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Manganese (Mn) plays a multifaceted role in the survival of pathogenic and symbiotic
bacteria in eukaryotic hosts, and it is also important for free-living bacteria to grow in
stressful environments. Previous research has uncovered components of the bacterial Mn
homeostasis systems that control intracellular Mn levels, many of which are important for
virulence. Multiple studies have also identified proteins that use Mn once it is inside the cell,
including Mn-specific enzymes and enzymes transiently loaded with Mn for protection
during oxidative stress. Emerging evidence continues to reveal proteins involved in
maintaining Mn homeostasis, as well as enzymes that can bind Mn. For some of these
enzymes, Mn serves as an essential cofactor. For other enzymes, mismetallation with Mn
can lead to inactivation or poor activity. Some enzymes may even potentially be regulated
by differential metallation with Mn or zinc (Zn). This review focuses on new developments in
regulatory mechanisms that affect Mn homeostasis and usage, additional players in Mn
import that increase bacterial survival during pathogenesis, and the interplay between Mn
and other metals during Mn-responsive physiological processes. Lastly, we highlight
lessons learned from fundamental research that are now being applied to bacterial
interactions within larger microbial communities or eukaryotic hosts.

Keywords: manganese, metal homeostasis, regulation, bacterial pathogenesis, bacterial stress responses, zinc,
metal transport, metal interplay

INTRODUCTION

Like most metal micronutrients, Mn is both essential for viability and toxic in excess. Identification of
bacterial Mn transporters and the capacity of eukaryotic hosts to manipulate bacterial Mn levels
revealed that Mn regulation is important for bacterial virulence (Kehres and Maguire, 2003; Kehl-Fie
and Skaar, 2010). Early studies established that bacteria actively acquire Mn to serve as a cofactor for
diverse enzymes and provide protection against reactive oxygen species (ROS) (Kehres and Maguire,
2003). Proteins mediating Mn import were identified in the late 1990’s, followed by characterization
of Mn-binding transcription factor families (DtxR and Fur variants) that regulated importer
expression (Kehres and Maguire, 2003; Lisher and Giedroc, 2013; Chandrangsu et al., 2017).
Thereafter, identification of Mn exporters led to characterization of a Mn-binding cis-acting
RNA regulatory element (riboswitch) (Waters, 2020). Additional Mn-enzymes (Bosma et al,
2021) and regulatory mechanisms at the post-transcriptional and protein stability levels continue
to be defined.

While the components of bacterial Mn homeostasis systems were being uncovered, mechanistic
models of metal selectivity were developed to account for how proteins avoid mismetallation
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A BACTERIAL Mn TRANSPORTERS AND REGULATORY PROTEINS
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transcription factors. Most bacteria contain at least one of either the NRAMP (MntH) or ABC transporter (PsaBCA) family importers in the inner membrane (IM), as well as
distribution of Mn importers and exporters across bacterial species is complex and not fully understood (Zeinert et al., 2018). Expression of Mn transporters is commonly

