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Abstract

Geochemical cycling and industrial pollution have made toxic metals a pervasive
environmental pressure throughout the world. Growth in a biofilm, which is the
attachment and proliferation of microorganisms at a surface, is a strategy which microbes
may use to survive a toxic flux in these inorganic compounds. This research has focused
on identifying the reasons why biofilms are less susceptible to metal toxicity than free-
swimming planktonic microbes.

During this research, I have developed a simple, high-throughput technology for
metal susceptibility testing, in situ microscopy and three-dimensional visualization of
microbial biofilms using the Calgary Biofilm Device. By using this technique, it was
possible to perform combinatorial experiments to examine the effects of exposure times,
growth conditions and gene deletion on the susceptibility of bacterial and fungal biofilms
to arrays of toxic metals and other antimicrobial agents. This approach identified several
genetic, cellular and biochemical processes that may contribute to biofilm “multimetal
resistance” and “multimetal tolerance.” In conjunction with evidence from the literature,
I have assembled these processes into a multifactorial model that I have split into seven
components based on mechanism:

1. Chemical and metabolic gradation in the biofilm introduced by structured population
growth.

2. Cell-cell signaling events (via small “messenger” molecules) that contribute to the
biofilm lifestyle.

3. Metal-ion immobilization by adsorption to biomass.

4. Bioinorganic reactions of metal ions with microbial metabolites.

5. Adaptive responses of the biofilm that may change the physiology of some cells to a
metal resistant or tolerant state.

6. Metabolically quiescent cells, termed persister cells, which do not grow, yet do not
die on exposure to metal ions.

7. Genetic rearrangements or mutations that produce variant phenotypes in the
population.

My assessment of the available evidence suggests that the reduced susceptibility of

biofilms to toxic metals is linked to a natural process of cellular diversification that is

il



ongoing within the microbial population. This model is a conceptual step towards
understanding biofilms as a population strategy for microbial survival during exposure to

toxic stressors in a diverse range of natural, industrial and clinical settings.
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Chapter One: Microbial biofilms and antimicrobial susceptibility

1.1 An introduction to biofilms

Over the past 40 years, an increased understanding of microbial biofilms has
driven a revolution that now more than ever is transforming the science of microbiology
(15, 92, 108). In contrast to the long-accepted belief that microbes live as solitary
entities, biofilms are now regarded as a prominent mode of microbial life in nature and in
disease (92). Biofilm' formation is a part of the ecological cycle for the vast majority of
microbes and is generally thought to involve a series of coordinated developmental (242)
and/or social behaviours” (184) (Figure 1.1). The salient features of this microbiological
process are briefly summarized here.

Biofilm formation begins when microbes attach to a surface, an event that sets in
motion a series of temporal and spatial shifts in cellular gene expression that continue as
the surface-adherent organisms proliferate (215, 228, 242, 275) (Figure 1.1). This
continuum of phenotypic changes results in a heterogeneous microbial consortium that is
physiologically and genetically diverse (237). A mature biofilm is highly structured,
irregularly organized, and intermingled with a network of fluid-filled channels (92). The
microscopic architecture of a biofilm may include cell layers, clumps and ridges, or even
more complex microcolonies that are arranged into stalks or mushroom-like formations.
The residents in a biofilm may be a single species or a diverse group of microorganisms

distributed in various microniches. A prominent characteristic of biofilms is a hydrated

! A biofilm is conventionally defined as a surface-adherent assemblage of microorganisms that is encased
in a self-produced matrix of extracellular polymers. In the literature, the term “biofilm” has been used to
describe surface-adherent cells, pellicles, microbial mats, flocs, and colony growth on agar plates, which
are processes that undoubtedly produce distinct physiologies as these occur at different physical interfaces.
Furthermore, illustrations of the bacterial ecological cycle that describe biofilm growth, including the one
in this thesis, generally fail to consider the diverse range of complex, coordinated cellular behaviours in
which bacteria engage on surfaces, including swimming, swarming and twitching motilities. Although
beyond the scope of the present work, I would suggest that an expanded definition of “biofilm” should be
introduced and sub-divided into categories to distinguish between these different microbial behaviours.

2 At the present time, it is not possible to distinguish between developmental microbiology and
sociomicrobiology, as the field of microbiology does not have an adequate conceptual framework to
differentiate these ideas.
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Figure 1.1. Biofilms and planktonic cells are integrated parts of the microbial
ecological cycle. Formation of a biofilm may be viewed as a step-wise process that is
functionally analogous to the development of multicellular organisms. 1) Planktonic
cells may adsorb to surfaces. 2) This event triggers a physiological change in which the
bacteria become irreversibly attached to the substratum, usually through the production of
an extracellular matrix. 3) These surface-adherent bacteria grow and divide to form 4)
mature microcolony structures. The behaviours, and therefore physiology, of cells in a
biofilm is controlled, in part, by the cell-to-cell signals that are part of quorum sensing
systems. 5) Various other small molecule signals may also cause dispersion of the
bacteria (i.e. shedding of planktonic cells from the biofilm into the environment) or 6)
may assist in recruiting different microbial species into the consortium. (This figure has

been reproduced by permission from Harrison et al. (2005) Am. Sci. 93, 508-515).



extracellular matrix (ECM) made of polysaccharides (34, 150, 210, 245), nucleic acids
(233, 274) and proteins (33, 34), which may also function to trap additional particulate
matter from the surrounding environment (92). It’s becoming increasingly clear that the
communal life offers microorganisms considerable advantages.

Mounting evidence indicates that biofilm microbes may undergo a process of cell
specialization that is functionally analogous to differentiation’ in multicellular organisms
(90, 152, 199, 228); therefore, microbial biofilm populations have emergent functions
that their counterparts — single planktonic-cells’ — lack. For instance, the physical
proximity of other cells favours synergistic interactions, even between members of
different species. These include the enhanced horizontal transfer of genetic material
between microbes (164), the sharing of metabolic by-products, shelter from changes in
the environment, active dispersal processes and protection from the immune system of an
infected host or from grazing predators (108). Most importantly, growth in a biofilm
modulates the susceptibility’ of microbes to antibiotics, hard-surface disinfectants and
toxic metal ions (26, 103, 105, 230, 250), a well known phenomenon that lies at the heart
of this thesis.

1.2 Biofilms are sanctuaries that protect microbes from antimicrobial agents

The decreased susceptibility of biofilms to antimicrobials — which occurs in the
absence of mobile genetic-resistance determinants (such as integrons, transposons and
plasmids) — depends on the nature of the biofilm organisms as well as the antimicrobial
agent and the environment, and thus is very complicated. Unsurprisingly, biofilm
antibiotic susceptibility has been the subject of intense research and lies at the heart of

several excellent reviews (80, 152, 203, 235, 236). By contrast, at the time this thesis

? Differentiation is a developmental process whereby a cell acquires a specialized gene expression profile
that produces a cellular morphology or function that is distinct from the original cell type. This process
may occur, to some extent, independently of exogenous input once initiated; however, in biofilm
microbiology, it is experimentally difficult to distinguish this from a response of cells to a heterogeneous
environment.

* Planktonic cells are microorganisms that grow primarily as free-floating, single cells in a liquid
suspension that is under constant mixing.
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research was initiated, the study of biofilm metal susceptibility had received relatively
little attention. Incredibly, this thesis research began with the question “Are biofilms less
susceptible to metal toxicity than planktonic bacteria?” Although the focus of this thesis
eventually shifted to “How are biofilms more resistant and tolerant to toxic metal ions
than planktonic bacteria?” the study of biofilms in metal-microbe interactions remains an
important area for research. Toxic metals present problems to biofilm communities that
are distinct from antibiotics because different metal species possess distinct chemistries
and function through diverse biochemical routes of toxicity. It is because of these
challenges that biofilm research involving metals is providing important clues to
understanding the altered susceptibility of biofilms to all types of toxic stressors. In fact,
biofilm formation might be a mode for co-selection of drug and metal resistance’ or
tolerance’.

There is now some recognition that antibiotic resistant bacteria may be
maintained in the environment through co- or cross-resistance to toxic metals or through
co-regulation of resistance pathways (11, 279). Biofilm induction might involve
regulatory processes that indirectly activate genetic and biochemical pathways that are
shared in the response of microbes to antibiotic and metal exposure (11). This may imply
that microbes exposed to metals in the environment or in clinical settings may form
biofilms that are simultaneously drug resistant and tolerant (11). As research involving
metals progresses, it is possible to elucidate mechanisms that might reduce the
susceptibility of biofilms to antibiotics. Conversely, this allows us to pull on the wealth
of information available for biofilm antibiotic susceptibility to provide insights into
biofilm metal resistance and tolerance. Thus, this thesis will begin where my research
did: looking to the literature for clues about the cellular and molecular mechanisms likely

responsible for the decreased susceptibility of biofilms to antibiotics.

> Susceptibility is the sensitivity of an organism to a toxic environmental stressor.
® Resistance is the ability of an organism to continue growing in the presence of an antimicrobial agent.
" Tolerance is the ability of an organism to survive, but not grow, in the presence of an antimicrobial agent.



1.3 The antibiotic resistance and tolerance of microbes in biofilms

Stewart and Costerton (236) were the first to propose that biofilms may rely on a
multicellular strategy to survive antibiotic exposure and pointed out several factors that
may contribute to biofilm drug resistance: metabolic heterogeneity resulting from
micronutrient and oxygen restriction, a biofilm-specific gene expression pattern (i.e.
distinct biofilm physiology), and restricted penetration of the antibiotic into the biofilm
matrix. By contrast, Spoering and Lewis (230) first proposed that the recalcitrance of
infectious biofilms to antibiotic therapy was due to the production of a specialized sub-
population of survivor cells termed ‘persisters.” Lastly, Drenkard and Ausubel (69)
demonstrated that antibiotic resistance and biofilm formation were linked to phenotypic
variation®.  Collectively, these reports suggested that the reduced susceptibility of
biofilms to antibiotics is a multifactorial process with many interacting components.
Below follows a brief elaboration on each of these components in the recalcitrance of
bacterial biofilms to antibiotic treatments, and these reports have served as the starting
point for the multifactorial model presented in the final chapter of this thesis describing

biofilm susceptibility to toxic metal ions.

1.3.1 Metabolic and chemical gradients in biofilms

There are many elegant studies showing metabolic gradients within solid-surface-
attached biofilms, a stratification that is correlated to the restricted diffusion of nutrients,
O, and metabolites throughout the community (121, 273, 281). This results in non-
uniform distributions in extracellular pH and redox poise (123, 198) and also restricts
microbial growth rates in certain portions of the biofilm (204); therefore, biofilm
microbes can possess very different physiological states, even when separated by as little

as 10 um (280). In Pseudomonas aeruginosa biofilms that are >100 pum thick, the cells

¥ Phenotypic variation is a process in which the colony morphology of a microbial strain grown on agar
medium is somehow changed in comparison to a reference strain independently of genetic change. This
should be distinguished from genotypic variation, where a phenotypic change might result from site-
specific genetic rearrangement or random mutation.
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nearest to the substratum are in anoxic zones and are slow-growing, which itself leads to
an intrinsic tolerance to killing by antibiotics relative to the aerobic fast-growers in the
outer biofilm layers (31, 270). It is also possible that changes in pH or accumulation of
metabolic wastes in certain regions of the biofilm may antagonise the action of
antibiotics. In the case of the latter, inhibitive waste metabolites may cause bacteria to
enter non-growing states that are not susceptible to killing (236). However, it is
important to note that mature biofilm structure is likely only one contributing factor to
biofilm antibiotic susceptibility.

Immature biofilms that consist of little more than adherent layers of cells as well
as those in the early stages of growth possess elevated resistance to antibiotics relative to
planktonic cells. For example, biofilms of Candida albicans and Candida tropicalis form
thin layers of cells (scantily clad with extracellular polymers) in microtitre plates as well
as on the polystyrene surface of the Calgary Biofilm Device (CBD) (101, 103, 147).
However, C. tropicalis and C. albicans biofilms are highly resistant and/or tolerant to
antifungals (103, 106, 147). Consistent with these observations, Lafleur et al. (147) have
suggested that surface attachment may trigger the physiological transition to a multidrug
and resistant and/or tolerant state for Candida spp. Myself and others have made similar
observations for the antibiotic susceptibility of bacterial biofilm systems, including P.
aeruginosa (59) and Escherichia coli (96).

To summarize, microbial biofilms that lack complex three-dimensional structures
still have reduced susceptibility to antibiotics, indicating that population structure (and
the associated metabolic heterogeneity) is only one contributing factor to reducing
susceptibility to antimicrobials. Another set of processes required for structured biofilm

growth are the extracellular signalling pathways used by biofilm microorganisms.

1.3.2 Distinct patterns of gene expression in biofilm cells

We are just beginning to appreciate the importance of signalling processes in
biofilm development (136, 184). One prominent signal system that probably has a role in
biofilm susceptibility to antimicrobial toxicity is extracellular signalling via quorum

sensing (QS) systems. There have been many recent studies examining the role of QS in
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bacterial biofilms, and there remains little doubt that under certain conditions it is a
contributing factor to the mature biofilm lifestyle (52, 146, 272, 283). QS signals may
also accumulate in certain regions of biofilms, which means that these intercellular cues
may affect cells in different regions of the biofilm in different ways (117, 135). Biofilms
of QS-deficient mutants of P. aeruginosa are hypersensitive to killing by
aminoglycosides and hydrogen peroxide (H,O,) (26). In both biofilm and planktonic
cultures, QS-systems cause sweeping changes in global gene expression (18, 220, 269);
however, in relation to biofilm antimicrobial tolerance, it is important to note that cellular
defence machinery may be upregulated by these systems. For example, three known QS-
regulated genes upregulated during P. aeruginosa biofilm formation are manganese-
cofactored superoxide dismutase (sodA), iron-cofactored superoxide dismutase (sodB)
and catalase (kat4) (109). Hypothetically, since many bactericidal antibiotics that target
different cellular pathways kill cells by a common mechanism — through the production
of reactive oxygen species (ROS) (72) — it may be that heightened expression of these
enzymes in biofilms may play a role in abrogating cell death. One of the other ways
signalling events might contribute to drug resistance and tolerance is by regulating

synthesis of ECM components (136) that facilitate biosorption.

1.3.3 Restricted diffusion of antibiotics into biofilms

Certain antibiotics, as well as other antimicrobials, fail to penetrate beyond the
surface layers of the biofilm (145, 223). For example, the positively charged
aminoglycosides, such as tobramycin and gentamicin, bind to negatively charged ECM
constituents, and thus do not penetrate P. aeruginosa biofilms (145, 223). Similarly,
secreted catalase and [B-lactamase protect biofilm cells by breaking down hydrogen
peroxide (239) and B-lactam antibiotics (6), respectively, thereby preventing full
penetration of these agents into the biofilm. Other components of biofilm matrices are
extracellular membrane vesicles, which may also bind to and sequester aminoglycosides
(218).

