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ABSTRACT

Nutritional immunity is a powerful strategy at the core of the battlefield between host survival and pathogen proliferation.
A host can prevent pathogens from accessing biological metals such as Mg, Fe, Zn, Mn, Cu, Co or Ni, or actively intoxicate
them with metal overload. While the importance of metal homeostasis for the enteric pathogen Salmonella enterica
Typhimurium was demonstrated many decades ago, inconsistent results across various mouse models, diverse Salmonella
genotypes, and differing infection routes challenge aspects of our understanding of this phenomenon. With expanding
access to CRISPR-Cas9 for host genome manipulation, it is now pertinent to re-visit past results in the context of specific
mouse models, identify gaps and incongruities in current knowledge landscape of Salmonella homeostasis, and recommend
a straight path forward towards a more universal understanding of this historic host–microbe relationship.
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ABBREVIATIONS

ROS: Reactive Oxygen Species
TBDT: TonB-Dependent Transporter
NRAMP1: Natural Resistance Associated to Macrophage Pro-

tein 1 (also known as SLC11A1)
SLC11A1: Solute Carrier 11 A 1 (also known as NRAMP1)
DHBS: 2,3-dihydroxybenzoylserine
LCN2: Lipocalin 2

INTRODUCTION

It has been nearly 80 years since Schade and Caroline reported
that a component of egg white could bind with iron, prevent-
ing the growth of bacterial pathogens (Schade and Caroline
1944). Since that time, we have learned that indeed, during a

bacterial infection, a host can employ a strategy known as nutri-
tional immunity (Weinberg 1975; Hennigar and McClung 2016),
where it can sequester essential nutrients, including biologi-
cal metals such as Mg, Fe, Mn and/or Zn, by either secreting
metal chelating agents like lipocalin or calprotectin (Sohnle et al.
1991; Flo et al. 2004; Corbin et al. 2008), or by actively remov-
ing the metals from the environment using metal pumps like
NRAMP1 (Vidal et al. 1993; Wessling-Resnick 2015). However, pre-
venting access to nutrients is not the only biological metal-based
strategy, as the host can also actively increase metal concen-
trations of the environment, using proteins like ATP7A, thus
causing Cu toxicity (White et al. 2009). In response to this host
defence, pathogens have adapted highly sophisticated and well-
regulated metal uptake and efflux mechanisms, allowing them
to navigate the course of an infection while maintaining metal
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concentrations within the narrow, lethal boundaries of starva-
tion and toxicity. While many of these bacterial metal home-
ostasis processes have been identified, their universal relevance
can differ widely among pathogens.

Salmonella is a food-born pathogen that can cause both gas-
troenteritis and typhoid fever. More than a half-century ago,
the discovery of a ‘Salmonellosis Resistance Factor’ found in
fermented foods, demonstrated the enhanced ability for mice
to survive a Salmonella infection (Schneider 1967). This resis-
tance factor, originally coined ‘Salmonellosis pacifarin,’ and
later determined to be the iron-chelating molecule, enter-
obactin/salmochelin (thoroughly discussed in the Iron section),
established the first causal link of the necessity for a biologi-
cal metal during a systemic infection (Wawszkiewicz et al. 1971).
Through the many years since, considerable effort has been
invested in understanding the biological metal uptake, efflux
and regulatory elements in Salmonella. This ground-breaking
body of work demonstrated the immense complexity of metal
availabilities across mammalian tissues as well as its neces-
sity for pathogenesis during infection (Diaz-Ochoa et al. 2016;
Sassone-Corsi et al. 2016; Huang et al. 2017; Frawley et al. 2018;
Cunrath and Bumann 2019). Despite these successes, however,
experimentation to reveal the relative importance of each of the
biological metals have utilized highly variable mouse models,
genetically different Salmonella genotypes and various modes of
infection, which have subsequently delivered occasional contra-
dictory and confusing results.

It is therefore prudent to review and re-evaluate our current
understanding of metal homeostasis during Salmonella infection
in the context of the various in vivo experimental strategies.

Magnesium (Mg)

Magnesium (which unlike the other metals discussed here, is
not a d-block metal) is the most abundant divalent metal ion in
bacteria (Outten and O’Halloran 2001; Cunrath et al. 2016). When
complexed to water, Mg(II) has the unique quality of having a
400 times larger hydration sphere compared to its ionic sphere.
Mg(II) mainly interacts with biological molecules, like DNA and
proteins, through its hydration sphere rather than directly. One
prominent exception is the interaction between ATP and Mg(II)
where the oxygen of the phosphate group directly interacts with
the Mg(II) ion. In hosts, Mg(II) blood levels are around 0.85 to
1.10 mM (Chernecky and Berger 2013), but free Mg(II) concen-
trations can vary depending on the cell compartment. While
free concentrations are of around 0.5 to 1 mM in the cytosol,
as well as in Salmonella-containing vacuoles early after phago-
cytosis (Martin-Orozco et al. 2006), phagosomal Mg(II) levels can
drastically decrease and cause growth restricting deprivation.
The divalent metal pump NRAMP1 (also known as SLC11A1)
was shown to cause Mg(II) deprivation resulting in drastic pro-
liferation defects for pathogens (Cunrath and Bumann 2019).
The exact mechanism of inhibition remains to be determined,
but NRAMP1 likely restricts Mg(II) access by either modulating
fusion of Salmonella containing vacuoles with Mg(II)-containing
vesicles, or by directly transporting Mg(II) outside the phago-
some, similar to some bacterial NRAMP1 orthologs (Shin et al.
2014).

Mg uptake
Bacterial cells contain around 20–100 mM Mg(II) in vitro (Outten
and O’Halloran 2001; Cunrath et al. 2016) and this relatively high
abundance reflects its importance in bacterial physiology. Mg(II)

plays a crucial role in lipid membrane stability, ribosome sta-
bility and activity; and is also a co-factor to several enzymes,
requiring Salmonella to have high efficiency Mg(II) uptake sys-
tems. Due to its large hydration sphere, Mg(II) cannot be taken
up by narrow cation channels used for similar metals such as
Ca(II), Na(I) and K(I).

Mg(II) is transported from the periplasm into the cytoplasm
by two ABC transporters, MgtA and MgtB, with affinities of 29
μM and 6 μM (Snavely et al. 1989), respectively, or by the per-
mease CorA with an affinity of 15 μM (Fig. 1). While corA is
thought to be constitutively expressed, mgtA and mgtB expres-
sion is governed by periplasmic and cytoplasmic Mg(II) abun-
dance. Indeed, low periplasmic Mg(II) concentration induces
mgtA and mgtB expression through PhoPQ (which is also acti-
vated by acidic pH and antimicrobial peptides), while high cyto-
plasmic free Mg(II) concentration inhibits mgtA and mgtB expres-
sion transcriptionally via the proline-rich leader peptides, and
post-translationally by direct binding to the transporter. Fur-
thermore, in high Mg(II) conditions, the small regulatory peptide
MgtR directly binds MgtA and induces MgtA proteolysis. (Hmiel
et al. 1986; Snavely et al. 1989). MgtB is located on the highly regu-
lated operon mgtCBRcigR, together with MgtC, a protein inhibit-
ing the F1F0ATP synthase (reducing ATP levels and thus liber-
ating cytoplasmic Mg(II)), MgtR, a small regulatory peptide, and
CigR, an anti-virulence protein (for more on mgtCBRcigR, (Lee and
Lee 2015; Park et al. 2019)).

The deletion of the main regulator, PhoPQ, has been shown
to drastically decrease Salmonella’s ability to proliferate in vivo
(Fields et al. 1989), henceforth referred to as a decrease in bacte-
rial fitness or within-host fitness (Wiser and Lenski 2015). While
PhoPQ is responsible for the expression of a vast number of viru-
lence genes, the exact reason for this strong attenuated pheno-
type still remains to be elucidated, and the altered Mg(II) uptake
could only be one of many effects. Contrarily, the deletion of
the small regulatory peptide MgtR did not affect fitness (Lee and
Groisman 2010). Although MgtA and MgtB are both dispensable
in NRAMP1 negative mice singly, the double mutant is highly
attenuated, which suggests that in NRAMP1 negative mice, one
transporter can compensate the absence of the other (Table 1).
In NRAMP1 positive mice, however, MgtB can rescue a MgtA
mutant, while MgtA is unable to perform the reciprocal rescue
for a MgtB mutant, indicating that MgtB is the main Mg(II) trans-
porter in vivo (Moncrief and Maguire 1998; Cunrath and Bumann
2019). Expectedly, deletion of both transporters, MgtA and MgtB,
results in a complete fitness defect, demonstrating that the per-
mease CorA cannot sufficiently supply Mg(II) during systemic
infection, though a corA deletion strain was shown to have atten-
uated fitness during an oral infection (Papp-Wallace et al. 2008).

Mg resistance
To avoid high accumulation of Mg(II) inside the bacterial cell,
CorA can also efflux Mg(II) from the cytoplasm to the periplasm
when Mg(II) concentrations are high (Snavely et al. 1989) (Fig. 2).
CorB, CorC and CorD, also contribute to Mg(II)-efflux in a CorA-
dependant manner (Gibson et al. 1991), but their exact role
remains unknown. As mentioned, corA deletion has an atten-
uated phenotype during an oral infection, but it is impossible
to confidently say whether it is due to its role in Mg(II) influx or
-efflux.

Concluding remarks
Taken together, Mg(II) is an essential nutrient for Salmonella sur-
vival and appears to be Salmonella’s ‘Achilles’ heel’ when facing
NRAMP1 induced magnesium limiting conditions in vivo. While
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Figure 1. Proteins involved in divalent metal uptake (excluding Fe) in Salmonella enterica Typhimurium. For details see text. Porins are shown in grey. TBDT: BtuB. ABC-

transporter: MgtA, MgtB, ZnuBC, SitABCD, ModBC, BtuCD and NikBCDE. Permease: CorA, ZupT, MntH and NixA. Periplasmic binding proteins: ZnuA, ZinT, SitA, ModA,
BtuF and NikA.

Table 1. In vivo phenotype of Mg homeostasis mutants.

Gene Description Mutants
Salmonella
genotype Mouse model Phenotype Reference

mgtA ABC
transporter

mgtA::MudJ ATCC14028 BALB/c; i.p. None (Blanc-Potard and Groisman 1997)

mgtA::MudCam
mgtCB::MudJ

ATCC14028 BALB/c; i.p Attenuated (Blanc-Potard and Groisman 1997)

�mgtA ATCC14028 C3H/HeN; i.p. None (Choi et al. 2019)
mgtAP550,551A ATCC14028 C3H/HeN; i.p. Increased (Choi et al. 2019)

mgtAD377A SL1344 various; i.v. None (Cunrath and Bumann 2019)
mgtAD377AmgtBD379A SL1344 various; i.v. Attenuated (Cunrath and Bumann 2019)

mgtB ABC
transporter

mgtB::MudJ ATCC14028 BALB/c; i.p. None (Blanc-Potard and Groisman 1997)

mgtCB::MudJ
mgtA::MudCam

ATCC14028 BALB/c; i.p Attenuated (Blanc-Potard and Groisman 1997)

�mgtB ATCC14028 C3H/HeN; i.p. Attenuated (Choi et al. 2017)
mgtBP555,556A ATCC14028 C3H/HeN; i.p. Increased (Choi et al. 2017)

�mgtB SL1344 various; i.v. Attenuated∗ (Cunrath and Bumann 2019)
mgtBD397A SL1344 various; i.v. Attenuated∗ (Cunrath and Bumann 2019)

mgtBD379AmgtAD377A SL1344 various; i.v. Attenuated (Cunrath and Bumann 2019)
corA permease corA::Tn10�16�17 SL1344 BALB/c; oral Attenuated (Papp-Wallace et al. 2008)
mgtR regulator mgtR::Cm ATCC14028 C3H/HeN; i.p. None (Lee and Groisman 2010)

∗Attenuation was only observed in NRAMP1 positive mice, but not in NRAMP1 negative.

Figure 2. Proteins involved in divalent metal resistance mechanisms in Salmonella enterica Typhimurium. For details see text. Periplasmic binding proteins: ZraP,
CueP and CueO. Cytoplasmic protein: MntS, GolB, Bfr, FtnA and FtnB. Permease: CorA. P-type ABC efflux transporter: ZntA, MntP, CopA, GolT, IceT, STM3944 and
YohMN/RcnAB. Cation diffusion family protein: FieF and ZitB.
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Figure 3. Proteins involved in Fe uptake in Salmonella enterica Typhimurium. For details see text. Siderophores DHBS (black triangle), enterobactin (purple square) and
salmochelin (brown pentagram) are secreted by the ABC transporter IroC and EntS coupled to the outer membrane channel TolC. Lipocalin 2 (Lcn2 - cyan) sequesters
DHBS and enterobactin in the extracellular space. Iron (orange circle) is captured and ferri-siderophores are transported into the cell via TBDT. Xeno-siderophores:
ferrioxamine (dark green), ferrichrome (light blue) and ferricoprogen (yellow). TBDT: FepA, CirA, IroN, FhuA, FhuE and FoxA. ABC transporter: FeoB, SitBCD, FepCDG

and FhuBC. Permease: MntH. Periplasmic binding protein: SitA, IroE, FepB and FhuD. Cytoplasmic protein: FeoAC, Fes, IroD, FhuF.

the Mg(II) transporter MgtB is essential for full fitness, Salmonella
appears to fine-tune its physiology to adapt to these starvation
conditions. Additionally, Mg(II) toxicity seems to need further
investigation to be conclusive.