also regulated by a Mn-sensing riboswitch, while others are constitutively expressed (Waters, 2020). Additional outer membrane (OM) components may also be involved
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FIGURE 1 | in Mn transport (Hohle et al., 2011; Si et al., 2017; Jiang et al., 2020). Representative transporters are listed and transporter families are indicated below in
brackets. NRAMP, natural resistance associated with macrophage protein; ABC, ATP-binding cassette; MntP, Mn transporter efflux pump; CDF, cation diffusion
facilitator; P1-ATPase also known as E4-E, ATPase; UPFO016, uncharacterized protein family 00016; TerC, tellurium resistant protein; DtxR, diphtheria toxin repressor;
Fur, ferric uptake regulator. (B) Brief summary of metal homeostasis during a bacterial infection highlighting mechanisms that induce Mn deficiency. (Left) Intracellular
bacterial pathogens residing inside of phagolysosomes of host phagocytes are subject to Mn and Fe deficiency when host NRAMP family transporters remove Mn and
Fe from phagolysosome compartments. Additional host factors (siderophores that chelate Fe and the ferroportin (Fpn) exporter) further decrease available Fe levels
(Chandrangsu et al., 2017; Antelo et al., 2021; Healy et al., 2021). Mn deficiency can be further exacerbated by intoxication with Zn and Cu by host transporters, which
can lead to mismetallation of bacterial Mn- and Fe-using proteins causing cellular dysfunction (Djoko et al., 2015; Chandrangsu et al., 2017). (Right) Extracellular bacterial
pathogens experience metal deficiency via sequestration of Mn and other metals by S100 proteins (e.g., calprotectin) and siderophores, as well as metal uptake into host
phagocytic cells by DMT1 and other transporters (Healy et al., 2021). During Mn deficiency, bacteria suffer oxidative stress due to lack of Mn-dependent detoxification of
ROS (Juttukonda and Skaar, 2015; Bosma et al., 2021). (C) Overview of Mn toxicity and oxidative stress in bacteria. (Left) Under conditions of Mn excess, Mn-bound
MntR represses expression of Mn importers, while Mn-MntR and Mn-sensing riboswitches can induce expression of Mn exporters. Despite these efforts, high
extracellular Mn may be inappropriately transported by other metal importers into cells (e.g., MgtE or ZIP transporters) (Grass et al., 2005; Hohle and O’Brian, 2014;
Takeda et al., 2014). Elevated intracellular Mn can mismetallate proteins with diverse effects. Mn activation of transcription factors responsive to other metals (Fur, SczA)
can lead to binding promoter DNA and cause inappropriate gene regulation (e.g., repression of Fe import systems and repression of Zn export), which further perturbs
intracellular metal balances (Martin et al., 2015; Martin et al., 2017a). For some enzymes (Fe, Mg, or apoenzymes), mismetallation with Mn can lead to inactivation or poor
activity (e.g., ferrochelatase, SodA, NrdAB (Cotruvo and Stubbe, 2012; Martin et al., 2015)). For other enzymes, binding with Mn can cause inappropriate activation or
hyperactivation (e.g., PhpP, CpsB, Pgm (Martin et al., 2017b; McFarland et al., 2021)), which can lead to increased capsular polysaccharide (CPS) and cell elongation.
(Right) During oxidative stress, Mn uptake is stimulated (Imlay, 2014). Unincorporated Fe®* spontaneously reacts with H,O, via Fenton chemistry, generating hydroxy!
radicals that damage DNA and other macromolecules including iron-sulfur clusters, heme, and mononuclear Fe?*-containing proteins (Khademian and Imlay, 2021).
Further metal homeostasis perturbation induces bacterial Mn acquisition and import resulting in mismetallation of proteins with Mn. Mismetallated proteins may have
altered activity profiles ranging from inactivation to hyperactivation. In some cases, temporary alternative metallation with Mn during oxidative stress preserves limited
enzyme activity of mononuclear Fe enzymes (Sobota and Imlay, 2011; Anjem and Imlay, 2012; Sobota et al., 2014). Additionally, low molecular weight Mn complexes

likely contribute to ROS resistance (not shown) (Daly et al., 2010; McNaughton et al., 2010; Sharma et al., 2017).

(Waldron and Robinson, 2009). In general, proteins are thought
to acquire common transition metals (iron (Fe), Zn, and Mn)
from distinct metal pools with differential exchangeability (e.g., a
labile pool associated with small molecules such as phosphate vs.
a less available pool sequestered in proteins) (Imlay, 2015; Foster
et al, 2022). To prevent mismetallation, bacteria adjust
intracellular metal pools so that proteins preferentially acquire
their cognate metal.

Both Mn deficiency and toxicity are key problems that bacteria
must avoid. How Mn deprivation occurs, particularly during
pathogenesis, and its consequences for bacterial survival has been
reviewed elsewhere (Juttukonda and Skaar, 2015; Sheldon and
Skaar, 2019). In contrast, it is less clear how bacteria are subject to
Mn toxicity during infection and what outcomes excess Mn has
on physiology. Although the Mn-responsive regulatory and
homeostasis machinery shared by most bacteria is well defined
(Figure 1, and see (Bosma et al., 2021)), emerging regulatory
mechanisms and additional specialized Mn importers relevant to
pathogenesis continue to be uncovered.

