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Abstract
Metal cations have long been known to play a role in driving antibiotic resistance. The
metal cation Zn2+ has previously been shown to drive antibiotic resistance in various bacterial
species, including the opportunistic pathogen Pseudomonas aeruginosa, but never to
polymyxins. Here, we have investigated the effect of ZnCl2 on polymyxin resistance in P.
aeruginosa. Weeklong exposure to 2 mM ZnCl2 elicited thousand-fold increases in polymyxin
resistance frequency in P. aeruginosa wild type lab strain K767 and clinical strain K2153, but
not wild type lab strain PA14; this effect is Zn-specific and could not be reproduced with MgCl2.
Additionally, this effect appears to be specific to P. aeruginosa, as Zn-driven polymyxin
resistance could not be elicited in Stenotrophomonas maltophilia strain K1199, nor Escherichia
coli strain K193 and K155. However, ZnCl2-exposed polymyxin-resistant strains did not show
increased tolerance to growth in 2mM ZnCl2. Using knockout strains, the two-component
regulatory systems ColRS, PmrAB, and ParRS were found to be necessary for the increase in
polymyxin resistance frequency to occur in response to ZnCl2; the arnBCADTEF operon which
controls polymyxin resistance is also necessary. arnB was found to be upregulated 2 to 3-fold in
several of the ZnCl2-exposed, polymyxin-resistant mutant strains. As well, those strains where
arnB was upregulated also harboured a parR point mutation, suggesting this mutation may be
responsible for polymyxin resistance. Using a parR knockout strain, ParR was found to be
necessary for the upregulation of arnB by Zn. Overall, these data suggest that ZnCl2 plays an
important role in driving polymyxin resistance in P. aeruginosa.
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Chapter 1: Introduction and Literature Review

1.1 About Pseudomonas aeruginosa
Pseudomonas aeruginosa is a Gram-negative bacterium and opportunistic pathogen of
both plants and animals. It is commonly found in soil, water, and on the bodies of living
organisms (Haraldo & Edberg, 1997). Under normal conditions, P. aeruginosa does not cause
infection; it is present on our food and even on our skin (Haraldo & Edberg, 1997). However,
there are certain sets of conditions in which P. aeruginosa can become pathogenic; namely,
when the immune system is compromised or when tissue is severely damaged. P. aeruginosa
can cause pneumonia, septicemia, and urinary tract infections (Driscoll, et al., 2007). In
particular, P. aeruginosa is the predominant bacterial species responsible for lung infections in
people with cystic fibrosis (CF) (Hauser, et al., 2011), as well as sepsis in burn victims
(Rosenfeld, et al., 2003). The abnormally thick sputum characteristic of CF provides ideal
conditions for bacteria to form biofilms in the lung, causing infections that are chronic, difficult
to treat, and often cause death of the patient (de Vrankrijker, et al., 2010). Thus, P. aeruginosa is
an important pathogen to investigate.

1.1.1 Cell envelope structure
The cell envelope is a structure that protects bacterial cells from the environment; cell
envelopes can be roughly classified as either Gram-negative or Gram-positive (Sadoff &
Artenstein, 1974). The cell envelope of P. aeruginosa is Gram-negative, and as such, it is
comprised of two cell membranes: an inner membrane (IM) and an outer membrane (OM)
separated by a cell wall (Figure 1). The IM is a phospholipid bilayer that surrounds the

cytoplasm and separates the cell’s interior from the environment (Silhavy, et al., 2010). The cell
wall, composed of the polymer peptidoglycan, provides structural integrity and protects the cell
from bursting due to internal osmotic pressure (Vollmer, et al., 2008). The cell wall is linked to
the OM by a lipoprotein called Braun’s lipoprotein (Braun, 1975). The OM is a second lipid
bilayer that surrounds the cell wall, and contains lipopolysaccharide (LPS) molecules that help
protect and stabilize the membrane, as well as help the bacteria infect a host (Needham, et al.,
2013). While the inner leaflet of the OM is made of phospholipids, the outer leaflet is composed
of LPS (Figure 1) (Kamio & Nikaido, 1975). The periplasm is a dense protein-filled matrix that
lies in between the IM and OM; the cell wall sits in the periplasm (Mullineaux, et al., 2006). Of
all the cell envelope structures, the outermost one is the LPS, meaning it is the first line of
contact with molecules in the environment, such as antibiotics.
LPS molecules are composed of three main parts: the lipid A, the core, and the O-antigen
(Knirel, et al., 2006) (Figure 2). The lipid A is the part of the LPS that anchors it to the OM. It
consists of a diglucosamine backbone decorated with two anionic phosphates, bonded to 5-7
saturated fatty acid chains (Kulshin, et al., 1991). The core is an oligosaccharide chain that is
attached to the lipid A, and carries a negative charge (Knirel, et al., 2006). The O-antigen is a
long chain of polysaccharide repeats containing 3-5 sugars linked to the core (Whitfield & Trent,
2014). As multiple parts of the LPS are anionic, they need a positive charge to stabilize them
and stop the LPS molecules from repelling one another. Thus, LPS molecules are linked by
cross-bridges of the cations Mg2+ and Ca2+, which stabilizes them (Knirel, et al., 2006).
1.2 Pseudomonas-specific antibiotics: mode of action
The three main classes of antibiotic used to treat Pseudomonas infections are β-lactams,
aminoglycosides, and polymyxins (Potron, et al., 2015).
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Figure 1. Cell envelope structure of a Gram-negative bacterium. IMP, inner membrane protein;
LP, lipoprotein; LPS, lipopolysaccharide; OMP, outer membrane porin. Adapted from Silhavy
et al., 2010.

Figure 2. Structure of a typical lipopolysaccharide. ddHex: dideoxy-D-hexose; Gal: Dgalactose; Glc: D-glucose; GlcN: D-glucosamine; GlcNac: N-acetyl-D-glucosamine; Hep:
heptose; Kdo: Ketodeoxyoctonic acid; Man: D-mannose; Rha: D-rhamnose (Scior, et al., 2013).
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1.2.1 β-lactams
β-lactam antibiotics refers to antibiotics which contain a β-lactam ring in their molecular
structure. A β-lactam ring is a four-membered cyclic amide (Figure 3). The β-lactam class
includes penicillin, cephalosporin, and carbapenem antibiotics. β-lactams enter the cell through
porins in the OM, although the exact porins used by β-lactams are unknown, except for the
carbapenems (Pagès, et al., 2008). Carbapenems enter the cell by diffusing through the OprD
OM porin into the periplasm (Figure 4) (Buscher, et al., 1987; Wolter, et al., 2004). β-lactams
inhibit bacterial growth by interfering with the biosynthesis of the peptidoglycan layer in the cell
wall (Park & Strominger, 1957). Peptidoglycan is a polymer of two sugars, N-acetylglucosamine
(NAG) and N-acetylmuramic acid (NAM), with an amino acid side chain linked to the NAM; the
length of the amino acid side chain is specific to the bacterial species, though usually it is 3-5
amino acids long (Lee, et al., 2003). These residues are cross-linked to one another via the
amino acid side chains by DD-transpeptidase enzymes, forming polymers (Lee, et al., 2003).
DD-transpeptidases are also known as penicillin binding proteins (PBPs). β-lactams are
structural analogs of the acyl-D-alanyl-D-alanine terminus of the peptide side chains of
peptidoglycan; thus, β-lactams irreversibly bind to the PBPs (Yocum, et al., 1980). This stops
the PBP enzyme from functioning and it is no longer able to create the cross-links necessary for
peptidoglycan synthesis. Without the strength provided by the cell wall, the bacterium is less
able to withstand its internal osmotic pressure, and the weakened cell will eventually lyse (Idsoe,
et al., 1972). β-lactams are only able to affect cells that are synthesizing or remodeling
peptidoglycan, as β-lactams only interfere with peptidoglycan synthesis and not their final
structure (Idsoe, et al., 1972).
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Figure 3. β-lactam ring

Figure 4. Entry of β-lactams, aminoglycosides, and polymyxins across the cell envelope. Blue,
beta-lactam; red, aminoglycoside; green, polymyxin; OMC, outer membrane channel. Adapted
from Silhavy et al., 2010.
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Penicillin antibiotics were first isolated from the fungus Penicillium chrysogenum
(Fleming, 1929). All penicillins contain a β-lactam ring bonded to a thiazolidine ring, with a
side chain off the β-lactam ring (Figure 5). Different types of penicillins possess different side
chains. Penicillins, like all β-lactams, bind to PBPs and inhibit their function (Yocum, et al.,
1980). Examples of anti-pseudomonal penicillins include carbenicillin, piperacillin, and
azlocillin (Tan & File, 1995).
Cephalosporin antibiotics were first isolated from the fungus Cephalosporium acremonium
(Weil, et al., 1995). The base structure of all cephalosporins consists of a β-lactam ring bonded
to a dihydrothyazine ring, known as 7-aminocephalosporanic acid (Fountain & Russell, 1969).
Cephalosporins differ from each other in the structure of the R groups bonded to the β-lactam
ring and dihydrothyazine ring; they have two R groups as opposed to penicillin’s one (Figure 6).
Cephalosporins, like all β-lactams, inhibit the cell from forming cross-links between NAG and
NAM by interfering with the PBPs (Chang & Weinstein, 1964). Anti-pseudomonal
cephalosporins include cefepime and ceftazadime (Tan & File, 1995).
Thienamycin was the first carbapenem antibiotic to be discovered; it was isolated from the
bacterium Streptomyces cattleya (Birnbaum, et al., 1985). The structure of carbapenems is
similar to penicillins (Figure 7), with a few differences, mainly that the five-membered ring
contains carbon instead of sulfur, and there is a double bond in the ring (Birnbaum, et al., 1985).
As well, carbapenems have 3 R groups which differ according to the cerbapenem. Carbapenems,
like all β-lactams, bind to PBPs (Spratt, et al., 1977). Anti-pseudomonal carbapenems include
imipenem and meropenem (Meletis, et al., 2012).
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Figure 5. Base structure of penicillins. A: thiazolidine ring, B: β-lactam ring, R: variable side
chain. Adapted from Idsoe, et al., 1972.

Figure 6. Base structure of cephalosporins. Adapted from Fountain & Russell, 1969.

Figure 7. Base structure of carbapenems (Papp-Wallace, et al., 2011)
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1.2.2 Aminoglycosides
Aminoglycoside (AMG) antibiotics consist of sugar moieties linked to one or several
amino acids (Mingeot-Leclercq, et al., 1999). Streptomycin was the first AMG to be discovered
in 1944; it was isolated from bacterium Streptomyces griseus (Mingeot-Leclercq, et al., 1999).
AMGs are used in treating infections caused by all kinds of Gram-negative bacteria, P.
aeruginosa included. Tobramycin and gentamicin are AMG antibiotics used to treat P.
aeruginosa infections (Figure 8) (Poole, 2005). AMGs’ mechanism of action is to inhibit protein
synthesis in bacterial cells by interfering with ribosome function (Fourmy, et al., 1996). As
AMGs are polycationic, they are attracted to the anionic LPS, disrupting the Mg2+ bridges
between LPS molecules (Vaara, 1992). Porins in the OM then allow the AMGs to enter the
periplasm (Figure 4). When AMGs reach the inner membrane, they ionically bind to quinonelinked transporters (Bryan & Kwan, 1983). The exact mechanism of transport remains unknown,
but it is thought that oxidation activates the quinone-linked transporter, which moves the AMG
across the membrane (Bryan & Kwan, 1983). Once in the cytosol, AMGs bind to the 30S
ribosomal subunit. The binding of AMG does not stop the attachment of the 30S ribosomal
subunit to the 50S subunit or prevent binding of mRNA (Fourmy, et al., 1996). However, the
binding of AMG does disrupt mRNA translation, causing the incorporation of the wrong transfer
RNA and thus amino acids, or inhibiting protein synthesis altogether (Melancon, et al., 1992).
Altered proteins impair cell functioning; in particular, cell membrane proteins which have been
mis-translated and then incorporated into the cell membrane increase membrane permeability,
allowing more AMGs to enter the cell (Busse, et al., 1992). Eventually the levels of AMG inside
the cell become high enough to be lethal (Busse, et al., 1992).
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a)

b)

Figure 8. Structure of the aminoglycosides a) gentamicin and b) tobramycin (Jana & Deb,
2006).

e

Figure 9. Structure of polymyxin B and polymyxin E (i.e. colistin). Thr: threonine; Phe:
phenylalanine; Leu: leucine; Dab: 𝛼,-diaminobutyric acid (Yu, et al., 2015).
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1.2.3 Polymyxins
Polymyxins (PMXs) were first discovered in 1940, isolated from the bacterium
Brevibacillus brevis (Hotchkiss & Dubos, 1940). PMXs are peptide antibiotics composed of 10
amino acids, with seven of the amino acids forming a loop, and three amino acids forming a taillike side chain (Figure 9) (Jerke, et al., 2016). The cyclic portion of the peptide has a positive
charge at physiological pH; it is the amino acid L-α,γ-diaminobutyric acid that gives PMXs their
positive charge (Newton, 1956). The tail portion is hydrophobic. Having both a hydrophilic and
hydrophobic portion, PMX works somewhat like a detergent in disrupting the cell’s membranes.
The positively charged PMX displaces Mg2+ and Ca2+ cations that normally stabilize the LPS,
and takes their place in the OM (Jerke, et al., 2016). PMX passes through the OM, and its
hydrophobic tail is then inserted into the IM, which disrupts its integrity; this causes the release
of cytoplasmic contents, and the cell eventually dies (Figure 4) (Bakthavatchalam, et al., 2018).
This is the currently most widely accepted theory on PMX mode of action, although PMX’s
mode of killing has not been fully established. Examples of anti-pseudomonal PMXs include
polymyxin B and colistin (Figure 9) (Michalopoulos & Falagas, 2008).