More recently, it has been suggested that changes in the fluid viscosity

experienced by bacteria, which would result from growth in an ECM, may also contribute
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to population physiological changes that increase antibiotic tolerance (141). In addition
to sequestration in the ECM, it is also possible that antibiotics may be sequestered in the
bacterial periplasm. Mah et al. (161) have identified that the P. aeruginosa gene ndvB,
which does not affect mature biofilm structure when inactivated by mutation, is required
for the synthesis of periplasmic glucans that are involved in the high level resistance of
biofilms to multiple classes of antibiotics. Periplasmic glucans may directly interact with
antibiotics thereby preventing these compounds from reaching their sites of action.

In the field of biofilm research, there has been intense interest in intracellular
signalling by the bacterial second messenger bis-(3°—5")cyclic dimeric guanosine
monophosphate (c-di-GMP). Recent studies suggest that c-di-GMP is ubiquitously
produced in bacterial taxa and that it regulates physiology and many coordinated
activities of microbial communities, such as virulence-factor expression and biofilm
formation (208). The GGDEF and EAL protein domains (which correspond to
diguanylate cyclases and phosphodiesterases, respectively) are responsible for the
synthesis and degradation of c-di-GMP, respectively. There is a correlation between
antibiotic resistance, phenotypic variation and c-di-GMP signalling (mediated by the
EAL-domain protein PvrR) that has been recently established for P. aeruginosa PA14
(69). Although there are several different proteins in P. aeruginosa that mediate c-di-
GMP signalling, this second messenger is likely involved in drug resistance through
regulation of extracellular polymer production, which would likely alter the adsorption
properties of the ECM. It is important to note that colony morphology variants, which
are frequently recovered after microbial growth in biofilms (30), produce extracellular
polymers of different quantity and character than the original inoculating strain (110,
134) (discussed in Section /.3.5).

Here I will emphasize that restricted diffusion cannot solely account for the
reduced susceptibility of biofilms to antibiotics. Measurements of antibiotic penetration
into biofilms in vitro have shown that the f-lactam antibiotics piperacillin and imipenem
rapidly penetrate P. aeruginosa biofilms that are otherwise highly tolerant to killing by
these drugs. Similarly, P. aeruginosa biofilms that are relatively thin (10-20 um) are also

highly tolerant to killing by ciprofloxacin, a fluoroquinolone antibiotic that also rapidly
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penetrates the biofilm ECM. Furthermore, colistin, a cyclic cationic antimicrobial
peptide, as well as the anionic detergent sodium dodecyl sulphate (90), kill established P.
aeruginosa biofilm cells in the interior regions of microcolonies before those in the outer
layers (128). It is also interesting to note that cells in C. tropicalis biofilms surviving
exposure to the antifungal amphotericin B seem to be randomly interspersed in the
population (103, 106). The spatial patterns of killing deduced from these studies indicate
that, although restricted penetration of antimicrobials by biosorption is an important
component to reduced biofilm susceptibility to toxic stressors, this phenomenon is not the
only mechanism of resistance — otherwise biofilms would always die from the outside
in, and not from the inside out. Collectively, the killing kinetics of microbial populations
by agents that rapidly penetrate biofilms as well as the spatial patterns of biofilm killing
discussed here indicate that there may be specific cell types that may withstand the action

of antimicrobials.

1.3.4 Persister cells

Single species populations that consist of Gram-positive and Gram-negative
bacteria, as well as C. albicans (97, 105, 147, 152), produce subpopulations of
specialized cells, termed persister cells, that may survive exposure to high concentrations
of bactericidal antibiotics (25, 130, 153, 230, 235). Typically, persister cell
subpopulations represent 0.1% or less of the bacterial population (168, 230), although in
biofilms it has been estimated to be as high as 10% (230); therefore, this might account
for the remarkable antimicrobial tolerance of bacteria growing on a surface (130, 153,
230). Although first reported in the literature during the 1940’s (25), this particular
mechanism of antimicrobial tolerance is currently subject to much controversy and has
generated appreciable attention over the past several years. At the molecular level,
persister cells have only begun to be characterized for E. coli, and this topic is briefly
reviewed here.

E. coli persister cells are associated with a slow-growth, metabolically quiescent
phenotype that may be identified using microscopy prior to antibiotic exposure (12).

This suggests that persister cells pre-exist in a population and that they are not produced



10

in response to antibiotics (12, 130). At the population level, persister cells give rise to
hallmark biphasic population killing kinetics that are either time-dependent (12, 130,
243) or concentration-dependent (35). Furthermore, persister cells may seed a new
bacterial culture with normal susceptibility once the antibiotic is removed (105, 130).
This latter observation may account for the recalcitrant nature of biofilm diseases
encountered in medicine, where acute infections may return once chemotherapy is ceased
(56, 67, 80, 92, 194).

There are now numerous reports that have demonstrated a genetic basis for
bacterial persistence (28, 29, 131, 139, 154, 167, 168, 216). In E. coli, the proportion of
persisters in the bacterial population is controlled by the high persistence (4ip) operon
(28, 29, 139, 167, 168) as well as by other toxin-antitoxin (TA) modules (J. J. Harrison,
S. A. Aikerman, W. D. Wade, H. Ceri and R. J. Turner, unpublished data). There is some
controversy surrounding the TA model of persister cell formation, as unrelated proteins
expressed at toxic levels, such as PmrC and Dnal, also lead to an increased proportion of
persisters in E. coli populations (265). By contrast, recent evidence suggests that PhoU
(154), a negative regulator of phosphate metabolism, as well as glpABC, glpD and plsB
(231), which are involved in glycerol-3-phosphate metabolism, may also play a role in
persister cell formation. In contrast to these findings, it is also important to note that a
recent mathematical model has predicted that persisters may accumulate in regions of
substrate limitation within the biofilm (207). Furthermore, Klapper et al. (137) have
recently proposed that cellular senescence — the deterioration of a microorganism that is
associated with advanced age and whereby it loses the ability to divide — may also
explain bacterial persistence. Nonetheless, since the majority of research has examined
the TA model of persistence, the research described in this thesis will focus on TA
mediated mechanisms.

In E. coli, the hip operon encodes two genes (hipBA) that are postulated to
comprise a TA module; this is based on the homology of #ipBA with a plasmid addiction
system harbored by the symibiotic Rhizobium plasmid pNGR234a (74). In this system,
hipA encodes a toxic serine kinase (54), whereas hipB encodes a DNA binding protein

that autoregulates expression of the Aip operon. HipB also binds to HipA to nullify its
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toxicity, which is a characteristic of all known TA modules (139). The hipA7 allele is a
gain-of-function mutation known to mediate up to a 1000-fold increase in the number of
persisters produced by E. coli (139, 167, 168). Since the hipA7 mediated high persistence
phenotype is abolished in a Areld AspoT background, Korch and colleagues (139)
postulated that (p)ppGpp synthesis may govern the ‘persistent’ physiological state.

It is well known that the bacterial stringent response is also governed by
(p)ppGpp synthesis. To date, the stringent response plays an unidentified role in the
production of persisters. However, it is known that stringent response regulated genes
play an important role in E. coli biofilm formation (13), entry into stationary phase, and
bacterial adaptation to nutrient limitation and oxidative stress (45). The persistent
response of Aip mutants not only reduces cell death due to antibiotic exposure, but also
reduces the lethality of heat shock (216) and metabolic block (i.e. starvation for
diaminopimelic acid) (168).

Interestingly, deletion of the hipBA operon does not have an effect on the ability
of E. coli to form persisters in logarithmic-growing planktonic cultures (28). However,
AhipBA mutants produce a smaller portion of persisters in stationary-phase cultures
(131), which are also more tolerant to antibiotics than logarithmically growing cultures
(230). Overexpression of hipA is correlated to joint tolerance of E. coli to B-lactam and
fluoroquinolone antibiotics (73). Interestingly, MazF and another unrelated toxin, RelE,
may also act as attenuators of the stringent response (50, 188). Keren et al. (131) have
recently demonstrated that relE is overexpressed in populations of E. coli cells that have
been enriched for persisters (131). RelE functions by cleaving mRNA on ribosomes,
thereby stalling translation (189). Ectopic overexpression of relE also results in an
increase in the number of persister cells in a bacterial population (131). Thus, toxin
modules, which reversibly block translation, may shut down potential antibiotic targets,
resulting in the persistent phenotype that is responsible for multidrug tolerance (131).
However, it still is possible to isolate other types of phenotypic variants from biofilm
populations, and as persister cells can only explain drug tolerance, there might be other

cell types that mediate biofilm resistance.
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1.3.5 Phenotypic variation is linked to biofilm formation and antibiotic resistance

It is frequently possible to recover colony morphology variants from biofilm
populations, many of which have altered phenotypic traits relative to the colonizing strain
(30, 59). For example, small colony variant (SCV) cells, which are typically superior at
forming biofilms and less motile than their progenitors, are often recovered from aged
biofilms of clinical and/or rhizosphere Pseudomonas spp. (110, 134, 263). In laboratory-
grown biofilms of P. aeruginosa, P. chlororaphis and P. fluorescens, SCVs occur at a
frequency in the population that is increased by exposure to certain antibiotics and H>O,
(59, 69). Drenkard and Ausubel (69) were the first to describe that the varying abilities
of colony morphology variants to form biofilms is linked to antibiotic resistance;
furthermore, these researchers established a link between this process and intracellular
signalling by c-di-GMP. Boles et al. (30) have shown that genotypic and phenotypic
diversity may be introduced into P. aeruginosa biofilm populations in a recA dependent
fashion. In their study, the phenotypic variants recovered from biofilms also showed
varying levels of resistance to H,O,. Although these ideas do not provide direct
experimental evidence for the insurance hypothesis’ (30), ecologists have long thought
that random mutations or site-specific genetic rearrangements might ensures population
survival, as some phenotypes or genotypes may be poised to survive environmental

insults that others may not.

1.3.6 A multifactorial model of biofilm multidrug resistance and tolerance

It is possible to bring these different mechanisms of antibiotic resistance and
tolerance together to qualitatively describe the reduced susceptibility of biofilms to
antibiotics using a multifactorial model (Figure 1.2). Collectively, the literature reviewed

here suggests that the extraordinary resilience of biofilms is linked to the remarkable

? In ecology, the insurance hypothesis states that biodiversity insures ecosystems against declines in their
functioning because many species provide greater guarantees that some will maintain functioning even if
others fail. Although the experiments of Boles et al. (30) may be flawed in their test of the insurance
hypothesis, this idea is a notable reference for future research.
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Figure 1.2. A multifactorial model of multidrug resistance and tolerance in
microbial biofilms. Biofilms derive their extraordinary resilience from several factors.
1) Bacteria near the center of a microcolony grow very slowly because they are exposed
to lower concentrations of oxygen and nutrients. They are thus spared the effects of
antibiotic drugs, which are much more effective against fast-growing cells. 2)
Intercellular signals can alter the physiology of the biofilm cells, causing members to
produce enzymes that are important for defence against toxic stresses. 3) The biofilm
matrix is negatively charged and so binds to positively charged antimicrobials, preventing
them from reaching the cells within the microcolony. 4) Specialized populations of
persister cells (4) do not grow in the presence of an antibiotic, but neither do they die. 5)
Finally, population diversity (5), genetic as well as physiological, acts as an “insurance
policy,” improving the chance that some cells will survive any challenge. (This figure has

been reproduced by permission from Harrison et al. (2005) Am. Sci. 93, 508-515).
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heterogeneity of microbes growing in these communities. Microbial biofilm populations,
therefore, may be poised to survive fluxes in bactericidal antibiotics because there are
diverse cell types in biofilms that might additionally function to protect each other. It is
the specific hypothesis of this thesis that many of the cellular, chemical and biological
mechanisms at work in this model may also explain the recalcitrance of biofilms towards

toxic metal species (discussed in Section 1.6 of this thesis).

1.4 Biofilms and metal-microbe interactions

In this thesis I will use the collective term ‘metal’ to denote inorganic ions
containing elements from the alkali earth metals, transition metals, semi-metals and
metalloids, as well as the lanthanides and actinides. Biofilm multimetal resistance
(MMR) and multimetal tolerance (MMT) — which I have named after the corresponding
terms used in clinical antibiotic-susceptibility testing for multidrug resistance (MDR) and
multidrug tolerance (MDT), respectively — are rapidly gaining interest in the scientific
community. This is in part due to the renewed use of metals such as Cu, Ag, Bi, and Ga
as anti-infectives in clinical settings, but above all, the United States government has
made a recent $100 billion pledge to support remediation of the >30000 sites
contaminated by metals from American industrial activity. According to the United
States Agency for Toxic Substances and Disease Registry (ASTDR), the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA) 2005 Priority List
names As, Pb, Hg and Cd as four of the “Top 10° most prevalent environmental toxins

hazardous to public health (http://www.atsdr.cdc.gov/cercla/O5list.html). A European

Commission on heavy metals in waste similarly identified these compounds but
highlighted Cr as the most widespread toxic heavy-metal pollutant in the European Union
(116). Microbial biofilms, natural or engineered, may be used to remediate heavy-metal
pollution through biochemical modification and/or accumulation of toxic metal ions (46,
64, 172, 226), which notably include the radioactive actinides as well as other
radionuclides (7). An understanding of metal toxicity in biofilms is crucial to the
successful design of bioreactors used for biomining (205), as well as those reactors used

for biodegrading organic contaminants that are frequently intermingled with metals
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(226). Moreover, this type of research may provide insights into the observed
vulnerabilities, physiological shifts and species changes of natural aquatic biofilm

communities exposed to toxic heavy metals (149, 268).