Fundamental insights about bacterial physiology in pure
culture have advanced understanding of the complex interplay
in Mn usage and homeostasis in diverse ecosystems, and the field
is ripe to examine the contribution of Mn-responsive systems
during infection in the host. Here, we summarize recent advances
in Mn stress responses and provide an outlook for the near future.

NEW REGULATORY MECHANISMS
CONTROLLING CELLULAR MANGANESE
LEVELS AND USAGE IN BACTERIA

Beyond established modes of regulation of Mn homeostasis
(Figure 1), new findings are expanding the repertoire of
regulatory approaches bacteria employ to maintain optimal

cellular Mn levels (Figure 2). The fact that bacteria have
evolved intricate measures to control Mn usage demonstrates
its importance to cellular fitness.

Manganese Regulation of Protein Synthesis
Mn homeostasis in bacteria is maintained by the expression and
activities of Mn import and export machinery. Transcriptional
regulation of Mn transporters has long been recognized to
contribute to virulence (Ma et al, 2009). Beyond protein
transcription  factors, RNA-mediated elements can post-
transcriptionally modulate gene expression. While several Mn-
responsive riboswitches induce expression of downstream genes
involved in Mn homeostasis (Dambach et al., 2015; Price et al.,
2015; Martin et al, 2019; Waters, 2020), no other RNA-based
regulation of Mn metabolism had been identified until recently,
despite RNA-binding proteins (RBPs) and small RNAs (sRNAs)
serving as important modulators of gene expression during
pathogenesis (Oliva et al., 2015).

A newly characterized RNA-binding protein in Streptococcus
pneumoniae, CviD, contributes to virulence through several
physiological pathways, including Mn and Zn homeostasis (Sinha
et al,, 2020). Deletion of cvfD caused increased transcription of the
Mn-specific ABC-importer psaBCA and the Zn exporter czcD. Mn
supplementation rescued the cvfD growth defect and restored capsule
formation, which is dependent on the Mn:Zn ratio (McFarland et al,,
2021), suggesting that CvfD helps maintain intracellular Mn:Zn
balance. It is not yet known whether CvfD affects mRNA levels
directly or by mediating SRNA base-pairing to target mRNAs.

The sRNA RsaC contributes to a Mn-sparing response in
Staphylococcus aureus. RsaC is produced during Mn limitation
from the 3’ end of the mntABC transcript encoding an ABC-type
Mn importer (Lalaouna et al., 2019). Base-pairing of the RsaC
sRNA with the ribosome-binding site of the sodA transcript
reduces Mn-superoxide dismutase (SOD) protein levels. This
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FIGURE 2 | Schematic overview of the regulatory network for maintaining Mn homeostasis and its usage in bacterial cells. Total intracellular levels of Mn are
controlled by 1) regulated import and efflux through dedicated Mn-specific transporters located in the inner membrane (refer to Figure 1A for representative transporter
classes). In addition, 2) extracellular binding proteins (T6SS effector proteins) can capture extracellular Mn and deliver it to other uptake machinery (Yang et al., 2021). Min-
sensing regulatory factors control expression of Mn homeostasis genes, primarily encoding transporters, via conformational changes when bound to Mn. These
include 3) protein transcription factors that transcriptionally regulate gene expression, as well as 4) RNA-based Mn-sensing riboswitch elements which provide post-
transcriptional regulation via altering accessibility of the ribosome binding site (RBS) or an anti-termination event that allows transcription read-through of the coding
region of the mRNA (not shown). Other post-transcriptional regulatory mechanism that affect mMRNA stability and/or translation include 5) RNA-binding proteins (RBPs)
such as CviD (Sinha et al., 2020) and 6) sSRNAs such as RsaC (Lalaouna et al., 2019). RBPs can act directly on mRNAs by binding to motifs present in the mRNA and/or
enable sRNAs to base-pair with a mRNA. It is not currently known whether CvfD and RsaC require other factors to mediate their effects. In contrast to riboswitches,
sRNAs do not typically directly sense environmental signals by binding ligands, but instead are expressed under specific environmental conditions (e.g., high or low Mn
levels). Fluctuating intracellular Mn levels serve as an important role post-transiationally, after nascent Mn-using proteins are synthesized. 7) The intracellular labile metal
pool can influence the metallation status and activity of Mn-enzymes, such as PhpP, CspB, and Pgm (Martin et al., 2017b; McFarland et al., 2021). Such enzymes are
active when bound to Mn, but become inactive with loss of metal or when replaced with Zn; reduced activity is observed with other metal cations. This process might also
be aided by metal chaperone delivery factors during Mn deficient bacterial growth (not shown). 8) Metal-dependent protein factors, such as proteases, can directly
control protein levels, as when the YagP protease degrades the Mg transporter MgtA (Began et al., 2020). Other examples include Mn-binding transcription factors (PerR
and Irr) that become oxidized when bound to Fe or heme, which leads to their degradation (not shown) (Lee and Helmann, 2006; Ahn and Baker, 2016; Nam et al., 2020).
9) Activated Mn-enzymes YdiU and PhpP may cause global physiological responses by modulating the activities of non-metal binding proteins via post-transiational
protein modifications, UMPylation and dephosphorylation, respectively (Martin et al., 2017b; Yang et al., 2020). Mn ions are designated as pink spheres; Zn as grey
spheres.
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shifts SOD activity away from Mn-dependence and towards
reliance on the cambialistic Fe-using SOD, preserving bacterial
resistance to ROS when Mn is scarce.