1.3 Mechanisms of antibiotic resistance
1.3.1 β-lactams
One of the main mechanisms of resistance to β-lactams by P. aeruginosa is the production
of β-lactamase enzymes; the number of β-lactamase encoding genes is incredibly diverse (Sacha,
et al., 2008). There are two main types of β-lactamases: serine-β-lactamases and metallo-βlactamases. Serine-β-lactamases use the amino acid serine to attack and cleave the amide bond
of the β-lactam ring, while metallo-β-lactamases use Zn2+ as a cofactor to achieve the same result
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(Sacha, et al., 2008). The serine-β-lactamse AmpC confers resistance to most β-lactams, and is
often upregulated in multidrug-resistant clinical strains (Rafiee, et al., 2014). β-lactamaseencoding (bla) genes are constantly evolving and being shared between bacteria. bla genes may
be found on plasmids, allowing them to be shared between bacteria via conjugation (Sacha, et
al., 2008). For example, the newest metallo-β-lactamase discovered, GIM-1 (German
imipenemase), was found on a plasmid of a multi-drug resistant strain of P. aeruginosa in
Germany (Castanheira, et al., 2004). bla genes may also be found in a collection of antibiotic
resistance genes called an integron (Weldhagen, 2004). While integrons are not necessarily
mobile, integrons are usually found on transposons, which are mobile genetic elements capable
of replicating themselves and changing places in the genome (Bennett, 1999). β-lactamase
enzymes have numerous ways to spread between bacteria, thus allowing for widespread β-lactam
resistance.
In addition to the production of β-lactamases, P. aeruginosa has several other β-lactam
resistance mechanisms. Carbapenem-resistant strains of P. aeruginosa are often deficient in the
porin OprD, a protein channel that allows the passage of small hydrophilic molecules such as
sugars and amino acids into the cell (Moyá, et al., 2012). Being deficient in this porin stops the
cell from taking up as much antibiotic from the environment, as carbapenems cannot diffuse
through the OM and require a channel to enter the cell (Moyá, et al., 2012). Deficiency in oprD
can occur as a result of mutations that disrupt the function of oprD, or underexpression of an
intact oprD gene (Fang, et al., 2014). Deficiency in oprD only confers resistance against
carbapenems, not all β-lactams (Buscher, et al., 1987).
The multidrug efflux pump system MexAB-OprM is used by P. aeruginosa to efflux a
variety of antibiotics, including β-lactams as well as tetracyclines, chloramphenicol, and
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quinolones (Masuda, et al., 2000). MexAB-OprM is a tripartite pump system, containing an OM
gated channel (OprM), a periplasmic membrane protein (MexA), and an IM pump (MexB)
(Figure 10) (Mokhonov, et al., 2004). P. aeruginosa resists the action of β-lactams by
expression of the efflux pump system MexAB-OprM (Li, et al., 1995). MexAB-OprM is
constitutively produced, meaning it is produced continuously at all times; exposure to antibiotics
does not cause it to be transcribed at a higher rate (Poole, et al., 1996). However, mutations in its
repressor mexR can cause the pump to be overexpressed and provide even higher levels of
resistance (Poole, et al., 1996).
1.3.2 Aminoglycosides
The two main ways that Pseudomonas sp. become resistant to the effects of AMGs are
through either decreased uptake of AMGs, or expression of AMG-inactivating proteins. The
multidrug efflux pump MexXY-OprM is known to efflux AMG antibiotics, as well as
tetracylcines, marcolides, and chloramphenicol (Masuda, et al., 2000). MexXY-OprM is similar
in structure and function to MexAB-OprM, but effluxes different antibiotics (Morita, et al.,
2012). Expression of MexXY-OprM is activated by the presence of AMG antibiotics, as well as
tetracyclines, macrolides, and chloramphenicol (Jeannot, et al., 2005). MexXY-OprM acts to
lower the concentration of AMGs in the cell through efflux (Jeannot, et al., 2005).
Overexpression of MexXY is common in AMG-resistant strains of P. aeruginosa; for example,
MexXY overexpression is seen in AMG-resistant strains isolated from the CF lung (Singh, et al.,
2017).
AMG-modifying enzymes inactivate AMGs by acetylating, phosphorylating, or
adenylating them, thus blocking access to their target, the ribosome (Poole, 2005). The
hydroxyl, amine, or sugar moieties of the AMG are modified by the addition of acetyl groups by
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Figure 10. Structure of tripartite efflux pump MexAB-OprM. Red: OprM; yellow: MexA, blue:
MexB (López, et al., 2017).
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aminoglycoside N-acetyltransferases (AACs), the addition of phosphates by aminoglycoside Ophosphotransferases (APHs), or the addition of adenosine monophosphate by aminoglycoside Onucleotidyltransferases (ANTs) (Ramirez & Tolmasky, 2010). There are a huge number of
different AMG modifying enzymes that act on different positions of the AMG, and many
variations of enzymes for each position as well (Poole, 2005). The AAC3 and AAC6 enzymes
modify the 3’ and 6’ amino groups respectively, and are the most common AAC enzymes
(Biddlecome, et al., 1976; Haas, et al., 1976). AAC6 provides resistance to tobramycin,
netilmicin, and kanamycin (European Study Group on Antibiotic Resistance, 1987), while AAC3
provides resistance to gentamicin (Alvarez & Mendoza, 1993). APH(3’) enzymes phosphorylate
the 3’ hydroxyl of AMGs, and provide resistance against kanamycin (Reynolds, et al., 1976).
The most common ANT enzyme in P. aeruginosa is ANT(2”), class I; it gives resistance to
gentamicin and tobramycin only, and adenylates the 2” hydroxyl (Dornbusch & Hallander, 1980;
MacLeod, et al., 2000). Other ANTs include ANT(3”), which adenylates the 3” hydroxyl group
and provides streptomycin resistance (Shaw, et al., 1991), and ANT(4’) which adenylates the 4’
hydroxyl group and provides amikacin, tobramycin, and isepamicin resistance (Jacoby, et al.,
1990).
Genes coding for AMG-inactivating enzymes are usually found on plasmids, integrons,
and other mobile genetic elements, allowing them to be quickly shared between various
Pseudomonas strains (Poole, 2005). As well, AMG-inactivating genes are often contained in
clusters of antibiotic-resistance genes, allowing for multi-drug resistance in AMG-resistant
strains (Mugnier, et al., 1996; Riccio, et al., 2003).
Another recently discovered mechanism of AMG resistance is through the 16S rRNA
methyltransferase enzyme, RmtA, which provides high-level pan-aminoglycoside resistance
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(Yokoyama, et al., 2003). It was first discovered in a multi-drug resistant CF clinical strain of P.
aeruginosa from Japan. RmtA methylates the 16S bacterial ribosome, modifying the binding
site to prevent AMG binding (Yokoyama, et al., 2003). rmtA is found on transposons in the
genome and is highly mobile (Yamane, et al., 2004).
1.3.3 Polymyxins
Resistance to PMX antibiotics is garnered mainly through modification of the PMX’s
initial binding site, the LPS. During LPS modification to prevent PMX binding, positively
charged molecules of 4-amino-deoxy-L-arabinose (L-Ara4-N) and/or phosphoethanolamine
(pEtN) are added to the lipid A portion of the LPS, onto the negatively charged phosphates
(Figure 11). Because PMXs are positively charged, they are less attracted to the more positively
charged LPS, thus preventing PMX binding (Fernández, et al., 2010). As well, L-Ara4-N is
covalently bound to lipid A, and unlike the ionically bound Mg2+ and Ca2+ cations, L-Ara4-N
cannot be replaced by PMX (Kline, et al., 2008).
The arnBCADTEF operon controls modification of the LPS by L-Ara4-N. The arn operon
encodes all the necessary genes for the biosynthesis and transport of L-Ara4-N to the OM
(Falagas, et al., 2010). The ArnA, ArnB, ArnC and ArnD proteins are involved in the
biosynthesis of L-Ara4-N from UDP-glucuronic acid (Gatzeva-Topalova, et al., 2005a). ArnE
and ArnF are flippases that transfer L-Ara4-N through the inner membrane from the cytoplasm
to the periplasm (Yan, et al., 2007). The ArnT protein catalyzes the attachment of L-Ara4-N to
the lipid A (Gatzeva-Topalova, et al., 2005b). Although most studies of the arn operon have
been in E. coli and Salmonella typhimurium, the arn genes are highly conserved between these
species and P. aeruginosa (Noland, et al., 2002).
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Figure 11. Lipid A structure of P. aeruginosa, a) without modification and b) with modification
by EptA and ArnT. Addition of L-Ara4-N to the lipid A phosphate by ArnT is shown in blue;
addition of phosphoethanolamine to the lipid A phosphate by EptA is shown in red. Adapted
from Nowicki, et al., 2015.
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The addition of pEtN to the LPS is controlled by EptA, a pEtN transferase enzyme.
Escherichia coli and other Gram-negative organisms have long been known to use EptA to
enhance their own PMX resistance (Herrera, et al., 2010), but the presence of EptA in P.
aeruginosa was only discovered in 2015 (Nowicki, et al., 2015). In P. aeruginosa, EptA adds
pEtN to the 4’ phosphate of the lipid A (Nowicki, et al., 2015), unlike the EptA of E. coli which
adds pEtN to the 1’ phosphate (Herrera, et al., 2010). Addition of pEtN to the LPS blocks the
negative charges of the phosphates, limiting attraction of positive PMXs.
The recently discovered cprA gene also plays a role in resistance to PMXs (Gutu, et al.,
2015). Wild type (wt) lab strains of P. aeruginosa typically used for research (i.e. PA01 strains)
have a non-functional version of cprA that contains a premature stop codon (cprA1), while nonPA01 strains of P. aeruginosa have a functional version of this gene (cprA+) (Gutu, et al., 2015).
CprA is predicted to be a dehydrogenase/reductase enzyme, but its exact function is currently
unknown (Gutu, et al., 2015). The presence cprA+ does not appear to cause an increase in PMX
resistance on its own; strains lacking a functional CprA enzyme do not lose lipid A modifications
conferred by arn and still show low PMX resistance (Gutu, et al., 2015). However, intact cprA+
is necessary to enhance the effect of other resistance-causing mutations in the genome. For
example, P. aeruginosa strains with a phoQ knockout and intact cprA are more PMX-resistant
than wt cells; in a ΔphoQΔcprA strain, however, the PMX resistance is lost (Gutu, et al., 2015).
As well, a similar effect occurs with pmrB mutations. In strains with a PMX resistanceconferring gain-of-function pmrB mutation (Moskowitz, et al., 2012), PMX resistance is lost
when cprA is knocked out (Gutu, et al., 2015).
Another potential method for PMX resistance is by production of anionic capsule
polysaccharides (CPSs) (Llobet, et al., 2008). P. aeruginosa with added purified P. aeruginosa
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CPS was found to be more resistant to PMX in vitro; as CPS is anionic it binds to the cationic
PMXs and stops them from reaching the cell membrane (Llobet, et al., 2008). In vitro results are
promising but whether CPS would exert the same effect in vivo is currently unknown. Future
research will have to reveal whether this is the case.

1.4 Regulation of polymyxin resistance mechanisms
As stated previously, the main mechanism of PMX resistance in P. aeruginosa is LPS
modification with L-Ara4-N through the arnBCADTEF operon (Falagas, et al., 2010). In P.
aeruginosa, the arn operon is controlled by five known two-component systems (TCSs). These
TCSs are PmrAB, PhoPQ, ParRS, CprRS, and ColRS (Bakthavatchalam, et al., 2018). All TCSs
are signal transduction systems made up of two proteins: a sensor kinase and a response
regulator. The sensor kinase is a transmembrane protein which autophosphorylates in response
to its specific environmental stimulus; different TCSs are able to sense different environmental
stimuli (Fernández, et al., 2012). After autophosphorylation, the phosphate is transferred to the
response regulator, which will activate or supress its target gene(s) (Kivistik, et al., 2006). The
other two main systems regulating PMX resistance in P. aeruginosa are LPS modification with
pEtN by EptA, and CprA activation, although the downstream function of CprA remains
unknown (Gutu, et al., 2015). Both eptA and cprA, like arn, are activated by TCSs. Figure 12
shows the interaction of all five TCS with arn, eptA, and cprA.
1.4.1 PmrAB
The TCS PmrAB is activated by low levels of divalent cations such as Mg2+ and Ca2+
(Moskowitz, et al., 2004); levels of these cations are important for maintaining integrity of the
LPS. PmrA is an activator of the arnBCADTEF operon (Figure 13), which controls LPS
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Figure 12. Interactions between the two-component regulatory systems of P. aeruginosa and
polymyxin resistance mechanisms. Arrowheads indicate activation; lines with a perpendicular
bar on the end indicate inhibition; dashed lines indicate the exact pathway is still unknown.
Adapted from Gutu, et al., 2015.
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Figure 13. Environmental triggers of two-component systems involved in polymyxin resistance
in P. aeruginosa, and relevant activated genes. Green arrows indicate activation; red arrows
with a perpendicular bar on the end indicate inhibition; dashed lines indicate the exact pathway is
still unknown. Bac2A, bactenecin 2A; CP, coat protein; CRAMP, cathelicidin-related
antimicrobial peptide; IDR, innate defense regulator; Pmx, polymyxin (Jeannot, et al., 2017).
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modification by L-Ara4-N; as L-Ara4-N is positively charged; the addition of L-Ara4-N to the
LPS repels positively charged PMXs and causes PMX resistance (Gunn, et al., 1998). As well,
PmrA activates CprA, although its significance to PMX resistance remains unknown (Figure 12).
Mutations in sensor kinase pmrB are known to cause LPS modification and PMX
resistance; two independent studies have shown that PMX-resistant P. aeruginosa strains
possessed mutations in the same motif (the H-box) of pmrB (Moskowitz, et al., 2004; Abraham
& Kwon, 2009). The H-box, also known as the histidine box, mediates the transfer of
phosphates to the response regulator PmrA (Moskowitz, et al., 2004). It is thought that mutation
of the H-box inhibits phosphatase activity, stopping phosphates from being removed from PmrB,
causing continual activation of response regulator PmrA (Moskowitz, et al., 2004).
1.4.2 PhoPQ
The TCS PhoPQ is activated by low levels of divalent cations such as Mg2+ and Ca2+
(Macfarlane, et al., 1999). Many PMX-resistance-inducing mutations have been found in phoPQ
(Miller, et al., 2011). PMX-resistant strains isolated from CF patients, as well as lab-created
PMX-resistant strains, have been shown to possess mutations of the phoQ gene that create a
premature stop codon, an in-frame deletion, or a frameshift mutation (Miller, et al., 2011;
Barrow & Kwon, 2009; Lee & Ko, 2014). No matter the exact mutation, all the phoQ mutations
which resulted in a non-functional PhoQ protein caused PMX resistance through LPS
modification (Miller, et al., 2011; Barrow & Kwon, 2009; Lee & Ko, 2014). PhoQ is the sensor
kinase portion of its TCS. Normally, PhoQ represses the activity of PhoP by supressing its
phosphorylation (Macfarlane, et al., 1999). When PhoQ is non-functional it stops supressing
PhoP, and PhoP is phosphorylated, which activates of all its regulated genes, including the
pmrAB operon (Macfarlane, et al., 1999; Fernández, et al., 2010). PhoP activates PmrAB, which
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in turn activates the arnBCADTEF operon; arn is responsible for the synthesis and transport of
L-Ara4-N to the LPS (Gunn, et al., 1998). It appears that PhoP is unable to activate arn wihout
PmrAB (McPhee, et al., 2003).
1.4.3 ParRS
Cationic antimicrobial peptides (CAPs) are small, positively charged proteins that are
secreted by eukaryotes or prokaryotes, and have antibiotic properties that give innate immunity.
Examples of CAPs include indolicidin, which is a bovine peptide secreted by neutrophils (Falla,
et al., 1996), and pleurocidin, which is found on the skin of the winter flounder Pleuronectes
americanus (Cole, et al., 1997). PMXs are also considered CAPs. The ParRS TCS is able to
respond to CAP levels in the environment to provide adaptive resistance; the resistance
mechanism is only expressed if it is induced by the appropriate environmental conditions
(Fernández, et al., 2010). When ParS senses the presence of CAPs, it activates ParR, which
upregulates the arn operon (Muller, et al., 2011). Strains of P. aeruginosa which lack parRS are
extremely susceptible to killing by PMX antibiotics (Fernández, et al., 2010). ParR is also
thought to be an activator of cprA, although cprA’s significance to PMX resistance remains
unknown (Gutu, et al., 2015). In addition to contributing to PMX resistance, ParRS also
contributes to resistance against AMGs, fluoroquinolones, and β-lactams by inducing antibiotic
efflux via the multidrug efflux pump MexXY-OprM, and reducing antibiotic entry via porin
OprD (Muller, et al., 2011).
1.4.4 CprRS
The CprRS TCS, like ParRS, can sense CAPs in the environment (Fernández, et al., 2012),
but it senses a different complement of CAPs than ParRS. While ParRS senses polymyxin B,
colistin, and indolicidin (Fernández, et al., 2010), CprRS senses pleurocidin, and various other
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CAPs (Fernández, et al., 2012). There are a few CAPs that both ParRS and CprRS are able to
sense (Fernández, et al., 2012). When CprS senses the presence of a CAP, CprS activates CprR,
allowing CprR to activate genes specific to CAP resistance, including arn (Fernández, et al.,
2012) and cprA (Gutu, et al., 2015), as well as some currently unknown genes. CprRS is
important for providing PMX resistance in P. aeruginosa, as mutant strains lacking cprRS are
killed more rapidly by PXB than wt strains (Fernández, et al., 2012).
1.4.5 ColRS
The ColRS TCS was first studied in Pseudomonas putida (Ainsaar, et al., 2014), and later
discovered in P. aeruginosa PA14 (Nowicki, et al., 2015). ColRS is responsible for regulating
attachment of both L-Ara4-N and pEtN to the LPS (Nowicki, et al., 2015). ColR has the
capacity to promote the expression of both arn, responsible for L-Ara4-N addition (Gutu, et al.,
2013), and eptA, responsible for pEtN addition to the LPS (Nowicki, et al., 2015). However in
the presence of 2 mM Zn2+, eptA transcription increases 21-fold, while arnT transcription is
downregulated 4-fold (Nowicki, et al., 2015). Zn2+ selectively causes pEtN addition to the LPS
in favour of L-Ara4-N. In P. aeruginosa PA14, transcription of eptA can only be induced by
ColR in response to Zn2+; it is not inducible by other metals (Nowicki, et al., 2015).