Iron (Fe)

Iron is a highly abundant transition metal that primarily exists
in one of two redox states under physiological conditions, either
as ferrous iron, Fe(II), or ferric iron, Fe(III). Despite its broad abun-
dance in the earth’s crust, most iron is found as a component of
rather insoluble oxyhydroxide polymers, resulting in free Fe(III)
in aerobic aqueous environments of approximately 10−17 M, sig-
nificantly lower than the essential intracellular iron requirement
for many microbes (10−6 M–10−8 M) (Guerinot 1994). Total iron
stores in the human body range from approximately 0.3 to 0.8 g
in healthy adults and whole blood levels are around 9 mM (Cook
et al. 1986; Blazewicz et al. 2013), yet free Fe(II) is kept under
tight control, due to its hydroxyl radical generating potential via
reactivity with H2O2 in the Fenton reaction (Fenton 1894; Halli-
well and Gutteridge 1984; Touati 2000). During an infection, the
host further decreases iron availability via increased ferroportin
expression, which reduces serum iron levels, and lipocalin 2
(Lcn2) secretion, which can sequester some siderophores, such
as enterobactin (Flo et al. 2004; Yeh et al. 2004). Intravacuolar iron
availability is also decreased upon phagocytosis by the divalent
metal pump NRAMP1 (Wessling-Resnick 2015).

Iron uptake
Iron plays a key role in the virulence of Salmonella, as is the
case with many other pathogens (Doherty 2007; Nairz et al. 2010;
Skaar 2010; Zughaier and Cornelis 2018), and Salmonella has been
demonstrated to differentially regulate expression of up to 7%
of its genome in response to environmental iron concentrations

(Bjarnason et al. 2003). Iron can be imported via one of two pri-
mary routes in Salmonella, either bound by an iron-chelating
siderophore as Fe(III)/Fe(II), or as a free Fe(II) cation (Fig. 3).

Ferric iron uptake
Salmonella produces its own siderophores, but can also utilize
xenosiderophores (siderophores produced and secreted by other
microbes). Salmonella uses its ent gene cluster (entABCDEFHS)
responsible for enterobactin (also referred to as enteroche-
lin) biosynthesis and export (Raymond et al. 2003). Enter-
obactin is the strongest known biological chelator of iron, (Ka

= 1052 M−1 (Harris et al. 1979)) however, during immune trigged
inflammation, enterobactin (and its breakdown product 2,3-
dihydroxybenzoylserine; DHBS) can be sequestered in the host
by Lcn2. Interestingly, Salmonella can evade this immune system
driven iron-deprivation by converting enterobactin to salmoche-
lin (Fischbach et al. 2006; Raffatellu et al. 2009) via C-glycosylation
(IroB) (Fischbach et al. 2005) and linearization (IroE) (Zhu et al.
2005; Lin et al. 2005) (Fig. 4). After biosynthesis, EntS mediates
enterobactin and DHBS secretion to the periplasm while IroC
mediates enterobactin, DHBS and salmochelin secretion, which
is then processed out of the periplasm by TolC (Hantke 2003;
Crouch et al. 2008). Interestingly, iroC entS double mutants are
still capable of secreting the siderophore breakdown products
DHBS2, DHBS, and salmochelin SX, and recent work suggests it
may be via the multi-drug efflux pump MacAB (Crouch et al. 2008;
Bogomolnaya et al. 2020).

Entry of ferric siderophores is an energy dependent mech-
anism requiring a TonB-dependent transporter (TBDT), a
periplasmic or cytoplasmic hydrolase and an inner mem-
brane transporter. Ferric salmochelin, enterobactin and DHBS,
require recognition by the TBDT FepA (enterobactin; DHBS), IroN
(salmochelin; DHBS), and/or CirA (DHBS). After translocation to
the periplasm, ferric siderophores are either bound by FepB,
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Figure 4. Chemical structures of siderophores produced by Salmonella enterica Typhimurium. For details see Fe section.

and then processed into the cytoplasm by the multi-subunit
inner membrane permease, FepCDG (Wilkins and Lankford 1970;
Lundrigan and Kadner 1986; Hantke 1990; Shea and McIntosh
1991; Baumler et al. 1998; Rabsch et al. 1999; Rabsch et al. 2003)
or directly processed by the periplasmic hydrolase IroE. In the
cytoplasm, ferric-siderophores are dissociated by the hydro-
lases Fes (enterobactin) or IroD (salmochelin). Differential sub-
strate specificity for Fes and IroD explains the otherwise appar-

ent functional redundancy (Lin et al. 2005). Salmonella can also
utilize three xenosiderophores, ferrichrome (produced by fungi
like Aspergillus) coprogen (produced by fungi like Penicillium),
and ferrioxamine (produced by bacteria like Streptomyces). These
xenosiderophores are taken up via the TBDT FhuA (ferrichrome)
and FoxA (ferrioxamine) and both are further transported by
the periplasmic binding protein FhuD, and the inner membrane
complex FhuBC responsible for transporting them into the cyto-
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plasm where the ferric iron is reduced by FhuF (Luckey et al. 1972;
Fecker and Braun 1983; Sauer et al. 1987; Koster 1991; Kingsley
et al. 1999; Matzanke et al. 2004).

Enterobactin, salmochelin and DHBS biosynthesis as well
as siderophore transport and degradation, are all transcrip-
tionally regulated by the Ferric uptake regulator (Fur), a mas-
ter repressor protein that recognizes a canonical ‘Fur-box’
and represses expression of downstream genes when cyto-
plasmic iron levels are sufficient (Bagg and Neilands 1987;
Baumler et al. 1996; Baumler et al. 1998; Lee and Helmann
2007; Troxell et al. 2011). Additionally, recent work has demon-
strated post-transcriptional regulation of many enterobactin-
and salmochelin-related genes by CsrA, a global stress response
post-transcriptional regulatory protein (Romeo et al. 1993; Potts
et al. 2017; Pourciau et al. 2019; Potts et al. 2019). IroN, has been
shown to also be post-transcriptionally regulated by the small
RNAs RhyB1 (also referred to as RfrA) and RhyB2 (also referred to
as RfrB) (Masse and Gottesman 2002; Padalon-Brauch et al. 2008;
Kim and Kwon 2013; Oglesby-Sherrouse and Murphy 2013; Bal-
bontin et al. 2016).

The importance of siderophores during Salmonella infec-
tion has been widely studied, yet there remain open questions
(Table 2). In the context of oral infection, Salmonella siderophore
biosynthesis or uptake mutants have almost exclusively been
reported as attenuated across multiple in vivo models. Common
mutants of this variety include knockouts of tonB (Tsolis et al.
1996; Costa et al. 2016), entC (Crouch et al. 2008; Nagy et al. 2013),
and the outer membrane receptors iroN, fepA, and cirA (Rabsch
et al. 2003; Nagy et al. 2013). Additionally, to assess the impor-
tance of the individual siderophores, one early report gener-
ated an iroBC knockout, and therefore deficient in salmoche-
lin biosynthesis, but also containing mutations in both iroN
and fepA, leaving only cir for siderophore (primarily DHBS)
uptake (Rabsch et al. 2003). This knockout mutant, along with
other receptor protein knockouts, led the authors to conclude
that both enterobactin and salmochelin are non-essential for
full fitness during an oral infection of BALB/c mice, and that
DHBS alone is sufficient (Rabsch et al. 2003). The importance
of siderophores during gut colonization comes as no surprise,
as many other enteric pathogens also produce siderophores for
essential iron acquisition (Rutz et al. 1991; Thulasiraman et al.
1998), yet, for decades, the role of siderophores during systemic
infection has been unclear, as different in vivo models have deliv-
ered varied results. In light of early reports that enterobactin
was essential for full fitness in mice infected intraperitoneally
(Yancey et al. 1979), a comprehensive study with multiple inbred
and outbred mouse lineages, multiple enterobactin biosynthesis
mutants, and using both intraperitoneal and intravenous route
of infection, all showed full fitness for all mutants in all con-
ditions (Benjamin et al. 1985). This remains the most compre-
hensive single study addressing variability in mouse lineage and
mode of infection, yet the Salmonella mutants generated were
selected based on growth defects, rather than an understand-
ing of the genes disrupted, leaving some open questions regard-
ing exactly which genes were interrupted that subsequently
produced these results, and the 35 years since this study have
not completely clarified the issue. Experiments with E. coli and
Lcn2 deficient mice demonstrated that Lcn2 strongly sequesters
enterobactin, and loss of Lcn2 resulted in massive increases in
bacterial burden and bacteremia during intraperitoneal infec-
tion (Flo et al. 2004). Subsequent work with iroA+ E. coli and
Salmonella clearly demonstrated that salmochelin biosynthesis
is crucial for full virulence, based on evasion of host-produced
Lcn2, using both Lcn2+ and Lcn2− C57BL/6 mice and both oral

and intraperitoneal infection routes (Fischbach et al. 2005; Raf-
fatellu et al. 2009; Nairz et al. 2015). Furthermore, siderophore
biosynthesis and secretion mutants supplied intraperitoneally
in C3H/HeN (NRAMP1+) mice were also attenuated, based on
both mouse death rates and Salmonella infection load at sys-
temic sites (Crouch et al. 2008). Conversely, however, studies
in BALB/c, 129SvJ, and C57BL/6 backgrounds (both NRAMP1+
and NRAMP1-), and utilizing mutants of tonB or entC all demon-
strated no attenuation (Tsolis et al. 1996; Boyer et al. 2002; Cun-
rath and Bumann 2019), exemplifying the current state of uncer-
tainty surrounding Fe(III) uptake and systemic infection.

Early work on the importance of xenosiderophores reported
strong attenuation of a foxA mutant via both oral and intra-
venous infection routes (Kingsley et al. 1999), yet subsequent
work with more precise genetic methods was unable to recapit-
ulate this result in multiple virulence challenge studies, using
both oral and intravenous routes (Makki 2003).

Ferrous iron uptake
Free Fe(II) can diffuse from the environment into the periplasm
of Salmonella via porins, where it can then be transported into
the cytoplasm by a number of systems. FeoABC is a ferrous iron
uptake system with strong affinity for Fe(II) (∼0.5 μM) (Hantke
1987; Velayudhan et al. 2000; Lau et al. 2016) where FeoB is an F-
type NTPase (Kammler et al. 1993; Marlovits et al. 2002; Gomez-
Garzon and Payne 2020). FeoA is a cytoplasmic protein whose
role in transport is not fully understood, though is thought to
interact with FeoB, and loss of FeoA has been reported to result
in a reduction of iron uptake (Kammler et al. 1993; Hantke 2003;
Cartron et al. 2006). FeoC is thought to be a transcriptional repres-
sor that co-regulates the feoABC operon, along with Fur and Fnr
(Kammler et al. 1993; Cartron et al. 2006), as well as CsrA (Potts
et al. 2019). However, additional alternative mechanistic roles for
FeoC have been proposed where FeoC forms metal complexes
with iron-sulfur clusters (Hung et al. 2012), or interacts directly
with FeoB and protects it from proteolysis (Kim et al. 2013; Kim
et al. 2015). MntH, SitABCD and ZupT can also serve as inner
membrane importers of periplasmic Fe(II) (Makui et al. 2000;
Kehres et al. 2002; Grass et al. 2005; Haemig et al. 2010), though
with weaker affinities and thus are discussed more thoroughly
in the Manganese (MntH and SitABCD) and Zinc (ZupT) sections.

The role of Fe(II) uptake has also been extensively studied
in both oral and systemic routes of infection, though focus has
primarily been on feoB and systemic route of infection (Table 2).
As with Fe(III), various in vivo models have delivered conflicting
results. Additionally, now that both Fe(II) and Fe(III) uptake has
been discussed, mutant strains deficient in both systems will
also be introduced, allowing for a more robust view regarding the
role of iron. Early work utilizing BALB/c mice and intraperitoneal
infection demonstrated full virulence for Salmonella mutants for
both feoB and a double mutant feoB tonB (Tsolis et al. 1996), indi-
cating that other iron acquisition systems can contribute to
growth at systemic sites. Recently, �feoABC �tonB and �feoABC
�entC mutants demonstrated similar results in C57BL/6 mice
(both NRAMP1+ and NRAMP1-) infected intravenously (Cunrath
and Bumann 2019). Conversely, however, studies in 129/SvJ (both
NRAMP1+ and NRAMP1-) and Sv129S6 mice, using intravenous
and oral infection, respectively, demonstrated attenuation in
numerous feoB mutants (in isolation and in conjunction with
mntH/sitAD) (Boyer et al. 2002; Nagy et al. 2014). A quadruple
�feoABC �entC �sitABCD �mntH mutant, which lacks all known
routes of iron uptake, was found to be strongly attenuated dur-
ing systemic infection in both NRAMP1+ and NRAMP1- mice
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(Cunrath and Bumann 2019). While this result verifies the neces-
sity of iron during a systemic infection, collectively there remain
unresolved questions regarding the roles of ferrous and fer-
ric iron during oral or systemic infection across various mouse
models, and what in vivo models are most effective in deter-
mining fitness for these systems. Despite considerable focus on
NRAMP1 and its clear capability to export Fe(II)/Fe(III), the iron
uptake abilities of Salmonella are still capable of maintaining iron
homeostasis within the macrophage during systemic infection
(Cunrath and Bumann 2019).