1.5 Biochemical mechanisms of metal toxicity

A necessary first step towards understanding the susceptibility of biofilms to metals
is to understand the mechanisms through which metals are toxic to microbial cells. Many
metal ions may exert toxicity on biological systems through multiple biochemical
pathways simultaneously; here, I have broken these reactions into five mechanistic
categories (Figure 1.3). First is substitutive metal-ligand binding, in which one metal ion
may replace another at the binding site of a specific biomolecule, thereby altering or
destroying the biological function of the target molecule (175). Second is covalent and
ionic reduction—oxidation (redox) reactions of metal ions with cellular thiols (R-SH)
(241, 284), in particular glutathione (GSH) (257). It is worth noting that the Painter-type
reaction of thiols with metal oxyanions, such as Se and Te oxyanions (SeO42', SeO32',
TeO,” and TeO;”), may liberate the toxic reactive oxygen species (ROS) superoxide
(0,7) as a by-product of reduction (132, 255). The third category involves the
participation of transition metals (such as Cu and Fe) in Fenton-type reactions to produce
ROS, such as hydrogen peroxide (H»O,), hydroxyl radicals (OH"), and O," (82, 124,
241). In general, ROS are transient and highly reactive compounds that can damage all
biological macromolecules (191). The fourth category involves interference with
membrane-transport processes, in which a toxic metal species may competitively inhibit a
specific membrane transporter by occupying binding sites or by using and/or interfering
with membrane potential that is normally reserved for an essential substrate (77). The
fifth category involves the indirect siphoning of electrons from the respiratory chain
through thiol-disulfide oxidoreductases (32), thereby destroying the proton motive force
of the cell membrane (157).
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Figure 1.3. Biochemical mechanisms of microbiological metal toxicity. Metal species
exert toxicity through numerous biochemical pathways that may be broken into five
mechanistic categories. Examples and/or general mechanisms of biological metal
toxicity have been illustrated here, and this is not intended to be an exhaustive list. 1)
Toxic metal species may bind to proteins in lieu of essential inorganic ions, altering the
biological function of the target molecule. An example is the replacement of Ni for Mg
in some redox active metalloproteins or in DNA, which destroys their function and/or
may lead to DNA damage, respectively (175). 2) Toxic metal species may participate in
an array of reactions with thiols and disulfides, destroying the biological function of
proteins containing sensitive sulfur groups (241, 284). These reactions frequently require
and produce reactive oxygen species (ROS), which are by-products of normal
metabolism (241). Thiol groups are often involved in the binding of substrates to specific
carriers and this transport mechanism may be impaired by toxic metal species.
Destruction of sensitive thiol groups on nascent proteins by metal species may also
impair protein folding or the binding of apoenzymes by cofactors, thereby destroying the
normal biological activity of the protein (175). 3) Certain transition metals may
participate in catalytic reactions, known as Fenton-type reactions, that produce ROS
(241). Collectively, these reactions place the cell in a state of oxidative stress, and
increased levels of ROS damage DNA, lipids and proteins through a variety of
biochemical routes (82). 4) Toxic metal species must gain entry into cells through
transporters or by binding lipophilic carriers, as cell membranes are otherwise non-
permeable to these compounds (77). Transporter-mediated uptake of toxic metal species
might interfere with normal transport of essential substrates through competitive
inhibition; furthermore, this transport process is associated with an energetic cost from
the proton motive force (PMF) or ATP pool (77). 5) Recent evidence suggests that some
metal oxyanions may be reduced by the oxidoreductase DsbB, which draws electrons
from the bacterial transport chain through the quinone pool (32). In effect, certain toxic
metal species may starve microbial cells by indirectly siphoning electrons from the
respiratory chain (157). The reactions illustrated above and below the dotted line occur

through normal metabolic processes and in cases of metal poisoning, respectively. The



18

formation of ROS that damage DNA, proteins and lipids occur in both circumstances;
however, the production of ROS is enhanced during metal poisoning which may mediate
additional cellular damage. (This figure has been reproduced by permission from

Harrison et al. (2007) Nat. Rev. Microbiol. 5:928-938).
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The susceptibility of microbes to toxic metal species may be linked to several metal-ion-
specific physicochemical parameters; these include standard reduction potential'® (AEy),
electronegativity'!, the solubility product of the metal-sulfide complex'? (pKsp), the
Pearson softness index', electron density14 and the covalent index'” (177, 277) (Figure
1.4). Since the correlations are different for biofilms and planktonic cells, these trends
indicate that the chemical mechanisms of toxicity may be different between the two
modes of growth (277). In other words, this suggests that biofilms may reduce metal
toxicity by altering their physiology to protect the sensitive chemical targets of the
reactive metal species. So how is it that biofilms are less susceptible to metal toxicity
than exponentially growing planktonic cell populations, and what are the biofilm cellular
and biochemical factors that specifically counter the toxic effects of certain metal-ion

physicochemical parameters?

1.6 Scope of this thesis

It is specifically hypothesized that, similar to the case of biofilm antibiotic
susceptibility, the mechanism of multimetal resistance and tolerance in microbial
biofilms is multifactorial and may be linked to the distinct physiologies of multiple cell
types in biofilm populations. That is to say that no single molecular or genetic
mechanism is responsible for the reduced susceptibility of biofilms to toxic metal ions,
but rather that it is a combination of several factors, or components, that protect the
surface-adherent population. To test this hypothesis, this thesis research was carried out

according to a list of specific goals (Section 1.6.1). By integrating reports available in the

1 Standard reduction potential (AE,) is the tendency of a chemical species to acquire electrons from a
standard hydrogen electrode at 25 °C, 1 atm, and at a concentration of 1 M (measured in Volts, V).

' Electronegativity (x) is the ability of an atom, as part of a molecule, to attract electrons towards itself.
2 1n a biological context, the solubility product of the metal-sulfide complex (pKgp) is the measure of a
metal ion’s affinity for sulfur.

1 A scale based on the theory of hard and soft acids and bases. From the viewpoint of biological donor
sites, hard ions prefer to bind O or N, soft ions prefer S and borderline ions will bind to O, N or S.

' Electron density is the probability of an electron being present in a specific location in an atom or
molecule.

" The covalent index reflects the ability of an atom to participate in covalent as opposed to ionic bonds.
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Figure 1.4. Correlation of metal-ion physicochemistry to planktonic-cell and biofilm
susceptibility. Nies (177) was the first to describe that bacterial metal cation minimum
inhibitory concentration (MIC) values are correlated with solubility constants of the
corresponding metal-sulphide complexes (pKsp). A similar correlation may be made for
other ion-specific physicochemical parameters as well as for minimum bactericidal
concentrations for planktonic-cells (MBC,) and biofilms (MBCy) (277). Here, I have
taken previously published Escherichia coli JM109 biofilm and planktonic-cell
susceptibility data (from two-hour exposures using the Calgary Biofilm Device, which
was data generated during this thesis research) (97, 104) and plotted these values against
standard reduction potential (AEy) (A) and pKsp (B). An important trend that emerges
from linear-regression analysis is the increased slope and decreased y-intercept values of
MIC and MBC, values relative to MBC,, values; in other words, the line that best fits
biofilm killing trends is up to 100-fold above the best-fit line that describes planktonic-
cell growth inhibition and survival. This implies that biofilms have a capacity to protect
the cellular targets of metal-ion toxicity, in this case shielding cells from redox reactions
involved in planktonic-cell killing. (This figure has been reproduced by permission from

Harrison et al. (2007) Nature Reviews Microbiology 5:928-938).
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scientific literature with the data collected during this thesis research, I have assembled
the known cellular and biochemical processes that may contribute to biofilm MMR and
MMT into a single, qualitative, multifactorial model. These processes include metabolic
heterogeneity introduced by structured population growth, extracellular signalling events
that contribute to the biofilm lifestyle, metal-ion immobilization by biosorption,
bioinorganic reactions of metal ions with microbial metabolites, adaptive stress
responses, persister cells, and genetic rearrangements or mutations that produce variants.
My assessment of the available evidence suggests that the reduced susceptibility of
biofilms to toxic metals is linked to a natural process of physiological diversification that
is ongoing within the biofilm population. The model that I propose in the final chapter of
this thesis is a conceptual step towards understanding biofilms as a population strategy
for survival during exposure to toxic stressors in a diverse range of natural, industrial and

clinical settings.

1.6.1 Specific goals of this research

e To develop a high-throughput (HTP) technique for determining the susceptibility of
biofilms to toxic metal species using the Calgary Biofilm Device (CBD). The aim
is to develop a method that will allow for the quantitative determination of cell
survival rates and killing kinetics of microbial populations exposed to metal ions
(Chapter Two).

e To develop techniques for microscopy and three-dimensional visualization of
microbial biofilms cultivated in the CBD (Chapter Two).

e To determine if persister cells may contribute to multimetal tolerance in P.
aeruginosa (Chapter Three) and to test if this might be linked to chromosomal
toxin-antitoxin genes in E. coli (Chapter Four).

e To determine if phenotypic variation is linked to multimetal resistance (or tolerance)

and biofilm formation (Chapter Five).
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e To compare the planktonic and biofilm susceptibility of Candida tropicalis and
Candida albicans to metal toxicity and to establish links between metal exposure
and cellular differentiation (Chapter Six).

e To evaluate the biochemical mechanisms of metal toxicity to bacterial cells,
particularly as it pertains to redox reactions (Chapter Seven).

e To determine if cellular enzymes responsible for defence against oxidative stress
might protect bacterial planktonic and biofilm populations from metal toxicity
(Chapter Seven).

e To conduct a literature review to build a conceptual model of biofilm multimetal

resistance and tolerance (Chapter Eight).

1.7 Contributions
1.7.1 Author’s contributions to this work and personal acknowledgements

I would like to extend my gratitude to Dr. Howard Ceri and Dr. Raymond J. Turner
for the privilege of a wonderful work environment in which these ideas could be
developed. My additional thanks go to Matthew L. Workentine and Dr. Michael F.
Hynes for providing many ideas, comments and constructive criticisms that have been

incorporated into my work over the years.

1.7.2 Relevant publications

Excerpts from this Chapter have been taken from Harrison et al. (2005) American
Scientist 93:508-515 and from Harrison et al. (2007) Nature Reviews Microbiology
5:928-938.
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Chapter Two: The Calgary Biofilm Device (CBD) - A simple technology for high-
throughput susceptibility assays and microscopy of microbial biofilms

2.1 Introduction

Determinations of the minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) — which are based on the ability of an antimicrobial
agent to inhibit planktonic population growth and to kill planktonic cells, respectively —
are the standard assays used by microbiologists for susceptibility testing'®. Although the
decreased susceptibility of biofilms to antibiotics has been well established, when this
thesis research was initiated, only a single study had shown that biofilms may withstand
concentrations of toxic metal ions that are 2- to 600-times greater than the planktonic
MIC' (250). Susceptibility comparisons of this sort have relied on the development of
new methods for biofilm cultivation, which include, for example, drip-flow systems, the
Center for Disease Control (CDC) biofilm reactor and the modified Robbin’s device — as
well as others. However, a common drawback to using these systems is the inability to
produce more than a few biofilm samples at one time. Furthermore, these continuous
culture systems are somewhat prone to contamination and leakage. It is likely because of
these reasons that very few studies have comparatively examined biofilm susceptibility to
metal ions relative to planktonic cell populations. This technological limitation is an

important matter to resolve.

'® The MIC is a measure of resistance and is defined as the lowest concentration of an antimicrobial
required to arrest the growth of a planktonic cell population in broth growth medium. By contrast, the
minimum bactericidal concentration (MBC) is a measure of tolerance. The Clinical Laboratory Standards
Institute (CLSI) defines the MBC as the concentration of a bactericidal agent required to kill 99.9% (or 3
logyo) of the cells in the bacterial population. The CLSI definition of the MBC may be inadequate for
examining the antimicrobial tolerance of bacterial populations, as it is frequently the case that an antibiotic
or toxic metal ion will rapidly kill >99.9% of the population and <0.1% of the bacteria will withstand the
same antimicrobial at very high concentrations. This will be discussed in later chapters of this thesis in the
context of persister cells.

' In the literature, these comparisons are frequently made between biofilm MBC values (a measure of cell
death) and planktonic MIC values (a measure of growth inhibition), which undoubtedly exaggerates the
differences in susceptibility between these two modes of growth. It is worth noting that there is no
commonly accepted measure of biofilm resistance that directly correlates to the planktonic MIC.
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A recently developed, high-throughput technology for biofilm cultivation is the
Calgary Biofilm Device (CBD, commercially available as the MBEC™ assay,

Innovotech Inc., Edmonton, Alberta, Canada, http://www.innovotech.ca) (40). This
batch culture method of biofilm cultivation can be used for biofilm and planktonic cell
susceptibility testing and may provide three internally consistent, comparative
measurements from a single apparatus: 1) the planktonic MIC, 2) the minimum
bactericidal concentration for planktonic cells (MBC,), and 3) the minimum bactericidal
concentration (MBC,) for biofilms. The CBD is not prone to contamination, since it is
manipulated in a laminar flow hood, and it is not prone to leakage, since it is sealed in a
fashion similar to a Petri dish.

In addition to evaluations of antimicrobial susceptibility, the microscopic features
of biofilm structure might also be important for understanding the physiology of these
systems, particularly in response to metal ions. For example, the three-dimensional (3D)
features of surface-adherent microbial communities may contribute to population
heterogeneity and consequently to emergent cellular phenotypes, such as the slow and
fast growing cell types arranged in metabolically stratified layers of thick P. aeruginosa
biofilms (281), the motile and wall cell phenotypes involved in the active dispersal of
biofilms (199), as well as yeast and hyphal cell morphotypes in biofilms of Candida spp.
(101, 144). Therefore, it may be invaluable to determine biofilm susceptibility to metal
toxicity while at the same time examining 3D biofilm structures. The specific aim of the
research described in this chapter is to develop the CBD technology so that it can be used
in such a fashion.

Here, I will detail several of the standard protocols that I have helped to develop for
high-throughput antibiotic and metal susceptibility testing, scanning electron microscopy
(SEM) and confocal laser scanning microscopy (CLSM) of biofilms grown in the CBD.
Furthermore, I will describe a procedure for the image processing of CLSM data stacks
using amira , a virtual reality tool, to create surface and/or volume rendered 3D
visualizations of biofilm microorganisms. The combination of microscopy with
microbial cultivation in the CBD — an apparatus that was designed for high-throughput

antimicrobial susceptibility testing — has allowed for the structure-function analysis of



25

biofilms under multivariate growth and exposure conditions throughout this thesis. In
this chapter I will show sample data and workflow schematics that illustrate key
experimental design concepts that have helped to position the CBD as a core technology
to study biofilm multimetal resistance and tolerance. Note that many of the examples
presented here are for illustrative purposes outside the scope of metal-microbe
interactions and it is my goal that this chapter may also serve as a “How to Guide” for

incoming students into the Biofilm Research Group.