These examples set a precedent that trams-acting RNA
regulation, well-established to regulate diverse stress responses
(Oliva et al,, 2015), is also used to control synthesis of proteins
involved in Mn homeostasis and usage (Figure 2).

Manganese Regulation of Protein Levels
and Activity

Mn-responsive regulation of protein stability and covalent
modifications can also impact Mn homeostasis and usage to
promote bacterial survival. Recent examples include a Mn-
activated protease and Mn-enzymes that add post-translational
modifications to diverse non-metal-binding proteins. In Bacillus
subtilis, elevated Mn can induce degradation of the magnesium
(Mg) importer MgtE via activation of an intramembrane protease,
YqgP (Began et al,, 2020). Mn-mediated MgtE degradation reduces
Mn stress, since Mn can also be adventitiously imported by MgtE
during low Mg conditions. Cells may sacrifice MgtE to withstand Mn
toxicity during periods of Mg starvation to avoid interference of high
Mn with Mg-dependent processes and growth inhibition (Hohle and
O’Brian, 2014; Pi et al., 2020). Although the Mn-sensing region of
YqgP is not well conserved, these findings show that Mn-binding
domains can be used to control activity of enzymes in a distinct
mechanism from Mn serving as a cofactor. Moreover, intracellular
Mn levels can be used to directly and rapidly control protein stability
in response to metal fluctuations.

Mn-enzymes can also alter target protein activities via post-
translational modifications. In Salmonella typhimurium, the
stress-related pseudokinase YdiU modifies proteins via Mn-
dependent UMP and AMP addition (Yang et al., 2020). Fur,
MnSOD, and FeSOD were identified as targets of Mn-activated
YdiU, as well as molecular chaperones and proteases. The
UMPylation of chaperones prevented them from binding co-
factors or client proteins, suggesting that YdiU may act as a global
regulator that modulates protein activity (Yang et al., 2020).
Similar ~ Mn-dependent  post-translational — modifications
involving phosphorylation cycling also affect enzyme activities
in S. pneumoniae (Martin et al., 2017b).

Taken together, these findings suggest that Mn levels can affect
physiology broadly and necessitates expanding our view of
cellular processes that are responsive to environmental Mn
changes beyond those using Mn-cofactored enzymes. Further
studies may reveal how changing the balance of Mn with other
metals alters the proteome.