Iron Resistance
While iron is essential for Salmonella, free Fe(II) can participate in
the Fenton reaction and generate free hydroxyl radicals. As such,
Salmonella has four distinct protein-based iron storage systems,
called ferritins, which could be considered as iron resistance
mechanisms, as they bind free cytoplasmic iron. Specifically,
these four systems include FtnA and FtnB, which are canonical
ferritins, Bfr, a bacterioferritin which contains heme, and Dps,
a DNA-binding protein, which all sequester Fe(II) and store it as
Fe(III) (Andrews et al. 1989; Almiron et al. 1992; Abdul-Tehrani
et al. 1999; Andrews et al. 2003; Velayudhan et al. 2007). Fer-
ritins and bacterioferritins are distantly related but are reported
to be capable of storing more than 2000 iron atoms (Andrews
1998). Bfd is required to reduce Fe(III) stored in Bfr back to Fe(II)
(Weeratunga et al. 2009; Yao et al. 2012). While mechanistic vari-
ability exists between these systems, they all serve the same
functional purpose of sequestering free Fe(II) from the cyto-
plasm, safely storing it while environmental iron levels are suf-
ficient, and then drawing upon these stores as environmen-
tal iron becomes limiting. ftnA and bfr were two of the first
genes shown to be positively regulated by Fur (upregulated when
iron levels are sufficient), based on post-transcriptional regu-
lation by the antisense small RNA, RyhB2 (Masse and Gottes-
man 2002). In E. coli, CsrA was also shown to play a regulatory
role in iron storage, but this has not yet been demonstrated in
Salmonella.

The role of iron storage mechanisms during infection has
also been investigated, albeit less extensively compared to the
numerous studies focused on iron uptake (Table 2). ftnB and dps
appear to play the biggest role during intraperitoneal infection of
C3H/HeN mice, as both Salmonella mutants had attenuated phe-
notypes (Velayudhan et al. 2007). ftnA and bfr single and dou-
ble mutants had no phenotype, yet a ftnA, bfr, ftnB triple mutant
was more attenuated than the ftnB mutant alone, indicating that
FtnA and Bfr may indeed play a role during infection (Velayud-
han et al. 2007). This same study also investigated the role of
fur, demonstrating the fur mutants were completely avirulent
(Velayudhan et al. 2007).

In addition to these storage mechanisms, Salmonella also has
the capability to export iron from the cytoplasm, at least under
certain in vitro conditions (Fig. 2). First, IceT is a member of
the MFS transporter superfamily, mediating efflux of citrate and
iron-citrate, and regulated by the two-component system, BaeSR
(Baranova and Nikaido 2002; Frawley et al. 2013). Additionally,
overexpression of open reading frame stm3944 led to reduced
intracellular free iron, implicating it may play a role in iron efflux
(Velayudhan et al. 2014). FieF (formerly YiiP) has also been shown
to mediate iron efflux, though its expression is not regulated by
Fur, and it is thought to be more directly involved with Zn(II)
efflux (Grass et al. 2005; Wei and Fu 2006; Huang et al. 2018). The
roles of IceT and STM3944 have not yet been investigated in vivo,
though iron toxicity appears unlikely to occur in vivo.

Concluding remarks
Taken together, the importance of this essential nutrient is
unquestionable. While the necessity of siderophores and more
generally of iron uptake systems during gut colonization seem
certain, there remains open speculation regarding the impor-
tance of the iron uptake systems during systemic infec-
tion. Recent findings showing that Salmonella high-affinity iron
uptake systems are dispensable in maintaining iron homeosta-
sis even in the presence of NRAMP1, challenged our current
understanding. This new result, in conjunction with the long
history of controversy, suggests that other mouse resistance loci
(other than NRAMP1) and/or mechanisms that are of importance
at later stage of the infection may be at the origin of conflicting
results. Further investigation at the host level will be crucial for
obtaining a unified understanding.

Zinc (Zn)

In biological environments, zinc is a redox stable transition
metal with a single oxidative state: Zn(II) (Irving and Williams
1953). Zn(II) has an incredibly high binding affinity with many
proteins and is mainly complexed with histidine and cysteine
(Andreini et al. 2008). Zinc blood levels in healthy adults is
approximately 140 μM (Wastney et al. 1986; Blazewicz et al.
2013), but during an infection, the host can sequester free Zn(II)
and other essential metal cations by secreting calprotectin, a
divalent metal chelator, as a strategy to limit bacterial growth
via nutrient starvation (Hood and Skaar 2012; Porcheron et al.
2013), as well as other systemic Zn(II) redistribution strategies
(reviewed in (Haase and Rink 2014; Gammoh and Rink 2017)). A
reciprocal strategy can also be employed by macrophages, where
they utilize vesicular zinc to cause zinc toxicity of intracellu-
lar pathogens (Kapetanovic et al. 2016). However, macrophage-
phagocytosed Salmonella has been shown to induce an increase
in free Zn(II) levels in the cytoplasm of macrophages, as well
as avoid colocalisation with zinc-containing vesicles, thus evad-
ing these key pathogen-clearing host defence mechanisms
(Kapetanovic et al. 2016; Wu et al. 2017).

Zinc uptake
Approximately 6% of prokaryote proteins are proposed to be
Zn(II)-binding (Andreini et al. 2008) and Salmonella is known
specifically to utilize Zn(II) in many essential pathways like pro-
tein synthesis and DNA repair (Frawley et al. 2018). Intracellular
zinc concentrations can vary between 0.2 and 2.5 mM, as deter-
mined by E. coli and P. aeruginosa in vitro measurements (Out-
ten and O’Halloran 2001; Cunrath et al. 2016), suggesting that
Salmonella requires efficient zinc uptake systems.

Zinc enters the periplasm most likely through outer mem-
brane porins by passive diffusion, where it is sequestered by the
Zn(II)-shuttling protein ZinT (Panina et al. 2003; Graham et al.
2009; Ilari et al. 2014). Subsequently, zinc is taken up by the
ABC transporter ZnuABC, where ZnuA is a periplasmic bind-
ing protein, ZnuB is the integral membrane protein of the inner
membrane, and ZnuC is the ATPase (Patzer and Hantke 1998)
(Fig. 1). Various partial or complete Salmonella znuABC deletion
mutants showed a significant decrease of fitness in vivo (Cam-
poy et al. 2002; Ammendola et al. 2007; Petrarca et al. 2010; Liu
et al. 2012; Cerasi et al. 2014; Cunrath and Bumann 2019), clearly
demonstrating the necessity for Zn(II) during infection. ZinT
forms a stable complex with ZnuA when bound to Zn(II), how-
ever, it was demonstrated to be dispensable during infection
(Patzer and Hantke 1998; Petrarca et al. 2010; Ilari et al. 2014;
Cunrath and Bumann 2019). In less Zn(II)-starved environments,
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Salmonella utilizes ZupT, which is an inner membrane perme-
ase of the ZIP (ZRT-, IRT-like protein) family that exhibits a
broad substrate range and is constitutively expressed in E. coli
(Grass et al. 2005). ZupT is capable of transporting many diva-
lent cations (Fe(II), Co(II), Mn(II), and Cd(II)), yet competition
experiments with other substrates demonstrated a preference
for Zn(II) (Taudte and Grass 2010, Cerasi et al. 2014). ZupT is
dispensable during gut colonisation (Cerasi et al. 2014), but the
importance of ZupT during systemic infection remains contro-
versial (Table 3). zupT mutants were shown to be systemically
attenuated in DBA-2 mice (NRAMP+) but not in BALB/c mice
(NRAMP−) (Cerasi et al. 2014). NRAMP alone is unlikely responsi-
ble for the observed differential attenuation, as the mntH sitABCD
zupT triple mutant showed no decreased phenotype in genet-
ically modified C57BL/6 NRAMP1+ or NRAMP1+ mice (Cunrath
and Bumann 2019), suggesting consequential, yet unknown,
genetic differences between DBA-2 and BALB/c mice (Karlinsey
et al. 2010; Cerasi et al. 2014).

The zinc uptake regulator Zur, a Fur family repressor pro-
tein, binds DNA in the presence of intracellular Zn(II) with a
very strong affinity, repressing expression of downstream genes,
including znuABC and zinT (Patzer and Hantke 1998; Gilston et al.
2014). Loss of Zur, along with ZnuC (see above), demonstrated an
attenuated phenotype in a mouse model of Salmonella infection
(Campoy et al. 2002). Surprisingly, however, the single zur mutant
demonstrated a higher LD50 compared to WT Salmonella only
when challenged intraperitoneally, and not when challenged
orally (Campoy et al. 2002), though further investigations are
needed to confirm this result.

In addition to these high-affinity Zn(II) uptake systems, the
ABC transporter, SitABCD, which functions primarily as an iron
and manganese transporter in Salmonella (see manganese sec-
tion), can effectively bind Zn(II) (Kehres et al. 2002), though
strong evidence of transport has not been demonstrated. Finally,
the controversial ZntB protein notably shares homology to the
CorA family of Mg(II) transport proteins, and was first proposed
to play a primary role in Zn(II) efflux (Worlock and Smith 2002;
Caldwell and Smith 2003). However, more recent reports with
full-length resolved structures of ZntB suggest that ZntB medi-
ates Zn(II) uptake, rather than efflux (Gati et al. 2017). The role (if
any) of ZntB in an infection model has not yet been investigated.

Zinc resistance
Zinc toxicity has been demonstrated to be caused by disruptive
binding to iron-sulphur cluster proteins in E. coli (Li et al. 2019),
and competition with Mn(II) binding sites in Streptococcus (McDe-
vitt et al. 2011). While Zur is primarily implicated in regulation
of Zn(II) uptake, ZraSR (formerly HydHG), and cytoplasmic regu-
lator ZntR are the primary systems regulating Zn(II) resistance.
ZraSR (STM4173–4174) is a two-component regulatory system
(TCS), upregulating expression when excess periplasmic Zn(II) is
detected by ZraS (Leonhartsberger et al. 2001) and upregulating
the periplasmic stress response protein ZraP (Appia-Ayme et al.
2012). ZraP forms a stable homopolymer in the presence of Zn(II),
serving as a periplasmic homeostasis chaperone by effectively
chelating the cation (Appia-Ayme et al. 2012) (Fig. 2). The impor-
tance of the two periplasmic resistance systems ZraSR and ZraP
during a Salmonella infection has not yet been elucidated.

In increasing Zn(II) concentrations, Zn(II) accumulates in the
cytoplasm and is sensed by the cytoplasmic MerR-like regu-
latory protein ZntR, activating expression of the inner mem-
brane transporter ZntA (Rensing et al. 1997; Yamamoto and Ishi-
hama 2005; Wang et al. 2012). Salmonella has three separate inner
membrane transporters involved in Zn(II) export: ZntA (P-type

ATPase), and the cation diffusion family proteins ZitB and FieF
(the latter also referred to as YiiP). An E. coli strain with disrupted
zntA and zitB showed greater hypersensitivity to elevated Zn(II)
levels as compared to wild-type (WT) and single mutants (Grass
et al. 2001). FieF was shown to be a Zn(II)-transporting member
of the cation diffusion family of exporters and is also capable
of transporting Fe(II) and Cd(II) (Grass et al. 2005; Wei and Fu
2006). However, Zn(II) sensitivity assays revealed no difference
between fieF mutant strains and WT, and overexpression of fieF
provided no additional Zn(II) resistance (Grass et al. 2001). The
ability to survive and cause systemic infection in C3H/HeN mice
was significantly attenuated for mutants of zntA and zntA zitB
but not zitB alone (Huang et al. 2017; Frawley et al. 2018), suggest-
ing that Zn(II) efflux likely plays a role during systemic infection
(Table 3).

Concluding remarks
Taken together, zinc is an essential micro-nutrient and
Salmonella needs its strong affinity uptake transporter ZnuABC
during enteric and systemic proliferation. While ZinT is dispens-
able, it remains controversial whether ZupT contributes to in
vivo fitness. In light of the difference in zinc affinity (0.7 μM for
ZupT compared to <20 nM for ZinT-ZnuABC) it may appear that
ZnuABC is the most relevant transporter in Zn(II) starved envi-
ronments. Additionally, zinc toxicity may also play a substan-
tial role during systemic proliferation, suggesting various micro-
environments with varying zinc availabilities.

Manganese (Mn)

It is possible for manganese to exist in three different oxida-
tion states in biological environments: Mn(II), Mn(III) and Mn(IV),
though Mn(II) is the predominant state (Zhu and Richards 2017).
Manganese blood levels are around 0.3 μM (Blazewicz et al.
2013), but the secretion of calprotectin by neutrophils heavily
decreases divalent cation availability, including Mn(II). Addition-
ally, it has been shown that NRAMP1 decreases the Mn(II) lev-
els of the Salmonella-containing vacuole during systemic infec-
tion, making it a potentially low bio-available micronutrient
(Wessling-Resnick 2015).

Mn Uptake
Manganese plays a role in many biological systems, though is
often implicated in the oxidative stress response, as a cofac-
tor with Mn-superoxide dismutase (SodA) to quench ROS (Tso-
lis et al. 1995) or in metabolic enzymes like the L-arabinose iso-
merase AraA (Manjasetty and Chance 2006).