2.2 Materials and methods
2.2.1 Microbial strains and culture media

Bacterial and fungal strains used in this chapter are summarized in Table 2.1. All
strains were stored in Micobank™ vials at -70°C as described by the manufacturer
(ProLab Diagnostics, Richmond Hill, ON, Canada). The following growth media were
used to culture these microorganisms as indicated throughout this thesis: trypticase soy
agar (TSA) and trypticase soy broth (TSB) (EMD Chemicals Inc., Gibbstown, NJ, USA);
Miller Luria-Bertani broth (LB, EMD Chemicals Inc.) or LB that was amended with
1.5% w/v granulated agar (LBA); King’s Broth (KB) that was prepared as previously
described (133) or KB that was amended with 1.5% w/v agar (KBA); minimal salts
vitamins glucose (MSVGQ) or pyruvate (MSVP) broth (250) and minimal salts dextrose
(MSD) broth (96), which were also prepared as previously described. MSD plus yeast
extract and casamino acids (MSD-YC) broth was prepared by enriching MSD with 2.0 g
L yeast extract and 1.0 g L™ casamino acids (Sigma-Aldrich, St. Louis, MO, USA).
Lastly, Roswell Park Memorial Institue (RPMI) medium 1640 with 5 mM L-glutamine
(Sigma-Aldrich, Oakville, ON, Canada) supplemented with 0.165 M 3-N-
morpholinopropanesulfonic acid (MOPS) and 2.0 g L' sodium bicarbonate (RQMB)
were used to grow Candida spp. as indicated (pH of 7.2 £+ 0.1). The incubation
temperatures required for microbial cultures varied from strain to strain and are indicated
in Table 1. All rinse steps were performed by using either 0.9% saline or phosphate
buffered saline (PBS; pH 7.4, 8.0 g NaCl, 200 mg KCl, 1.44 g Na,HPO,, and 240 mg
KH,POy4 per liter of double distilled water, ddH,0).
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Genus and species Strain Genotype or description Growth Medium' 2;%1)12:65?;1;; Source
Burkholderia cenocepacia K56-2 Environmental isolate MSD-YC/TSA 35/S (252)
Candida albicans 3153A Clinical isolate RQMB/TSA 35/ (147)
Candida tropicalis 99916 Clinical isolate, Foothills Hospital, Calgary, AB TSB/RQMB/TSA  35/S (103)
Escherichia coli CFT073 Urinary tract isolate, genome sequenced TSB/TSA 37/S (271)
M et s e R e
I A A o R @
DSS640 TG1 derivative; AtatABC; Kn' LB(A), MSD 35/R (211)
Pseudomonas aeruginosa ATCC 15442  Standard reference strain for biocide susceptibility testing LB(A) 35/S ATCC
ATCC 27853 g;?ggrd reference strain for antibiotic susceptibility LB(A), MSVP 35/R ATCC
PA14 Clinical isolate, genome sequenced TSB/TSA 35/S (201)
Pseudomonas chlororaphis PcO6 Environmental isolate KB/KA 20/S (200)
Pseudomonas fluorescens ATCC 13525 Environmental isolate LB(A) 27/S ATCC
Staphylococeus aureus ATCC 29213 Standard reference strain for antibiotic susceptibility LB(A) 35/R ATCC

testing

' Abbreviations for growth media: KB = King’s broth; KA = King’s agar; LB = Luria-Bertani broth; LBA = Luria-Bertani agar; MSD = minimal salts dextrose;
MSD-YC = minimal salts dextrose enriched with yeast extract and casamino acids; MSVP = minimal salts vitamins pyruvate; RQMB = RPMI supplemented
with glutamine and buffered with MOPS and sodium bicarbonate; TSA = tryptic soy agar; TSB = tryptic soy broth

*Denotes the incubation temperature and CBD assay format used: R = rocking table for trough format; S = gyrorotary shaker for microtiter plate format
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2.2.2 Biofilm cultivation using the Calgary Biofilm Device (CBD)

Bacterial biofilms were grown in the CBD as previously described by Ceri et al.
(39, 40); this method is summarized here and this device and the initial workflow are
illustrated in Figure 2.1. The lid of the CBD has 96 polystyrene pegs that point
downwards, and each peg bears an overall neutral electrostatic charge and has a surface
area of approximately 109 mm®. In this work, there were two formats of the CBD that
were routinely used to cultivate biofilms: the first method involved the use of a
corrugated trough (the MBEC™-High Throughput assay) (40), the second utilized a
microtiter plate (the MBEC™-Physiology and Genetics assay) (60). To begin, the
desired bacterial or fungal strain was streaked out twice on agar, and colonies were
suspended into fresh broth to match the optical density of a 1.0 McFarland standard'®.
For the bacterial strains, this corresponded to approximately 3.0 x 10° cfu mL™; for
Candida tropicalis this was approximately 3.0 x 10° cfu mL™ (as verified by viable cell
counts, see below). The cultures matching the optical standard were then diluted 30-fold
in the appropriate broth medium, which subsequently served as the inoculum for the
CBDs.

For the first format of this assay, 22 mL of the inoculum was transferred into the
trough and the peg lid was then fitted inside of this. The assembled CBD was then placed
on a rocking table (Bellco Biotechnology, Vineland, NJ, USA) at ~3.5 rocks per minute
in a humidified incubator. For the second method of biofilm cultivation, 150 pL of the
inoculum was added to each well of a 96-well microtiter plate. The peg lid was then
fitted inside of this and the assembled device was placed on a gyrorotary shaker at 75 to

150 revolutions per minute (rpm) in a humidified incubator. The cultivation method used

'8 The McFarland standard is used by the CLSI as a reference to adjust the turbidity of microbial
suspensions so that the number of microbes will be within a given range. This can be done by mixing
solutions of BaCl, and H,SO, together — at specific ratios — to generate BaSO, precipitates in ddH,O (for a
McFarland 1.0, it is 0.1 ml of 1.0% BaCl, and 9.9 ml of H,SO,). Alternatively, commercially prepared
suspensions, which contain latex particles, can be purchased from most suppliers. The McFarland standard
is compared visually to a suspension of microbes in saline. If the suspension is too turbid, it can be diluted
with more saline; conversely, if the suspension is not turbid enough, more bacteria can be added.
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Microtiter plate

Determine biofilm C
‘—

growth curve
Calibrate for growth  Alter growth
rates of microbes conditions
Test for equivalent
growth not equal
equal

High-throughput metal testing

Data analysis

Figure 2.1. An example workflow for cultivating biofilms in the Calgary Biofilm
Device (CBD). (A) A photograph of the CBD lid showing the 96 plastic pegs that (B) fit
into a corrugated trough or into a 96-well microtiter plate. (C) A typical workflow for
optimizing biofilm growth in the CBD might include calibrating the growth times of the
organisms so to produce biofilms of similar cell density (if desired). In all cases, the
biofilms are tested for equivalent cell densities, using one-way analysis of variance, with
data categorically arranged by the row of pegs in the device (see section 2.3.5). If this
test is passed, then it is possible to proceed with high-throughput testing, otherwise the

growth conditions are modified and this optimization process is repeated.
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for each bacterial or fungal strain is indicated in Table 2.1, and the method used was
chosen based on which approach gave the greatest biofilm cell density, with the
stipulation that the growth was statistically equivalent between the different rows of pegs
(see Section 2.3.5). Following the desired period of incubation, the biofilms were rinsed
by inserting the peg lids into microtiter plates with 200 pL of either 0.9% saline or PBS
in each well for ~1 min.

The rounded “tip” of each CBD peg extends approximately 6 mm into the growth
medium. Corresponding to this, the “air-liquid-surface interface” occurs approximately 7
mm above the tip after the inoculated device is agitated on a rocking table or gyrorotatry
shaker. Typically, the greatest biofilm growth occurs at the air-liquid-surface interface of
each peg, which also corresponds to the region of greatest shear force (R. J. Martinuzzi,

personal communication).

2.2.3 Surface modification of the CBD

To facilitate the growth of C. tropicalis 99916 on the surface of the CBD, the pegs
were coated with L-lysine to introduce an overall positive charge to the surface. This was
accomplished by immersing the pegs into a solution of 1.0% L-lysine for 1 h, then by
drying the peg lids upside down in a laminar flow hood for 30 min prior to use (103). In
the case of C. albicans, the CBD pegs were coated with a solution of 100% w/v
trichloroacetic acid (TCA), dried upside down in a laminar flow hood, and then treated
with ethylene oxide gas (Anprolene®, Anderson Products Inc, Oyster Bay, NY, USA).

In principle, this latter treatment may introduce an overall negative charge to the surface.

2.2.4 Viable cell counting

Viable cell counts were determined after biofilms had been rinsed (as described
above). Sample pegs were broken from the lid of the CBD using a pair of flamed pliers,
then inserted into 200 pL of 0.9% saline in the wells of microtiter plate (Figure 2.2 E).

Biofilms were disrupted from the peg surface using an Aquasonic 250HT ultrasonic
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cleaner (VWR International, Mississauga, ON, Canada) set at 60 Hz for 5 min'’. The
disrupted biofilm cells were serially diluted in either 0.9% saline or PBS, and then plated
onto the appropriate agar medium. Agar plates were incubated for up to 48 h at the
temperatures summarized in Table 2.1 and then enumerated. Viable cell counts for
planktonic cultures (for example, the starting inoculum) were similarly determined by
serial dilution in 0.9% saline or PBS, and then by plating onto agar as described for

biofilm cells.

2.2.5 Tests for equivalent biofilm growth

An important control for using the CBD as a research and development tool was to
test microorganisms grown in this assay system for equivalent biofilm formation across
the different rows of pegs on the lid of the device. This was accomplished by growing a
biofilm in the CBD as described in section 2.2.2 above. The biofilms were rinsed and
then disrupted by sonciation into neutralization medium (or a physiological saline
solution) and then plated for viable cell counting as described in section 2.2.4. A viable
cell count was obtained for 48 of the pegs in the device; typically, this included rows A to
H and columns 1 to 6. The biofilm cell density on each peg was determined by
enumerating spot plates after a suitable period of incubation. These values were logjo-
transformed and arranged into columns in a spreadsheet corresponding to rows in the
CBD assay. The viable cell counts were then analyzed using one-way analysis of
variance (ANOVA). Highly reproducible results from this assay were attained when
growth conditions were optimized to produce statistically equivalent biofilms (i.e. a p-
value >0.05 rejects the alternative hypothesis that the mean viable cell counts for each

row of pegs are non-equivalent).

1t is important to acknowledge the limitations of using sonication to recover biofilm cells for viable
counting. Sonication likely recovers cohesive clumps of cells as well as single cells from surfaces. Since
clumps and single cells would in principle each give 1 colony forming units (CFU), 1 CFU is directly
proportional, but not equal, to the number of viable cells. Nonetheless, the CFU will be the standard
measure of bacterial viability used throughout this Thesis.
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2.2.6 High-throughput susceptibility testing using the CBD
2.2.6.1 Stock solutions of metal compounds

Preparations of the metal compounds used throughout this thesis research are
summarized here. Sodium hydrogen arsenate (Na,HAsO,), silver nitrate (AgNOs3),
aluminum sulfate (Al,(SO4);018H,0), zinc sulfate (ZnSO4e7H,0), stannous chloride
(SnCl,#2H,0) and copper sulfate (CuSO4e5H,0) were obtained from Fisher Scientific
Company of Fairlawn, NJ, USA. Potassium dichromate (K,Cr,O7) was obtained from
J.T. Baker Chemical of Phillipsburg, NJ, USA. Sodium arsenite (NaAsQ,), nickel sulfate
(NiSO4e6H,0), lead nitrate (Pb(NOs),), mercuric chloride (HgCl,), sodium selenite
(NaSeOs), potassium tellurite (K,TeO;) and sodium tungstate (10 % w/v aqueous
solution Na,WQ,4) were obtained from Sigma Chemical Company of St. Louis, MO,
USA. Cadmium chloride (CdCl,e5/2H,0) was obtained from Terochem Laboratories of
Edmonton, AB, Canada, selenous acid (H,SeO;) from The British Drug Houses Limited
of Poole, England, manganous sulfate (MnSO4eH,0) from BDH Inc. of Toronto, ON,
Canada, potassium tellurate (K,TeO,) from Johnson Mathey Electronics of Ward Hill,
MA, USA and sodium molybdate (NaMO4) from Matheson Coleman and Bell of
Norwood, CA, USA. Reagent grade metal and metalloid salts were purchased for the
purposes of these studies to minimize the potential influence of contaminating, residual
metals.

All stock metal solutions, with the exception of Sn**, were made up in double-
distilled water at 5 times the highest concentration desired in the challenge plates. These
stock solutions were passed through a 0.22 um syringe filter into sterile glass vials and
stored at room temperature. As the exception, Sn*" was disolved in 50% ethanol and
stored in a sterile polypropylene tube and 10% ethanol was added to the growth controls
for Sn** assays. Stock solutions of Sn2+, Teof', and TeOQ,> were heated to 60°C to aid

with dissolution of these stock metal compounds.
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2.2.6.2 Biofilm metal susceptibility determinations

Susceptibility testing and exposure of biofilms to toxic metal ions is illustrated in Figure
2.2. Unless otherwise noted in this research, serial 2-fold dilutions of metal ions were
prepared in flat bottom 96-well microtiter plates (NuncBrand® cell culture treated
polystyrene plates, Nalge Nunc International, Rochester, NY, USA) with a final volume
of 200 pL (termed the ‘challenge plate’), allowing the first and last wells of each row to
serve as a sterility and growth control, respectively. Unless otherwise noted, the
challenge plates were incubated for the desired exposure time at the temperatures
indicated in Table 2.1 and at 95% relative humidity. After exposure, the peg lid was
removed and rinsed twice with 0.9% NaCl (or PBS) and the biofilm disrupted by
sonciation into the appropriate recovery medium (termed the ‘recovery plate’, see
section2.2.6.4). After removal of the peg lid, the challenge plate was covered with a new,
sterile lid to protect the planktonic cultures in the challenge plate wells (see Section
2.2.6.3 for details of planktonic cell susceptibility testing).

Twenty pL aliquots of the neutralized cultures containing the recovered biofilm
cells were spot plated onto the appropriate agar medium and incubated for up to 48 h to
allow for maximum recovery of surviving microbes. In this high-throughput approach,
MBC, values were determined by qualitatively scoring the spot plates for bacterial
growth. When possible, MBC,, values were redundantly determined by reading the ODgsg
of the recovery plates after 48 h incubation at 35 °C using a Thermomax® microtiter
plate reader with Softmax Pro® data analysis software (Molecular Devices, Sunnyvale,

CA, USA).