1.5 The impact of zinc on Pseudomonas aeruginosa
Metal cations, including Zn, are essential micronutrients for both prokaryotic and
eukaryotic cells. Zn is used as a cofactor in many enzymes due to its capacity as a strong Lewis
acid (electron acceptor) (Blencowe & Morby, 2003). In bacteria, 5-6% of all proteins have Zn as
a cofactor, while in humans the number is closer to 10% (Andreini, et al., 2006). In bacteria, Zn
is essential for DNA replication and transcription factors (Choudhury & Srivastava, 2001);
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importantly, Zn serves as a cofactor for β-lactamases, proteins that inactivate β-lactam antibiotics
(Kim, et al., 2011). However, when Zn is present in high concentrations, it becomes toxic, as it
interferes with the electron transport chain (Alhasawi, et al., 2014), and replaces Fe cofactors in
enzymes (Xu & Imlay, 2012). Zn also has the capacity to perturb the stability of the IM, as the
cell becomes increasingly depolarized in the presence of increasing levels of Zn (Unpublished
data from our lab). Hosts infected with bacteria may either restrict metal availability, including
Zn, to the bacteria in an attempt to starve them of nutrients, or the host may attempt to poison the
bacteria with high levels of this metal (Becker & Skaar, 2014). Example of situations where
bacteria would encounter elevated levels of Zn in the body include the CF lung (Smith, et al.,
2014), burn wounds (Berger, et al., 1992), and as a general immune response to microbial
infection (Djoko, et al., 2015). Zn is also used as an antimicrobial to treat acne (Cervantes, et al.,
2018), and antiprotozoal-resistant Trichomonas vaginalis (Byun, et al., 2015). Environmental
sources of Zn include soil and water contaminants as a result of mining (Esshaimi, et al., 2012),
fertilizers, or as a nutritional additive to feed in animal agriculture (Seiler & Berendonk, 2012).
Bacteria have evolved several mechanisms to avoid the toxic effects of Zn. In E. coli, the
TCSs HydHG and BasSR sense Zn and regulate the necessary genes to respond to metal stress
(Ogasawara, et al., 2012). HydHG induces the expression of ZraP, a Zn-binding protein in the
periplasm that helps sequester excess Zn (Leonhartsberger, et al., 2001). BasSR regulates both
ZraP and Spy; the Spy protein is a chaperone protein in the periplasm that helps to stabilize
proteins in the cell membrane from denaturing in the presence of high levels of Zn (Wang &
Fierke, 2013). In P. aeruginosa, the TCS CzcRS is responsive to heavy metals including Zn,
cadmium, and cobalt. CzcRS controls the expression of the metal efflux system CzcCBA, which
effluxes excess Zn (Perron, et al., 2004). In the presence of toxic levels of Zn, P. aeruginosa
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also increases production of pyoveridine, which is a fluorescent siderophore, or iron (Fe)
chelating protein (Hassen, et al., 1998). Pyoveridine aids P. aeruginosa in resisting the growth
inhibiting effects of Zn. Although pyoveridine is normally a Fe chelator, Zn is a competitor of
Fe and when Zn concentrations are high, i.e. above 500µM, pyoveridine binds Zn instead of Fe,
reducing the Zn concentration and mitigating some of the Zn toxicity (Hofte, et al., 1992).
Because Zn replaces Fe in pyoveridine, the cell experiences Fe deficiency, inducing it to create
more siderophores to overcome the deficiency (Hofte, et al., 1992).

1.6 The impact of zinc on antibiotic resistance
In this report, we investigated how high levels of Zn influence antibiotic resistance in P.
aeruginosa. Zn is known to trigger carbapenem resistance and biofilm formation in P.
aeruginosa through Zn detection by the CzcRS TCS (Marguerettaz, et al., 2014). Other than this
study, little is known about the effect of Zn on antibiotic resistance in P. aeruginosa. However,
there is a plethora of research showing that Zn functions as a selective pressure for antibiotic
resistance in other bacterial species. After exposure to sub-MIC Zn concentrations of 0.16 mM
in vitro, E. coli showed increased resistance to tetracyclines (Chen, et al., 2015). As well, E. coli
grown in 1 mM Zn became resistant to cephalosporin antibiotics (Becerra-Castro, et al., 2015).
Mixed bacterial cultures isolated from wastewater and grown in 0.03 mM Zn showed increased
resistance to three different antibiotics, these being tylosin, oxytetracycline, and ciprofloxacin
(Peltier, et al., 2010). Several in vivo studies have also shown the link between Zn exposure and
antibiotic resistance. Pigs fed with Zn-supplemented feed developed multi-drug resistance E.
coli in their guts (Ciesinski, et al., 2018; Zhu, et al., 2013).
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1.7 Research objectives
This project explores the effect of Zn on antibiotic resistance in P. aeruginosa. Zn is a
metal known to influence antibiotic resistance in many bacterial species (Becerra-Castro, et al.,
2015, Peltier, et al., 2010). Our first objective was to identify antibiotics whose minimum
inhibitory concentrations (MICs) for P. aeruginosa were increased in the presence of Zn. The
screening part of this project is investigative; a wide variety of antibiotic classes will be
screened. Zn has already been shown to influence antibiotic resistance in P. aeruginosa to
carbapenems (Perron, et al., 2004), therefore, it is not unreasonable to expect that Zn could
influence resistance to other antibiotics in P. aeruginosa. Our second objective is to assess the
effect of sub-MIC Zn levels as a selective pressure for antibiotic resistance in those antibiotics
identified during the screening process. It is hypothesized that exposure to sub-MIC levels of Zn
may act as a selective pressure for antibiotic-resistant mutants. We will investigate how longterm and short-term exposure to Zn affects resistance to antibiotics. Our third objective is to
identify the cellular mechanism(s) behind the Zn-promoted antibiotic resistance that is
discovered as a result of our second objective.
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Chapter 2: Materials and Methods

2.1 Bacterial strains and growth conditions
The bacterial strains used in this study are listed in Table 1. All bacterial strains were
grown in either Luria Bertani broth (LB) with shaking at 37°C, or on LB-agar with no shaking at
37°C. LB was composed of Miller’s Luria broth base and 2.5 g of NaCl per litre of H2O. Agar
was composed of LB with 15 g granulated agar/L. Overnight cultures were grown by
inoculating 3 mL of LB with one colony of bacteria from an agar plate. Cultures were grown
shaking at 37°C for 18 h (overnight).

Table 1. Bacterial strains and species
Strain

Relevant Characteristicsa

Reference or Source

Pseudomonas aeruginosa
K767

PA01 wild type lab strain

(Masuda & Ohya, 1992)

K2153

PA2 aminoglycoside-resistant clinical

(Sobel, et al., 2003)

PA14

wild type prototroph

(Liberati, et al., 2006)

K3619

K767 ΔcolR

(Poole, et al., 2015)

K2860

K767 ΔpmrA

(Poole, et al., 2015)

K3942

K767 ΔcolR ΔpmrA

Lab collection

K3206

K767 ΔparR

(Poole, et al., 2015)

K3232

K767 ΔarnB

(Poole, et al., 2015)

2-1

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

2-2

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

2-3

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

2-4

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

2-5

PXB-resistant derivative of K767 selected on 4x the

This study
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MIC of PXB after 7 days exposure to 2 mM ZnCl2.
2-6

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

2-7

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

2-8

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

2-9

PXB-resistant derivative of K767 selected on 4x the This study
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

2-10

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 2 mM ZnCl2.

This study

1-34

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.
Expresses a p.E156K variant of parR.

This study

1-35

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.
Expresses a p.E156K variant of parR.

This study

1-36

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.

This study

1-37

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.

This study

1-38

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.

This study

1-39

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.
Expresses a p.E156K variant of parR.

This study

1-40

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.

This study

1-41

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.

This study

1-42

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.

This study

1-43

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 1 mM ZnCl2.

This study

0.5-67

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study
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0.5-68

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-69

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-70

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-71

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-72

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-73

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-74

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-75

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-76

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.1-1

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-2

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-3

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-4

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM

This study
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ZnCl2.
0.1-5

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

0.1-6

PXB-resistant derivative of K767 selected on 4x the This study
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

0.1-7

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-8

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-9

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-10

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.05-34

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-35

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-36

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-37

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-38

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-39

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-40

PXB-resistant derivative of K767 selected on 4x the

This study
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This study

MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.
0.05-41

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-42

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-43

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

LB-67

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0 mM ZnCl2.

This study

LB-68

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0 mM ZnCl2.

This study

LB-69

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0 mM ZnCl2.

This study

LB-70

PXB-resistant derivative of K767 selected on 4x the
MIC of PXB after 7 days exposure to 0 mM ZnCl2.

This study

LB-71

PXB-resistant derivative of K767 selected on 4x the This study
MIC of PXB after 7 days exposure to 0 mM ZnCl2.

2-56

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-57

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-58

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-59

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-60

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-61

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM

This study
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ZnCl2.
2-62

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-63

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-64

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

2-65

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 2 mM
ZnCl2.

This study

1-89

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-90

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-91

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-92

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-93

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-94

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-95

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-96

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

1-97

PXB-resistant derivative of K2153 selected on 4x

This study
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the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.
1-98

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 1 mM
ZnCl2.

This study

0.5-118

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-119

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-120

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-122

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-123

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-124

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-125

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-126

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.5-127

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.5 mM
ZnCl2.

This study

0.1-56

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-57

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

33

0.1-58

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-59

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-60

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-61

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-62

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-63

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-64

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.1-65

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.1 mM
ZnCl2.

This study

0.05-85

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-86

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-87

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-88

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-89

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM

This study
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ZnCl2.
0.05-90

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-91

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-92

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-93

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

0.05-94

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0.05 mM
ZnCl2.

This study

LB-1

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-2

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-3

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-4

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-5

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-6

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-7

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-8

PXB-resistant derivative of K2153 selected on 4x

This study
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the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.
LB-9

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

LB-10

PXB-resistant derivative of K2153 selected on 4x
the MIC of PXB after 7 days exposure to 0 mM
ZnCl2.

This study

K155

E. coli K12 strain P8, Genotype: aroB, malT, thi,
fhuA513 (tonA), tsxr

Lab collection

K193

E. coli W3110, wild type K12 strain

Lab collection

Escherichia coli

Stenotrophomonas maltophilia
K1199
a

S. maltophilia ULA-511

(Zhang, et al., 2000)

PXB: polymyxin B, MIC: minimum inhibitory concentration

2.2 Antibiotic Susceptibility Assay
An antibiotic susceptibility assay was used to measure the MIC of antibiotic needed to
inhibit visible growth of bacteria. In this assay, antibiotics were serially diluted twofold, eight
times along a 96-well plate, for a volume of 50 μL in each well. Overnight-grown bacterial
culture was diluted 1:1999 in LB, and 50 μL of diluted culture was added to achieve a volume of
100 μL in each well. The plates were incubated for 20 h at 37°C. The MIC was recorded as the
lowest concentration of antibiotic that inhibited visible bacterial growth after this time. In some
cases, the antibiotic susceptibility assay was performed in ZnCl2- or MgCl2-supplemented media.

2.3 Growth Assays
2.3.1 The impact of zinc on ticarcillin activity
To assess the impact of zinc treatment on ticarcillin (TIC) activity, TIC was exposed to
ZnCl2, and its impact on the growth of P. aeruginosa K767 was assessed. A stock solution of
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TIC (10.24 mg/mL) was incubated for 18 h with 2 mM ZnCl2 at 37°C without shaking. After
incubation, the TIC was diluted 1:19 into a total volume of 25 mL LB for a final concentration of
512 µg/mL, the MIC of TIC for wild type (wt) P. aeruginosa PA01 (strain K767; Table 1). An
overnight culture of K767 was diluted 1:49 into the TIC-containing LB and then incubated at
37°C with aeration. Growth was monitored by taking 1 mL aliquots every hr for 6 hrs, and the
absorbance of the aliquots was measured at 600 nm as a measure of cell density. Growth of
K767 was also assessed as above following exposure to TIC not treated with ZnCl2 as a control.
The growth of non-TIC-exposed K767 was also measured to control for the effect of TIC on cell
growth.
2.3.2 Zinc pre-treatment of P. aeruginosa K767
In order to assess the effect of prior zinc exposure on the susceptibility of P. aeruginosa
K767 to TIC, an overnight culture of K767 was diluted 1:49 into 20 mL of LB with or without 2
mM ZnCl2. Cultures were incubated for 3 hrs at 37°C with shaking, at which time the cells were
centrifuged at 3000 rpm for 15 min (GS-6R Beckman Coulter, Mississauga) and re-suspended in
LB containing TIC (512 µg/mL) or no TIC. The cells were then allowed to continue to grow for
another 5 hrs, taking 1 mL aliquots every hr to monitor growth. Culture density was assessed by
measuring absorbance at 600 nm.
2.3.3 Growth assay in zinc-supplemented media
To assess if PMX-resistant cells show co-resistance to zinc, a growth assay was conducted
in the presence of ZnCl2. Overnight cultures of PMX-resistant strains and their PMX-sensitive
parents were diluted 1:49 into 25 mL LB with or without 2 mM ZnCl2. Flasks were incubated
with shaking at 37°C for 7 hrs. Aliquots of 1 mL were taken every hr to measure the absorbance
of the culture at 600 nm to monitor growth.
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2.4 Impact of zinc on antibiotic resistance development
In order to assess the effect of longer-term zinc exposure on antibiotic resistance in P.
aeruginosa, various strains of P. aeruginosa were subcultured daily over 7 days in the presence
of sub-MIC levels of ZnCl2 (0.05-2 mM). On the first day, one overnight culture was used to
inoculate 3 mL of ZnCl2-supplemented LB medium at a ratio of 1:99, containing either 0, 0.05,
0.1, 0.5, 1, or 2 mM ZnCl2. Cultures were incubated at 37°C with aeration overnight. Each
subsequent day, the previous day’s culture was diluted in fresh LB medium supplemented
appropriately with ZnCl2, at a ratio of 1:99, and the cells were again grown overnight. After
subculturing the cells 7 times (i.e. 7 days), the individual cultures were serially diluted (100 to 107

) and plated in duplicate on both antibiotic-supplemented LB agar at 4x the antibiotic MIC, and

antibiotic-free LB agar, then grown for 24 hrs at 37°C. Individual colonies were counted to
calculate the number of colony forming units per mL (CFU/mL) for both the antibiotic plates and
LB plates. Resistance frequency was calculated by dividing the CFU/mL of the antibioticresistant colonies by the CFU/mL of the total cells.