While Mn(II) import through the outer membrane is mainly
due to passive diffusion via porins, Salmonella possess two main
Mn(II) inner membrane transporters, MntH and SitABCD (Fig. 1).
MntH is a proton-dependent NRAMP1 homolog with an affinity
of 0.1 μM for Mn(II) (Kehres et al. 2000; Kehres et al. 2002) and was
shown to be upregulated in response to low Mn(II) and the pres-
ence of H2O2 (Kehres et al. 2000; Kehres et al. 2002). SitABCD is an
ABC transporter and also mediates influx of Mn(II) with an affin-
ity equal to that of MntH, where SitA is the periplasmic binding
protein, SitB is an ATP-binding protein, and SitC and SitD are
integral membrane permeases (Zhou et al. 1999). Interestingly,
while MntH and SitABCD are both upregulated in response to
low Mn(II) and have similar apparent affinity for Mn(II) regard-
less of pH, changes in pH drastically and inversely affect the
transport rates of the two systems. MntH transports Mn(II) most
effectively in acidic conditions while SitABCD is essentially non-
functional, while at slightly alkaline pH, SitABCD is optimally
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Table 3. In vivo phenotype of Zn homeostasis mutants.

Gene Description Mutants
Salmonella
genotype Mouse model Phenotype Reference

zinT Periplasmic
buffering

zinT::Cm ATCC14028 BALB/c; i.p. None (Petrarca et al. 2010)

�zinT; znuA�138–160 SL1344 various; i.v. Attenuated∗1 (Cunrath and Bumann
2019)

znuABC ABC transporter znuC::Cm ATCC14028 BALB/c;
oral/i.p.

Attenuated (Campoy et al. 2002)

znuA::Kan ATCC14028 BALB/c;
oral/i.p.

Attenuated (Ammendola et al.
2007)

znuA::Kan ATCC14028 BALB/c; i.p. Attenuated (Petrarca et al. 2010)
znuABC::Kan ATCC14028 BALB/c; i.p. Attenuated (Petrarca et al. 2010)

znuA::Cm ATCC14028 C57BL/6; oral Attenuated (Cerasi et al. 2014)
znuA::Cm ATCC14028 various, oral Attenuated (Liu et al. 2012)

�zinT; znuA�138–160 SL1344 various; i.v. Attenuated (Cunrath and Bumann
2019)

�znuABC SL1344 various; i.v. Attenuated (Cunrath and Bumann
2019)

zupT ZIP-family
transporter

zupT::Kan ATCC14028 C3H/HeN; i.p. Attenuated (Karlinsey et al. 2010)

zupT::Kan ATCC14028 various; oral None (Cerasi et al. 2014)
zupT::Kan ATCC14028 various; i.p. Attenuated (Cerasi et al. 2014)
zupT::Kan ATCC14028 C3H/HeN; i.p. Attenuated (Karlinsey et al. 2010)
zupT::Kan;
mntH::scar;
sitA::tetRA

ATCC14028 various; oral Attenuated∗2 (Diaz-Ochoa et al. 2016)

�zupT; �sitABCD;
�mntH

SL1344 various; i.v. None (Cunrath and Bumann
2019)

zntA Efflux ATPase zntA::Apr 4/74 C3H/HeN; i.p. Attenuated (Huang et al. 2017)
zntA::Cm zitB::Kan ATCC14028 C3H/HeOuJ;

i.p.
Attenuated (Frawley et al. 2018)

zitB Cation diffusion
exporter

zitB::Apr 4/74 C3H/HeN; i.p. Attenuated (Huang et al. 2017)

zntA::Cm zitB::Kan ATCC14028 C3H/HeOuJ;
i.p.

Attenuated (Frawley et al. 2018)

zur Fur-family
repressor

zur::Cm ATCC14028 BALB/c; oral None (Campoy et al. 2002)

zur::Cm ATCC14028 BALB/c; i.p. Attenuated (Campoy et al. 2002)

∗1Attenuation may be due to znuA�138–160mutation.
∗2Attenuation was reported to be due to an impaired Mn uptake of this mutant in the ceacal content.

functional and MntH rates decrease with increasing pH (Kehres
et al. 2002). Both transporters have binding capacity for other bio-
logical transition metals, though Mn(II) seems to be the highly
preferred substrate in biologically relevant conditions (Kehres
et al. 2002).

There are currently significant gaps in understanding the
roles of MntH and SitABCD during a Salmonella infection
(Table 4). While mntH mutants are mainly dispensable or show-
ing only a very slight attenuation in vivo (Kehres et al. 2000;
Janakiraman and Slauch 2000; Boyer et al. 2002; Zaharik et al.
2004; Karlinsey et al. 2010; Nagy et al. 2014), sitABCD deletion
mutants demonstrate an attenuated phenotype linked to the
presence of NRAMP1 (Janakiraman and Slauch 2000; Boyer et al.
2002; Zaharik et al. 2004). However, recent work using com-
petitive index with WT during intravenous coinfection showed
no decreased fitness for a mntH sitABCD zupT mutant in both
NRAMP1+ and NRAMP1− mice, contradicting previous reports
(Nagy et al. 2014; Cunrath and Bumann 2019).

In response to low Mn(II) levels, mntH and sitABCD are
both upregulated by the negative regulator MntR, a DtxR-family
Mn(II)-binding transcription factor. Additionally, it has been

shown that the expression of mntH and sitABCD are also affected
by the peroxide sensing regulator, OxyR, and by Fur (see Iron
section) (Patzer and Hantke 2001; Kehres et al. 2002; Ikeda et al.
2005; Martin et al. 2015). MntR also regulates expression of a
second Mn(II) regulatory protein: MntS. MntS is a small pro-
tein (42 amino acids) whose mechanistic role is incompletely
understood, but knockout and mutation studies showed that
MntS does not appear to interact directly with Mn(II), but instead
inhibits the activity of the Mn(II) efflux pump, MntP (see below)
(Martin et al. 2015). No studies have directly tested the role of
MntR or MntS in vivo.

Mn resistance
Mn(II) toxicity is believed to be due to cation competition
of Mg(II)- and Fe(II)-binding sites, leading to impaired energy
metabolism (Hohle and O’Brian 2014). MntP is the Mn(II) P-type
ABC efflux transporter in Salmonella, regulated transcriptionally
by MntR and translationally by a Mn(II)-dependent riboswitch
(Waters et al. 2011; Dambach et al. 2015) (Fig. 2). In the absence of
MntP, manganese toxicity can occur, which has been proposed
as being due to Mn(II) displacement of Fe(II) from its binding
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Table 4. In vivo phenotype of Mn homeostasis mutants.

Gene Description Mutants
Salmonella
genotype Mouse model Phenotype Reference

mntH Proton-dependent
importer

mntH::Kan LT2 BALB/c; oral Attenuated (Kehres et al. 2000)

mntH::Cm N/R various; i.v. None (Boyer et al. 2002)
mntH::Kan SL1344 various; i.p. Attenuated (Zaharik et al. 2004)
mntH::Kan ATCC14028 C3H/HeN; i.p. Attenuated (Karlinsey et al. 2010)
mntH::Kan SL1344 129SvEvTac;

oral
None∗ (Nagy et al. 2014)

�mntH;
�sitABCD;

�zupT

SL1344 various; i.v. None (Cunrath and Bumann
2019)

sitABCD ABC transporter sitA::Cm ATCC14028 various;
oral/i.p.

Attenuated (Janakiraman and
Slauch 2000)

sitABCD::Sm N/R various; i.v. Attenuated (Boyer et al. 2002)
sitA::Cm SL1344 various; i.p. Attenuated (Zaharik et al. 2004)
sitA::Kan SL1344 129SvEvTac;

oral
None∗ (Nagy et al. 2014)

�sitABCD;
�mntH; �zupT

SL1344 various; i.v. None (Cunrath and Bumann
2019)

mntP Efflux pump �mntP SL1344 various; i.v. None (Cunrath and Bumann
2019)

∗No fitness defect was reported when infected singly, but strains were attenuated during co-infection.
N/R: no reference

sites, resulting in an increase in free cellular Fe(II) (Guedon et al.
2003). A mntP knockout mutant demonstrated no decrease in fit-
ness compared to WT during intravenous co-infection (Cunrath
and Bumann 2019), suggesting that Mn(II) toxicity is not a stress
Salmonella encounters during systemic proliferation (Table 4).

Concluding remarks
While manganese uptake seems to contribute to the in vivo fit-
ness during gut colonisation, the importance of those systems
during systemic infection is questionable. The recent findings
showing that the main Mn(II) transporters are dispensable dur-
ing systemic infection, regardless of the presence or absence of
NRAMP1, challenge our current knowledge of the importance
of manganese during pathogenesis. Additional loci, other than
NRAMP1, present in C3H/HeN or 129/Sv mice or additional phys-
iological changes at later time points of the infection, may fur-
ther decrease Mn(II) availability by yet unknown mechanisms.
However, at an early stage of the infection, Mn(II) uptake sys-
tems seem dispensable. This might be due to sufficient extra-
cellular Mn (II) concentrations for unspecific uptake or Mn(II)
might be of secondary importance for Salmonella physiology dur-
ing early systemic proliferation. The latter hypothesis is compat-
ible with the fact that no Mn(II)-dependent protein has yet been
identified as essential for full in vivo fitness.

Copper (Cu)

Copper is the third most abundant transition metal in bacteria
and exists in biological environments in two oxidative states,
Cu(I) and Cu(II) (Liochev and Fridovich 2002), each with different
affinities for biological molecules. Cu(I) prefers to bind to sul-
phur donors such as cysteine and methionine while Cu(II) binds
preferably to nitrogen or oxygen donors such as histidine, gluta-
mate or aspartate (Irving and Williams 1953). Total copper con-
centration in healthy adults is around 17 μM (Blicharska et al.
2008). During an infection, free plasma copper concentration has
been estimated to be around 0.1 pM (Linder and Hazegh-Azam

1996) but macrophages where shown to accumulate copper in
their phagosome to intoxicate intracellular pathogens (White
et al. 2009; Achard et al. 2012).

Copper uptake
All known proteins utilizing copper as co-factors are localized
either in the periplasm or the inner membrane, such as the
inner membrane cytochrome c oxidase subunit I CyoB (Chep-
uri et al. 1990) and the periplasmic CuZn-superoxide dismutase
SodC (Farrant et al. 1997; UniProt 2019), suggesting that no cyto-
plasmic uptake is needed for Salmonella. In vitro measurements
of E. coli and P. aeruginosa cells show that cellular copper con-
centration can vary between 20–300 μM (Outten and O’Halloran
2001; Cunrath et al. 2016).

Copper enters the periplasmic space through passive diffu-
sion via porins. To date, no active copper-specific inner mem-
brane uptake system has been identified. The absence of evi-
dence of cytoplasmic copper proteins and the wide distribu-
tion of copper exporters in Salmonella allows us to suggest that
Salmonella is trying to avoid any cytoplasmic copper.

Copper resistance
A major research focus for copper in biological systems relates to
copper toxicity, which is due to three major mechanisms. Cop-
per can (i) react with hydrogen peroxide, forming ROS through
Fenton’s reaction (Liochev and Fridovich 2002); (ii) bind non-
specifically to proteins and other molecules, thus inhibiting
their function (Irving and Williams 1953); and (iii) Cu(I) can
replace Fe(II) in the Fe-S cluster, inhibiting the activity of Fe-
S proteins and liberating iron that can cause further damage
(Macomber and Imlay 2009).

To survive in high copper concentrations, Salmonella has sev-
eral resistance mechanisms, including active efflux, oxidase and
periplasmic binding proteins (Fig. 2), which provide it with a
minimum inhibitory concentration (MIC) for CuSO4 of 8 mM in
aerobic and 1 mM in anaerobic conditions (Arai et al. 2019). To
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sense periplasmic copper concentrations, Salmonella uses the
two-component system (TCS) CopS/R, which has been shown
to be dispensable during both enteritis and systemic infec-
tion (Yoon et al. 2009). However, the target genes of this TCS
have not yet been identified in Salmonella, though it may pos-
itively regulate copper resistance proteins like CopA, as has
been observed in P. aeruginosa (Quintana et al. 2017). Excess
periplasmic Cu(II) is bound by the cupric binding protein, CueP,
which helps deliver copper to copper-binding proteins like the
periplasmic superoxide dismutase, SodCII (Osman et al. 2013).
A cueP mutant was shown to have no significant fitness loss
compared to WT Salmonella during systemic infection (Fenlon
and Slauch 2017). Additionally, CueO (formely known as CuiD),
a periplasmic multi-copper oxidase, oxidizes the more reactive
Cu(I) into the less reactive Cu(II) (Lim et al. 2002). In addition to
its cuprous oxidase activity (Km of 34.4 ± 12.7 μM), CueO has
also been shown to have ferroxidase activity (Km 52.6 ± 18.1 μM)
(Achard et al. 2010). A cueO mutant was first described as attenu-
ated in systemic sites (Achard et al. 2010), while two other stud-
ies showed the mutation of cueO led to no significant decrease
of fitness (Craig et al. 2013) and the quadruple mutant cueO cueP
copA golT, lacking the four main copper resistance genes, had no
significant fitness loss during systemic infection (Cunrath and
Bumann 2019).