2.2.6.3 Planktonic cell susceptibility determinations

In the CBD assay system, planktonic cells shed from the surface of the biofilms
serve as the inoculum for a simultaneous determination of MIC and MBC, values. In this
regard, the CBD might represent the natural duality of the bacterial ecological cycle, and
as a model, this may reflect environmental conditions where the biofilm forms a
recalcitrant nidus of cells that may repopulate the surroundings after an exposure to a

toxic compound.
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Figure 2.2. An overview of the standard method for high-throughput metal
susceptibility testing of microbial biofilms using the CBD. (A) Frozen stocks of
bacteria were streaked out on the appropriate agar medium to obtain a first- and a
subsequent second-subculture. (B) Colonies were collected from second-subcultures and
suspended in broth medium to match a 1.0 McFarland Standard. (C) This suspension
was diluted 30-fold in broth, and the 1 in 30 dilution was used to inoculate the CBD. (D)
The inoculated device was placed on a rocking table in an incubator. As an alternative
approach, the 1 in 30 dilution of the 1.0 McFarland Standard was used to inoculate a
microtiter plate, which served as the bottom half of the CBD. This format of the device
was placed on a gyrorotary shaker (see section 2.2.2 for details). (E) Serial dilutions of
metal cations or oxyanions were set up along length of a microtiter plate (the challenge
plate). (F) The biofilms were rinsed to remove loosely adherent planktonic bacteria. (G)
The first peg from each row was removed. These pegs were used to verify growth of the
biofilms on the pegs. The peg lid was then inserted into the challenge plate. (H) During
exposure, metals diffused into the biofilm while planktonic cells were shed from the
surface of the biofilm. Sloughed cells serve as the inoculum for MIC and MBCp
determinations. (I) The exposed biofilms were rinsed twice and the peg lid was inserted
into fresh recovery medium containing the appropriate neutralizing agent (the recovery
plate). The biofilms were disrupted into the recovery medium by sonciation on a water
table sonicator. (J) Aliquots of planktonic cultures were transferred from the challenge
plate to a microtiter plate containing the appropriate neutralizing agents (the neutralizing
plate). (K) An aliquot from the recovery and neutralizing plates were spotted onto rich
agar media. (L) MIC values were determined by reading the optical density at 650 nm
(OD650) of the challenge plate after the desired period of incubation using a microtiter
plate reader. Spot plates were qualitatively scored for growth to obtain MBCp (denoted
as MBC) and MBCb values (which in some instances are also denoted as MBEC values
in the literature). MBCb values were redundantly determined by determining the OD650
of the recovery plates after incubation. (This figure has been reproduced from Harrison

et al. (2005) BMC Microbiology 5:53).
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Here, planktonic cultures from challenge plates were also treated with the
appropriate neutralizing agent (see section 2.2.6.4) and 25 pL aliquots of the neutralized
planktonic cultures were spot plated onto agar in a fashion similar to that described for
biofilms. MBC, values were determined by qualitatively scoring the spot plates for
bacterial growth. After a suitable period of incubation, planktonic MIC values were
determined by reading the optical density of the challenge plate at 650 nm (ODgso) using

a microtiter plate reader as described in section 2.2.6.2.

2.2.6.4 Neutralizing agents and recovery medium

To differentiate between the static and cidal actions of the tested metal ions, a two-
step neutralizing protocol was designed to reduce the residual toxicity of tested
compounds. First, the metal ion exposed cultures were treated with a chemical known to
chelate or to react with the tested compound. Second, neutralized cultures were plated
onto a rich agar medium. Ideally, this latter step might facilitate additional complexation
of metals with components of the medium (such as phosphates, sulfates, and amines) and
might also allow diffusion of the residual metal ions into the agar. Thus, the recovered
microbes were left on top of the agar medium to grow where there is a reduced
concentration of biologically available toxic metal species. There are several ways to
accomplish neutralization and the approach used by our research group has changed as
our use of this technique has improved. A list of agents used for the purpose of
neutralizing toxic metal ions appears in Table 2.2 and the rationale for using these
particular agents is summarized here.

The metal oxyanions were reacted with 5 mM reduced glutathione (GSH, Sigma
Chemical). GSH is used by the bacterial cell as a redox buffer to reductively eliminate a
diverse array of inorganic oxidants (9, 65), including SeOs> and TeO;” (257, 258), and
this is the basis for its use as a neutralizing agent here. Similarily, GSH was used to
counter the effects of Zn*", Co*", Pb*", Hg*", and Cd*" toxicity. Many metals are
postulated to exert toxicity through oxidative stress on the thiol (-SH) groups of proteins
and thus addition of GSH or L-cysteine may partially counteract this mechanism (100,

241). Sodium diethyldithiocarbamate (Na,DDTC) was used to chelate Ni*" and Cu®",
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which rapidly formed metal precipitates with this organic compound (87). Citrate was
used to coordinate Ag” (98) and Sn*" was complexed using the amino acid glycine (66).
It has been previously reported that 5-sulfosalicylic acid may be used as a chelator of
AP’ and Mn”" (88, 98, 163); however, as an improvement to this technique, we suggest
that crushed Asprin® might be used as an alternative. Salicylate derivatives can be toxic
to bacteria and the less soluble acetylated form may be employed with a wider range of
bacterial strains (J.J. Harrison, H. Ceri, and R.J. Turner, unpublished data).

Stock solutions of citrate (0.5 M), Na,DDTC (0.25M), GSH (0.25M),
acetylsalicylic acid (ASA, ~0.01 M), glycine (0.25 M), and L-cysteine (0.25 M) were
prepared in ddH,O and sterile filtered. With the exception of ASA, which was stored at
room temperature, all of these stocks were stored at —20 °C until use. Neutralizing agents
for biofilm cultures were added directly to the broth used in the recovery plates.
Neutralizing agents for the planktonic cultures were prepared at 5 times the desired
neutralizing concentration in 0.9% saline. Aliquots (10 pl) of the diluted stock solutions
were then added to the wells of a sterile 96-well plate (the neutralizing plate) to which
40 ul from each well of the challenge plate were added. The final concentration of
neutralizing agent used to treat the planktonic cultures was thus equal to that used to treat
the recovered biofilm cells.

In later studies, the individual neutralizing agents in the recovery medium were
replaced by a universal neutralizer (growth medium supplemented with 1% Tween-20,
2.0 g L' reduced glutathione, 1.0 g L™ L-histidine, and 1.0 g L™ L-cysteine). This latter
formulation is similar to that suggested for biocide susceptibility testing by the
Association of Official Analytical Chemists (AOAC) and its use is required by several
American regulatory agencies to demonstrate product label claims for novel hard-surface

disinfectants (Merle E. Olson, personal communication).
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Table 2.2. Potential neutralizing agents for the microbiological application of
inactivating toxic metal ions*

Metal species Neutralizing agent Recommended concentration' Reference(s)
All ions Universal neutralizer See section 2.2.6.4 AOAC
All oxyanions Glutathione 10 mM (257, 258)
AP, Mn*" Crushed acetylsalicylic acid ~ ~ 1-2 mM? (88, 163)
Glutathione 10 mM (98, 209)
Hg*', cd**
L-cysteine 10 mM (209)
Cu®, NiZ* Dicthyldithiocarbamic acid® 2 ™M (. col)upto SmM (P, 7
aeruginosa)
Sn** Glycine 10 mM (66)
Ag’ Sodium citrate 10 mM (98)
Zn*, Co*, Pb*" Glutathione 10 mM (105)

" This is the first part of a two-part strategy to reduce the in vitro toxicity of metals

! Unless otherwise noted, this is the maximum concentration tested and employed in the high-throughput
metal susceptibility testing method presented in this thesis.

2 Application is limited by the low solubility of salicylic acid and its acetylated derivatives in water.

3 The concentration listed is inhibitory to bacterial growth in broth culture. Recovery broth media must be
spot plated onto agar to allow bacterial growth and determination of accurate MBC and MBEC values.

2.2.6.5 Stock antibiotic solutions

All antibiotics were purchased from Sigma-Aldrich unless otherwise indicated.
Amikacin (ICN Biomedicals), ampicillin, cefazolin, ceftrioxone, ciprofloxacin (Bayer),
gentamicin, piperacillin, and tobramycin were prepared as stock solutions in ddH,O at
5120 pg mL™, split into 1.1 mL aliquots in Eppendorf® tubes, and stored at -70°C until

used. Chloramphenicol was prepared in 50% ethanol and treated identically to the other
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antibiotics. Ten percent ethanol was added to the growth controls for chloramphenicol

assays.

2.2.6.6 Antibiotic and biocide susceptibility testing

Biofilm susceptibility to antibiotics and biocides was determined in a fashion
identical to that described above for metal susceptibility testing with the following
exceptions. Biofilms formed on the lid of the CBD were transferred to standard 96-well
plates in which serial 2-fold dilutions of the antibiotics were prepared in cation-adjusted
Mueller-Hinton broth (CA-MHB). Universal neutralizer was added to the recovery

medium for biofilms exposed to these agents.

2.2.6.7 Quantitative determination of cell survival

For viable cell counts of biofilms or planktonic cultures after antimicrobial
treatment, 50 pL of the recovery medium (containing the recovered cells) was transferred
from the recovery or neutralizing plate to row A of a microtiter plate. These recovered
cells were then diluted 10-fold in 0.9% NaCl (or PBS) and were plated, in 20 pL aliquots,
on to appropriately labelled agar plates. These plates were incubated for a minimum of
48 hours to ensure maximum recovery of the surviving microorganisms.

To rigorously evaluate bacterial growth and survival, a series of calculations were
routinely carried out. First, the sample viable cell count (VCC), mean sample viable cell
count (MVCC) and sample standard deviation (SD) were determined for the dilution
factor (DF) corrected, logjo-transformed plate counts for every strain and/or antimicrobial
concentration tested. These familiar statistical calculations, which are used to represent
the number of cells in populations following antibiotic exposure, may be expressed by the

following equations:

VCC = log,(plate count x DF) (1)

2VCC _ Z[log,,(plate count x DF)]
n n

MVCC = (2)
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5(VCC - MVCC)?
SD:\/ (VCC CC)
n

(3)

where n is the number of measurements. Note that as a matter of convention, a plate
count of zero will result in a value of 1, as log;o (0) = 1. This approach has been adopted
since it is not mathematically possible to plot a zero value on a logarithmic scale.

Next, the sample log-kill (LK) and mean sample log-kill (MLK) for microbial
populations may be calculated from this data. This was done by subtracting each of the
post-exposure VCC values from the pooled, initial mean viable cell counts (MVCC;) for
each strain. MVCC; calculations were based on plate counts for growth controls that
were determined before exposure of populations to antimicrobials, and this calculation
was carried out using equation (2). This approach was used to normalize cell death
calculations to the starting number of cells as well as to average out sampling error.

These calculations may be represented by the general equations:

LK = MVCC, - VCC (4)

SLK  S(MVCC.-V
— _ 3(MVCC - VCO) -
n n

Note that if these calculations have been performed correctly, SD will be equal in both
the cases of MVCC and MLK calculations (proof not shown). This allows for the
propagation of error during subsequent calculations. Moreover, the survival dynamics
reflected in MLK calculations allow the dose-dependent action of the antimicrobial to be
categorized in the following ways: if during an antibiotic exposure the MLK < 0, then the
population was resistant and the antimicrobial agent was ineffective; if MLK = 0, then
the population size did not change and therefore the antimicrobial concentration was
inhibitory; if MLK > 0, then cell death has occurred and the antimicrobial concentration

was bactericidal.
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I will also introduce the concept of relative log-kill (RLK). Here, calculations for
the wild-type and mutant strains will be denoted by the subscripts y: and A, respectively
(for example, SDy and SD»). The mean relative log-kill (MRLK) calculation was used
to mathematically compare survival in mutant populations relative to the average killing
of wild-type populations by a single antimicrobial agent (this concept is first applied in
Chapter 7 for examining a bank of E. coli thiol-redox mutants). This may be expressed

as:
RLK = MLK , - LK, (6)

SRLK _ S(MLK - LK,)
n n

MRLK = (7)

Measurements with viable cell counting inherently have high variance; moreover,
susceptibility testing with the CBD generally has greater variance than broth
microdilution methods used for testing planktonic cells (107). Although this will not be
discussed in detail here, I have previously used an experimental approach to define
thresholds for significance for to compare wild type E. coli K12 BW25113 (which is
AlacZ) to its isogenic mutants. Here, a strain of E. coli K12 BW25113 — which had a
deletion mutation in lacA — was tested side-by-side with its parental strain and exposed to
cefazolin, rifampicin, deoxycycline and tobramycin (J. J. Harrison, C. Vacchi-Suzzi and
H. Ceri, unpublished data). Since E. coli K12 BW25113 is AlacZ, it was reasonable to
expect that the AlacA strain should have the same susceptibility as its isogenic parent.
The cut-offs, which are defined below, were thus set so that the mathematical criteria
used for analyzing the data identified no differences between the AlacA and parental
AlacZ strains (data not shown).

In order for the survival in mutant populations to be considered significantly
different from the wild type population, both of the following conditions must have been
met: 1) there must have been at least a 50-fold difference in MRLK values for the mutant

versus the wild-type populations at 1 or more tested concentration(s) of an antimicrobial
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(note that log;o(50) = 1.7) , and 2) the MLKy,, plus or minus one standard deviation
(SDywt), must have been mutually exclusive of MLK,, plus or minus one standard
deviation (SD,). In other words, there must have been no overlap between the SDs of the
compared means. The interval (I) between the SDs may be calculated using one of the

following equations; if MRLK < -1.7, then:

| = (MLK, - SD,) - (MLK_, + SD_) (8)

and, if [ > 0, the inactivating mutation was deleterious to population survival under the

tested exposure conditions. In contrast, if MRLK > 1.7, then:

| = (MLK_, - SD,) - (MLK, + SD,) (9)

and, if [ > 0, the inactivating mutation was advantageous to population survival under the
tested exposure conditions.
Several additional calculations were carried out as required during this Thesis

research. To calculate percent kill, the following formula was used:

1OMVCCi

. (plate count x DF)
% kill= {1- x 100 (10)

To calculate percent survival, the following formula was used:

(11)

1 OMVCCi

. (plate count x DF)
% survival = x 100

To calculate log percent survival, the following formula was used:

log % survival = log, (% survival) (12)
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I will also define the ratio of MBC,:MBC, as the ‘fold tolerance’ of the biofilm relative
to the derived planktonic cell population. Note that when calculating this value, it is
important to consider logic boundaries set by maximum (>) and minimum ranges (<) in

susceptibility assays; nonetheless, in the simplest form:

MBC
fold tolerance = b (13)
I\.*'IBCp

The data produced from the CBD is high-throughput and there is a requirement to
exclude single measurements and as well as entire assay plates that may be in error when
data is analysed en masse. By contrast, it is also important to ensure that data within the
normal range of biological variation are included. I have adhered to the following list of
objective criteria when analyzing biofilm cell survival and 1 will suggest that these

conditions must always be met when performing an analysis with CBD data:

e The microbial strain examined must have formed statistically equivalent biofilms, as
averaged out by row of the CBD and tested by one-way ANOVA (at the 95% level of
significance), as described in section 2.2.5.

e The initial mean viable cell count per biofilm peg, as determined from the pegs
removed from the CBD before susceptibility testing, must be within 1 log;o CFU/peg
of the pooled mean for all growth controls (for that strain) determined in this manner.

e In general, post-exposure growth controls from a single CBD must have a mean
negative log-kill when the exposure times are 24 h or greater. Note that it is normal
for cells to be lost from the biofilm during the process of exposure; however, these
biofilm cells must recommence growth during an appropriate incubation time (the
time required this varies by species and by strain).