2.5 Colony PCR
To identify possible mutations in genes associated with PMX resistance, specific genes
were amplified by colony PCR and sequenced by ACGT Corp (Toronto, Ontario). DNA for
sequencing was obtained through crude DNA extraction, using the procedure as follows. A
single colony was picked from an agar plate and placed in a microcentrifuge tube containing 30
μL of dH2O. The tube was heated at 95°C for 5 min, then immediately placed on ice for 3 min.
The tube was centrifuged at 13,000 rpm for 1 min (Biofuge® pico, Heraeus, Germany). The
supernatant containing the DNA was pipetted into a clean microcentrifuge tube and stored at
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-20°C, and the pellet discarded. The supernatant solution was used as the template for PCR
amplification for sequencing.
The colRS locus was amplified in a PCR mixture containing 1% (vol/vol) Phusion® high
fidelity DNA polymerase (New England Biolabs; NEB), 20% (vol/vol) 5x Phusion HF buffer
(NEB), 5% (vol/vol) dimethyl sulfoxide (DMSO), 2% (vol/vol) deoxynucleotidetriphosphate
(dNTP) mix at 10mM, 2% (vol/vol) colRSfwd at 30 μM (Table 2), 2% (vol/vol) colRSrev at 30
μM (Table 2), 20% (vol/vol) supernatant DNA, and 48% (vol/vol) nuclease free H2O. One 50μL
reaction was used for each sample to be sent for sequencing. Samples were thermally cycled for
30 s at 98°C, followed by 35 cycles of 30 s at 98°C, 30 s at 65°C (annealing temperature), and 45
s at 72°C, finishing with 7 min at 72°C. Samples were cleaned up using the Promega Wizard SV
Gel and PCR Clean-up System according to the manufacturer’s protocol and sent to ACGT Corp
(Toronto, Ontario) for sequencing using primers colRSfwd, colRSrev, and colRSrev2 (Table 2).
The phoQ locus was amplified using the same procedure for colRS, with the following
changes. Primers used were phoQfwd and phoQrev (Table 2), the annealing temperature was
67°C, and the PCR mix contained 5x Phusion® GC buffer (NEB) instead of HF buffer, and
water instead of DMSO. Sequencing was performed using primers phoQfwd and phoQrev
(Table 2).
The pmrAB locus was amplified using the same procedure as colRS, with the following
changes. Primers used were pmrABfwd1 and pmrABrev (Table 2), and the annealing
temperature was 68°C. Sequencing was performed using primers pmrABfwd1, pmrABfwd2, and
pmrABrev (Table 2).
The parRS locus was amplified using the same procedure as colRS, with the following
changes. Primers used were parRSfwd1 and parRSrev2 (Table 2), the annealing temperature
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was 67°C, and the PCR mix contained 5x Phusion® GC buffer (NEB) instead of HF buffer, and
water instead of DMSO. Sequencing was performed using primers parRSfwd1, parRSrev2, and
parRSrev3 (Table 2).

Table 2. Oligonucleotides used in this study
Primer
Sequence (5’ to 3’)a

Amplification
efficiencyb
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
93.3%, r2=0.995

colRSfwd
CAG GAT TCA TGA GAC GAA CG
colRSrev
CTT CGA CGC TGG TTA AAT CC
colRSrev2
ATG ACC TGG ATA CCC TGG AG
phoQfwd
AAC AGC TCT ATC CCG ACG AC
phoQrev
ACT GAA CAT CCG CTC GAA TC
pmrABfwd1 CTC GGC GAA TAC CGC TAC
pmrABfwd2 AAC CTG CTG GTC GGC TTC
pmrABrev
GCG TCA GTC CGC TTT TCT TC
parRSfwd1
GAA AAG CAG AAG TCA CCC CG
parRSrev2
CAG CCG AGA AGG GAA AGA TG
parRSrev3
TTT CCA CCA GCG AAT AGG C
rpsLfwd
GCA ACT ATC AAC CAG CTG
rpsLrev
GCT GTG CTC TTG CAG GTT GTG
arnBfwd
TTT CAT CGC CAG TCA CCT GCA C
arnBrev
GAA CAG CGG GAT GGA GCA CA
rpoDfwd
ATC CTG CGC AAC CAG CAG AA
104.4%, r2=0.992
rpoDrev
TCG ACA TCG CGC GGT TGA TT
a
all oligonucleotides were ordered from Integrated DNA Technologies (Coralville, IA)
b
amplification efficiency and r2 values are provided only for qRT primer pairs

2.6 Quantitative real time PCR
Real time PCR (qRT-PCR) was used to quantify levels of the arnB transcript in P.
aeruginosa. An overnight culture of P. aeruginosa was subcultured at 1:49 in 10 mL of LB, and
grown with aeration at 37°C. The subculture was grown to an absorbance of 0.6-0.7 at 600 nm.
RNA was extracted from 1 mL of culture using the High Pure RNA Isolation Kit (Roche
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Holding AG), following the manufacturer’s protocol. Samples were then treated with DNase,
using the TURBO DNA-free™ Kit (ThermoFisher) to remove contaminating DNA. RNA
quality was assessed by running 2 μL of RNA on a 0.8% (wt/vol) agarose gel containing 0.5
μg/mL ethidium bromide. Trisaminomethane-acetate-ethylene diamine tetraacetic acid (TAE)
was used as the running buffer (TAE contains 0.484% (wt/vol) trisaminomethane, 1.154 %
(vol/vol) glacial acetic acid, and 0.5% (vol/vol) 200 mM ethylene diamine tetraacetic acid pH
8.0). Samples were run for 13 min at 135 V and 400 mA. RNA samples were also checked for
DNA contamination by performing PCR amplification of the gene rpsL, a gene with a high copy
number in P. aeruginosa.
The rpsL locus was amplified in a PCR mixture containing 1% (vol/vol) standard DNA
polymerase (NEB), 10% (vol/vol) 10x Taq reaction buffer (NEB), 10% (vol/vol) DMSO, 2%
(vol/vol) dNTP mix at 10mM, 2% (vol/vol) rpsLfwd at 30 μM (Table 2), 2% (vol/vol) rpsLrev
at 30 μM (Table 2), 20% (vol/vol) RNA sample, and 53% (vol/vol) nuclease free H2O. One 10
μL reaction was used for each sample; a positive control of chromosomal DNA and a negative
control of water was run with each set of samples. Samples were thermally cycled for 3 min at
95°C, followed by 30 cycles of 45 s at 95°C, 45 s at 60°C, and 60 s at 68°C, finishing with 5 min
at 68°C. For visualization, samples were run on a 0.8% (wt/vol) agarose gel containing 0.5
μg/mL ethidium bromide. TAE was used as the running buffer. Samples were run for 15 min at
135 V and 400 mA.
RNA samples free of DNA contamination, i.e. samples that did not show an amplicon
during PCR, were measured for RNA concentration, and then diluted to 100 ng/μL in nuclease
free water. RNA was converted into cDNA using the iScript™ cDNA synthesis kit (BioRad),
following the manufacturer’s protocol. The cDNA was then diluted 1:199 in NF water.
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The reaction mix for qRT-PCR was made using 66% (vol/vol) SsoFast™ EvaGreen®
Supermix (BioRad), 2.6% (vol/vol) arnBfwd or rpoDfwd at 30 μM (Table 2), 2.6% (vol/vol)
arnBrev or rpoDfwd at 30 μM (Table 2), and 28% (vol/vol) water, for a total of 15 μL. For each
sample, 5 μL of cDNA (1:199) was loaded in triplicate into a PCR plate and 15 μL of the qRTPCR reaction mix was added to the samples for a total of 20μL per well. Samples were
thermally cycled for 3 min at 95°C, followed by 40 cycles of 10 s at 95°C and 15 s 60°C,
followed 10 s at 95°C, and 5 s per increment from 65°C to 95°C in increments of 0.5°C.
Raw data from the qRT-PCR machine was reported as the threshold cycle (Ct) value, the
cycle number at which a significant increase in fluorescence was detected by the machine. One
Ct value was reported per well. To calculate the change in gene expression of arnB, the raw Ct
values were first corrected relative to the housekeeping gene rpoD, using the formula below,
where ΔCt=Ct normalized to housekeeping gene, CtarnB= threshold cycle for arnB, and CtrpoD=
threshold cycle for rpoD.
ΔCt = 2−(CtarnB −CtrpoD )
Next the ΔCt value was normalized to the wt control sample using the formula below, where
ΔΔCt= change in relative expression of arnB, ΔCtsample= ΔCt value of sample of interest, and
ΔCtcontrol= ΔCt value of control sample. Using this formula, the relative change in expression of
the gene of interest, i.e. arnB, was calculated.
ΔΔCt =

ΔCt sample
ΔCt control

2.7 Statistical analysis
MS Excel was used for statistical analysis. The mean ΔΔCt values of wt vs. mutant strains
were compared with a two-sample F-test for equal variances, and then with a two-tailed, two-
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sample t-test assuming equal or unequal variances, depending on the result of the F test. In cases
where there were multiple samples to be compared, a single-factor analysis of variance
(ANOVA) test was used, combined with a Tukey’s Honest Significant Difference (HSD) posthoc test. A p-value of ≤ 0.05 was considered statistically significant.
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Chapter 3: Results

3.1 Minimum inhibitory concentrations of antibiotics are altered by the presence of ZnCl2
Many studies suggest that metals, particularly Zn, can increase antibiotic resistance.
Exposure to as little as 0.2 mM Zn increases the resistance of P. aeruginosa to carbapenem
antibiotics (Marguerettaz, et al., 2014) (Perron, et al., 2004). Escherichia coli cultured in media
supplemented with 1 mM Zn (the MIC for E. coli) became resistant to carbapenems and
cephalosporins (Becerra-Castro, et al., 2015). As well, wastewater bacterial populations cultured
in elevated levels of Zn (0.03 mM) show increased resistance to tylosin, oxytetracycline, and
ciprofloxacin (Peltier, et al., 2010).
Using an antibiotic susceptibility assay, 11 classes of antibiotics were investigated for
decreased antibiotic effectiveness when P. aeruginosa K767 wt was concurrently exposed to Zn.
Within the β-lactam class, carbapenems, penicillins, and cephems were analyzed. The other
classes investigated were monobactams, tetracyclines, amphenicols, macrolides, quinolones,
aminocoumarins, PMXs, and AMGs. Antibiotic susceptibility assays were performed for each
antibiotic, using LB supplemented with 2 or 4 mM ZnCl2, or non-ZnCl2-supplemented LB as the
control. ZnCl2 concentrations above 4 mM were not tested, as the liquid MIC for ZnCl2 is 8
mM.
Our results suggest that the effect of ZnCl2 on the MIC varies according to drug class
(Table 3). The MICs of the tetracyclines, amphenicols, macrolides, quinolones, and
aminocoumarins were reduced by ZnCl2 exposure, suggesting K767 is more susceptible to being
killed by these antibiotics in the presence of ZnCl2. The MICs of the cephems and monobactams
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were unaffected by ZnCl2 (Table 3). The effect of ZnCl2 on these drugs was not investigated
further, as we were only interested in cases where Zn exposure could cause antibiotic resistance.
The MICs of the penicillins, carbapenems, AMGs, and PMXs were increased when cells
were exposed to ZnCl2. The MICs of the four penicillins tested, i.e. piperacillin, azlocillin,
carbenicillin, and ticarcillin (TIC), were all increased substantially when K767 was exposed to
ZnCl2. In the case of piperacillin, the effect was 1000-fold. Zn has been shown to hydrolyze the
penicillin antibiotic benzylpenicillin (Gensmantel, et al., 1980), so deactivation of these
additional penicillins by ZnCl2 may be the reason for the MIC increase.
The MIC increase observed in the carbapenems can be explained by previous research; Zn
activates a pathway that results in decreased production of porin channel OprD (Marguerettaz, et
al., 2014), a porin which allows the passage of small hydrophilic molecules such as sugars and
amino acids, as well as carbapenem antibiotics (Trias & Nikaido, 1990). This allows fewer
carbapenem molecules to enter the cell, resulting in carbapenem resistance (Marguerettaz, et al.,
2014). We did not investigate the effect of ZnCl2 on carbapenem resistance further as it has
already been thoroughly investigated by other researchers. The reason why AMGs and PMXs
showed an MIC increase in response to elevated ZnCl2 was unknown, as there is no literature on
the topic, and because of this we decided to follow up on these two antibiotic classes.
Antibiotic susceptibility testing was also performed in the presence of MgCl2 (2-4 mM) to
test whether the MIC fluctuations seen in response to ZnCl2 could be caused by any divalent
cation, or whether they were Zn-specific. Results showed the MICs performed in the presence of
MgCl2 did not differ greatly from the MICs in LB alone (Table 3), suggesting that the results
cannot be generalized to all divalent cations.
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Table 3. Impact of ZnCl2 and MgCl2 on antibiotic resistance in P. aeruginosa K767 wt.
MIC (μg/mL)a
Mediumb
Antibiotic Class
Antibiotic
LB +
LB +
LB +
LB
2mM
4mM
2mM
ZnCl2
ZnCl2
MgCl2
Penicillin
Piperacillin
4
4
1024
4096
Ticarcillin
32
32
256
1024
Carbenicillin
128
64
512
2048
Azlocillin
8
8
1024
>1024
Carbapenem
Doripenem
0.5
0.5
1
2
Imipenem
2
1
32
32
Meropenem
1
1
4
8
Biapenem
1
0.5
4
8
Cephem
Cefotaxime
32
16
16
32
Ceftazidime
2
2
2
4
Monobactam
Aztreonam
4
4
4
4
Aminoglycoside
Tobramycin
2
2
4
8
Paromomycin
512
512
512
512
Tetracycline
Tetracycline
16
8
2
64
Amphenicol
Chloramphenicol
64
8
8
64
Macrolide
Azithromycin
256
128
64
256
Erythromycin
512
128
32
512
Polymyxin
Polymyxin B
1
1
2
2
Colistin
1
1
4
2
Quinolone
Naladixic acid
128
16
8
128
Ciprofloxacin
0.125
0.0625
0.0625
0.25
Norfloxacin
0.5
0.25
0.5
1
Levofloxacin
0.5
0.125
0.125
0.5
Aminocoumarin
Novobiocin
1024
128
32
1024
a