At high concentrations, copper might still enter the cyto-
plasm through a less specific general divalent cation transporter,
like ZupT (Taudte and Grass 2010). Cytoplasmic copper is sensed
by the high-sensitivity MerR-type copper-resistance regulators
CueR and GolS, which induce target gene expression by respond-
ing to monovalent cations like Cu(I) and Au(I) (Changela et al.
2003; Checa et al. 2007; Ibanez et al. 2013). E. coli CueR affinity
for copper has been measured at a Kd of 10−21 M1 (Changela
et al. 2003) and Salmonella GolS and CueR seem to have simi-
larly strong affinities for Cu(I) (Osman et al. 2013). Adaptation to
oxidizing or acidic conditions and monovalent cation selectiv-
ity (GolS is more sensitive to Au(I) than CueR) are suggested to
explain the apparent redundancy of GolS and CueR (Changela
et al. 2003; Osman et al. 2013). In the cytoplasm, excess copper
is sequestered by the chaperon protein GolB, which also binds
Au(I) and is under the regulation of GolS, (Checa et al. 2007; Wei
et al. 2015) and the two P-type ATPases (CopA and GolT) actively
transport copper ions from the cytoplasm to the periplasmic
space (Checa et al. 2007; Espariz et al. 2007), both under the reg-
ulation of CueR and GolS, respectively. Surprisingly, the dele-
tion of the P-type Zn(II) efflux pump ZntA (see Zn section) was
shown to decrease Cu resistance in Salmonella 4/74, suggesting
a potential role in Cu efflux (Huang et al. 2017). The deletion
of the locus STM0324–STM0360, containing golTSB (STM0348–
0350), was shown to be have no significant fitness defect com-
pared to WT Salmonella during systemic infection (Haneda et al.
2009). Furthermore, both CopA and GolT were shown to be dis-
pensable during systemic infection (Fenlon and Slauch 2017;
Cunrath and Bumann 2019), as mentioned above (Table 5).

Concluding remarks
Taken together, these results suggest that it is unlikely that
Salmonella encounters toxic copper concentrations during sys-
temic proliferation, but further investigations need to address
the importance of these systems during enteritis.

Molybdenum (Mo)

Molybdenum mainly pre-exists in biological environments in its
highest oxidative state, Mo(VI), as molybdate (MoO4

2−) (Williams

and Frausto da Silva 2002). Molybdenum, along with tungsten
(W), is used in bacteria in the organic cofactor, molybdopterin
(occasionally called pyranopterin) (Hille et al. 2014). Unfortu-
nately, there is scant data regarding molybdenum concentration
in human tissues during infection, though it has been shown
that total molybdenum levels of approximately 17 nM do not
change during a tuberculosis infection (Oh et al. 2019).

Molybdenum uptake
Molybdenum can shift oxidative state from 4+ to 6+, and is com-
monly used as a key cofactor in metabolic transformation of sul-
fur, carbon and nitrogen compounds (Hille et al. 2014; Leimkuh-
ler and Iobbi-Nivol 2016). In vitro measurements from E. coli and P.
aeruginosa show that molybdenum concentration is around 10–
30 μM (Schneider 1967; White et al. 2009). Molybdate is thought
to enter the periplasm by diffusion through porins, where it is
then transported through the inner membrane by the ABC trans-
porter ModABC, in which ModA is the periplasmic binding pro-
tein, ModB the permease and ModC the ATPase (Walkenhorst
et al. 1995) (Fig. 1). ModABC expression is under the negative
control of ModE (formely ModR) which binds molybdate in low
micromolar affinity range (Kd of 8.10−7 M) (Grunden et al. 1996;
Anderson et al. 1997). Additionally, it has been shown that ModA
can bind tungsten (W), which has the potential to replace molyb-
denum in some molybdenum-containing enzymes (Hille et al.
2014; Zhu et al. 2018). No investigations regarding the importance
of the Mod system during infection have been conducted.

Molybdenum resistance
Molybdate toxicity is mainly due to its strong potential to dis-
rupt accurate DNA repair, and is thus often used for random
mutagenesis (Flessel 1977). Salmonella can survive toxic concen-
trations of up to 1mM of Na2MoO4, though this concentration is
highly unlikely to occur under physiological conditions (Oliver
et al. 2010). To date, no molybdenum specific resistance mecha-
nism has been identified.

Cobalt (Co)

Cobalt pre-exists in the oxidative states Co(II) and Co(III), but
in biological environments, it is mainly found as the co-factor,
cobal(III)amin (vitamin B12), in which it can transit from Co(I) up
to Co(III) (Barras and Fontecave 2011). Nothing is known about
cobalt concentrations in human tissues during infection, but
whole blood cobalt concentrations are around 0.6 μM in healthy
individuals (Blazewicz et al. 2013).

Co uptake
Cobalt is used in vitamin B12, but may also be used as co-factor
alone like in the Co(II) or Zn(II)-utilizing enzyme AroB (Bender
et al. 1989). Vitamin B12 uptake has mainly been studied in E. coli
and is thought to be similar in Salmonella. The btu genes encode
BtuB, an outer membrane TBDT, BtuF, which is a periplasmic
binding protein, and BtuCD, an inner membrane ABC trans-
porter (Yang et al. 2018) (Fig. 1). Additionally, Salmonella possesses
a specific cobalt ion inner membrane uptake system, cbiMNQO,
which has been shown to specifically transport cobalt (Rodionov
et al. 2006; Finkenwirth et al. 2020). The final mode of uptake
falls to nonspecific divalent metal permeases, which have been
shown to transport cobalt with relatively lower affinities, such
as CorA (see Mg section) (Guskov and Eshaghi 2012), ZupT (see
Zn section) (Grass et al. 2005) and MntH (see Mn section) (Kehres
et al. 2002). Both the cobalt (cbiMNQO) and vitamin B12 (btuB)
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Table 5. In vivo phenotype of Cu homeostasis mutants.

Gene Description Mutants
Salmonella
genotype Mouse model Phenotype Reference

cueP Cupric binding
protein

cueP::Cm ATCC14028 various; i.p. None (Fenlon and Slauch
2017)

cueP::Cm �copA
�golT

ATCC14028 various; i.p. None (Fenlon and Slauch
2017)

�cueP �copA �golT
�cueO

SL1344 various; i.v. None (Cunrath and Bumann
2019)

cueO Multi-copper
oxidase

cueO::kan SL1344 C57BL/6; oral Attenuated (Achard et al. 2010)

cueO::Cm ATCC14028 BALB/c; i.p. None (Fenlon and Slauch
2017)

�cueO �copA �golT
�cueP

SL1344 various; i.v. None (Cunrath and Bumann
2019)

golB Cytoplasmic
chaperon

STM0324–
STM0360::kan

ATCC14028 BALB/c; i.p. None (Haneda et al. 2009)

copA Efflux ATPase �copA �golT ATCC14028 various; i.p None (Fenlon and Slauch
2017)

�copA �golT �cueP
�cueO

SL1344 various; i.v. None (Cunrath and Bumann
2019)

golT Efflux ATPase �golT �copA ATCC14028 various; i.p None (Fenlon and Slauch
2017)

STM0324–
STM0360::kan

ATCC14028 BALB/c; i.p. None (Haneda et al. 2009)

�golT �copA �cueP
�cueO

SL1344 various; i.v. None (Cunrath and Bumann
2019)

golS Cytoplasmic
regulator

STM0324–
STM0360::kan

ATCC14028 BALB/c; i.p. None (Haneda et al. 2009)

copSR Two-component
system

copSR::Cm ATCC14028 BALB/c; oral,
i.p.

None (Yoon et al. 2009)

Table 6. In vivo phenotype of Co homeostasis mutants.

Gene Description Mutants
Salmonella
genotype Mouse model Phenotype Reference

cibMNQO ABC transporter �cbiMNQO;
�tonB

SL1344 various; i.v. None (Cunrath and Bumann
2019)

btuB Vitamin B12 outer
membrane
transporter

btuB::Tn10 TT16729/LT2 BALB/c; i.p. None (Sampson and
Gotschlich 1992,

Bjorkman et al. 1996)
�tonB;

�cbiMNQO
SL1344 various; i.v. None (Cunrath and Bumann

2019)

specific uptake systems have been shown to be dispensable dur-
ing systemic infection (Sampson and Gotschlich 1992; Bjorkman
et al. 1996; Cunrath and Bumann 2019) (Table 6).

Co resistance
Due to the well-known thiophilicity of cobalt ions, cobalt tox-
icity is mainly due to its ability to disrupt Fe-S cluster sta-
bility by replacing the Fe(II) ion (Barras and Fontecave 2011).
Cobalt resistance in Salmonella is relatively understudied, but the
Salmonella genome carries the cobalt/nickel resistance yohLMN
cluster, previously identified in E. coli (also known as rcnRAB).
Encoded within this cluster, YohMN/RcnAB is an efflux trans-
porter providing nickel and cobalt resistance (Rodrigue et al.
2005) and YohL/RcnR is the cytoplasmic regulator (Li et al. 2020).
It is believed that ZntA (See Zn section) may also play a role in
the efflux cobalt (Chaoprasid et al. 2015) (Fig. 2). The contribution

to in vivo fitness of the cobalt resistance genes has not yet been
investigated.

Nickel (Ni)

In biological environments, nickel commonly pre-exists as Ni(II).
Total nickel concentration in whole blood of healthy adults is
around 85 nM (Christensen et al. 1979), but nothing is known
of nickel availability during infection. Proteins involved with
nickel homeostasis and their contribution both in vitro and dur-
ing infection have not yet been investigated in Salmonella.

Ni uptake
In E. coli and P. aeruginosa, the bacterial nickel concentration
is around 20–40 μM (Schneider 1967; White et al. 2009) and
the Salmonella genome harbours only a few identified nickel-
containing enzymes, such as the glyoxalase, GloA (Reiger et al.
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2015). The Salmonella genome carries (i) a putative NiCoT-family
permase NixA (STM2783) which was described in Helicobacter
pylori to be involved in Ni uptake (Fischer et al. 2016); (ii) a puta-
tive ABC transporter operon NikABCDE (STM1255) previously
described in E. coli (Rodionov et al. 2006) and (iii) a cytoplasmic
nickel-responsive regulator NikR (STM3584), also identified in H.
pylori and E. coli (Rodionov et al. 2006; Vannini et al. 2017), sug-
gesting the presence of nickel uptake system, though no exper-
imental evidence has been reported (Fig. 1).

Ni resistance
Nickel toxicity has not been investigated in Salmonella, but
Salmonella carries the nickel/cobalt resistance yohLMN cluster,
previously identified in E. coli, in which YohM is an efflux trans-
porter providing nickel and cobalt resistance (Rodrigue et al.
2005) (Fig. 2).

CONCLUDING REMARKS AND PERSPECTIVES

In this review we highlight that Salmonella metal homeosta-
sis has received disparate attention in the past few decades.
While the primary focus has been on studying the importance
of Fe and Mg during systemic infection, research on the metal
homeostasis during enteritis, especially for the biological met-
als like Zn, Cu, Mn, Mo, Co and Ni, has been neglected. Addi-
tionally, contradicting conclusions have left some open ques-
tions. As discussed in the sections above, various mouse lines,
diverse Salmonella genotypes and differing experimental designs
across decades of work have led to less-than-congruous out-
comes. While most infection studies utilise one of two rather
similar and commonly studied Salmonella strains (ATCC14028
and SL1344) (Branchu et al. 2018), some differences do exist
which can affect observed phenotypes (Lopez et al. 2012). Strains
ATCC14028 and SL1344 were originally isolated from avian and
bovine hosts, respectively, though do demonstrate broad host
range virulence (Branchu et al. 2018). However, other Salmonella
strains (e.g. clade ST313) are thought to be more human host
adapted and are epidemic in sub-Saharan Africa (Kingsley et al.
2009; Okoro et al. 2012; Branchu et al. 2018). Critically, significant
differences in pathogenicity between ST313 isolates and SL1344
(and other closely related strains) have been demonstrated (Par-
sons et al. 2013; Carden et al. 2017; Ramachandran et al. 2017).
Therefore, it is important to validate major results in various
Salmonella genotypes, especially those identified as emerging
epidemic threats, in order to broaden our understanding of
metal homeostasis and Salmonella physiology and translate this
knowledge into clinical application. Furthermore, with broad-
ening access to advanced genetic engineering systems (Lanigan
et al. 2020), a unified understanding of Salmonella metal home-
ostasis is on the horizon. Indeed, comparing mouse lines with
unique mutations to study host immune mechanisms’ impact
on Salmonella physiology, instead of comparing mouse lines
with various genetic differences, will provide a more complete
and unified understanding of relevant host immune function.
Finally, focusing on the heterogeneous complexity within host
tissues (Lenaerts et al. 2015; Kreibich and Hardt 2015; Bumann
and Cunrath 2017) will help the field to converge on a compre-
hensive understanding of Salmonella metal homeostasis and its
crucial role in pathogenesis.

ACKNOWLEDGEMENTS

We would like to thank Kevin R Foster and Klaus Hantke for their
thoughtful suggestions on this manuscript.

FUNDING

This work is funded by Wellcome Trust Investigator award
209397/Z/17/Z.

Conflict of interest. None declared.

REFERENCES

Abdul-Tehrani H et al. Ferritin mutants of Escherichia coli are
iron deficient and growth impaired, and fur mutants are iron
deficient. J Bacteriol 1999;181:1415–28.

Achard ME et al. Copper redistribution in murine macrophages
in response to Salmonella infection. Biochem J 2012;444:51–7.

Achard ME et al. The multi-copper-ion oxidase CueO of
Salmonella enterica serovar Typhimurium is required for
systemic virulence. Infect Immun 2010;78:2312–9.

Almiron M et al. A novel DNA-binding protein with regula-
tory and protective roles in starvedEscherichia coli. Genes Dev
1992;6:2646–54.

Ammendola S et al. High-affinity Zn2+ uptake system ZnuABC is
required for bacterial zinc homeostasis in intracellular envi-
ronments and contributes to the virulence ofSalmonella enter-
ica. Infect Immun 2007;75:5867–76.

