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ABSTRACT It is well established that high-affinity zinc importers play essential roles
in bacterial virulence, but the studies described by Moreau et al. in this issue (G. B.
Moreau, A. Qin, and B. J. Mann, J Bacteriol 200:e00587-17, 2018, https://doi.org/10.1128/
JB.00587-17) demonstrate that we probably still have much to learn about how these
transporters function and how the genes that encode them are regulated in different
bacterial pathogens.
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The metal zinc (Zn) is an essential micronutrient for all living organisms, and it has
been estimated that approximately 5% of bacterial proteins utilize Zn as a cofactor

and/or require this metal for their proper folding (1). Bacteria generally rely upon two
types of Zn import systems to meet their cellular requirements for this metal. Homologs
of the low-affinity, nonspecific divalent cation transporter ZupT (2) can meet the cell’s
need for replenishment of this essential micronutrient when Zn is readily available in
the environment, and the transcription of zupT is often constitutive (3). In contrast,
when bacterial cells are faced with Zn deprivation, they typically rely on high-affinity,
Zn-specific ABC-type transporters like ZnuABC (4) or AdcABC (5). Unlike zupT, the
expression of the genes encoding these high-affinity Zn transporters are responsive to
cellular Zn levels and tightly regulated by zinc-responsive transcriptional regulators
such as Zur (4) or AdcR (6). Bacteria that reside in close association with mammals face
a particular challenge in acquiring sufficient levels of Zn to meet their physiologic
needs because these hosts actively sequester Zn as a defense mechanism to help
prevent microbial infections (7). Correspondingly, high-affinity Zn uptake systems are
required for the virulence of many different bacterial pathogens (8–12).

Francisella tularensis subsp. tularensis strains cause the zoonotic disease tularemia
(13). These bacteria infect a wide variety of wild mammals and are spread between
these natural hosts and from these hosts to humans by arthropod vectors. Humans can
also become infected with F. tularensis subsp. tularensis strains through direct contact
with infected animals or through the inhalation of infectious aerosols. The ease with
which this bacterium can be spread to humans via the latter route and the potentially
lethal nature of tularemia make this bacterium a serious biohazard risk in the laboratory
and a major biodefense concern. Accordingly, F. tularensis subsp. tularensis strains are
considered select agents and must be handled under biosafety level 3 conditions.
Francisella novicida, on the other hand, is a closely related bacterium that exhibits very
low virulence for humans and can be handled safely under biosafety level 2 conditions
but produces a rapidly fatal disease in experimentally infected mice. This combination
of properties has made F. novicida a widely used surrogate for studying the biology and
virulence of Francisella (13).

A paper by Moreau et al. in this issue (14) describes a comparative study of Zn
acquisition by F. tularensis subsp. tularensis Schu S4 and F. novicida U112. A couple of
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rather surprising findings were made during the course of this study. The first unex-
pected finding was that although F. novicida U112 possesses genes predicted to
encode a ZnuABC-type transporter, the authors could find no evidence that these
genes are involved in Zn acquisition. Rather, they found that F. novicida U112 relies
upon a ZupT homolog to resist Zn deprivation and that the gene encoding this
transporter is regulated in a Zn-responsive manner by a Zur homolog. As alluded to
previously in this commentary, this is an unusual pattern, but in fact it mimics the Zn
acquisition strategy employed by Cupriavidus metallidurans (15, 16), a bacterium that
was originally isolated from a decanting tank in a Zn factory (17) and is now widely used
to study bacterial resistance to heavy metal toxicity (18). Taking this into consideration,
perhaps F. novicida U112’s use of a low-affinity, nonspecific metal transporter as its
primary means of Zn acquisition is a reflection of the environment from which it was
originally isolated, i.e., the Great Salt Lake in Utah (19), which has a high Zn content (20).
But if F. novicida ZupT has the same properties that have been described in its
counterparts in other bacteria (2), this importer would not be expected to provide this
strain with an effective mechanism for overcoming the Zn sequestration defenses
found in mammalian hosts. Maybe that is why F. novicida has not been isolated from
mammals in the wild and is rarely associated with human infections (13). But it begs the
question of why F. novicida U112 is so virulent in small doses in experimentally infected
mice and guinea pigs (19).

An equally surprising set of results was obtained when the authors examined Zn
acquisition by F. tularensis subsp. tularensis Schu S4 (14). Contrary to what was observed
with F. novicida U112, zupT is a pseudogene in Schu S4 and ZnuABC is the primary Zn
transporter in this strain. The authors also established a clear correlation between znuA
expression in Schu S4 and the capacity of this strain to replicate in cultured murine
macrophages (14). These experimental findings are certainly consistent with the highly
virulent nature of F. tularensis subsp. tularensis because the role of ZnuABC as a
virulence determinant has been well established in a variety of other bacterial patho-
gens (21). But what is intriguing is that znuA appears to be an essential gene in Schu
S4. If ZnuABC is truly a high-affinity Zn transporter in F. tularensis subsp. tularensis, as
it is in other bacteria, then having this system produced at all times would predispose
this bacterium to Zn toxicity unless it has a highly efficient set of Zn detoxification
mechanisms (e.g., Zn chaperones and storage proteins or Zn exporters), regulatory
systems that tightly modulate znu expression or Znu activity in response to cellular Zn
levels, or both. This is an important consideration because F. tularensis subsp. tularensis
strains infect a wide variety of mammalian hosts and arthropod vectors (13) and Zn
levels likely vary considerably between different tissues within these hosts. Notably, the
authors show that Schu S4 is capable of Zn-responsive changes in gene expression, but
they do not address whether or not exposure of this strain to different levels of Zn
availability results in changes in znuA expression. So the question of whether or not
Schu S4 modulates the expression of its primary Zn acquisition genes in response to the
availability of this metal remains open.

Finally, considering what we have learned from the study of other bacterial Zn
acquisition systems, the observation that the Francisella strain that employs the “low-
affinity,” nonspecific Zn transporter ZupT as its main Zn importer (F. novicida U112) is
much more resistant to Zn deprivation in vitro than is the Francisella strain that uses the
“high-affinity,” Zn-specific transporter ZnuABC as its primary Zn importer (Schu S4) is an
obvious paradox. Certainly, there are physiological differences between these strains
that could explain these findings (13), but this pattern does not correlate with the
different roles these two transporters play in Zn acquisition in other bacteria or with the
virulence properties of these two strains in nature.

The studies described by Moreau et al. (14) tell us that we still have a lot to learn
about Zn acquisition and homeostasis in bacteria and demonstrate that Francisella
strains provide useful experimental models for expanding our general knowledge in
this area. But these studies also raise a note of caution about using F. novicida U112 as
a surrogate for studying the role of Zn homeostasis genes in Francisella virulence.
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Considering the origin of this strain, it is probably appropriate to say that the results of
such studies need to be “taken with a grain of salt.”
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