LB +
4mM
MgCl2
4
16
64
8
0.5
2
1
0.5
32
4
8
2
512
64
64
256
512
2
2
128
0.25
1
0.5
1024

bolded numbers indicate an MIC higher than the metal-supplemented control.
antibiotic susceptibility assays were conducted in the presence of ZnCl2 or MgCl2 at concentrations
indicated in the table above.
b
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3.2 Zinc inactivates anti-Pseudomonal penicillin antibiotics
It has been reported that the cation Zn2+, as well as Co2+, Ni2+, and Cu2+ all have the
capacity to catalyze the hydrolysis of benzylpenicillin in water. Without the catalytic action of
Zn the half-life of benzylpenicillin in water is 1 year, but in the presence of 0.5 M Zn the halflife shortens to 100 s (Gensmantel, et al., 1980). To assess whether Zn was also capable of
hydrolyzing TIC, a solution of TIC incubated with ZnCl2 was used in a growth assay with P.
aeruginosa K767 wt. The potency of the ZnCl2-treated TIC was compared to untreated TIC, as
well as an LB control treatment lacking exposure to any TIC or ZnCl2.
It was found that the TIC which had been incubated with ZnCl2 no longer inhibited cell
growth as strongly as the untreated TIC, although cell growth in ZnCl2-treated TIC was not quite
as good as the LB control (Figure 14). This suggests that ZnCl2 is able to inactivate TIC.
Given that ZnCl2 did not fully inactivate TIC in the above assay, it could be possible that
ZnCl2 could be priming the cells to be resistant to penicillin in the MIC assays (Table 3), while at
the same time causing penicillin hydrolysis. To investigate whether pre-exposure to Zn could be
promoting penicillin resistance, a growth assay was conducted by exposing P. aeruginosa K767
wt to 2 mM ZnCl2 (or not), harvesting the cells and re-suspending in LB containing TIC. Both
groups which were treated with TIC were killed just as effectively whether they were pre-treated
with ZnCl2 or not (Figure 15). Clearly, Zn has no ability to cause resistance to TIC in P.
aeruginosa strain K767.
3.3 Impact of zinc on polymyxin and aminoglycoside resistance in P. aeruginosa
ZnCl2 is able to increase resistance to PMX and AMG antibiotics, as seen in Table 3.
Following up on these results, we investigated whether ZnCl2 could act as a selective pressure
for PMX- and/or AMG-resistant mutants. This was tested by subculturing P. aeruginosa K767
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Figure 14. Impact of ZnCl2 exposure on ticarcillin (TIC) activity in K767. At t=0, Luria Bertani
broth was inoculated with P. aeruginosa K767 wt and TIC (512 µg/mL) was added to the cell
culture, and growth was measured over time. In the Zn-treated TIC treatment, TIC (10.24
mg/mL) was pre-incubated for 18 hrs with 2 mM ZnCl2. Data are representative of two
independent experiments.
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Figure 15. Impact of ZnCl2 pre-treatment on ticarcillin (TIC) susceptibility in P. aeruginosa
K767 wt. Luria Bertani broth containing 2 or 0 mM ZnCl2 was inoculated with K767 and grown
to an absorbance of 0.6 (600 nm). At this time (t=0), cells were harvested and re-suspended in
growth media containing TIC (512 μg/mL) or no TIC, and growth was monitored over time.
Data are representative of two independent experiments.
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wt in sub-MIC levels of ZnCl2 (0.05-2 mM range) for one week (wk), and then plating on AMGor PMX-containing agar plates to assess resistance frequency to these antibiotics. Each
experiment was repeated to achieve at least two biological replicates.
First, resistance frequency to the AMG tobramycin (TOB, 4 μg/mL) of ZnCl2 exposed cells
was tested. TOB was chosen to represent the AMGs, as it is commonly used to treat P.
aeruginosa infections (Cheer, et al., 2003). Resistance frequency of K767 to TOB was not
increased after ZnCl2 exposure, compared to the Zn-free control (Table 4, Figure 16).

Table 4. Resistance frequency of P. aeruginosa K767 to tobramycin (TOB, 4 µg/mL) after 1 wk
exposure to ZnCl2.
Resistance frequencya
ZnCl2 (mM)
TOB (1)
TOB (2)
-6
0
2.3*10
1.6*10-6
0.05
6.2*10-6
3.2*10-6
0.1
4.5*10-6
6.8*10-6
0.5
3.8*10-6
2.5*10-6
1
4.2*10-6
3.2*10-6
2
3.8*10-6
1.2*10-6
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either TOB or no antibiotics. The resistance frequency was calculated as the CFU/mL of the
antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown.

In addition to AMGs, the PMX antibiotics polymyxin B (PXB) and colistin (COL) were
also tested. Week long, sub-MIC ZnCl2 exposure caused a high proportion of the P. aeruginosa
K767 population to become resistant to PMX antibiotics (Table 5, Figure 17). PMX resistance
frequency increased along with the level of ZnCl2 the cells had been exposed to; cells exposed to
the most ZnCl2 (1 to 2 mM) showed over 1000-fold increases in resistance frequency to both
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Figure 16. Impact of ZnCl2 on tobramycin resistance development in P. aeruginosa K767 wt.
Fold change in resistance frequency (Table 4) of K767 to tobramycin (4 µg/mL, 4x the MIC)
after exposure to ZnCl2 for 1 wk, relative to that seen for the ZnCl2-free control. The results of
two independent experiments are shown.

51

PXB and COL over control cells (Figure 17). Due to these results, we decided to focus our
future experiments on the influence of ZnCl2 on PXB and COL resistance.
In order to make sure that the results seen were indeed due to the selective pressure of
ZnCl2 over time, K767 cells were exposed to ZnCl2 for 24 hrs instead of 1 wk, followed by
plating on antibiotic plates as in the weeklong experiment. The PMX resistance frequency seen
after 1 day was markedly reduced compared to the resistance frequency observed after 1 wk
(Table 6, Figure 18). This supports the hypothesis that ZnCl2 is acting as a selective pressure
and its effect occurs over multiple generations of cells.
3.3.1 Increased resistance frequency is unique to zinc
In order to make sure that the increased PMX resistance frequency promoted by ZnCl2 was
specific to Zn and not a general property of divalent cations, P. aeruginosa K767 wt was
exposed to MgCl2 for 1 wk, and the impact on resistance to PXB was assessed. Exposure to
MgCl2 did not promote any increase in resistance to PXB (Table 7, Figure 19) and, thus, the Znmediated effect of increased resistance frequency to PMX cannot be generalized to other divalent
cations such as Mg2+.
3.3.2 Polymyxin-resistant P. aeruginosa K767 strains do not show elevated MICs
As seen in Figure 18, cells exposed to ZnCl2 exhibit an increase in resistance frequency to
polymyxin antibiotics. To assess the resistance level of Zn-selected PMX-resistant mutants, it
was examined whether greater ZnCl2 exposure selects for enhanced PMX resistance relative to a
non-ZnCl2-exposed control. Antibiotic susceptibility assays were conducted on the PXBresistant cells collected from the weeklong experiments involving K767. None of the PXBresistant cells that had been selected at or below 0.5 mM ZnCl2 showed an MIC elevated above
the K767 wt parent strain for either PXB or COL (Table 8). A few of the PXB-resistant strains
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Table 5. Resistance frequency of P. aeruginosa K767 wt to polymyxin B (PXB, 4 µg/mL) and
colistin (COL, 4 µg/mL) after weeklong exposure to ZnCl2.
Resistance frequencya
ZnCl2 (mM)
PXB (1)
PXB (2)
COL (1)
COL (2)
-7
-7
-7
0
3.7*10
9.7*10
5.0*10
1.3*10-7
0.05
1.4*10-6
3.9*10-7
2.6*10-7
5.7*10-7
0.1
6.0*10-6
3.7*10-5
5.6*10-7
2.4*10-7
0.5
1.7*10-5
4.2*10-5
9.3*10-5
5.7*10-4
1
6.5*10-5
2.4*10-3
1.4*10-4
1.5*10-2
2
3.0*10-3
4.9*10-3
5.7*10-3
9.9*10-3
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
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Figure 17. Impact of ZnCl2 on polymyxin resistance development in P. aeruginosa K767 wt.
Fold change in resistance frequency (Table 5) of K767 to polymyxin B (PXB, 4 µg/mL, 4x the
MIC) and colistin (COL, 4 µg/mL, 4x the MIC) after ZnCl2 exposure for 1 wk, relative to that
seen for the ZnCl2-free control. The results of two independent experiments are shown.
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Table 6. Resistance frequency of K767 to polymyxin B (4 µg/mL) after exposure to ZnCl2 for 24
hrs or 1 wk.
Resistance frequencya
Replicate 1
Replicate 2
-7
0
3.7*10
9.7*10-7
2
3.0*10-3
4.9*10-3
1 day
0
8.4*10-7
3.4*10-7
2
1.0*10-5
4.2*10-6
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
ZnCl2 exposure
length (time)
1 wk

ZnCl2 (mM)

Fold change in PXB resistance
frequency

10000
PXB (1)
1000

PXB (2)

100
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1
1 week
1 day
Length of exposure to 2 mM ZnCl2
Figure 18. Impact of length of exposure to ZnCl2 on polymyxin resistance development in P.
aeruginosa K767 wt. Fold change in resistance frequency (Table 6) of K767 to polymyxin B
(PXB, 4µg/mL, 4x the MIC) after exposure to ZnCl2 for 24 hrs or 1 wk, relative to that seen in
the ZnCl2-free control. The results of two independent experiments are shown.
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selected at 1 mM ZnCl2 had an elevated MIC for both PXB and COL, though only at 2x the
control MIC of K767. Nearly all of the PXB-resistant strains selected at 2 mM ZnCl2 had an
MIC two-fold higher than K767 for both the PXB and COL MIC. It appears that only the strains
selected at a higher ZnCl2 concentration show measurably increased levels of resistance to PXB
and COL. Nevertheless, all of the K767-derived PXB-resistant strains were able to grow on agar
plates at 4x the MIC. Clearly, there must be some level of resistance in K767 but it is not
manifest in the liquid antibiotic susceptibility assay.

Table 7. Resistance frequency of K767 to polymyxin B (4 µg/mL) after exposure to ZnCl2 or
MgCl2 for 7 days.
Concentration
Resistance Frequencya
(mM)
Replicate 1
Replicate 2
-7
ZnCl2
0
3.7*10
9.7*10-7
1
6.5*10-5
2.4*10-3
2
3.0*10-3
4.9*10-3
MgCl2
0
2.2*10-7
4.2*10-8
1
4.0*10-7
3.0*10-7
2
3.4*10-7
2.6*10-7
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
Metal
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Figure 19. Impact of MgCl2 on polymyxin resistance development in P. aeruginosa K767 wt.
Fold change in resistance frequency (Table 7) of K767 to polymyxin B (4 μg/mL, 4x the MIC),
after a weeklong exposure to ZnCl2 or MgCl2, relative to that seen for the non-ZnCl2supplemented control. The results of two independent experiments are shown.
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Table 8. MICs of polymyxin B (PXB) and colistin (COL) for PXB-resistant mutants selected
following ZnCl2 exposure of K767.
ZnCl2
Strain
MIC (µg/mL)a
selection conc.
PXB
COL
n/a
K767
1
1
0 mM
LB-67
1
1
LB-68
1
1
LB-69
1
1
LB-70
1
2b
LB-71
1
1
0.05 mM
0.05-34
1
2
0.05-35
1
1
0.05-36
1
1
0.05-37
1
1
0.05-38
1
1
0.05-39
1
1
0.05-40
1
1
0.05-41
1
2
0.05-42
1
1
0.05-43
1
1
0.1 mM
0.1-1
1
1
0.1-2
1
1
0.1-3
1
1
0.1-4
1
1
0.1-5
1
1
0.1-6
1
1
0.1-7
1
1
0.1-8
1
1
0.1-9
1
1
0.1-10
1
1
0.5 mM
0.5-67
1
1
0.5-68
1
1
0.5-69
1
1
0.5-70
1
1
0.5-71
1
1
0.5-72
1
2
0.5-73
1
1
0.5-74
1
1
0.5-75
1
1
0.5-76
1
1
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1 mM

1-34
2
2
1-35
2
2
1-36
1
1
1-37
1
1
1-38
1
1
1-39
2
2
1-40
1
1
1-41
1
1
1-42
1
1
1-43
1
1
2 mM
2-1
2
2
2-2
2
2
2-3
2
2
2-4
1
2
2-5
2
2
2-6
2
2
2-7
2
2
2-8
2
2
2-9
2
2
2-10
2
2
a
P. aeruginosa K767 wt was exposed to the indicated ZnCl2 concentrations for 1 wk, then plated
on PXB-containing agar plates to assess resistance frequency to these antibiotics. Resulting
PXB-resistant colonies were randomly tested for antimicrobial susceptibility.
b
Bolded numbers indicate a higher MIC than K767 control

3.4 The impact of Zn on polymyxin resistance frequency in other strains of P. aeruginosa
So far, it has been shown that the wt lab strain P. aeruginosa K767 responds to elevated
levels of ZnCl2 with an increased resistance frequency to PMX antibiotics. We tested if this
effect would also occur in other strains of P. aeruginosa, including PA14, a wt prototroph strain
used routinely in lab work, and K2153, a CF clinical isolate. These strains were individually
exposed to 0-2 mM ZnCl2 over 1 wk and then plated on PXB-containing agar plates to assess
resistance frequency to these antibiotics.
Unlike K767, PA14 showed only a minimal, if any, increase in PMX resistance frequency
in response to ZnCl2 (Table 9, Figure 20). However, K2153 did display a Zn-induced PMX
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resistance frequency increase (Table 10, Figure 21). K2153 showed a 100-fold increase in
resistance frequency to PXB at 2 mM ZnCl2. K2153 also showed a 100,000x fold increase in
resistance frequency to COL after exposure to 0.5-2 mM ZnCl2. The resistance frequency to
PXB for K2153 was 100-fold lower relative to K767, while the resistance frequency to COL for
K2153 was 100-fold higher higher compared to K767. Overall, however, the resistance
frequency to PMXs for K2153 was much higher than PA14 and showed a similar trend to K767.
K2153 was chosen as the non-K767 strain to investigate in future experiments, as it showed a
strong Zn-induced PMX resistance phenotype. Clearly, not all wt P. aeruginosa strains show the
same response to ZnCl2, but is important to note that clinical strain K2153 does show an increase
in PMX resistance frequency in response to ZnCl2.