Anderson LA et al. Characterisation of the molybdenum-
responsive ModE regulatory protein and its binding to the
promoter region of the modABCD (molybdenum trans-
port) operon of Escherichia coli. Eur J Biochem 1997;246:
119–26.

Andreini C et al. Metal ions in biological catalysis: from enzyme
databases to general principles. JBIC J Biolog Inorganic Chem
2008;13:1205–18.

Andrews SC, Harrison PM, Guest JR. Cloning, sequencing, and
mapping of the bacterioferritin gene (bfr) ofEscherichia coli K-
12. J Bacteriol 1989;171:3940–7.

Andrews SC, Robinson AK, Rodriguez-Quinones F. Bacterial iron
homeostasis. FEMS Microbiol Rev 2003;27:215–37.

Andrews SC. Iron storage in bacteria. Adv Microb Physiol
1998;40:281–351.

Appia-Ayme C et al. ZraP is a periplasmic molecular chaperone
and a repressor of the zinc-responsive two-component reg-
ulator ZraSR. Biochem J 2012;442:85–93.

Arai N et al. Salmonella Genomic Island 3 Is an Integrative and
Conjugative Element and Contributes to Copper and Arsenic
Tolerance of Salmonella enterica. Antimicrob Agents Chemother
2019;63.

Bagg A, Neilands JB. Ferric uptake regulation protein acts as a
repressor, employing iron (II) as a cofactor to bind the oper-
ator of an iron transport operon in Escherichia coli. Biochem-
istry 1987;26:5471–7.

Balbontin R et al. Expression of IroN, the salmochelin
siderophore receptor, requires mRNA activation by
RyhB small RNA homologues. Mol Microbiol 2016;100:
139–55.

Baranova N, Nikaido H. The baeSR two-component regulatory
system activates transcription of the yegMNOB (mdtABCD)
transporter gene cluster in Escherichia coli and increases
its resistance to novobiocin and deoxycholate. J Bacteriol
2002;184:4168–76.

Barras F, Fontecave M. Cobalt stress in Escherichia coli and
Salmonella enterica: molecular bases for toxicity and resis-
tance. Metallomics 2011;3:1130–4.

Baumler AJ et al. Identification of a new iron regulated locus of
Salmonella typhi. Gene 1996;183:207–13.



16 microLife, 2021, Vol. 2

Baumler AJ et al. IroN, a novel outer membrane siderophore
receptor characteristic of Salmonella enterica. J Bacteriol
1998;180:1446–53.

Bender SL, Mehdi S, Knowles JR. Dehydroquinate synthase: the
role of divalent metal cations and of nicotinamide adenine
dinucleotide in catalysis. Biochemistry 1989;28:7555–60.

Benjamin WH, Jr et al. The ability of Salmonella typhimurium
to produce the siderophore enterobactin is not a virulence
factor in mouse typhoid. Infect Immun 1985;50:392–7.

Bjarnason J, Southward CM, Surette MG. Genomic profiling
of iron-responsive genes in Salmonella enterica serovar
typhimurium by high-throughput screening of a random
promoter library. J Bacteriol 2003;185:4973–82.

Bjorkman J, Rhen M, Anderson DI. Salmonella typhimurium
cob mutants are not hyper-virulent. FEMS Microbiol Lett
1996;139:121–6.

Blanc-Potard AB, Groisman EA. The Salmonella selC locus con-
tains a pathogenicity island mediating intramacrophage sur-
vival. EMBO J 1997;16:5376–85.

Blazewicz A et al. Differences in trace metal concentrations (Co,
Cu, Fe, Mn, Zn, Cd, And Ni) in whole blood, plasma, and
urine of obese and nonobese children. Biol Trace Elem Res
2013;155:190–200.

Blicharska B et al. Estimation of free copper ion concentrations
in blood serum using T(1) relaxation rates. J Magn Reson
2008;194:41–45.

Bogomolnaya LM et al. Linearized Siderophore Products Secreted
via MacAB Efflux Pump Protect Salmonella enterica Serovar
Typhimurium from Oxidative Stress. mBio 2020;11.

Boyer E et al. Acquisition of Mn(II) in addition to Fe(II) is
required for full virulence of Salmonella enterica serovar
Typhimurium. Infect Immun 2002;70:6032–42.

Branchu P, Bawn M, Kingsley RA. Genome Variation and
Molecular Epidemiology of Salmonella enterica Serovar
Typhimurium Pathovariants. Infect Immun 2018;86.

Bumann D, Cunrath O. Heterogeneity of Salmonella-host
interactions in infected host tissues. Curr Opin Microbiol
2017;39:57–63.

Caldwell AM, Smith RL. Membrane topology of the ZntB efflux
system ofSalmonella enterica serovar Typhimurium. J Bacteriol
2003;185:374–6.

Campoy S et al. Role of the high-affinity zinc uptake znuABC sys-
tem in Salmonella enterica serovar typhimurium virulence.
Infect Immun 2002;70:4721–5.

Carden SE et al. Pseudogenization of the Secreted Effector
Gene sseI Confers Rapid Systemic Dissemination of S.
Typhimurium ST313 within Migratory Dendritic Cells. Cell
Host & Microbe 2017;21:182–94.

Cartron ML et al. Feo–transport of ferrous iron into bacteria.
Biometals 2006;19:143–57.

Cerasi M et al. The ZupT transporter plays an important role in
zinc homeostasis and contributes toSalmonella enterica viru-
lence. Metallomics 2014;6:845–53.

Changela A et al. Molecular basis of metal-ion selectivity and
zeptomolar sensitivity by CueR. Science 2003;301:1383–7.

Chaoprasid P et al. Roles of Agrobacterium tumefaciens C58
ZntA and ZntB and the transcriptional regulator ZntR in con-
trolling Cd2+/Zn2+/Co2+ resistance and the peroxide stress
response. Microbiology 2015;161:1730–40.

Checa SK et al. Bacterial sensing of and resistance to gold salts.
Mol Microbiol 2007;63:1307–18.

Chepuri V et al. The sequence of the cyo operon indicates sub-
stantial structural similarities between the cytochrome o

ubiquinol oxidase of Escherichia coli and the aa3-type family
of cytochrome c oxidases. J Biol Chem 1990;265:11185–92.

Chernecky CC, Berger BJ. Laboratory tests and diagnostic procedures.
6th ed., St. Louis, Mo.: Elsevier, 2013, 1222.

Choi E et al. Elongation factor P controls translation of the mgtA
gene encoding a Mg(2+) transporter during Salmonella infec-
tion. Microbiologyopen 2019;8:e00680.

Choi E et al. Elongation factor P restricts Salmonella’s growth by
controlling translation of a Mg(2+) transporter gene during
infection. Sci Rep 2017;7:42098.

Christensen OB et al. Nickel concentration of blood, urine
and sweat after oral administration. Contact Dermatitis
1979;5:312–6.

Cook JD et al. Estimates of iron sufficiency in the US population.
Blood 1986;68:726–31.

Corbin BD et al. Metal chelation and inhibition of bacterial
growth in tissue abscesses. Science 2008;319:962–5.

Costa LF et al. Iron acquisition pathways and coloniza-
tion of the inflamed intestine by Salmonella enter-
ica serovar Typhimurium. Int J Med Microbiol 2016;306:
604–10.

Craig M et al. Twin-arginine translocation system (tat) mutants
of Salmonella are attenuated due to envelope defects, not
respiratory defects. Mol Microbiol 2013;89:887–902.

Crouch ML et al. Biosynthesis and IroC-dependent export of
the siderophore salmochelin are essential for virulence
of Salmonella enterica serovar Typhimurium. Mol Microbiol
2008;67:971–83.

Cunrath O, Bumann D. Host resistance factor SLC11A1 restricts
Salmonella growth through magnesium deprivation. Science
2019;366:995–9.

Cunrath O, Geoffroy VA, Schalk IJ. Metallome of Pseudomonas
aeruginosa: a role for siderophores. Environ Microbiol
2016;18:3258–67.

Dambach M et al. The ubiquitous yybP-ykoY riboswitch
is a manganese-responsive regulatory element. Mol Cell
2015;57:1099–109.

Diaz-Ochoa VE et al. Salmonella Mitigates Oxidative Stress
and Thrives in the Inflamed Gut by Evading Calprotectin-
Mediated Manganese Sequestration. Cell Host & Microbe
2016;19:814–25.

Doherty CP. Host-pathogen interactions: the role of iron. J Nutr
2007;137:1341–4.

Espariz M et al. Dissecting the Salmonella response to copper.
Microbiology 2007;153:2989–97.

Farrant JL et al. Bacterial copper- and zinc-cofactored superox-
ide dismutase contributes to the pathogenesis of systemic
salmonellosis. Mol Microbiol 1997;25:785–96.

Fecker L, Braun V. Cloning and expression of the fhu genes
involved in iron(III)-hydroxamate uptake by Escherichia coli.
J Bacteriol 1983;156:1301–14.

Fenlon LA, Slauch JM. Cytoplasmic Copper Detoxification in
Salmonella Can Contribute to SodC Metalation but Is Dis-
pensable during Systemic Infection. J Bacteriol 2017;199.

Fenton HJH. LXXIII.-Oxidation of tartaric acid in the presence of
iron. J Chem Soc, Trans 1894;65:899–910.

Fields PI, Groisman EA, Heffron F. A Salmonella locus that con-
trols resistance to microbicidal proteins from phagocytic
cells. Science 1989;243:1059–62.

Finkenwirth F et al. Dynamic interactions of CbiN and CbiM
trigger activity of a cobalt energy-coupling-factor trans-
porter. Biochimica et Biophysica Acta (BBA) - Biomembranes
2020;1862:183114.



Cunrath and Palmer 17

Fischbach MA et al. In vitro characterization of IroB, a
pathogen-associated C-glycosyltransferase. Proc Natl Acad Sci
2005;102:571–6.

Fischbach MA et al. The pathogen-associated iroA gene cluster
mediates bacterial evasion of lipocalin 2. Proc Natl Acad Sci
2006;103:16502–7.

Fischer F et al. Characterization in Helicobacter pylori of a Nickel
Transporter Essential for Colonization That Was Acquired
during Evolution by Gastric Helicobacter Species. PLoS Pathog
2016;12:e1006018.

Flessel CP. Metals as mutagens. Adv Exp Med Biol 1977;91:117–28.
Flo TH et al. Lipocalin 2 mediates an innate immune response

to bacterial infection by sequestrating iron. Nature
2004;432:917–21.

Frawley ER et al. Iron and citrate export by a major facili-
tator superfamily pump regulates metabolism and stress
resistance in Salmonella Typhimurium. Proc Natl Acad Sci
2013;110:12054–9.

Frawley ER et al. Nitric Oxide Disrupts Zinc Homeostasis in
Salmonella enterica Serovar Typhimurium. mBio 2018;9.

Gammoh NZ, Rink L. Zinc in Infection and Inflammation. Nutri-
ents 2017;9.

Gati C et al. The structural basis of proton driven zinc transport
by ZntB. Nat Commun 2017;8:1313.

Gibson MM et al. Magnesium transport in Salmonella
typhimurium: the influence of new mutations confer-
ring Co2+ resistance on the CorA Mg2+ transport system.
Mol Microbiol 1991;5:2753–62.

Gilston BA et al. Structural and mechanistic basis of zinc regula-
tion across the E. coli Zur regulon. PLoS Biol 2014;12:e1001987.

Gomez-Garzon C, Payne SM. Vibrio cholerae FeoB hydrolyzes ATP
and GTP in vitro in the absence of stimulatory factors. Metal-
lomics 2020.

Graham AI et al. Severe zinc depletion of Escherichia coli: roles
for high affinity zinc binding by ZinT, zinc transport and zinc-
independent proteins. J Biol Chem 2009;284:18377–89.

Grass G et al. FieF (YiiP) fromEscherichia coli mediates decreased
cellular accumulation of iron and relieves iron stress. Arch
Microbiol 2005;183:9–18.

Grass G et al. FieF (YiiP) from Escherichia coli mediates decreased
cellular accumulation of iron and relieves iron stress. Arch
Microbiol 2005;183:9–18.

Grass G et al. The metal permease ZupT from Escherichia coli
is a transporter with a broad substrate spectrum. J Bacteriol
2005;187:1604–11.

Grass G et al. The metal permease ZupT from Escherichia coli
is a transporter with a broad substrate spectrum. J Bacteriol
2005;187:1604–11.

Grass G et al. ZitB (YbgR), a member of the cation diffusion facil-
itator family, is an additional zinc transporter inEscherichia
coli. J Bacteriol 2001;183:4664–7.

Grunden AM et al. Repression of the Escherichia coli mod-
ABCD (molybdate transport) operon by ModE. J Bacteriol
1996;178:735–44.

Guedon E et al. The global transcriptional response of Bacil-
lus subtilis to manganese involves the MntR, Fur, TnrA and
sigmaB regulons. Mol Microbiol 2003;49:1477–91.

Guerinot ML. Microbial iron transport. Annu Rev Microbiol
1994;48:743–72.

Guskov A, Eshaghi S. The mechanisms of Mg2+ and Co2+ trans-
port by the CorA family of divalent cation transporters. Curr
Top Membr 2012;69:393–414.

Haase H, Rink L. Multiple impacts of zinc on immune function.
Metallomics 2014;6:1175–80.