¢ Single measurements where dilution or experimental errors are suspected should be
excluded from the analysis; however, the remaining data from the CBD assay may be

included if the other criteria are met.
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e If there is interfering contamination in test spots used for verifying the microbial
inoculum or any of the growth controls, the data obtained from that CBD should be
discarded and the assay should be repeated.

e In the standard protocol, dilutions and spot plating are carried out on a row-by-row
basis. Data from single rows of the device should be excluded when there is
contamination in the sterility control (the first well) of that row.

e Since the variation in biofilm mean viable cell counts may be in excess of 1 logo
CFU/peg (particularly if the population is killed by an antimicrobial and low cell
counts are obtained), a test for outlying measurements is not appropriate. Rather, the
approach taken here has been to perform a large number of replicates so that the
influence of an outlier on the mean biofilm cell count is averaged out.

An example of viable cell count and log-kill curves is illustrated in Figure 2.3.

2.2.7 Scanning electron microscopy (SEM)

Pegs were broken from the lid of the CBD using pliers and then rinsed once with
0.9% saline to disrupt loosely adherent planktonic cells. Typically, one of two
approaches were used for fixing the biofilms, and these different protocols are illustrated
in Figure 2.3. In the first approach, biofilms were fixed with 2.5% glutaraldehyde in 0.1
M cacodylate buffer (pH 7.2) at 4 °C for 20 hours. Following this, pegs were washed
with 0.1 M cacodylate buffer and then rinsed with ddH,O (for 10 min at each step).
Subsequently, the pegs were dehydrated with 70% ethanol and then air dried for 72 h
before mounting. An alternate approach was used to examine ECM production. In this
case, the rinsed biofilms were fixed with 0.1 M cacodylate buffer (pH 7.2) at room
temperature for 2 h, then air dried for 120 h before mounting. SEM was performed using
a Hitachi model 450 scanning electron microscope as previously described (166). SEM
images were contrast and brightness enhanced using Adobe® Photoshop® CS3 (Adobe
Systems Inc., San Jose, CA, USA).
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Figure 2.3. A simple guide to interpreting graphs of mean viable cell counts and
log-killing of microbial populations exposed to antimicrobial agents. This figure
illustrates two scenarios frequently observed in this thesis research, a) the incomplete
killing of microbial populations by an antimicrobial, and b), the chemical sterilization of
a microbial culture. Here, the action of antimicrobial agents — and by extension the
response of microbial populations exposed to them — can be categorized in five ways
(colour coded on the figure panels above). First, agents that are ineffective or that are
present at non-toxic concentrations have no effect on population growth, and therefore
the microbes are resistant (green). Secondly, antimicrobials present at concentrations that
reduce or arrest the population growth rate are inhibitory. Thirdly, bactericidal
concentrations of antimicrobial agents trigger cell death (red). Fourthly, a plateau or
reduction in antimicrobial efficacy that occurs even when agent concentrations are further
increased indicates that the microorganisms might be tolerant (blue). Lastly, highly toxic
agents, such as certain metal ions, may act as chemical sterilizers, which eradicate the

microbial population (grey). (J. J. Harrison, unpublished).
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2.2.8 Confocal Laser Scanning Microscopy (CLSM)

Pegs were broken from the lid of the CBD using pliers and then rinsed once with
0.9% saline to disrupt planktonic bacteria. Prior to examination by CLSM, biofilms were
fluorescently stained with one of the five following treatments (Table 2.3): 1) acridine
orange (AO), 2) Syto-9 and propidium iodide (PI), 3) AO and tetramethylrhodamine
isothiocyanate conjugated concanavalin A (TRITC-ConA), 4) Syto-9 and
tetramethylrhodamine isothiocyanate conjugated peanut agglutinin (TRITC-PNA), or 5)
Syto-9 and TRITC-ConA. The mechanism and procedure for cell staining are described
here for each of these fluorescent compounds, and the general process for staining
biofilms on pegs is illustrated in Figure 2.4 (I to K).

AO is a membrane permeant nucleic acid stain that intercalates dsDNA and binds
to ssDNA as well as to ssSRNA through dye-base stacking to give broad spectrum
fluorescence when excited at 476 nm (21). This compound stains all cells in a biofilm,
live or dead, and may also bind to nucleic acids that are present in the extracellular
matrix. To stain biofilms, pegs were immersed in 0.1% w/v acridine orange (Sigma
Chemical Co., St. Louis, MO, USA) in PBS for 5 min at room temperature.

Syto-9 and PI are packaged together as part of the Live/Dead” BacLight™ Kit for
bacterial cell viability staining (Molecular Probes, Burlington, ON, Canada). Syto-9 (488
nm excitation, green emission) is a freely diffusible, nucleic acid intercalator that labels
all cells in the microbial population regardless of viability. The counterstain, PI (543 nm
excitation, red emission), is a membrane impermeant DNA intercalator that only stains
cells with compromised membrane integrity. In principle, live cells stain green and dead
cells stain orange-red. This has been shown to correlate well with viable cell counts for
calibrated suspensions of many bacteria as well as for C. albicans (126). Here, cell
viability staining of bacteria and fungi was carried out by incubating biofilms
concomitantly with Syto-9 (6.7 uM) and PI (40 pM) at 30°C for 30 min as previously
described by Jin ef al. (126).
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Figure 2.4. An overview for using the CBD for the purpose of microscopy and 3D
visualization of microbial biofilms. (A) To begin, fresh subcultures of the microbial
strain were grown on the appropriate agar medium. (B) Using a cotton swab, colonies
from a fresh second subculture were suspended in broth medium to match a 1.0
McFarland standard. This was diluted 30-fold in broth to create the inoculum for the
CBD. (C) The peg lid of the CBD was either inserted into a microtiter plate (containing
150 pL of inoculum in each well) or a corrugated trough (with 22 mL of inoculum
inside). The inoculated devices were placed in a humidified incubator on a gyrorotary
shaker or platform rocker, respectively. (D) After cultivation, biofilms were rinsed with
saline to remove loosely adherent cells. (E) Pegs were removed from the CBD using
pliers and the biofilms then were enumerated by viable cell counting. A second set of
pegs was removed for examination by microscopy. There is an option to expose biofilms
to an array of antimicrobial agents or other test conditions and then to remove a second
set of pegs for microscopy. (F) For scanning electron microscopy (SEM), pegs were
first fixed and then dehydrated, which was carried out using 1 of 2 protocols. (G) The
fixed samples were mounted on stubs using epoxy resin, dried, and then sputter coated
with gold-palladium. (H) The biofilms were then examined by SEM, and the resulting
images were contrast enhanced. (I) For CLSM, pegs were immersed in the appropriate
stain and then placed in 2 drops of 0.9% saline on a glass coverslip. (J) Images of the
biofilms were captured using CLSM, and the instrument software was used to generate
2D averages of image z-stacks. (K) The z-stacks were imported into amira  for
advanced image processing and 3D visualization. (This figure has been reproduced from

Harrison et al. (2006) Biological Procedures Online 8:194-215).
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To stain the extracellular polysaccharides in the matrix of P. aeruginosa and C.
tropicalis biofilms, pegs were immersed in 200 pg ml-1 TRITC-ConA (Molecular
Probes) and incubated at 30°C for 90 min. ConA is a lectin with high specificity for
mannose sugars present in the cell walls and biofilm matrix of Candida spp. (126) as well
as P. aeruginosa (278). These pegs were subsequently treated with AO as described
above. By contrast, the extracellular polysaccharide component of B. cenocepacia
biofilms was labeled by immersing pegs in 50 pg mL™ TRITC-PNA and incubating at 30
°C for 60 min. Peanut lectin specifically binds to D-galactose, which occurs three times
in the heptasaccharide repeating unit that makes up the exopolysaccharide cepacian
(which is specific to Burkholderia cepacia complex bacteria) (57). To preserve structure
and extracellular biomass in the case of B. cenocepacia, biofilms were fixed with 5%
glutaraldehyde for 1 h at room temperature prior to staining. These fixed biofilms were
rinsed 5 times with 0.9% saline before mounting for microscopy.

Syto-9 was also used in some of this thesis research to stain cells in conjunction
with TRITC-ConA. This may be a superior choice, as Syto-9 does not have the broad
range fluorescence emission that is characteristic of AO. Syto-24 was also used as an
alternative to AO or Syto-9, as this fluorophore preferentially binds to DNA over other
nucleic acids, and thus, Syto-24 may be used to stain microbial chromosomes.

In all cases, fluorescently labelled biofilms were placed in two drops of 0.9% saline
on the surface of a glass coverslip. These pegs were examined using a Leica DM IRE2
spectral confocal and multiphoton microscope with a Leica TCS SP2 acoustic optical
beam splitter (AOBS) (Leica Microsystems, Richmond Hill, ON, Canada). To minimize
or eliminate artefacts associated with single and/or simultaneous dual wavelength
excitation, all dual labelled samples were sequentially scanned, frame-by-frame, first at
488 nm and then at 543 nm. Fluorescence emission was then sequentially collected in the
green and red regions of the spectrum, respectively. Line averaging (x2) was used to
capture images with reduced noise. A 63 x water immersion objective was used in all
imaging experiments. Image capture, two-dimensional (2D) projections of z-stacks and
3D reconstructions were performed using Leica Confocal Software (LCS, Leica

Microsystems).
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Table 2.3. Fluorescent stains for CLSM of microbial biofilms cultivated in the CBD
(as used throughout this thesis).

Collected emission

Excitiation (nm) Incubation time (min)

(nm)

Stain 1' Stain 2

M A M A Stain 1 Stain 2
2)_01% in PBS) na 476 na 505-535 na 5 na
(TZ%IOTE;Iﬁﬁf 2)(.)1% mpps) S 476 555615 505535 90 5
(Tz%gféiﬁﬁf‘ (ngf’l'i)M) 543 488 555-615 510-540 90 5
(TZRO{)ng'iﬁﬁ? (Sf’(;_ol'i‘&) 543 488 555-615 510-540 90 10
(Slyéf)l'ilM) 561(1) M) 488 543 510-540 610-670 30 (concomitant)
(TS%IE iﬁf (Sf/(;f)l_i)M) 543 488 555-615 510-540 60 5

' Abbreviations for fluorescent stains: AO = acridine orange; PI = propidium iodide; TRTIC-ConA =
tetramethylrhodamine isothiocyanate conjugated concanavalin A; TRITC-PNA = tetramethylrhodamine
isothiocyanate conjugated peanut agglutinin.

*Syto-9 and PI were diluted 333-fold from the stock solutions provided by the manufacturer (Molecular
Probes).

na denotes an item that is not applicable.

2.2.9 Three-dimensional (3D) visualization

Three-dimensional (3D) visualization of CLSM data was created using amira™ 4.0
(Mercury Computer Systems Inc., Chelmsford, MS, USA). The principle and application
of using this software to the analysis of biofilm structure are briefly summarized here.
CLSM data consists of a set of two-dimensional (2D), cross-sectional images in the x-y
plane that is captured along a z-axis. Collectively, a set of x-y images through the z-axis
is termed a z-stack. Here, each individual x-y image was a 1024 x 1024 pixel tagged
image file format (TIFF) file that corresponded to a cross-section through the biofilm.
Points in 2D and 3D data sets are termed pixels and voxels, respectively. For instance,

the x-y images in the z-stack are composed of pixels, whereas the same point in the 3D
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volume data set is a voxel. There were two different methods used to visualize the
microbial biofilms.

First, the method of surface rendering was used to create biofilm 3D visualizations;
in this approach 3D surfaces were created to encase the biomass by interconnecting its
boundary voxels. Therefore, biofilm visualizations created in this manner were a
geometric representation of a surface (termed an isosurface) from a 3D volume data set.
CLSM z-stacks were processed by re-sampling and segmenting the images according to a
threshold that was selected according to a fluorescence intensity histogram of the TIFF
files. In this manner, segmentation partitioned the images into background and biomass
voxels and this was further user verified by manually comparing segmented biomass to
its 2D original.

An alternative method was to use volume rendering, whereby biomass was a 3D
visualization of the 3D volume data set, without the use of thresholding segmentation.
Briefly, this method, termed ray tracing or ray casting, was based on the amount of light
(in terms of colour and opacity values) that every pixel in an image was emitting and
absorbing. For every pixel in the image a ray was shot into the data volume, and at a
predetermined number of locations along the ray path, the colour and opacity values were
obtained by interpolation, subject to a predetermined range of light intensity. In other
words, every pixel displayed in the image had a colour and opacity as displayed relative
to the viewing plane of the user. In comparison to surface rendering, volume rendering
was computationally intense as it required more processor time and special hardware.

In both cases, 3D visualization using amira  allowed for dynamic display of the
biofilm, such that the visualization of biomass could be examined from any viewpoint.
This allowed for the detection of 3D features in these biological systems that were not
perceptible from static 2D CLSM image stacks or from wireframe isosurface rendering
carried out using LCS. Animations produced using amira™ were edited for screen

resolution using Quicktime 7.1 Pro (Apple Computers Inc., Cupertino, CA, USA).
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2.2.10 Statistical tests and data analysis

Statistical tests described in this thesis, such as the Mann-Whitney U-test and one-
way ANOVA of viable cell counts, were performed using MINITAB® Release 14
(Minitab Inc., State College, PA, USA) to analyze logjo-transformed raw data. Alternate
hypotheses were tested at the 95% level of confidence. All other calculations were
performed using Microsoft® Excel 2003 (Microsoft Corporation, Redmond, WA, USA).
Data were plotted as required using either SigmaPlot® 10.0 (SyStat Software Inc.,
Chicago, IL, USA) or Prism® 4.0 (GraphPad Software Inc., San Diego, CA, USA).

2.3 Proof-of-principle experiments and discussion
2.3.1 Mean biofilm cell densities in the CBD

Throughout this thesis research and as a standard practice within our research
group, every time an assay has been performed using the CBD, 3 or 4 pegs have been
removed from the lid and the number of cells growing on the surface has been
determined by viable cell counting. I have pooled the cumulative data from all of the
studies previously undertaken by myself and the rest of our research team that have
specifically examined the microbial strains summarized in Table 2.1. The mean viable
cell counts and standard deviations (in units of log;o CFU peg™) for these bacterial and
fungal strains (under all of the test conditions examined in this chapter) are summarized
in Table 2.4. The studies used to compile these data are indicated (where applicable), and
this meta-analysis allowed the number of viable cells growing in CBD biofilms to be
quantified based on 3 to 202 replicates for each strain. The rationale for this approach is
that analyzing the results from a group of studies will allow for an accurate representation
of the average biofilm growth and variation that can be expected in future studies.