Table 9. Resistance frequency of wt PA14 to polymyxin B (PXB, 4µg/mL) and colistin (COL,
4µg/mL) after exposure to ZnCl2 for 1 wk.
Resistance frequencya
K767 (1)b
K767 (2)
PA14 (1)
PA14 (2)
-7
-7
-7
PXB
0
3.7*10
9.7*10
9.9*10
3.2*10-7
0.05
1.4*10-6
3.9*10-7
2.7*10-7
2.4*10-7
0.1
6.0*10-6
3.7*10-5
9.5*10-7
4.5*10-7
0.5
1.7*10-5
4.2*10-5
2.2*10-6
1.0*10-6
1
6.5*10-5
2.4*10-3
1.4*10-6
2.8*10-6
2
3.0*10-3
4.9*10-3
5.2*10-6
6.4*10-6
COL
0
5.0*10-7
1.3*10-7
4.2*10-7
2.5*10-7
0.05
2.6*10-7
5.7*10-7
1.4*10-7
2.2*10-7
0.1
5.6*10-7
2.4*10-7
9.2*10-7
2.9*10-7
0.5
9.3*10-5
5.7*10-4
1.7*10-6
6.0*10-7
1
1.4*10-4
1.5*10-2
9.7*10-7
7.1*10-6
2
5.7*10-3
9.9*10-3
1.4*10-6
8.0*10-6
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
b
K767 is shown for reference (Table 5).
Antibiotic

ZnCl2 (mM)
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Figure 20. Impact of ZnCl2 on polymyxin resistance development in P. aeruginosa PA14 wt.
Fold change in resistance frequency (Table 9) of PA14 to a) polymyxin B (PXB, 4 μg/mL, 4x the
MIC) and b) colistin (COL, 4 μg/mL, 4x the MIC) after exposure to ZnCl2 for 1 wk, relative to a
ZnCl2-free control. P. aeruginosa K767 wt is shown for reference (Table 5). The results of two
independent experiments are shown.
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Table 10. Resistance frequency of wt K2153 to polymyxin B (PXB, 4 µg/mL) and colistin
(COL, 4 µg/mL) after exposure to ZnCl2 for 1 wk.
Resistance frequencya
K767 (1)b
K767 (2)
K2153 (1)
K2153 (2)
-7
-7
-7
PXB
0
3.7*10
9.7*10
2.8*10
3.9*10-7
0.05
1.4*10-6
3.9*10-7
5.5*10-7
1.6*10-6
0.1
6.0*10-6
3.7*10-5
7.2*10-7
2.2*10-6
0.5
1.7*10-5
4.2*10-5
8.2*10-7
2.2*10-6
1
6.5*10-5
2.4*10-3
6.1*10-6
1.8*10-6
2
3.0*10-3
4.9*10-3
3.8*10-5
1.1*10-4
COL
0
5.0*10-7
1.3*10-7
8.9*10-8
2.2*10-8
0.05
2.6*10-7
5.7*10-7
2.6*10-6
1.4*10-4
0.1
5.6*10-7
2.4*10-7
6.5*10-6
1.7*10-5
0.5
9.3*10-5
5.7*10-4
5.9*10-3
1.0*10-3
1
1.4*10-4
1.5*10-2
1.5*10-3
2.8*10-3
2
5.7*10-3
9.9*10-3
1.3*10-1
1.0*10-2
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
b
K767 is shown for reference (Table 5).
Antibiotic

ZnCl2 (mM)
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Figure 21. Impact of ZnCl2 on polymyxin resistance development in P. aeruginosa K2153 wt.
Fold change in resistance frequency (Table 10) of K2153 to a) polymyxin B (PXB, 4 μg/mL, 4x
the MIC) and b) colistin (COL, 4 μg/mL, 4x the MIC) after exposure to ZnCl2 for 1 wk, relative
to that seen for the ZnCl2-free control. P. aeruginosa K767 wt is shown for reference (Table 5).
The results of two independent experiments are shown.
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3.4.1 Polymyxin-resistant CF-isolate K2153 strains show elevated MICs
Using the strains collected from the weeklong ZnCl2 exposure experiment with K2153, we
investigated whether, unlike K767-derived PMX-resistant mutants, ZnCl2-exposed strains
derived from K2153 would exhibit an increased MIC relative to wt K2153. Antibiotic
susceptibility assays for PXB and COL were performed on the PXB-resistant K2153-derived
strains to determine their level of resistance. The liquid MIC for wt K2153 is 1 μg/mL, for both
PXB and COL. It was found that almost all of the K2153-dervied PXB-resistant strains tested
showed a twofold elevated MIC for COL, no matter which ZnCl2 concentration they were
selected at. However, about half of the PXB MICs for K2153 were 2x the MIC while the other
half had the same MIC as wt K2153.
There does not appear to be any correlation between the MIC and the level of ZnCl2
exposure. As well, all strains showed the general trend of the MIC for COL being higher than
the MIC for PXB (Table 11). Compared to the PXB-resistant K767 derived strains, more of the
K2153-derived strains showed an increase in MIC. It is unexpected that the PMX resistance of
the K767 strains did not manifest in liquid.

3.5 Polymyxin-resistant cells do not have elevated tolerance to zinc
As it has been shown that exposure to ZnCl2 increases the proportion of PMX-resistant
cells in a culture of P. aeruginosa, it was reasoned that the explanation for this higher proportion
of resistant cells could be that the PMX-resistant bacteria were better able to grow in the
presence of ZnCl2. To assess whether PMX-resistant strains were more ZnCl2 tolerant, a growth
assay was performed with the PMX-resistant mutants and wild type strains in LB supplemented
with 2 mM ZnCl2. The concentration of 2 mM was selected because it has been shown to select
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Table 11. MICs of polymyxin B (PXB) and colistin (COL) for PXB-resistant K2153 derived
strains.
ZnCl2
Straina
MIC (µg/mL)
selection conc.
PXB
COL
n/a
K2153
1
1
0 mM
LB-1
1
1
LB-2
1
1
b
LB-3
2
4
LB-4
1
2
LB-5
1
1
LB-6
1
2
LB-7
8
32
LB-8
2
2
LB-9
1
1
LB-10
1
1
0.05 mM
0.05-85
1
2
0.05-86
1
2
c
0.05-87
1/2
1
0.05-88
1/2
2
0.05-89
1/2
1
0.05-90
1
1
0.05-91
1
1
0.05-92
4
8
0.05-93
2
2
0.05-94
1/2
1/2
0.1 mM
0.1-56
2
4
0.1-57
1/2
2/4
0.1-58
1
2
0.1-59
2
2
0.1-60
1
2
0.1-61
1/2
2
0.1-62
1/2
1/2
0.1-63
1/2
2
0.1-64
1/2
2
0.1-65
1/2
2
0.5 mM
0.5-118
1/2
2
0.5-119
1
2
0.5-120
2
2
0.5-122
1
1
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0.5-123
2
2
0.5-124
1/2
2
0.5-125
1
1/2
0.5-126
1
1/2
0.5-127
1/2
2
1 mM
1-89
2
2
1-90
2
2
1-91
2
2
1-92
2
4
1-93
1
2
1-94
1
2
1-95
1
2
1-96
1
2
1-97
1
2
1-98
1
1
2 mM
2-56
2
2
2-57
2
2
2-58
2
2
2-59
1/2
2/4
2-60
2/4
2/4
2-61
2
2/4
2-62
2/4
4
2-63
1/2
2/4
2-64
1/2
2/4
2-65
1/2
2/4
a
P. aeruginosa K2153 wt was exposed to the indicated ZnCl2 concentrations for 1 wk, then
plated on PXB-containing agar plates to assess resistance frequency to these antibiotics.
Resulting PXB-resistant colonies were randomly tested for antimicrobial susceptibility.
b
Bold numbers indicate an MIC higher than the control.
c
Two numbers separated by a slash indicate that the MIC falls somewhere between the two
numbers
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for PMX-resistant bacteria in previous experiments, it is below the MIC for ZnCl2 (8 mM), and
has been shown to adversely impact P. aeruginosa growth (Hassen, et al., 1998). Growth in
unsupplemented LB was also measured as a control.
Strain 1-34, a PXB-resistant strain collected from the weeklong ZnCl2 exposure
experiment, was tested as well as its parent strain P. aeruginosa K767 wt (Figure 22a). As well,
clinical strain P. aeruginosa K2153 wt and its derivative 2-56, a PXB-resistant strain collected
from the weeklong ZnCl2 exposure experiment, were also tested (Figure 22b). Results of the
growth assay appear to indicate that mutant strains 1-34 and 2-56 grew the same or slightly better
in 2 mM ZnCl2 than their corresponding wt strains (Figure 22). PMX resistance appears to give
cells at least a minimal advantage when growing in the presence of ZnCl2. Thus, perhaps the
evolution of Zn-selected PMX resistance can be attributed to enriching for Zn-tolerant bacteria.

3.6 Zinc does not increase resistance frequency to polymyxins in non-Pseudomonas species
P. aeruginosa is only one of many bacterial species that cause infection in humans. Many
other bacteria contribute to disease states, including Escherichia coli and Stenotrophomonas
maltophilia (de Vrankrijker, et al., 2010; Croxen & Finlay, 2010). Having shown that ZnCl2
impacts PMX resistance frequency in P. aeruginosa, it was of interest to test other clinicallyrelevant bacteria species. To assess whether week-long exposure to ZnCl2 might be able to elicit
the same increase in PMX resistance frequency in E. coli and/or S. maltophilia as was seen in P.
aeruginosa K767 wt, the same weeklong ZnCl2 exposure experiment was conducted for two E.
coli strains (K155 & K193), and one S. maltophilia strain (K1199). A ZnCl2 concentration at
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Figure 22. Growth of a) K767 and b) K2153, and their respective PXB-resistant counterparts a)
1-34 and b) 2-56, in 2 mM ZnCl2. Growth medium was inoculated at t=0. The mean of two
independent experiments is shown ± SEM.
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approximately 1/3 of the MIC for ZnCl2 was used for each strain, i.e. 0.5 mM ZnCl2 for E. coli
and 1 mM for S. maltophilia. These strains were arbitrarily chosen because they were readily
available in our culture collection. The results show that ZnCl2 did not substantially promote an
increased resistance frequency to PXB in any of these bacteria (Table 12, Figure 23). Therefore,
it is not clear whether the Zn-induced increase in PMX resistance frequency extends beyond P.
aeruginosa, but it is evidently not applicable to the E. coli and S. maltophilia strains tested here.

Table 12. Resistance frequency of non-Pseudomonas strains to polymyxin B (4 µg/mL) after
exposure to ZnCl2 for 1 wk.
ZnCl2
(mM)b

0
0.5
1
2

P.
aeruginosa
K767 (1)c
3.7*10-7
-d
3.0*10-3

P.
aeruginosa
K767 (2)
9.7*10-7
4.9*10-3

Resistance frequencya
E. coli
E. coli
E. coli
E. coli
K155
K155
K193(1)
K193
(1)
(2)
(2)
7.7*10-6 2.5*10-7 3.0*10-6 7.8*10-7
2.8*10-6 2.9*10-6 1.5*10-6 6.5*10-7
-

S.
S.
maltophilia maltophilia
K1199 (1) K1199 (2)
1.8*10-5
1.2*10-7
-5
1.0*10
2.7*10-7
-

a

cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
b
Cells were exposed to approximately 1/3 of their respective MICs for ZnCl2
c
P. aeruginosa K767 wt is shown for reference (Table 5).
d
dash indicates purposely empty cell

3.7. ArnB is necessary for the zinc-induced increase in polymyxin resistance
The arn operon contains genes involved in the synthesis and transport of L-Ara4-N, which is
used to modify lipid A of the LPS in the OM (Fernández, et al., 2010). L-Ara4-N masks the
normally anionic antibiotic binding sites with a positive charge, inhibiting the binding of cationic
drugs such as PMX and AMG (Fernández, et al., 2010). Thus, the involvement of arnB was
anticipated to play a role in the Zn-promoted PMX resistance frequency increase. To assess this,
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Figure 23. Impact of ZnCl2 on polymyxin resistance development in E. coli K155, E. coli K193,
and S. maltophilia K1199. Fold change in resistance frequency (Table 12) of a) E. coli and b) S.
maltophilia to polymyxin B (PXB, 4 µg/mL, 4x the MIC) after ZnCl2 exposure for 1 wk, relative
to that seen for the ZnCl2-free control. Cells were exposed to approx. 1/3 of their respective
MICs for ZnCl2 (0.5 mM, E. coli; 1 mM, S. maltophilia). P. aeruginosa K767 wt is shown for
reference (Table 5). The results of two independent experiments are shown.
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the weeklong Zn-exposure experiment was repeated using an arnB knockout strain of K767
(K3232). As seen in Table 13 and Figure 24, the ZnCl2-promoted increase in PMX resistance
frequency was lost in the ΔarnB mutant. This indicates that the arn operon is necessary for the
enrichment of PMX-resistant mutants by ZnCl2.

Table 13. Resistance frequency of K767ΔarnB (K3232) to polymyxin B (PXB, 4 µg/mL) and
colistin (COL, 4 µg/mL) after exposure to ZnCl2 for 1 wk.
Resistance frequencya
K767 wt (1)b K767 wt (2)
K3232 (1)
K3232 (2)
-7
-7
-6
PXB
0
3.7*10
9.7*10
1.0*10
5.0*10-7
0.05
1.4*10-6
3.9*10-7
6.2*10-7
4.3*10-7
0.1
6.0*10-6
3.7*10-5
2.4*10-7
7.4*10-8
0.5
1.7*10-5
4.2*10-5
9.1*10-7
1.1*10-6
1
6.5*10-5
2.4*10-3
8.0*10-7
1.4*10-6
2
3.0*10-3
4.9*10-3
1.2*10-6
1.9*10-6
COL
0
5.0*10-7
1.3*10-7
4.7*10-7
7.1*10-8
0.05
2.6*10-7
5.7*10-7
3.7*10-7
8.0*10-8
0.1
5.6*10-7
2.4*10-7
2.0*10-7
4.4*10-7
0.5
9.3*10-5
5.7*10-4
5.4*10-7
8.2*10-7
1
1.4*10-4
1.5*10-2
1.7*10-6
3.0*10-7
2
5.7*10-3
9.9*10-3
9.0*10-8
4.7*10-7
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
b
K767 is shown for reference, original results in Table 5.
Antibiotic

ZnCl2 (mM)

3.8. PmrAB is necessary for zinc-promoted polymyxin resistance
The arn operon is controlled by five known two-component regulatory systems (TCSs): PmrAB,
ColRS, ParRS, PhoPQ, and CprRS (Jeannot, et al., 2017). It was hypothesized that one or more
of these TCSs might be involved in the development of increased PMX resistance frequency in
ZnCl2-exposed cells. pmrAB was investigated because its orthologue in E. coli, basSR, is
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Figure 24. Impact of ZnCl2 on polymyxin resistance development in P. aeruginosa K767ΔarnB
(K3232). Fold change in resistance frequency (Table 13) of K3232 to a) polymyxin B (PXB,
4μg/mL, 4x the MIC) and b) colistin (COL, 4μg/mL, 4x the MIC), after exposure to ZnCl2 for 1
wk, relative to that seen for the ZnCl2-free control. K767 wt is shown for reference (Table 5).
The results of two independent experiments are shown.
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Zn-regulated (Lee et al. 2005). Thus, a mutant lacking this system, K767ΔpmrA (K2860), was
exposed to ZnCl2 for 1 wk, and the impact on PXB resistance frequency was assessed. Strain
K2860 showed a modest increase in PXB resistance frequency in response to the ZnCl2
treatment, but markedly reduced compared to wt K767 (Table 14, Figure 25). This suggests that
PmrAB plays some role in Zn-promoted PMX resistance development. However, the effect is
still somewhat present without pmrA, suggesting there are additional regulators involved.