Haemig HA, Moen PJ, Brooker RJ. Evidence that highly con-
served residues of transmembrane segment 6 of Escherichia
coli MntH are important for transport activity. Biochemistry
2010;49:4662–71.

Halliwell B, Gutteridge JM. Oxygen toxicity, oxygen radicals,
transition metals and disease. Biochem J 1984;219:1–14.

Haneda T et al. Genome-wide identification of novel genomic
islands that contribute to Salmonella virulence in mouse
systemic infection. FEMS Microbiol Lett 2009;297:241–9.

Hantke K. Dihydroxybenzoylserine–a siderophore for E. coli.
FEMS Microbiol Lett 1990;55:5–8.

Hantke K. Ferrous iron transport mutants in Escherichia coli K12.
FEMS Microbiol Lett 1987;44:53–57.

Hantke K. Is the bacterial ferrous iron transporter FeoB a living
fossil? Trends Microbiol 2003;11:192–5.

Harris WRC, Cooper CJ, Sofen SR et al. Coordination Chem-
istry of Microbial Iron Transport Compounds.19. Stability
Constants and Electrochemical Behavior of Ferric Enter-
obactin and Model Complexes. J Am Chem Soc 1979;101:
6097–104.

Hennigar SR, McClung JP. Nutritional Immunity: starving
Pathogens of Trace Minerals. American Journal of Lifestyle
Medicine 2016;10:170–3.

Hille R, Hall J, Basu P. The mononuclear molybdenum enzymes.
Chem Rev 2014;114:3963–4038.

Hmiel SP et al. Magnesium transport in Salmonella
typhimurium: characterization of magnesium influx and
cloning of a transport gene. J Bacteriol 1986;168:1444–50.

Hohle TH, O’Brian MR. Magnesium-dependent processes
are targets of bacterial manganese toxicity. Mol Microbiol
2014;93:736–47.

Hood MI, Skaar EP. Nutritional immunity: transition metals
at the pathogen-host interface. Nat Rev Microbiol 2012;10:
525–37.

Huang K et al. Investigation of the Role of Genes Encod-
ing Zinc Exporters zntA, zitB, and fieF during Salmonella
Typhimurium Infection. Frontiers in Microbiology 2017;8:2656.

Huang K et al. Investigation of the role of genes encod-
ing zinc exporters zntA, zitB, and fieF during Salmonella
typhimurium infection. Frontiers in Microbiology 2018;8.

Hung KW et al. Crystal structure of the Klebsiella pneumo-
niae NFeoB/FeoC complex and roles of FeoC in regulation
of Fe2+ transport by the bacterial Feo system. J Bacteriol
2012;194:6518–26.

Ibanez MM et al. Dissecting the metal selectivity of MerR
monovalent metal ion sensors in Salmonella. J Bacteriol
2013;195:3084–92.

Ikeda JS et al. Transcriptional regulation of sitABCD of Salmonella
enterica serovar Typhimurium by MntR and Fur. J Bacteriol
2005;187:912–22.

Ilari A et al. The Salmonella enterica ZinT structure, zinc affin-
ity and interaction with the high-affinity uptake protein
ZnuA provide insight into the management of periplasmic
zinc. Biochimica et Biophysica Acta (BBA) - General Subjects
2014;1840:535–44.

Irving H, Williams RJP. The stability of transition-metal com-
plexes. J Chem Soc (Resumed) 1953;637:3192–210.

Janakiraman A, Slauch JM. The putative iron transport sys-
tem SitABCD encoded on SPI1 is required for full viru-
lence of Salmonella typhimurium. Mol Microbiol 2000;35:
1146–55.

Kammler M, Schon C, Hantke K. Characterization of the
ferrous iron uptake system of Escherichia coli. J Bacteriol
1993;175:6212–9.



18 microLife, 2021, Vol. 2

Kapetanovic R et al. Salmonella employs multiple mechanisms
to subvert the TLR-inducible zinc-mediated antimicrobial
response of human macrophages. FASEB J 2016;30:1901–12.

Karlinsey JE et al. The phage shock protein PspA facili-
tates divalent metal transport and is required for viru-
lence ofSalmonella enterica sv. Typhimurium. Mol Microbiol
2010;78:669–85.

Karlinsey JE et al. The phage shock protein PspA facili-
tates divalent metal transport and is required for viru-
lence ofSalmonella enterica sv. Typhimurium. Mol Microbiol
2010;78:669–85.

Kehres DG et al. Regulation of Salmonella enterica serovar
Typhimurium mntH transcription by H(2)O(2), Fe(2+), and
Mn(2+). J Bacteriol 2002;184:3151–8.

Kehres DG et al. SitABCD is the alkaline Mn(2+) trans-
porter ofSalmonella enterica serovar Typhimurium. J Bacteriol
2002;184:3159–66.

Kehres DG et al. SitABCD Is the Alkaline Mn 2 Transporter
of Salmonella enterica Serovar Typhimurium. J Bacteriol
2002;184:3159–66.

Kehres DG et al. The NRAMP proteins of Salmonella
typhimurium and Escherichia coli are selective man-
ganese transporters involved in the response to reactive
oxygen. Mol Microbiol 2000;36:1085–100.

Kim H, Lee H, Shin D. Lon-mediated proteolysis of the FeoC
protein prevents Salmonella enterica from accumulating the
Fe(II) transporter FeoB under high-oxygen conditions. J Bac-
teriol 2015;197:92–98.

Kim H, Lee H, Shin D. The FeoC protein leads to high cellular
levels of the Fe(II) transporter FeoB by preventing FtsH pro-
tease regulation of FeoB in Salmonella enterica. J Bacteriol
2013;195:3364–70.

Kim JN, Kwon YM. Genetic and phenotypic characterization of
the RyhB regulon in Salmonella Typhimurium. Microbiol Res
2013;168:41–49.

Kingsley RA et al. Epidemic multiple drug resistant Salmonella
Typhimurium causing invasive disease in sub-Saharan
Africa have a distinct genotype. Genome Res 2009;19:
2279–87.

Kingsley RA et al. Ferrioxamine-mediated Iron(III) utilization by
Salmonella enterica. Appl Environ Microbiol 1999;65:1610–8.

Koster W. Iron(III) hydroxamate transport across the cytoplas-
mic membrane of Escherichia coli. Biol Met 1991;4:23–32.

Kreibich S, Hardt WD. Experimental approaches to phenotypic
diversity in infection. Curr Opin Microbiol 2015;27:25–36.

Lanigan TM, Kopera HC, Saunders TL. Principles of Genetic Engi-
neering. Genes (Basel) 2020;11.

Lau CK, Krewulak KD, Vogel HJ. Bacterial ferrous iron transport:
the Feo system. FEMS Microbiol Rev 2016;40:273–98.

Lee EJ, Groisman EA. An antisense RNA that governs the expres-
sion kinetics of a multifunctional virulence gene. Mol Micro-
biol 2010;76:1020–33.

Lee JW, Helmann JD. Functional specialization within the Fur
family of metalloregulators. Biometals 2007;20:485–99.

Lee JW, Lee EJ. Regulation and function of the Salmonella MgtC
virulence protein. J Microb 2015;53:667–72.

Leimkuhler S, Iobbi-Nivol C. Bacterial molybdoenzymes: old
enzymes for new purposes. FEMS Microbiol Rev 2016;40:1–18.

Lenaerts A, Barry CE, 3rd, Dartois V. Heterogeneity in tuber-
culosis pathology, microenvironments and therapeutic
responses. Immunol Rev 2015;264:288–307.

Leonhartsberger S et al. The hydH/G Genes fromEscherichia coli
code for a zinc and lead responsive two-component regula-
tory system. J Mol Biol 2001;307:93–105.

Li C et al. Complexation of the nickel and cobalt transcrip-
tional regulator RcnR with DNA. Acta Crystallographica Section
F Structural Biology Communications 2020;76:25–30.

Li J et al. Zinc Toxicity and Iron-Sulfur Cluster Biogenesis
inEscherichia coli. Appl Environ Microbiol 2019;85.

Lim SY et al. CuiD is a crucial gene for survival at high copper
environment in Salmonella enterica serovar Typhimurium.
Mol Cells 2002;14:177–84.

Linder MC, Hazegh-Azam M. Copper biochemistry and molecu-
lar biology. Am J Clin Nutr 1996;63:797S–811S.

Lin H et al. In vitro characterization of salmochelin and enter-
obactin trilactone hydrolases IroD, IroE, and Fes. J Am Chem
Soc 2005;127:11075–84.

Lin H et al. In vitro characterization of salmochelin and enter-
obactin trilactone hydrolases IroD, IroE, and Fes. J Am Chem
Soc 2005;127:11075–84.

Liochev SI, Fridovich I, The Haber-Weiss cycle – 70 years later:
an alternative view. Redox Report 2002;7:55–57; author reply
59–60.

Liu JZ et al. Zinc sequestration by the neutrophil protein calpro-
tectin enhances Salmonella growth in the inflamed gut. Cell
Host & Microbe 2012;11:227–39.

Lopez CA et al. Phage-mediated acquisition of a type III secreted
effector protein boosts growth of salmonella by nitrate res-
piration. mBio 2012;3.

Luckey M et al. Iron uptake in Salmonella typhimurium: utiliza-
tion of exogenous siderochromes as iron carriers. J Bacteriol
1972;111:731–8.

Lundrigan MD, Kadner RJ. Nucleotide sequence of the gene
for the ferrienterochelin receptor FepA in Escherichia coli.
Homology among outer membrane receptors that interact
with TonB. J Biol Chem 1986;261:10797–801.

Macomber L, Imlay JA. The iron-sulfur clusters of dehydratases
are primary intracellular targets of copper toxicity. Proc Natl
Acad Sci 2009;106:8344–9.

Makki RMK. Characterisation of the role of the foxA gene in
Salmonella iron acquisition and virulence, In: Department
of Micrfobiology and Immunology. Leicester, UK: University of
Leicester, 2003, 146.

Makui H et al. Identification of the Escherichia coli K-12 Nramp
orthologue (MntH) as a selective divalent metal ion trans-
porter. Mol Microbiol 2000;35:1065–78.

Manjasetty BA, Chance MR. Crystal structure of Escherichia coli
L-arabinose isomerase (ECAI), the putative target of biologi-
cal tagatose production. J Mol Biol 2006;360:297–309.

Marlovits TC et al. The membrane protein FeoB contains an
intramolecular G protein essential for Fe(II) uptake in bac-
teria. Proc Natl Acad Sci 2002;99:16243–8.

Martin-Orozco N et al. Visualization of vacuolar acidification-
induced transcription of genes of pathogens inside
macrophages. Mol Biol Cell 2006;17:498–510.

Martin JE et al. The Escherichia coli small protein MntS and
exporter MntP optimize the intracellular concentration of
manganese. PLos Genet 2015;11:e1004977.

Masse E, Gottesman S. A small RNA regulates the expression of
genes involved in iron metabolism in Escherichia coli. Proc
Natl Acad Sci 2002;99:4620–5.

Matzanke BF et al. FhuF, part of a siderophore-reductase system.
Biochemistry 2004;43:1386–92.

McDevitt CA et al. A molecular mechanism for bacterial suscep-
tibility to zinc. PLoS Pathog 2011;7:e1002357.

Moncrief MB, Maguire ME. Magnesium and the role of MgtC
in growth of Salmonella typhimurium. Infect Immun
1998;66:3802–9.



Cunrath and Palmer 19

Nagy TA, Moreland SM, Detweiler CS. Salmonella acquires fer-
rous iron from haemophagocytic macrophages. Mol Microbiol
2014;93:1314–26.

Nagy TA et al. The ferric enterobactin transporter Fep is required
for persistent Salmonella enterica serovar typhimurium
infection. Infect Immun 2013;81:4063–70.

Nairz M et al. Lipocalin-2 ensures host defense against
Salmonella Typhimurium by controlling macrophage
iron homeostasis and immune response. Eur J Immunol
2015;45:3073–86.

Nairz M et al. The struggle for iron - a metal at the host-pathogen
interface. Cell Microbiol 2010;12:1691–702.

Oglesby-Sherrouse AG, Murphy ER. Iron-responsive bacterial
small RNAs: variations on a theme. Metallomics 2013;5:
276–86.

Oh J et al. Assessment of 7 trace elements in serum of patients
with nontuberculous mycobacterial lung disease. J Trace Elem
Med Biol 2019;53:84–90.

Okoro CK et al. Intracontinental spread of human invasive
Salmonella Typhimurium pathovariants in sub-Saharan
Africa. Nat Genet 2012;44:1215–21.

Oliver CE et al. Effect of chlorate, molybdate, and shikimic acid
on Salmonella enterica serovar Typhimurium in aerobic and
anaerobic cultures. Anaerobe 2010;16:106–13.

Osman D et al. The copper supply pathway to a Salmonella
Cu,Zn-superoxide dismutase (SodCII) involves P(1B)-type
ATPase copper efflux and periplasmic CueP. Mol Microbiol
2013;87:466–77.

Outten CE, O’Halloran TV. Femtomolar sensitivity of metal-
loregulatory proteins controlling zinc homeostasis. Science
2001;292:2488–92.

Padalon-Brauch G et al. Small RNAs encoded within genetic
islands of Salmonella typhimurium show host-induced
expression and role in virulence. Nucleic Acids Res
2008;36:1913–27.

Panina EM, Mironov AA, Gelfand MS. Comparative genomics of
bacterial zinc regulons: enhanced ion transport, pathogene-
sis, and rearrangement of ribosomal proteins. Proc Natl Acad
Sci 2003;100:9912–7.

