuspected
contribution of PBP3SAL to relapses associated to Salmonella inva-
sive infections.

4. Discussion

Many human trials involving patients infected with Salmonella
have reported unusual high rate of relapses caused by isolates
that show in vitro susceptibility to the drug used in the initial
therapy. These relapses occur weeks to months after remission of
first symptoms, with recurrence of clinical disease that is usually
milder than the initial illness. In the case of typhoid in humans,
with an estimated annual global burden greater than 27 million,
clinical relapse rate accounts for 5% to 20% of patients treated
with antimicrobials, especially third generation cephalosporins
[32]. This clinical anomaly manifests inability of the drug to effec-
tively eradicate the pathogen. In many instances such treatment
failure has been linked to inhomogeneous distribution of the
drug in host tissues [8], or poor accessibility to intracellular loca-
tions where the pathogen resides [32, 33]. Reactivation and dis-
semination of dormant bacteria have been reported in some cases
to occur from mesenteric and caecum draining lymph nodes [28,
34]. Intracellularity might also impair an effective immune
response facilitating relapses and decreasing the effectivity of
vaccination [35, 36]. However, pathogen factors that contribute to
relapse have not yet been reported to date.

We show here that Salmonella replaces the main PBPs involved in
cell elongation and division concomitantly to the adaptation to an
intracellular lifestyle inside an acidic phagosome. This event defini-
tively influences antibiotic susceptibility in a way that is undetectable
by standard susceptibility testing. In these tests, Salmonella only
expresses the known repertoire of PBPs for elongation and division
used in extracellular conditions, PBP2 and PBP3, the main beta-lac-
tams targets that are non-expressed by intracellular bacteria (Fig. 1).
Noteworthy, the experiments performed in mice showed that the
DPBP3SAL mutant causes disease (Fig. 4), despite the replacement of
PBP3 by this PBP3SAL that was observed in wild-type bacteria (see
Fig. 1d). A possibility explaining this phenotype is that the lack of
PBP3SAL due to a genetic inactivation may alter the regulation that
normally down-regulates PBP3 production in response to acid pH
and limited nutrients (Fig. 1b). These PBPs are essential for cell divi-
sion, so the lack of one of them may render constitutive the expres-
sion of the other, an idea supported by the growth exhibited by the
DPBP3SAL mutant on minimal PCN medium plates at pH 4.6 without
antibiotic (Fig. 2a). Note, however, that the reverse does not apply for
PBP3SAL since the DPBP3 mutant is unable to growth at neutral pH
(Fig. 2a).

The advantage for S. Typhimurium for acquiring PBP2SAL and
PBP3SAL remains at present unknown, although we could speculate



Fig. 3. PBP3SAL decreases ceftriaxone susceptibility at acidic pH. (a) Bacterial viability was tested in the indicated strains in PCN minimal medium at pH values 7.4 and 4.6 in the
presence/absence of ceftriaxone 5 mg/mL. While the antibiotic drastically reduces viability at neutral pH (condition of PBP3 production), it only affects bacterial viability in acidic
pH in the presence of PBP3SAL. (b) MIC values obtained by the E-test assay for different beta-lactams that bind with high affinity to PBP3: aztreonam (ATM), cefotaxime (CTX), cefta-
zidime (CAZ), cefuroxime (CXM) and cephalotin (KF). (c) Representative E-test assays showing a marked increase in the MIC value to aztreonam (ATM) in response to acid pH (4.6)
that is further enhanced in theDPBP3 mutant, expressing only PBP3SAL. The assays were repeated in three independent biological replicates.
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about a probable correlation between the production of these alter-
native PBPs and a reduction in the growth rate, required to success-
fully persist inside the mammalian cell. Growth control is essential to
co-exist in the infected host and, the fact that PBP2SAL and PBP3SAL
are exquisitely regulated when the growth conditions are not optimal
like acidic pH and nutrient limitation, led us to support such hypothe-
sis. In this context, it is also tempting to postulate a putative relation
between the origin of these PBPs and competition with other micro-
biota producing antimicrobial compounds affecting mainly actively
growing cells, which is the beta-lactams mechanism of action.
Together with the acquisition of other functions allowing invasion
and survival inside mammalian cells, like the specialized type III
secretion systems encoded by pathogenicity islands, the growth con-
trol linked to the production of PBP2SAL and PBP3SAL might have
culminated in the successful pathogen that Salmonella is, prone to
cause persistent intracellular infections.

Our study therefore indicates that, to improve current antimicro-
bial therapy aimed to control salmonellosis, we need novel drugs
with increased affinity for PBP3SAL. Wild type bacteria exposed to
such drugs would be unable to progress in the infection since the
intracellular signals -acid pH and nutrient limitation- would trigger
the substitution of PBP3 by PBP3SAL during the course of the adapta-
tive program to the intracellular lifestyle. We also envision such
novel drugs will not only reduce relapse rates but also chronic and
asymptomatic infections involving dormant intracellular bacteria,
major contributors of pathogen dissemination, both in humans and
livestock.25 The activity of this novel PBP3SAL, which might evolved to
ensure a long lasting residence of Salmonella inside mammalian cells,



Fig. 4. PBP3SAL allows S. Typhimurium to resist antibiotic (ceftriaxone) therapy and facilitate relapses. One group of susceptible mice (lower panel) was treated with ceftriaxone pre-
venting appearance of symptoms. All members of this group showed relapse seven days after discontinuing ceftriaxone treatment. Note that colonization of the liver in the group of
mice with relapse was much lower, 3-log difference and statistically significant, **, P = 0.0021, (Kruskal-Wallis multiple comparison test), in bacteria lacking PBP3SAL compared to
the rest of strains used. No statistically significant differences were found in untreated mice (upper panels). n.s., not significant.
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will certainly illuminate medical research to improve therapies to
control this highly successful human pathogen.
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