NEW FAMILIES OF MANGANESE
IMPORTERS RELEVANT DURING
PATHOGENESIS

Although the suite of bacterial Mn transporters is well understood
(Figure 1A), additional players continue to be identified. More
types of Mn importers are emerging as important contributors to
Mn uptake under specialized conditions, including stresses

Bacterial Mn Homeostasis and Usage

relevant to pathogenesis. These include ZIP family importers,
outer membrane porins, and type VI secretion systems (T6SS).

Although primarily associated with Zn uptake, ZIP family
importers can import additional metals, including Fe, Mn, and
cobalt (Grass et al,, 2005). Recently ZIP family members ZupT and
TmpA were determined to be important under Mn stress during
pathogenesis in Salmonella and Streptococcus (Yousuf et al., 2020;
Puccio et al.,, 2022). zupT deletion in Salmonella eliminated residual Mn
import in cells lacking the Mn-dedicated importers MntH and SitA
and showed increased nitric oxide sensitivity (Yousuf et al., 2020).
Similarly, deletion of tmpA in Streptococcus cells lacking the Mn
importer SsaACB exacerbated a growth defect in serum and
required higher exogenous Mn to rescue growth compared to the
single AssaACB mutant (Puccio et al,, 2022). Together, these studies
demonstrate an auxiliary role for ZIP family transporters in Mn uptake
during virulence across diverse bacterial phyla.

Outer membrane proteins (OMPs) can also contribute to Mn
transport. In Bradyrhizobium, the OMP MnoP directly mediates
Mn import in proteoliposomes and is required in vivo for Mn
uptake and survival during Mn scarcity (Hohle et al,, 2011). In
Vibrio cholerae, no dedicated Mn importers have been identified,
but strains lacking the porin OmpU show decreased H,0,
resistance and reduced intracellular Mn (Jiang et al, 2020).
Overexpression of ompU leads to increased intracellular Mn.
Since ompU expression is induced by the ToxR virulence
regulator, OmpU-mediated Mn import is likely important for
Vibrio pathogenesis. These data suggest an underappreciated role
for OMPs in Mn import and overall Mn homeostasis. A novel
metal transport mechanism using T6SS effectors (TseM and
TssS), together with an additional outer membrane TonB-
dependent Mn transporter (MnoT), has also recently been
described (Si et al., 2017; Yang et al., 2021; Zhu et al., 2021).
In Burkholderia, TseM is secreted into the extracellular
environment, where it specifically binds Mn and delivers it to
MnoT for transport (Si et al., 2017). The small protein TssS
produced by Yersinia is delivered into mammalian host cells,
where it sequesters Mn. TssS-mediated Mn chelation reduces
activity of the Mn-dependent enzyme cGAS, which activates the
STING pathway of the innate immune response (Wang et al,
2018; Zhu et al.,, 2021). It is unclear if TssS also mediates Mn
import into bacterial cells or if it primarily remains in the host
cytoplasm in its Mn chelator role. Bacterial virulence and/or
intracellular survival is reduced in both systems when the
effectors or OM transporter are deleted (Si et al., 2017; Zhu
et al., 2021). It will be interesting to see if additional Mn-binding
proteins are found, as T6SS effector proteins are poorly
characterized.

MANGANESE CONNECTION TO OTHER
METALS DURING
MANGANESE-RESPONSIVE
PHYSIOLOGICAL PROCESSES

Mn influences dynamic and context-dependent processes such as
bacterial virulence and biofilm formation. To do so, Mn acts in
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competition with other metals found within the intracellular
metal milieu which is comprised of labile (freely accessible)
metal jons and protein-bound (poorly accessible) metal
complexes. The size and speciation of the labile metal pool is
imprecisely known, especially for Mn which exists predominately
in the spectroscopically hard-to-detect +2 oxidation state in cells
and binds weakly to biomolecules (Irving and Williams, 1948).
Nonetheless, the labile pool provides sufficient metal ions to
ensure proper function of metalloenzymes, or—if perturbed—to
cause mismetallation and Mn toxicity. We discuss here the
interplay between Mn and other metal cations that serve as
cofactors in bacterial proteins.