Another routine matter in studies involving the CBD is to test that the selected
assay format and growth conditions have resulted in statistically equivalent biofilm
formation throughout the device. Although it is not possible to show these data for all of
the strains examined here, an example of this is shown for E. coli TG1 and P. aeruginosa

ATCC 27853 (Figure 2.5). To do this, the cell counts for each row were pooled and
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compared using one-way ANOVA, which suggested that the cell density of biofilms
grown on the different rows of pegs in the CBD assay were statistically equivalent (p =
0.274 and p = 0.842, for E. coli TG1 and P. aeruginosa ATCC 27853, respectively).

Here, it was also possible to calibrate growth times so as to generate biofilms of
similar cell density, which is an important consideration for comparing the relative
susceptibilities of different microbial species or different isogenic mutants of the same
species. In this case, E. coli TGl and P. aeruginosa ATCC 27853 were grown in LB
broth at 35 °C for 24 and 9.5 h, respectively (Table 2.4). Under these conditions, the
biofilm cell counts for these two species were statistically equivalent (as judged by a
Mann-Whitney U-test, p = 0.209). This microbial growth calibration was essential for
the susceptibility comparison described in section 2.3.2.

E. coli TG1 and P. aeruginosa ATCC 27853 biofilms were also examined in situ
using SEM (Figure 2.5). SEM pictures showed the growth of surface-adherent bacteria
in thin layers and mounds distributed heterogeneously across the surfaces of the CBD
pegs. These layers were estimated to be up to 10 um in height in some areas, although
admittedly, these structures were dehydrated. A more detailed discussion of comparative

SEM using the CBD is provided in section 2.3.4.
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Table 2.4. Meta-analysis of mean viable cell counts for microbial biofilms grown in

the CBD.
Genus and Strain Growth Time Viable cell count Reference(s)
species medium’ (h) (logyo CFU peg™)
B. cenocepacia  K56-2 MSD-YC 72 6.6+04 4 this work
C. albicans 3153A RPMI 48 29+0.5 4 (106)
48 43+04 202 (101, 103)
TSB
C. tropicalis 99916 72 43+0.3 3 this work
RPMI 48 44403 4 (106)
CFTO073 TSB 24 59+03 71 unpublished data
LB 24 6.2+0.5 119 (97,98, 104)
IM109
MSVG 24 50+0.5 36 (104)
E. coli LB 24 7.0+£0.3* 84 (96, 104)
TG1
MSD 24 6.1 £0.6%* 40 (96)
LB 24 6.8+ 0.5* 80 (96)
DSS640
MSD 24 4.9+ 0.7%* 40 (96)
ATCC 15442 TSB 24 6.8+£0.5 181  unpublished data
LB 9.5 6.9+0.8 55 (98, 105)
P. aeruginosa ATCC 27853
MSVP 22 6.1+£04 133 (105), this work
PA14 TSB 24 63+0.2 12 (60), this work
P. chlororaphis  PcO6 KB 24 7.3+0.2 4 this work
P. fluorescens ATCC 13525 LB 24 6.0+£0.8 99 277)
S. aureus ATCC29213 LB 24 6.2+0.9 76 (98, 99)

! Abbreviations for growth media are the same as those listed in Table 1.
* These values are significantly different by means of a Mann-Whitney U-test (p < 0.01)
** These values are significantly different by means of a Mann-Whitney U-test (p < 0.01)
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2.3.2 Comparative susceptibility of E. coli and P. aeruginosa to Te oxyanions

Since the bulk of the data presented in this thesis comes from high-throughput
metal susceptibility testing, I have only included a single example in this chapter of how
the CBD may be used to compare the metal susceptibility of biofilms and planktonic cells
of two different microbial strains. Here, E. coli TG1 and P. aeruginosa ATCC 27853
were exposed to TeOs> for 4 hours (a highly toxic metalloid oxyanion that is a favourite
of my PhD co-supervisor, Dr. Raymond J. Turner). The means and standard deviations
for TeO3> MIC, MBC, and MBC, values (based on 4 to 8 independent replicates each)
are listed in Table 2.5. Using this approach, it was possible to show that biofilms of E.
coli and P. aeruginosa were up to 266- and 4.8-times more tolerant to TeOs> than the
corresponding planktonic cultures, respectively. Furthermore, based on planktonic MIC
values, P. aeruginosa ATCC 27853 was 80 times more resistant to TeOs> than E. coli
TGI1. This simple example illustrates two simple but important concepts — first, that
biofilms are generally highly tolerant to toxic metal species, and second, that the innate

susceptibility to metal toxicity varies greatly between microbial species.

Table 2.5. The susceptibility of biofilm and planktonic Escherichia coli and
Pseudomonas aeruginosa to tellurite.

Bacterial strain MIC (mM) MBC, (mM)" MBC, (mM)' Fold tolerance'
E. coli TG1 0.02 £0.01 0.03+£0.02 >2.0 >133
P. aeruginosa ATCC 27853  1.6+0.8 6.6+3.0 >16 >4.8

"The MBC values were qualitatively determined here as the lowest concentration where there were fewer
than 20 colonies per test spot on the recovery plates.

2.3.3 Comparative SEM analysis of biofilm structure

Over the years, SEM examination of biofilms cultivated in the CBD has revealed
that different bacterial strains may adopt various structural conformations that are distinct
from the “stalk” and “mushroom cap” biofilms formed in flow cells by P. aeruginosa.

For instance, P. chlororaphis PcO6 formed thick cell layers with high cell density (Figure
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Figure 2.5. Biofilms may be grown to statistically equivalent cell densities in the
CBD. (A) Mean cell densities of Pseudomonas aeruginosa ATCC 27853 biofilms on
the pegs in different rows of the CBD. Each value is expressed as the mean and standard
deviation of 4 to 6 trials. There is no significant difference between cell density of
biofilms in the different rows (p = 0.842 using one-way ANOVA). (B) SEM
photomicrograph of a P. aeruginosa biofilm on the peg surface. (C) Mean cell densities
of Escherichia coli TG1 on the pegs in different rows of the CBD. Each value is
expressed as the mean and standard deviation of 4 to 6 trials. There is no significant
difference between cell density of biofilms in the different rows (p = 0.274 using one-
way ANOVA). There is also no significant difference between the mean biofilm cell
densities of P. aeruginosa and E. coli (as compared by a Mann-Whitney U-test, p =
0.209). (D) SEM photomicrograph of an E. coli biofilm on the peg surface. The bars
represent 5 um. (This figure has been reproduced from Harrison et al. (2005) BMC
Microbiology 5:53).
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2.5 A) whereas S. aureus ATCC 29213 adhered to the pegs in clumps of approximately 2
to 20 cells (Figure 2.6 B). In another example, E. coli JIM109 formed uneven layers of
single and multiseptate cells that were clustered into mounds (Figure 2.6 C). The
formation of multiseptate cells, which were chains of cells that did not separate from one
another as is normal during planktonic cell replication and division, is commonly
observed for many biofilm bacteria (J. J. Harrison and H. Ceri, unpublished
observations).

As researchers have begun to dissect the molecular mechanisms of biofilm
formation, the concepts of “good,” “poor,” and “hyper-" biofilm forming bacterial strains
have emerged. This is particularly relevant with regards to transposon mutants identified
from strain libraries in experiments designed to identify genes important for biofilm
growth. For example, wild type P. aeruginosa is considered a good biofilm former under
many growth conditions (Table 2.4, Figure 2.6 D and G). As discussed later in this
thesis, strains of this microorganism bearing inactivating mutations in the two-component
regulatory system GacA/GacS have been labeled poor biofilm formers (60, 183), whereas
small colony variant (SCV) strains of this microorganism have been labeled hyper-
biofilm formers (134). In another example examined in this thesis work, an E. coli
mutant lacking the twin-arginine translocase (faf) may be considered a poor biofilm
former when compared to its wild type parental strain using comparative SEM analysis.
However, this type of comparison must be carried out with care, and I will touch on this
briefly here.

When grown in rich medium and examined using a standard fixing protocol,
biofilms of E. coli TG1 (wild type) and DSS640 (tatABC") similarly produced surface-
adherent layers of cells that had small amounts of extracellular polymers, and similarly,
were thickest near the air-liquid-surface interface (Figure 2.6 E and F). The mean
number of viable cells in E. coli DSS640 biofilms was significantly less than that of the
isogenic wild type strain TG1 (Table 2.4, by means of a two-population Mann-Whitney
U-test, p < 0.001) (96). It is important to note that this difference was not perceptible

from examination by SEM (Figure 2.6). Therefore, a first caveat to comparative studies
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using the techniques described in this thesis is that viable cell counts (with statistical
analysis) are required to give meaning to microscopy (Table 2.4).

Another variable influencing biofilm formation in the CBD was the choice of
growth medium. For instance, biofilms of E. coli TGl and DSS640 had a cell density
that was 8 and 79 times greater in LB than it was in MSD, respectively. To provide
another cross comparison, biofilms of E. coli TG1 grown in MSD had a mean viable cell
count that was 16 times greater than biofilms of E. coli DSS640 grown in MSD. This
was a statistically significant difference (Table 2.5, by means of a Mann-Whitney U-test,
p < 0.001) that was readily observable by SEM (Figure 2.6 H and I). Therefore, under
conditions of nutrient restriction, E. coli DSS640 may be considered a poor biofilm
former relative to the isogenic wild type strain. It is interesting to contrast these results to
those for biofilms of E. coli TGl and DSS640 grown in rich medium, which, when
compared by SEM without the additional context of viable cell counts, appeared to be
good biofilm formers. Nonetheless, a caveat that emerges from this data set is that
growth conditions are an important consideration when evaluating biofilm formation, as a
good biofilm former in a one medium may be a poor biofilm former in another.

A final feature of SEM that warrants attention is that samples must be fixed and
dehydrated, which may introduce experimental artifacts that affect the interpretation of
biofilm structure. This was examined here by using two different protocols for fixing
biofilms of E. coli TGl and DSS640 to the CBD pegs. The first (standard) protocol
employed two rinse steps after incubation of biofilm pegs in a glutaraldehyde fixative,
followed by ethanol dehydration (Figure 2.6 E and F). The alternative protocol required
extended air drying after the incubation of pegs in a glutaraldehyde fixative, but did not
utilize rinse or ethanol dehydration steps (Figure 2.6 J to L). The alternative protocol
preserved biofilm extracellular polymers and revealed a tight organization of biofilm
cells in situ. Using this latter protocol, biofilms of E. coli TG1 and DSS640 biofilms
appeared similar to those we have previously reported for hyper-biofilm forming SCV
strains of P. aeruginosa PA14 that had been fixed with the standard protocol (60). By
comparison, the standard protocol removed much of the adherent biomass and exposed a

portion of the underlying cells. In other words, the method of fixing biofilm cells to pegs
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may introduce artifacts that affect the judgment concerning the capacity of a particular
microbe to form biofilms. Together, these data emphasize the importance of a consistent
experimental approach to create valid comparisons in SEM analysis. In this case, E. coli
DSS640 may be considered a poor biofilm former in minimal media, a good biofilm
former in rich media, or mistaken for a hyper-biofilm former when treated with an

alternative fixing protocol.

2.3.4 Acridine orange staining of microbial biofilms

Although SEM has been a staple technique in biofilm research for many decades,
fluorescent microscopy, particularly CLSM, is quickly replacing SEM as the technique of
choice. Two principle advantages to this approach are that it is aqueous, and so samples
are not dehydrated, and that images may be collected and quantified in the z-dimension.
For example, in conjunction with CLSM, AO may be used as a fluorescent biofilm
biomass indicator as it stains cells as well as the nucleic acids that are a normal
component of the biofilm ECM (34). Here, this technique was used to illustrate the
variety of structural formations that may be adopted by biofilm bacteria grown in the
CBD. In the following examples, CLSM z-stacks were processed using Leica Confocal
Software (LCS), which was used to generate 2D average projections as well as 3D
visualizations of biofilms using an isosurface rendering algorithm. Each experiment was
performed in triplicate and a representative example of each is shown here.

The first bacterium examined was E. coli CFT073 (a urinary tract isolate), which
formed thin layers of cells across the surfaces of the CBD pegs that were 5 to 10 um
thick (Figure 2.7 A and D). Under similar growth conditions in the CBD (Table 2.1), P.
aeruginosa PA14 formed biofilms with microcolonies that were up to 25 pum thick,
particularly in the region of the air-liquid-surface interface (Figure 2.7 B and E). These
microcolonies were shaped into high-cell density ridges that were interspersed by regions
that contained few adherent cells. In contrast, P. chlororaphis PcO6 formed a flat,
heterogeneous layer of cells that was 10 to 15 um thick at the air-liquid-surface interface

(Figure 2.7 C and F). It is interesting to note that biofilms of all three of these
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Figure 2.6. SEM of bacterial biofilms grown in the CBD. For a comparison, biofilms
were grown in rich or minimal medium (as summarized in Table 2.1) and then fixed
using different protocols. These micrographs illustrate that medium composition has an
impact on bacterial biofilm formation, which also varies between genus, species and
strains. Moreover, the choice of fixing protocols influences how well microstructures
may be preserved, which impacts on interpretation of SEM data. (This figure has been

reproduced from Harrison et al. (2006) Biological Procedures Online 8:194-215).
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microorganisms were formed by growing bacteria in rich medium using the microtiter
plate format of the CBD. In conjunction with the data from Figure 2.6, these AO stained
biofilms illustrate an important fact — that different organisms may form different biofilm

structures, even when cultivated in a similar fashion.

2.3.5 Viability staining of microbial biofilms

An important issue to address in biofilm microbiology is the contribution of dead
biomass to community structure. In terms of the emergent properties of adherent
populations, dead cells represent both a nutrient reservoir as well as chemically reactive
biomass that together may enhance population survival during periods of starvation or
antimicrobial exposure, respectively. Dead cells cannot be discerned from live cells
using SEM, but may be assessed by using a variety of fluorescent stains in conjunction
with CLSM. One example of this is the use of Syto-9 and PI, the components of the
Live/Dead® cell viability kit, which cause live and dead cells to fluoresce green and red,
respectively. Here, I have used this technique to assess the number of dead cells present
in microbial biofilm populations that were cultivated in the CBD. Each experiment was
performed in triplicate and a representative example of each is shown here.