Papp-Wallace KM et al. The CorA Mg2+ channel is required for
the virulence of Salmonella enterica serovar typhimurium. J
Bacteriol 2008;190:6517–23.

Park M et al. The mgtCBR mRNA Leader Secures Growth of
Salmonella in Both Host and Non-host Environments. Front
Microbiol 2019;10:2831.

Parsons BN et al. Invasive non-typhoidal Salmonella
typhimurium ST313 are not host-restricted and have an
invasive phenotype in experimentally infected chickens.
PLoS NeglTrop Dis 2013;7:e2487.

Patzer SI, Hantke K. Dual repression by Fe(2+)-Fur and Mn(2+)-
MntR of the mntH gene, encoding an NRAMP-like Mn(2+)
transporter inEscherichia coli. J Bacteriol 2001;183:4806–13.

Patzer SI, Hantke K. The ZnuABC high-affinity zinc uptake sys-
tem and its regulator Zur inEscherichia coli. Mol Microbiol
1998;28:1199–210.

Petrarca P et al. The Zur-regulated ZinT protein is an auxiliary
component of the high-affinity ZnuABC zinc transporter that
facilitates metal recruitment during severe zinc shortage. J
Bacteriol 2010;192:1553–64.

Porcheron G et al. Iron, copper, zinc, and manganese transport
and regulation in pathogenic Enterobacteria: correlations
between strains, site of infection and the relative importance
of the different metal transport systems for virulence. Front
Cell Infect Microbiol 2013;3:90.

Potts AH et al. Global role of the bacterial post-transcriptional
regulator CsrA revealed by integrated transcriptomics. Nat
Commun 2017;8:1596.

Potts AH et al. Role of CsrA in stress responses and metabolism
important for Salmonella virulence revealed by integrated
transcriptomics. PLoS One 2019;14:e0211430.

Pourciau C et al. Regulation of Iron Storage by CsrA Supports
Exponential Growth of Escherichia coli. mBio 2019;10.

Quintana J, Novoa-Aponte L, Arguello JM. Copper homeostasis
networks in the bacterium Pseudomonas aeruginosa. J Biol
Chem 2017;292:15691–704.

Rabsch W et al. Role of receptor proteins for enterobactin and 2,3-
dihydroxybenzoylserine in virulence of Salmonella enterica.
Infect Immun 2003;71:6953–61.

Rabsch W et al. Salmonella typhimurium IroN and FepA proteins
mediate uptake of enterobactin but differ in their specificity
for other siderophores. J Bacteriol 1999;181:3610–2.

Raffatellu M et al. Lipocalin-2 resistance confers an advantage
to Salmonella enterica serotype Typhimurium for growth
and survival in the inflamed intestine. Cell Host Microbe
2009;5:476–86.

Ramachandran G et al. Virulence of invasive Salmonella
Typhimurium ST313 in animal models of infection. PLoS
NeglTrop Dis 2017;11:e0005697.

Raymond KN, Dertz EA, Kim SS. Enterobactin: an archetype for
microbial iron transport. Proc Natl Acad Sci 2003;100:3584–8.

Reiger M, Lassak J, Jung K. Deciphering the role of the type II
glyoxalase isoenzyme YcbL (GlxII-2) inEscherichia coli. FEMS
Microbiol Lett 2015;362:1–7.

Rensing C, Mitra B, Rosen BP. The zntA gene ofEscherichia coli
encodes a Zn(II)-translocating P-type ATPase. Proc Natl Acad
Sci 1997;94:14326–31.

Rodionov DA et al. Comparative and functional genomic analy-
sis of prokaryotic nickel and cobalt uptake transporters: evi-
dence for a novel group of ATP-binding cassette transporters.
J Bacteriol 2006;188:317–27.

Rodrigue A, Effantin G, Mandrand-Berthelot MA. Identifica-
tion of rcnA (yohM), a nickel and cobalt resistance gene
inEscherichia coli. J Bacteriol 2005;187:2912–6.

Romeo T et al. Identification and molecular characterization of
csrA, a pleiotropic gene from Escherichia coli that affects
glycogen biosynthesis, gluconeogenesis, cell size, and sur-
face properties. J Bacteriol 1993;175:4744–55.

Rutz JM et al. Evolution of the ferric enterobactin receptor in
gram-negative bacteria. J Bacteriol 1991;173:5964–74.

Sampson BA, Gotschlich EC. Elimination of the vitamin B12
uptake or synthesis pathway does not diminish the vir-
ulence ofEscherichia coli K1 or Salmonella typhimurium in
three model systems. Infect Immun 1992;60:3518–22.

Sassone-Corsi M et al. Siderophore-based immunization strat-
egy to inhibit growth of enteric pathogens. Proc Natl Acad Sci
2016;113:13462–7.

Sauer M, Hantke K, Braun V. Ferric-coprogen receptor FhuE of
Escherichia coli: processing and sequence common to all
TonB-dependent outer membrane receptor proteins. J Bacte-
riol 1987;169:2044–9.

Schade AL, Caroline L. Raw Hen Egg White and the Role of Iron
in Growth Inhibition of Shigella Dysenteriae, Staphylococcus
Aureus, Escherichia Coli and Saccharomyces Cerevisiae. Sci-
ence 1944;100:14–15.

Schneider HA. Ecological ectocrines in experimental epidemi-
ology. A new class, the “pacifarins,” is delineated in the
nutritional ecology of mouse salmonellosis. Science 1967;158:
597–603.



20 microLife, 2021, Vol. 2

Shea CM, McIntosh MA. Nucleotide sequence and genetic
organization of the ferric enterobactin transport sys-
tem: homology to other periplasmic binding protein-
dependent systems in Escherichia coli. Mol Microbiol 1991;5:
1415–28.

Shin JH et al. Transport of magnesium by a bacterial Nramp-
related gene. PLos Genet 2014;10:e1004429.

Skaar EP. The battle for iron between bacterial pathogens and
their vertebrate hosts. PLoS Pathog 2010;6:e1000949.

Snavely MD et al. Magnesium transport in Salmonella
typhimurium: 28Mg2+ transport by the CorA, MgtA, and
MgtB systems. J Bacteriol 1989;171:4761–6.

Sohnle PG, Collins-Lech C, Wiessner JH. The zinc-reversible
antimicrobial activity of neutrophil lysates and abscess fluid
supernatants. J Infect Dis 1991;164:137–42.

Taudte N, Grass G. Point mutations change specificity and kinet-
ics of metal uptake by ZupT fromEscherichia coli. Biometals
2010;23:643–56.

Thulasiraman P et al. Selectivity of ferric enterobactin binding
and cooperativity of transport in gram-negative bacteria. J
Bacteriol 1998;180:6689–96.

Touati D. Iron and oxidative stress in bacteria. Arch Biochem Bio-
phys 2000;373:1–6.

Troxell B et al. The Fur regulon in anaerobically grown
Salmonella enterica sv. Typhimurium: identification of new
Fur targets. BMC Microbiol 2011;11:236.

Tsolis RM, Baumler AJ, Heffron F. Role of Salmonella
typhimurium Mn-superoxide dismutase (SodA) in pro-
tection against early killing by J774 macrophages. Infect
Immun 1995;63:1739–44.

Tsolis RM et al. Contribution of TonB- and Feo-mediated iron
uptake to growth of Salmonella typhimurium in the mouse.
Infect Immun 1996;64:4549–56.

UniProt C. UniProt: a worldwide hub of protein knowledge.
Nucleic Acids Res 2019;47:D506–15.

Vannini A et al. Comprehensive mapping of the Helicobacter
pylori NikR regulon provides new insights in bacterial nickel
responses. Sci Rep 2017;7:45458.

Velayudhan J et al. Distinct roles of the Salmonella enter-
ica serovar Typhimurium CyaY and YggX proteins in the
biosynthesis and repair of iron-sulfur clusters. Infect Immun
2014;82:1390–401.

Velayudhan J et al. Iron acquisition and virulence in Helicobac-
ter pylori: a major role for FeoB, a high-affinity ferrous iron
transporter. Mol Microbiol 2000;37:274–86.

Velayudhan J et al. The role of ferritins in the physiology of
Salmonella enterica sv. Typhimurium: a unique role for fer-
ritin B in iron-sulphur cluster repair and virulence. Mol Micro-
biol 2007;63:1495–507.

Vidal SM et al. Natural resistance to infection with intracellu-
lar parasites: isolation of a candidate for Bcg. Cell 1993;73:
469–85.

Walkenhorst HM, Hemschemeier SK, Eichenlaub R. Molecu-
lar analysis of the molybdate uptake operon, modABCD, of
Escherichia coli and modR, a regulatory gene. Microbiol Res
1995;150:347–61.

Wang D, Hosteen O, Fierke CA. ZntR-mediated transcription of
zntA responds to nanomolar intracellular free zinc. J Inorg
Biochem 2012;111:173–81.

Wastney ME et al. Kinetic analysis of zinc metabolism and
its regulation in normal humans. Am J Physiol 1986;251:
R398–408.

Waters LS, Sandoval M, Storz G. The Escherichia coli MntR
miniregulon includes genes encoding a small protein and an

efflux pump required for manganese homeostasis. J Bacteriol
2011;193:5887–97.

Wawszkiewicz EJ et al. Salmonellosis pacifarin activity of enter-
obactin. Proc Natl Acad Sci 1971;68:2870–3.

Weeratunga SK et al. Binding of Pseudomonas aeruginosa
apobacterioferritin-associated ferredoxin to bacterioferritin
B promotes heme mediation of electron delivery and
mobilization of core mineral iron. Biochemistry 2009;48:
7420–31.

Weinberg ED. Nutritional immunity. Host’s attempt to withold
iron from microbial invaders. JAMA 1975;231:39–41.

Wei W et al. Structural Insights and the Surprisingly Low
Mechanical Stability of the Au-S Bond in the Gold-Specific
Protein GolB. J Am Chem Soc 2015;137:15358–61.

Wei Y, Fu D. Binding and transport of metal ions at the dimer
interface of theEscherichia coli metal transporter YiiP. J Biol
Chem 2006;281:23492–502.

Wei Y, Fu D. Binding and transport of metal ions at the dimer
interface of the Escherichia coli metal transporter YiiP. J Biol
Chem 2006;281:23492–502.

Wessling-Resnick M. Nramp1 and Other Transporters Involved
in Metal Withholding during Infection. J Biol Chem
2015;290:18984–90.

White C et al. A role for the ATP7A copper-transporting ATPase
in macrophage bactericidal activity. J Biol Chem 2009;284:
33949–56.

Wilkins TD, Lankford CE. Production by Salmonella
typhimurium of 2,3-dihydroxybenzoylserine, and its stim-
ulation of growth in human serum. J Infect Dis 1970;121:
129–36.

Williams RJ, Frausto da Silva JJ. The involvement of molybdenum
in life. Biochem Biophys Res Commun 2002;292:293–9.

Wiser MJ, Lenski RE. A Comparison of Methods to Measure Fit-
ness in Escherichia coli. PLoS One 2015;10:e0126210.

Worlock AJ, Smith RL. ZntB is a novel Zn2+ transporter
inSalmonella enterica serovar Typhimurium. J Bacteriol
2002;184:4369–73.

Wu A et al. Salmonella Utilizes Zinc To Subvert Antimicrobial
Host Defense of Macrophages via Modulation of NF-kappaB
Signaling. Infect Immun 2017;85.

Yamamoto K, Ishihama A. Transcriptional response ofEscherichia
coli to external zinc. J Bacteriol 2005;187:6333–40.

Yancey RJ, Breeding SA, Lankford CE. Enterochelin (enter-
obactin): virulence factor for Salmonella typhimurium. Infect
Immun 1979;24:174–80.

Yang M et al. Single-molecule probing of the conformational
homogeneity of the ABC transporter BtuCD. Nat Chem Biol
2018;14:715–22.

Yao H et al. The structure of the BfrB-Bfd complex
reveals protein-protein interactions enabling iron
release from bacterioferritin. J Am Chem Soc 2012;134:
13470–81.

Yeh KY, Yeh M, Glass J. Hepcidin regulation of ferro-
portin 1 expression in the liver and intestine of the
rat. Am J Physiology-Gastrointestinal Liver Physiol 2004;286:
G385–94.

Yoon H et al. Coordinated regulation of virulence during systemic
infection of Salmonella enterica serovar Typhimurium. PLoS
Pathog 2009;5:e1000306.

Zaharik ML et al. The Salmonella enterica serovar
typhimurium divalent cation transport systems
MntH and SitABCD are essential for virulence in an
Nramp1G169 murine typhoid model. Infect Immun 2004;72:
5522–5.



Cunrath and Palmer 21

Zhou D, Hardt WD, Galan JE. Salmonella typhimurium
encodes a putative iron transport system within the
centisome 63 pathogenicity island. Infect Immun 1999;67:
1974–81.

Zhu M et al. Functions of the siderophore esterases IroD and
IroE in iron-salmochelin utilization. Microbiology 2005;151:
2363–72.

Zhu W, Richards NGJ. Biological functions controlled by
manganese redox changes in mononuclear Mn-dependent
enzymes. Essays Biochem 2017;61:259–70.

Zhu W et al. Precision editing of the gut microbiota ameliorates
colitis. Nature 2018;553:208–11.

Zughaier SM, Cornelis P. Editorial: role of Iron in Bacterial Patho-
genesis. Front Cell Infect Microbiol 2018;8:344.