Manganese and Zinc

Mn:Zn balance is an important factor that affects bacterial
physiology and virulence (Chandrangsu et al, 2017; Bosma
et al, 2021). Key Mn-enzymes in Streptococcus pathogenesis
are strongly affected by perturbations in cellular Mn:Zn
equilibrium (Martin et al, 2017b). Elevated Zn competitively
inhibits Mn binding in enzyme active sites of PhpP and Pgm,
resulting in inactivation. This disrupts cell division and capsule
production, likely decreasing virulence. In contrast, higher Mn
leads to enzyme hyperactivation and inappropriate function.
These findings support that Mn-enzymes acquire metal by
default (passive uptake from the labile metal pool), thus front-
loading Mn homeostasis mechanisms as a key player in Mn
metallation processes. This contrasts with many other
characterized metalloenzymes that require chaperones or
timely protein-folding pathways to specifically acquire their
cognate metal (commonly Fe, Zn, and Cu); recent examples
include enzyme-chaperone pairs CoxB-Scol/PcuC and FolE-
ZagA (Canonica et al., 2019; Chandrangsu et al., 2019).

Mn:Zn balance can also affect the virulence-related process of
biofilm development. Recent evidence in Klebsiella pneumoniae
indicates that elevated Zn caused by loss of the Zn exporter ZntA
increases Mn levels and biofilm formation (Maunders et al.,
2022). Elevated Mn also promotes biofilm formation by B.
subtilis and Lactobacillus plantarum (Nozaka et al, 2014;
Mhatre et al, 2016; Kovacs and Stanley-Wall, 2021).
Suboptimal Mn concentrations increase biofilm aggregates of
uropathogenic E. coli (UPEC) (Rowe et al., 2010). These biofilm
aggregates can disperse as metal ions increase, leading to
recurring infections. Although the mechanism by which Mn:
Zn interplay induces bacterial biofilm-related processes remains
undetermined, it is plausible that excess Mn might mismetallate
Zn-metalloregulators (e.g., SzcA), causing cells to inappropriately
perceive Zn limitation (Martin et al., 2017a).

Manganese and Magnesium

Mg-dependent processes are known to be disrupted by excess
Mn, likely by mismetallation of enzymes (Hohle and O’Brian,
2014). A recent genetic screen in B. subtilis identified targets of
Mn intoxication in a highly Mn-sensitive strain (Pi et al., 2020).
Suppressors conferring Mn tolerance included genes encoding a
MerR-family transcriptional regulator (yhdQ), a putative Mg
efflux transporter homologous to MpfA in S. aureus and CorC
in E. coli, and the Mg-sensing riboswitch preceding the primary

Bacterial Mn Homeostasis and Usage

Mg importer MgtE. Loss of mpfA increased intracellular Mg
levels, which might counteract inhibition by excess Mn, similar to
what has been observed in Saccharomyces cerevisiae (Blackwell
et al., 1998). It will be of significant interest to identify the Mg-
dependent enzymes inhibited by excess Mn.

Like Mn:Zn, Mn:Mg can also influence bacterial attachment
and biofilm maturation. Biofilm formation by Pseudomonas
aeruginosa requires hydrolysis of (p)ppGpp by the RelA-SpoT
family protein SAH, which exhibits strong cofactor preference for
Mn over Mg in vitro (Steinchen et al., 2021). Several more RelA-
SpoT family proteins show similar Mn preference (Ruwe et al.,
2018). It remains to be determined if Mn has a direct role in
biofilm production, is simply acting as a substitute for Mg, or is
inappropriately binding to Mg-using proteins.

Manganese and Iron

Fe-dependent processes and enzymes are also targets of
mismetallation during Mn intoxication. Enzymes that use Fe
as a Lewis-acid catalytic cofactor, such as SOD and ribonucleotide
reductase, lose activity with Mn (Cotruvo and Stubbe, 2012);
organisms may have Mn-dependent isoenzymes to compensate.
Processes inactivated by Mn-mismetallation of Fe proteins
include heme production (ferrochelatase) and Fe uptake (Fur)
(Martin et al., 2015). However, Mn-mismetallation of other Fe-
enzymes during oxidative stress when Fe is limited can protect
enzymes from damage and be advantageous for growth (Imlay,
2014).