Table 14. Impact of loss of pmrA on Zn-promoted polymyxin B (4 µg/mL) resistance
development in K767ΔpmrA (K2860).
Resistance frequencya
K767 (1)b
K767 (2)
K2860 (1)
K2860 (2)
-7
-7
-7
0
3.7*10
9.7*10
2.1*10
1.1*10-7
0.05
1.4*10-6
3.9*10-7
7.6*10-8
1.4*10-7
0.1
6.0*10-6
3.7*10-5
2.4*10-7
1.2*10-6
0.5
1.7*10-5
4.2*10-5
1.2*10-7
1.4*10-7
1
6.5*10-5
2.4*10-3
1.4*10-6
1.1*10-6
2
3.0*10-3
4.9*10-3
2.0*10-5
2.4*10-5
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
b
K767 is shown for reference (Table 5).
ZnCl2 (mM)

3.9 ColRS is not involved in zinc-promoted polymyxin resistance
As there was still some impact of ZnCl2 on PMX resistance development in the absence of
pmrA, this suggested that additional regulators were likely involved. Since ColRS is known to
be Zn-activated in P. aeruginosa (Nowicki, et al., 2015), its involvement was assessed. When
the weeklong ZnCl2 exposure experiment with the K767ΔcolR (K3619) mutant was attempted,
the results were highly variable from experiment to experiment. Thus, to assess whether colRS
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Figure 25. Impact of ZnCl2 on polymyxin B (PXB) resistance development in P. aeruginosa
K767ΔpmrA (K2860). Fold change in resistance frequency (Table 14) of K2860 to polymyxin B
(4 μg/mL, 4x the MIC) after exposure to ZnCl2 for 1 wk, relative to that seen for the ZnCl2-free
control. K767 wt is shown for reference (Table 5). The results of two independent experiments
are shown.
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contributed to the Zn-promoted PMX resistance development seen in the ΔpmrA strain, the colR
gene was deleted from the ΔpmrA strain (K2860) and the impact of this on Zn-promoted PMX
resistance development was assessed. Loss of colR in the double knockout K767ΔpmrAΔcolR
(K3942) showed minimal impact of ZnCl2 on PXB resistance frequency (<10x at 2 mM ZnCl2)
suggesting ColRS does not contribute to Zn-promoted PMX resistance (Table 15, Figure 26).

Table 15. Resistance frequency of K767ΔpmrAΔcolR (K3942) to polymyxin B (4µg/mL) after
weeklong ZnCl2 exposure.
Resistance frequencya
K2860 (1)b
K2860 (2)
K3942 (1)
K3942 (2)
-7
-7
-7
0
2.1*10
1.1*10
2.8*10
1.2*10-6
0.05
7.6*10-8
1.4*10-7
1.8*10-7
8.5*10-7
0.1
2.4*10-7
1.2*10-6
4.0*10-7
3.2*10-6
0.5
1.2*10-7
1.4*10-7
3.0*10-7
2.3*10-7
1
1.4*10-6
1.1*10-6
9.0*10-6
5.0*10-6
2
2.0*10-5
2.4*10-5
3.6*10-6
3.9*10-5
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
b
K767ΔpmrA (K2860) is shown for reference (Table 14).
ZnCl2 (mM)

3.10 arnB is upregulated in some polymyxin-resistant strains
It is known that the arn operon is one of the main regulators of PMX resistance (Falagas, et
al., 2010). Given the importance of arnB for Zn-induced PMX resistance frequency (Figure 24),
it was of interest to assess whether this PMX resistance was linked to arnB expression. Thus,
transcription levels of arnB in PXB-resistant P. aeruginosa strains collected following exposure
to 1 mM ZnCl2 for 1 wk were investigated. qRT-PCR of arnB was conducted on 10 strains of P.
aeruginosa derived from K767 wt (1-34 to 1-43; Table 1), which had been exposed to 1mM
ZnCl2 for 1 wk and then plated on PXB. qRT-PCR was conducted on parent strain K767 wt as a
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Figure 26. Impact of ZnCl2 on polymyxin B (PXB) resistance development in P. aeruginosa
K767ΔpmrAΔcolR (K3942). Fold change in resistance frequency of K3942 to polymyxin B (4
μg/mL, 4x the MIC) after exposure to ZnCl2 for 1 wk, relative to that seen for the ZnCl2-free
control. K767ΔpmrA (K2860) is shown for reference (Table 14). The results of two
independent experiments are shown.
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control. Results showed that 3 out of 10 of the K767 derived strains had a 2- to 3-fold
upregulation of arnB relative to the parent strain (Figure 27a).
In addition to K767, qRT-PCR of arnB was also conducted on 10 strains derived from
clinical isolate P. aeruginosa K2153 wt (1-89 to 1-98; Table 1), which had been exposed to
1mM ZnCl2 for 1 wk and then plated on PXB. Parent strain K2153 wt was used as the control.
Results showed that 7 out of 10 of the K2153 derived strains showed a 2- to 3-fold upregulation
of arnB (Figure 27b). Thus, for many of the Zn-selected PXB-resistant mutants, an increase in
arn expression could explain PXB resistance. However, the link between arn and PXB
resistance for those not showing increased expression in arnB is less clear.

3.11 Polymyxin B-resistant mutants do not show hyper-induction of arnB in response to
polymyxins
Although most of the PXB-resistant strains tested for arnB expression showed an
upregulation of arnB, not all the strains did. This is curious, as one might expect all the strains
which were PXB-resistant to show arnB upregulation, given the requirement for arnB for Znpromoted PMX resistance. It is known that arn is PMX-inducible (Fernández, et al., 2010) and
so, it may be that PMX-resistant strains show enhanced PMX-induced arn expression relative to
the wt. Thus, arnB induction by PXB was measured in K767 wt and for those PMX-resistant
strains that did not show elevated arnB expression (1-36, 1-37, and 1-38). It was found that
although exposure to PXB did cause an increase in arnB expression, the increase was no greater
than that seen in the parent strain K767 (Figure 28). Thus, enhanced PMX-promoted expression
of arnB does not explain the PMX resistance of these mutants.

76

a)

Fold change in arnB expression

4

***
3

***
**
2

1

0
K767

1-34

1-35

1-36

1-37

***

***

1-38 1-39
Strain

1-40

1-41

1-42

1-43

b)
Fold change in arnB expression

4

**
3

**
*

2

**

**

1

0
K2153 1-89

1-90

1-91

1-92

1-93 1-94
Strain

1-95

1-96

1-97

1-98

Figure 27. Increased expression of arnB in ZnCl2-exposed, polymyxin B-resistant strains of P.
aeruginosa. a) Strains were derived from a K767 parent or b) a K2153 parent, and exposed to 1
mM ZnCl2 for 1 wk followed by plating on 4µg/mL polymyxin B. arnB expression was
normalized to the housekeeping gene rpoD. The results shown are the mean ± SEM of 3
independent determinations. ***=p-value<0.001 relative to parent strain, **=p-value<0.01, *=pvalue<0.05.
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Figure 28. Impact of polymyxin B (PXB) on arnB expression in Zn-exposed, PXB-resistant
derivatives of P. aeruginosa K767. Transcription levels of arnB in 1-36, 1-37, 1-38, and K767
wt after induction with 0.5 μg/mL PXB are shown. arnB expression was normalized to the
housekeeping gene rpoD. The results shown are the mean ± SEM of 3 independent
determinations.
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3.12 Zinc induction of arnB is not mediated by ColRS or PmrAB
Given the importance of arn for PMX-resistance development in Zn-exposed mutants, it
was reasoned that the arn locus might be Zn-inducible. To test this, P. aeruginosa K767 wt was
exposed to 1 mM ZnCl2 for 30 min, and the expression of arnB measured. It was found that
exposure to 1 mM ZnCl2 causes a 4- to 5-fold upregulation of arnB relative to the non-ZnCl2exposed control (Figure 29).
Given the involvement of colRS and pmrAB in Zn-promoted PMX resistance frequency
increases, it was further reasoned that one or both of these TCS was responsible for causing the
upregulation of arnB seen in the ZnCl2-exposed PXB-resistant strains (Figure 27). This was
investigated by exposing double knockout strain K767ΔcolRΔpmrA (K3942) to 1mM ZnCl2 for
30 min before RNA extraction, followed by qRT-PCR. It was found that ZnCl2 induction of
arnB was not lost in K3942, suggesting neither colRS nor pmrAB are involved in the induction
on arnB by ZnCl2 (Figure 29).

3.13 parRS is necessary for the Zn-induced increase in PMX resistance frequency
Recent work in the Poole lab has shown that ParRS is Zn-responsive. ParRS mediates Zn
induction of the MexXY-OprM multidrug efflux system (Fruci & Poole, unpublished).
Therefore, we were interested in investigating whether this TCS was also involved in the
development of increased PMX resistance frequency in ZnCl2-exposed cells. To test this,
K767ΔparR (K3206) was exposed to ZnCl2 for 1 wk and then plated on PMX-containing agar
plates. In the absence of parR, the ZnCl2-promoted resistance was completely lost (Table 16,
Figure 30). Clearly, parRS is necessary in order for the cells to show an increased resistance
frequency to PMX in response to ZnCl2.
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Figure 29. Transcription levels of arnB in P. aeruginosa K767ΔcolRΔpmrA (K3942) and K767
wt after induction with 1mM ZnCl2. The results shown are the mean ± SEM of 3 independent
determinations. arnB expression was normalized to the housekeeping gene rpoD.
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Table 16. Resistance frequency of K767ΔparR (K3206) to polymyxin B (PXB, 2 µg/mL) and
colistin (COL, 2 µg/mL) after weeklong ZnCl2 exposure.
Resistance frequencya
K767 (1)b
K767 (2)
K3206 (1)
K3206 (2)
-7
-7
-5
PXB
0
3.7*10
9.7*10
3.7*10
1.8*10-4
0.05
1.4*10-6
3.9*10-7
3.0*10-5
9.8*10-5
0.1
6.0*10-6
3.7*10-5
1.6*10-3
3.4*10-4
0.5
1.7*10-5
4.2*10-5
6.0*10-5
8.7*10-6
1
6.5*10-5
2.4*10-3
4.0*10-5
1.7*10-5
2
3.0*10-3
4.9*10-3
2.7*10-5
3.2*10-5
COL
0
5.0*10-7
1.3*10-7
3.5*10-7
6.2*10-6
0.05
2.6*10-7
5.7*10-7
7.0*10-7
3.6*10-6
0.1
5.6*10-7
2.4*10-7
1.6*10-7
7.4*10-6
0.5
9.3*10-5
5.7*10-4
9.3*10-7
7.6*10-7
1
1.4*10-4
1.5*10-2
1.1*10-6
2.8*10-6
2
5.7*10-3
9.9*10-3
1.6*10-7
5.2*10-6
a
cells were cultured in the presence of ZnCl2 for 7 days, then plated on agar plates containing
either antibiotics or no antibiotics. The resistance frequency was calculated as the CFU/mL of
the antibiotic-resistant colonies divided by the CFU/mL of the total cells. Two independent
experiments are shown for each antibiotic.
b
K767 is shown for reference (Table 5).
Antibiotic

ZnCl2 (mM)

3.14 ParR is involved in the Zn-induced expression of arnB
Given the involvement of parRS in Zn-promoted PMX resistance frequency increases, it
was reasoned that this TCS was responsible for causing the upregulation of arnB seen in the
ZnCl2-exposed PXB-resistant strains (Figure 27). To test this, knockout strain K767ΔparRS
(K3206) was exposed to 1mM ZnCl2 (or not) for 30 min before RNA extraction, followed by
qRT-PCR. It was found that ZnCl2 induction of arnB was partially reduced in the ΔparR strain
to a statistically significant degree (Figure 31). This suggests that the induction of arn by ZnCl2
is controlled in part by the TCS ParRS.
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Figure 30. Impact of ZnCl2 on polymyxin resistance development in P. aeruginosa K767ΔparR
(K3206). Fold change in resistance frequency (Table 16) of K3206 to a) polymyxin B (PXB, 2
μg/mL, 4x the MIC) and b) colistin (COL, 2 μg/mL, 4x the MIC) after exposure to ZnCl2 for 1
wk, relative to that seen for the ZnCl2-free control. K767 wt is shown for reference (Table 5).
The results of two independent experiments are shown.
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Figure 31. Transcription levels of arnB in K767ΔparR (K3206) and K767 wt after induction
with 1mM ZnCl2. The results shown are the mean ± SEM of 3 independent determinations.
arnB expression was normalized to the housekeeping gene rpoD. * = p-value <0.05.
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3.15 A parR mutation is present in zinc-enriched polymyxin B-resistant P. aeruginosa
Due to the role of the TCSs PmrAB and ParRS in the Zn-promoted increase in PMX
resistance frequency in P. aeruginosa (Figure 24, Figure 25, Figure 26, Figure 30), we
investigated whether there could be mutations in some or all of these TCS. It is not uncommon
for TCSs to gain mutations that activate antibiotic resistance genes. For example, AMG-resistant
strains of P. aeruginosa have been shown to possess activating mutations in the amgRS TCS that
increase their resistance to AMGs (Lau et al. 2013). Mutations in the envelope stress-sensing
CpxRA TCS of E. coli have also been shown to provide resistance to amikacin, an AMG
(Rainwater & Silverman, 1990).
Given that pmrAB and parRS both appeared to be involved in increased PMX resistance
development in response to ZnCl2, sequencing of these genes, as well as colRS, was performed in
the same 20 PMX-resistant strains in which the arnB expression had been measured (Figure 27).
Several studies have shown that in some PMX-resistant strains, PMX resistance is a result of
mutations in the TCS sensor kinase component phoQ (Miller, et al., 2011; Barrow & Kwon,
2009; Lee & Ko, 2014). Due to this link, phoQ was also sequenced in these strains, even though
we had not previously studied phoQ. No mutations were found in colRS, phoQ, or pmrAB.
None of the ten K2153-derived strains had any mutations in parRS either, although 3 of the 10
K767-derived strains had a point mutation in parR (1-34, 1-35, and 1-39). All 3 mutations
occurred at the same base pair, changing a G to an A at position 466 within parR, which caused
an amino acid change from glutamic acid to lysine at amino acid 156. Furthermore, the 3 strains
that had a parR mutation (1-34, 1-35, and 1-39) all showed the highest levels of arnB expression
(Figure 27), strongly suggesting that the mutants increased arnB expression may be driven by the
mutation in parR.
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Chapter 4: Discussion