Historically, Mn:Fe balance has been studied in Fe-centric
bacteria like E. coli where the intracellular Mn:Fe ratio is < 0.1 and
there is a larger number of Fe-using proteins (Bosma et al., 2021).
S. pneumoniae, and possibly other Mn-centric bacteria with an
intracellular Mn:Fe ratio >1, is also toxified by excess Mn, but via
hyperactivation of Mn-enzymes (Martin et al., 2017b; McFarland
etal, 2021). In S. pneumoniae, elevated Mn increases intracellular
Fe levels during microaerophilic growth but significantly
decreases Fe levels during anaerobiosis (Martin et al., 2017b).
Since Mn-centric bacteria contain few Fe-using proteins, it is
plausible that these Fe-enzymes have evolved metal-binding sites
that preferentially select Fe over Mn or are preferentially
expressed during anaerobiosis, thereby withstanding Mn toxicity.

Manganese and Copper
Some evidence exists that excess Mn can interfere with copper
(Cu) homeostasis and vice versa (Johnson et al., 2015; Martin
et al,, 2017b). In UPEC, Cu import was shown to confer Mn-
dependent protection against ROS, while in S. aureus Cu import
caused mismetallation of Mn-enzymes with Cu (Saenkham et al.,
2020; Al-Tameemi et al., 2021). In UPEC, sublethal doses of Cu
increased MnSOD levels which helped UPEC survive in
macrophages (Saenkham et al., 2020). In the S. aureus study,
which mimicked infection conditions in the mammalian host, a
low Mn:high Cu ratio caused MntABC to inappropriately import
sufficient Cu to cause toxicity, via mismetallation of NrdEF and
the Fe-S dehydratase AcnA (Al-Tameemi et al.,, 2021).

Overall, high levels of a single metal can perturb the
intracellular amounts of other metals (Figure 1C), causing
complex physiological changes. The interplay between metals
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becomes particularly complex and significant as a bacterium
navigates the dynamic process of infection inside a host.

LESSONS LEARNED FROM
EXPERIMENTAL BIOLOGY SYSTEMS
APPLIED TO PATHOGENESIS

Fundamental studies of bacteria in pure culture have defined the
strategies microbes use to acquire and remove Mn to combat Mn
fluctuations, as well as the intracellular usage of Mn in enzymes
and ROS detoxification. It is now commonly accepted that Mn
availability, whether limited or in excess, can affect bacterial
fitness. However, deciphering the functions of Mn is
challenging as there is significant interplay between Mn and
other metals. Many studies do not fully mimic the natural
habitat where pathogenic bacteria derive Mn in hosts, but are
essential for building fundamental understanding of how metals
impact bacterial infection. With this knowledge, defined
questions can be asked in the more complex multi-organism
infection system.

In mammalian hosts, inflammation leads to rapid
readjustment of the metal milieu to disrupt metal homeostasis,
exploiting both essentiality and toxicity of metals to control
bacterial infection. Host dietary metal uptake further
influences the metal landscape (Lopez and Skaar, 2018). At the
molecular level, single metal ion perturbations can significantly
impact protein function. At the cellular level, metals are
transported into and out of eukaryotic cells and their
intracellular organelles to withhold metals or intoxicate
bacteria (Figure 1B). Host siderophores and S100 proteins
also sequester metal ions at the infection site. At the
organismal level, host-mediated metal changes may manifest
differently, depending on the site of infection and bacterial
species involved (Lopez and Skaar, 2018). In a seminal study
extending basic findings from pure culture into an animal model,
mice fed a high-Mn diet had increased Mn levels that promoted S.
aureus virulence in the heart by protecting bacteria from ROS,
while not affecting other bacterial species in other niches
(Juttukonda et al., 2017).

In addition to Mn deficiency imposed by nutritional
immunity, it is clear that bacteria are vulnerable to excess Mn,
given the ubiquity and numerous types of Mn exporters across
bacteria. Pathogenic bacteria lacking Mn exporters also have
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