Antimicrobial resistance is a prevalent problem in medicine (Martens & Demain, 2017),
and few new antibiotics are on the horizon for the near future (Luepke, et al., 2017). Zn is a
known driver of antibiotic resistance in several bacterial species (Peltier, et al., 2010), although
the effect of Zn on resistance to PMX antibiotics in P. aeruginosa has, until now, not been
investigated. The identification of the mechanisms of Zn-driven antibiotic resistance is
important. There are several disease conditions where Zn levels are elevated, such as in the CF
lung (Smith, et al., 2014), burn wounds, and tissue necrosis (Berger, et al., 1992). Elevated
levels of Zn can also be found in the environment, for example in wastewater, which influences
antibiotic resistance in bacterial populations in the soil and water bodies (Peltier, et al., 2010;
Esshaimi, et al., 2012). Importantly, bacteria exposed to Zn in the environment can make their
way back into contact with humans through open water sources, meaning the selection pressure
from environmental Zn sources for antibiotic resistance is not insignificant (Goeminne, et al.,
2015). Research in the area of Zn-promoted antibiotic resistance could help us understand the
drivers and sources of antibiotic resistance, perhaps providing strategies to remove drivers of
resistance.
In this study, we measured the effects of weeklong ZnCl2 exposure on PMX resistance in
P. aeruginosa grown in liquid culture. We found that week-long exposure to ZnCl2 selects for
thousand-fold increases in resistance frequency to PMX antibiotics in strains K767 and K2153, a
wt lab strain and a CF clinical strain, respectively (Figure 17, Figure 21). This effect could not
be reproduced using MgCl2, an indication that this effect was possibly specific to Zn, or at least
not a general property of divalent cations (Figure 19). Certain strains did not show an increased
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PMX resistance frequency in response to ZnCl2, however. The wt lab strain PA14 showed a
markedly lower increase in resistance frequency to PMX compared to wt K767 (Figure 20). It is
interesting that not all P. aeruginosa strains showed an increase in polymyxin resistance
frequency in response to ZnCl2; perhaps this is simply because of genomic variability between
strains. Both K767 and PA14, as wt lab strains, have a very similar genome, but are not
identical; it is this variability that could explain the differences in their reactions to Zn.
Additionally, neither E. coli strains K155 and K193, nor S. maltophilia strain K1199 showed an
increased PMX resistance frequency in response to ZnCl2 (Figure 23). The increase in PMX
resistance frequency in response to ZnCl2 appears to be somewhat unique to P. aeruginosa, and
while not all P. aeruginosa strains share this feature, the fact that CF strain K2153 showed an
increased PMX resistance frequency could be relevant clinically, given the levels of Zn in the CF
lung (Smith, et al., 2014).
Links between Zn and PMX resistance in P. aeruginosa exist in the literature to a very
limited extent. Zn is known to activate the TCS ColRS, which activates PMX resistance
mechanisms via LPS modification with pEtN (Nowicki, et al., 2015). Clinical P. aeruginosa
strain Trent, isolated from the CF lung has been shown to be more Zn-tolerant than a wt lab
strain (Davies, et al., 2017). Trent is highly infectious and antibiotic-resistant, pointing to a
correlation between Zn and antibiotic resistance (Davies, et al., 2017), with which our research
concurs.
The results of the weeklong ZnCl2 exposure experiments showed some variability in
absolute PMX resistance frequency from experiment to experiment for a given strain and Zn
concentration For example, exposing P. aeruginosa K767 to 1 mM ZnCl2 produced of range of
COL resistance frequencies from 1000 to 100,000 fold (Table 5). Mutations leading to PMX
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resistance occur spontaneously and are then apparently enriched by Zn. The level of their
enrichment will likely reflect the timing of their occurrence during the 7 days of the experiment,
with those occurring earlier having more time to propagate than those occurring later. As such,
variability from experiment to experiment may simply reflect the variability in terms of the
appearance of PMX resistance-causing mutations. Nonetheless, the general trend of increasing
PMX resistance frequency with increasing ZnCl2 concentration holds true in all cases.
The increased resistance frequency to PMX caused by ZnCl2 exposure in P. aeruginosa
K767 wt, which was normally increased 10,000x after ZnCl2 exposure for 1 wk, was only
increased 10x after ZnCl2 exposure for 1 day (Figure 18). This suggests that ZnCl2 is acting as a
selective pressure for PMX resistance, and occurs over time; one day provided only a limited
amount of time for mutations to occur and be enriched for. Interestingly, PMX-resistant strains
were not more ZnCl2-tolerant than wt strains, as they did not grow better in the presence of
ZnCl2 (Figure 22). Clearly, selection for PMX resistance is not caused by selection for ZnCl2
tolerance and, as such, it is unclear why Zn enriched for PMX-resistant mutants. It is interesting
to note that the PMX resistance locus, arn, is Zn-inducible (Figure 29) and required for Zninduced PMX resistance development (Figure 24). Still, arn appears not to contribute to Zn
tolerance, as the ΔarnB strain is not more Zn-sensitive than the wt.
PXB-resistant strains derived from clinical strain K2153 had MICs elevated 2x above wt
K2153 (Table 11), no matter what concentration of ZnCl2 they had been exposed to. For the
most part K767 PXB-resistant strains did not have MICs elevated above wt, except for the strains
which had been exposed to the highest concentration of ZnCl2 (2 mM), which had MICs elevated
2x above wt (Table 8). There does not appear to be any correlation between the MIC and the
level of ZnCl2 exposure. Overall, the results of the antibiotic susceptibility assays show that the
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K2153 clinical strains have elevated MICs in a liquid antibiotic susceptibility assay (Table 11),
while the K767 strains do not (Table 8). This is unexpected, given that both the K767 and
K2153 PMX-resistant strains were able to grow on agar plates at 4x the MIC of PXB and COL
(4 µg/mL for each). The reason for PMX-resistance K2153 strains showing higher MICs
compared with the PMX-resistant K767 strains may reflect the absence of the gene cprA in
K767, which is necessary for high levels of resistance to PMX (Gutu, et al., 2015). In K767,
cprA has a frameshift mutation that creates a premature stop codon (Gutu, et al., 2015). Loss of
cprA does not affect the synthesis of 4-aminoarabinose by arn, the main PMX resistance
mechanism, so the cell still shows some level of resistance (Gutu, et al., 2015). However, cprA
is necessary to achieve higher levels of PMX resistance; it is thought that CprA, through
activation by certain TCSs, activates mechanisms of adaptive PMX resistance in addition to arn
(Gutu, et al., 2015). Non-functional cprA in K767 could be the reason that these strains appeared
to have minimal MIC increases compared to wt when analyzed by antibiotic susceptibility assay.
Several limitations exist with regards to the results of the antibiotic susceptibility assays.
Susceptibility to PMXs showed general trends, but even within the K2153 PXB-resistant strains,
which trended mainly towards an increased MIC over K2153 wt, the MICs were not uniformly
higher (Table 11). It is unexpected that in liquid MIC, not all strains showed an increased MIC
(i.e. >1 µg/mL), even though all of the PXB-resistant strains were able to grow on agar plates at
4x the MIC (i.e. 4 µg/mL). Literature reports show that PMXs have several idiosyncrasies that
make them difficult to test for antimicrobial susceptibility. PMXs, due to their cationic
properties, are known to bind to polystyrene, polypropylene, and glass (Bakthavatchalam, et al.,
2018). The microtiter plates we used were made of polystyrene (Sarstedt, item# 83.3925). As
well, the lower the concentration of COL in the media, the higher proportion of COL will bind to

88

the polystyrene (Karvanen, et al., 2017). Thus, the true MIC may be skewed. As well, studies
have shown that antimicrobial susceptibility assays using microtiter plates produce lower PMX
MICs than when susceptibility is tested on agar plates (Hogardt, et al., 2004). The reason for this
is unknown but the phenomenon has been consistently shown for PMX antibiotics in several
bacterial species (Hogardt, et al., 2004). It is possible that the higher MIC seen on agar is
because Pseudomonas does not normally grow in a planktonic state but in a biofilm (Høiby, et
al., 2001), so it may experience more growth stability on the plates. Taken together, this
evidence suggests that the results of the antibiotic susceptibility assays should be regarded
cautiously.
The exact pathway driving Zn-promoted PMX resistance is still unclear, but we have
elucidated some of its players. ArnB, and by extension the entire arn operon, is necessary for
Zn-promoted PMX resistance to occur, as the Zn-driven increase in PMX resistance frequency is
lost in an arnB knockout strain (Figure 24). The protein products of the arn locus control LPS
modification with L-Ara4-N, which is necessary for PMX resistance (Falagas, et al., 2010). The
arn operon, in turn, is regulated by several TCSs. The TCSs PmrAB and ParRS were found to
be necessary for an increase in Zn-promoted PMX resistance frequency (Figure 25, Figure 26,
Figure 30). In particular, parRS was found to be involved in the induction of arn by ZnCl2
(Figure 29), further strengthening the link between Zn selection of PMX-resistant mutants and
this TCS. Still, this Zn-induced upregulation of arn is only partially lost in a parR knockout,
suggesting that, while parR is certainly involved, there must be additional regulators of arn that
are responsive to Zn. The fact that ParRS is needed to induce arn in the presence of ZnCl2 is
interesting, as ParRS has never been shown to respond to Zn; ParRS has only been shown to be
activated in the presence of CAPs (Fernández, et al., 2010). It is possible that, because Zn is
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cationic like CAPs, it could activate ParRS in the same way a CAP would, by displacing Mg2+
cations and perturbing the OM (Zhang, et al., 2001). As well, recent data from our lab shows
that ParRS mediates the Zn induction of MexXY. Still, the exact mechanism for activation of
ParRS is not yet known, and so, how Zn activates this TCS remains a mystery.
As well as being necessary for Zn-promoted PMX resistance (Figure 24), arnB was found
to be constitutively upregulated in several PMX-resistant strains, derived from either K767 wt or
clinical strain K2153 wt (Figure 27), likely explaining their PMX resistance. Still, not all the
PMX-resistant strains showed upregulation of arnB. As it was possible that these strains were
utilizing another PMX resistance mechanism, they were tested for hyper-inducibility of arnB by
PMX, which was ruled out as a possible resistance mechanism. So far, the physiological
mechanism behind the PMX resistance in these strains has not been found; it is still possible that
a non-arn PMX resistance mechanism was being used, such as EptA-mediated LPS modification
by pEtN (Nowicki, et al., 2015).
In all three of the K767 strains with constitutively upregulated arnB (1-34, 1-35, and 1-39),
there was a mutation in parR changing a G to an A at position 466, which caused an amino acid
change from glutamic acid to lysine at amino acid 156. ParR mutations have been linked to
increases in arn expression (Muller, et al., 2011), which strongly suggests that this parR
mutation may be responsible for arnB upregulation in these mutants. We do not know whether
the mutations in strains 1-34, 1-35, and 1-39 occurred independently, or if the three mutant
strains are siblings that were derived from the same parent.
It is puzzling that although both TCSs (ParRS and PmrAB) seem to be involved in Znmediated PMX resistance frequency increases (Figure 25, Figure 30) only ParRS is involved in
the induction of arn by Zn (Figure 31), and only ParRS is absolutely required for the Zn-
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promoted increase in PMX resistance frequency. It seems possible that PmrAB is are not
actually involved in Zn-promoted PMX resistance development; the reasoning for this is
explained below. K767ΔpmrA (K2860) shows no change in PXB or COL MIC from wt K767 (1
µg/mL), while the MIC of K767ΔparR (K3206) is half that of the wt (0.5 µg/mL); this is
unexpected, given that both TCSs regulate PMX resistance mechanisms, their individual
absences would be expected to increase their PMX susceptibility. It is possible that the same
problem that made it difficult to show an MIC increase for plate-selected PMX resistant mutants,
is the same problem that affected K2860. Therefore it is possible that the K2860 mutant was, in
fact, slightly less PMX-resistant than wt but the difference did not manifest in liquid. It has been
shown that as the mutant-selecting concentration of PMX used in the agar plates increases
relative to the MIC for a given strain, the frequency of mutants deceases. For example, when
K767 wt is exposed to COL at 4, 6, or 8x the MIC, the fold change in resistance frequency shifts
from 25,000 (4x MIC), to 4,000 (6x MIC), to 67 (8x MIC) at 2 mM ZnCl2 (unpublished data).
This is why it is important to screen on a concentration of PMX equal to the same multiple of the
MIC for all strains. If this reasoning is true, then it is possible that the decrease in Zn-driven
PMX resistance frequency seen in K2860 actually results from the use of a higher relative PMX
concentration during the screening of PMX-resistant mutants, and would mean PmrAB is not
involved.
Overall, this study provides new evidence showing that week-long exposure to ZnCl2
enriches for strains of P. aeruginosa that are resistant to PMX antibiotics. This is important, as
elevated levels of Zn are found in diseases such as the CF lung (Smith, et al., 2014), as well as in
soil and water via contamination by mine waste (Esshaimi, et al., 2012) and agriculture (Seiler &
Berendonk, 2012). There is great potential for environmental strains to become clinically
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important, as bacteria from open water sources are readily transferred to humans (Goeminne, et
al., 2015).

4.1 Future Work
Going forward, given the limitations of assessing antibiotic susceptibility in liquid assay,
we will develop an antibiotic susceptibility test using PMX-supplemented agar plates instead of
the liquid antibiotic dilution assay. Having a reliable antibiotic susceptibility test is extremely
important for determining the correct concentration of PMX to use in experiments, and to
measure resistance levels accurately. In particular, this applies to measuring the resistance levels
of K767ΔpmrA to determine if it is actually less resistant to PMXs. Failing this, it would mean
that PmrAB is actually involved in Zn-driven PMX resistance development.
Some of the PMX-resistant strains showed an upregulation of arnB, but not all did (Figure
27). In order to determine what PMX resistance mechanisms are active in these PMX-resistant
strains other than arn, we will assess the involvement of EptA and/or CprA by measuring the
transcription levels of their genes. Transcription of cprA will be assessed only in K2153-derived
strains, as K767 does not contain functional cprA. Transcription of eptA will be assessed in both
K2153- and K767-derived strains.
As modification of the LPS is mostly responsible for PMX resistance, changes in LPS
structure will be assessed to determine exactly which LPS modifications are taking place in
PMX-resistant strains of P. aeruginosa. Although we have found that arnB is upregulated in
PMX-resistant strains (Figure 27), this does not indicate the exact structure of the LPS, nor does
it indicate if any other LPS modifications have occurred. Assessing the LPS structure of PMX-
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resistant strains compared to wt strains could provide more information on their resistance
mechanisms.
Although the 3 strains of K767-derived, PMX-resistant P. aeruginosa that had a parR
mutation also showed the highest constitutive levels of arnB expression (1-34, 1-35, and 1-39)
(Figure 27), the association between this parR mutation and increased arnB expression is only
correlative. In order to assess whether the point mutation in parR is truly the cause of arnB
upregulation and PMX resistance, we will perform site directed mutagenesis to create the same
parR mutation in a wt strain and assess its arnB expression levels and PMX resistance.
Currently, it is unknown whether the systems driving the increase in Zn-induced PMX
resistance frequency in clinical strain K2153 are the same as lab strain K767, or are entirely
different, as only K767 mutants have been assessed. In future work we will create knockout
mutants of parR, colR, pmrA, and arnB in K2153 to assess the involvement of these genes in the
Zn-induced PMX resistance frequency response, as it may differ from K767.
Finally, full genome sequencing of PMX-resistant strains will be performed to screen for
any known PMX resistance mutations. This will be done to find any mutations that may have
been overlooked by previous sequencing.
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