Dead cells were a component of every biofilm sample examined in this research. In
the cases of E. coli CFT073 and C. tropicalis 99916 grown for 24 and 48 h, respectively
(Figure 2.8 A and B), the fields of view examined generally contained fewer than 20 dead
cells (representing less than 1% of the population). For P. aeruginosa ATCC 15442, P.
Sfluorescens ATCC 13525 and P. aeruginosa ATCC 27853 (Figure 2.8 C and D, and 2.9
C, respectively), the number of dead cells in the population was highly variable. In some
instances, the number of dead cells in a field of view was less than 20; in other samples
the dead cells represented an estimated 30 to 50% of the biofilm population. Similarly,
dead cells represented a significant proportion of C. tropicalis 99916 biofilm populations
incubated for extended periods of time on the gyrorotary shaker, even with medium
changes (Figure 2.11, discussed below). Syto-9 and PI also stained extracellular nucleic
acids and this was observed as a yellow-orange hue surrounding the microbial cells, in

particular for P. aeruginosa biofilms (Figure 2.8 C and 2.8 A).
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E. coli CFT073

P. aeruginosa PA14

P. chlororaphis PcO6

Figure 2.7. CLSM of acridine orange stained bacterial biofilms grown in the CBD.
The images on the left are 2D averages of image z-stacks, whereas the images on the
right are isosurface rendered 3D visualizations of the same data set (prepared using
Leica® Confocal Software). These data sets illustrate that mature biofilms of different
organisms that are grown under similar conditions can adopt a number of structures that
are distinct from the archetypal “stalk and mushroom” microcolony structures that are
well characterized for P. aeruginosa. Each panel represents a square surface area of
approximately 238 x 238 um. (This figure has been reproduced from Harrison et al.
(2006) Biological Procedures Online 8:194-215).
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There are many limitations to the interpretations that may be drawn from viability
staining of biofilms using Syto-9 and PI; however, here I will address the limitation of
sampling. A single field of view in a microscope does not represent a random sample
from the entire biofilm population on the peg. Systematic collection of fields of view is a
possible (but impractical) solution to quantify population survival in the CBD, which is
more simply done through viable cell counting. Therefore, Live/Dead staining of CBD
biofilms (as described here) is qualitative, and the discussion of semi-quantitative image
analysis using this method is beyond the scope of this thesis.

Despite pragmatic limitations on sampling, this type of assay is very useful for
spatial localization of dead cells in CBD biofilms following many different antimicrobial
treatments (103, 126, 250). To illustrate this, biofilms of P. aeruginosa ATCC 27853
were grown in the CBD and then exposed to tobramycin for 24 h. From here, it was
possible to quantitatively determine the concentration-dependent killing of the population
by this aminoglycoside as well as to stain representative biofilms with Syto-9 and PI
(Figure 2.9). Correlative to previous reports described in the literature (128), bactericidal
concentrations of this drug killed biofilm cells in outer regions of the surface-adherent
population while cells in the interior regions survived (Figure 2.9 D and E). This pattern
of killing is consistent with the hypothesis that restricted penetration of the drug into the
biofilm might contribute to aminoglycoside tolerance. However, it is equally as
interesting to note that there are some surviving cells sticking to the peg surface on the
exterior of these microcolonies.

Here, I must acknowledge that dead cells are also a normal component of late
logarithmic and stationary phase planktonic cell suspensions cultured in the CBD (J. J.
Harrison, H. Ceri and R. J. Turner, unpublished data), and thus part of this dead biomass
may be incorporated into the biofilm during growth. Nonetheless, this reinforces the
notion that control groups are of pivotal importance when using Syto-9 and PI to evaluate
the efficacy of anti-biofilm treatments, as every growing biofilm population normally

contains a portion of dead biomass.
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E. coli CFT073 P. aeruginosa ATCC 15442

“C: tropicalis 99946 /% .| P. fluorescens ATCC 13525

Figure 2.8. CLSM of Live/Dead® stained biofilms grown in the CBD. (A to D) Cell
death is a normal part of biofilm development (the extent of which may vary) and
therefore dead biomass constitutes a portion of every microbial biofilm. Each panel
represents a square surface area of approximately 238 x 238 um. These biofilms were
grown for 24 h, except for C. tropicalis which was grown for 48 h, using the standard
conditions described in Table 2.1 (This figure has been reproduced from Harrison et al.

(2006) Biological Procedures Online 8:194-215).
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Figure 2.9. Quantitative Killing and Live/Dead® staining of P. aeruginosa ATCC
27853 biofilms exposed to tobramycin. The Live/Dead® kit is a qualitative assay that
is very useful for identifying spatial patterns in biofilm cell killing. Moreover, these
killing patterns may be correlated to quantitative viable cell counts determined at the
same time from these devices. (A) Killing of biofilm cells by tobramycin is
concentration-dependent. ~ (B)  In general, bactericidal concentrations of this
aminoglycoside kill the majority of biofilm cells at a relatively low concentration (MBC,
is2 ug mL™); however there are a few cells (<0.1% of the starting population) that can be
recovered at concentrations in excess of 256 ug mL"'. The means and standard deviations
here are based on 19 independent replicates each. (C to E) In this example, the
positively charged aminoglycoside antibiotic tobramycin may kill cells in the outer
regions of biofilm microcolonies first, while those in the interior regions are spared.
Nonetheless, it is interesting to note that there are some surviving, single cells adhering to
the surface on the exterior of these microcolonies. Each panel represents a square surface

area of approximately 238 x 238 um. (J. J. Harrison and H. Ceri, unpublished data).
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2.3.6 Staining of biofilm extracellular polysaccharides using fluorescent lectins

A distinguishing feature of biofilms is an extracellular matrix that is composed of
short and long chain oligonucleotides (274), species specific proteins (33) and
polysaccharides (34), as well as the biochemical derivatives and monomeric units of
these compounds (246, 278). A strategy that has been employed to visualize extracellular
polymers relies upon fluorophore-conjugated lectins. Here, I used TRITC-ConA and
TRITC-PNA in conjunction with AO and Syto-9, respectively, to stain the biofilm ECM
and surface-attached cells of C. tropicalis 99916 (Figure 2.10 A to C) and B. cenocepacia
K56-2 (Figure 2.10 D to F). Each experiment was performed in triplicate and a
representative example of each is shown here.

Correlative to previous reports, ConA highlighted C. tropicalis 99916 cell walls
and stained extracellular polysaccharides to a lesser extent (44, 103). An overlay of AO
and TRITC-ConA 2D average images revealed that yeast cells were in physical contact
with their neighbours, joined either by their cell walls or a thin layer of extracellular
polysaccharides (Figure 2.10 A). The distribution of the extracellular biomass was also
uneven, a feature that was shared in common with P. aeruginosa PA14 biofilms stained
in a similar fashion (Figure 2.10, discussed below with regards to 3D visualization). An
overlay of Syto-9 and TRITC-PNA 2D average images additionally showed that B.
cenocepacia K56-2 biofilms were encased in a heterogeneously distributed layer of
extracellular polysaccharides (Figure 2.10 D). I have also included additional examples
of lectin staining in conjunction with various fluorescent nucleic acid indicators for C.
tropicalis 99916 and C. albicans 3153A (Figure 2.10 G to I). Collectively, these data
suggest that the production of extracellular polymers occurs non-uniformly throughout
microbial biofilms.

In the case of B. cenocepacia K56-2, biofilms were fixed using glutaraldehyde and
rinsed several times following staining with TRITC-PNA. As discussed for SEM, any
method used to preserve the biofilm may affect community structure and in particular,
remove components of the ECM. Based on the data presented in Figure 2.6, it is likely
that ethanol dehydration of samples for SEM is for the most part responsible for the

removal of the ECM. The advantage of CLSM is that the samples remain in an aqueous
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environment and as such it is reasonable to expect that a larger portion of ECM is

retained using this technique than with SEM.

2.3.7 3D visualization of CLSM data

Image processing and analysis methods are widely used in microbiological research
to qualitatively and/or semi-quantitatively characterize microorganisms growing in
biofilms. There are three open-source software packages that have been applied to the
examination of multiple channel CLSM data sets from biofilms: daime (58), PHLIP
(169), and COMSTAT (113). Here I describe the use of amira™, a professional software
package for 3D visualization of volume data sets that utilizes hardware accelerated
OpenGL 3D graphics with texture mapping. This software package was used to examine
two additional CLSM data sets that were part of the proof-in-principle experiments
described in this chapter. First, P. aeruginosa PA14 biofilms were examined by staining
samples with AO and TRITC-ConA (Figure 2.11 A to G). This was carried out with the
specific aim of visualizing the heterogeneous distribution of extracellular polymers
throughout the surface-attached community. Second, C. tropicalis 99916 biofilms
(grown for 72 h on a gyrorotary shaker) were stained with Syto-9 and PI (Figure 2.11 H
to N). This visualization was performed to illustrate that dead cells were a prevalent
component of these biofilm communities. With regards to biofilm cultivation in the CBD
and fluorescent staining, each of these experiments was performed in triplicate and a
representative example of each was visualized using computer graphics (CG), as shown
in the data presented here. Furthermore, two computational methods were used to
examine these biofilm CLSM data sets.

The first visualization method used was isosurface rendering, whereby biofilm
biomass was illustrated as a hollow shell that corresponded to the interconnected
boundary voxels of the fluorescent, 3D volume data set. This method required that
CLSM z-stacks were segmented, a user refined step carried out to separate background
noise from biomass voxels. The advantage of this method was fast computer time and
real-time user manipulability of the models without the requirement of specialized

hardware (ex. expanded computer memory and specialized graphics cards). Isosurface
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C. impicah's 99916 Qverlay. | B. cenocepacia K56-2 Overlay

TRITC-ConA TRITC-PNA

TRITC-ConA { H TRITC-ConA TRITC-ConA
+ Syto-24 + Syto-24

C. tropicalis 99916 C. tropicalis 99916 C. albicans 3153A.

Figure 2.9 TRITC-conjugated lectin staining of biofilms grown in the CBD. (A) An
overlay image of a C. tropicalis biofilm that was stained with (B) AO (green emission)
and (C) TRITC-ConA (red emission). (D) An overlay image of a B. cenocepacia
biofilm that was stained with (E) Syto-9 and (F) TRITC-PNA. (G to I) Biofilms of
Candida spp. grown in RQMB and stained with TRITC-ConA and Syto-9 or Syto-24.
Each panel represents a square surface area of approximately 238 x 238 um. (This figure

has been adapted from Harrison et al. (2006) Biological Procedures Online 8:194-215).
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rendering of CLSM data for P. aeruginosa PA14 and C. tropicalis 99916 is illustrated in
Figure 2.11 (panels B to D and O for P. aeruginosa; panels I to K and Q for C.
tropicalis).

The second method used to visualize biofilms was volume rendering, whereby 3D
visualizations were a direct representation of the 3D volume data set. This method did
not require the use of image segmentation to separate noise from the emitted fluorescence
signals, thereby reducing user manipulation of the CLSM data sets.  This method
required greater processor time as well as hardware acceleration. Volume rendering of
CLSM data for P. aeruginosa PA14 and C. tropicalis 99916 is illustrated in Figure 2.11
(panels E to G and P for P. aerugionsa; panels L to N and R for C. tropicalis).

In summary, 3D visualization was used to dynamically illustrate 3D volume data
sets from CLSM of biofilms cultivated in the CBD. With regards to the underlying
biology of microbial biofilms, these data illustrated two important points that were the
focus of the proof-in-principle experiments carried out here. First, biofilms cultivated in
the CBD displayed heterogeneity in the production of extracellular polysaccharides.
Second, CBD biofilms contained a significant proportion of dead cells amongst the
population. In this example, C. tropicalis 99916 biofilms grown for 72 h had a number
of viable cells equivalent to those cultivated for 48 h (Table 2.4). However, the aged
biofilms were thicker, contained multiple cell morphotypes, had a much greater

proportion of dead cells in the population.

2.4 Summary

In this chapter I have described the Calgary Biofilm Device (CBD) and how it may
be applied to the cultivation, high-throughput susceptibility testing and microscopy of
microbial biofilms. My work with this assay has allowed for the combinatorial
experiments of growth media, metal ions, antibiotics, exposure times, microbial species
and isogenic strains that have helped to elucidate many components of the multifactorial
model of multimetal resistance and tolerance summarized in the final chapter of this
thesis. The salient features and considerations for using this device as a research tool are

briefly summarized here.
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Figure 2.11. 3D visualization of microbial biofilms using amira®. A. A 2D average
of an image z-stack for a P. aeruginosa PA14 biofilm stained with AO and TRITC-
ConA. B and C. Isosurface rendering of the 3D volume data sets for AO and TRITC-
ConA, respectively, extrapolated from the image z-stacks used to create the image in
panel A. D. The merged, isosurface rendered 3D volume data set for AO and TRITC-
ConA. E to G. Volume rendering corresponding to the data sets presented in panels B to
D. H. A 2D average of an image z-stack for a C. tropicalis 99916 biofilm stained with

the Live/Dead® cell viability kit. I and J. Isosurface rendering of the 3D volume data
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sets for Syto-9 and PI respectively, extrapolated from the image z-stacks used to create
the image in panel H. K. The merged, isosurface rendered 3D volume data set for Syto-9
and PI. L to M. Volume rendering corresponding to the data sets presented in panels I to
K. O and P. The oblique view of the P. aeruginosa PA14 biofilm pictured in panel A
visualized using isosurface and volume rendering, respectively. Q and R. The oblique
view of the C. tropicalis 99916 biofilm pictured in panel H visualized using isosurface
and volume rendering, respectively. Each 2D image panel or 3D model represents a
square surface area of approximately 238 % 238 pum. (This figure has been reproduced

from Harrison et al. (2006) Biological Procedures Online 8:194-215).
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1. Successful cultivation of biofilms of different fungal and bacterial microorganisms in
the CBD may require an iterative process of optimization that involves testing growth
media formulations or polystyrene surface modifications.

2. Biofilm growth must be tested for equivalence in the device and differences between
the mean biofilm cell densities in each row of the CBD must be non-significant.

3. High-throughput biofilm susceptibility data may be qualitatively or quantitatively
determined depending on the application.

4. An objective set of criteria must be universally applied to analyze the high-throughput
susceptibility data, which includes a clear definition of end-points (discussed later in
this thesis).

5. The CBD is amenable to several different microscopy techniques and is not limited to
those described in this chapter.

6. When performing comparative microscopy it is important to correlate pictures to
quantitative growth data. It is also important to consider that biofilm structure is
dependent on nutrient status and that biomass is distributed heterogeneously on the
peg surfaces. Therefore, microscopy must be performed in a systematic and
consistent way.

7. CLSM image stacks of biofilms may be further analyzed using specialized computer
algorithms in a way that may reveal features that are otherwise not possible to see
using the software included with the microscope.

8. It is possible to correlate killing patterns in microbial biofilm populations to

quantitative survival data.

2.5 Contributions
2.5.1 Author’s contributions to this work and personal acknowledgements

I helped to design and troubleshoot the protocols described in this chapter, and in
the process, performed the vast majority (>85%) of the bench work described here.
Expert technical assistance and invaluable input were provided by Carol A. Stremick, a
senior laboratory technician in Dr. Howard Ceri’s lab. Electron microscopy was

performed by Liz Middlemiss, a technician employed by Innovotech Inc. The protocol



72

for three-dimensional (3D) visualization of biofilm confocal microscopy image stacks
was developed in collaboration with Jerome Yerly, Dr. Yaoping Hu, and Dr. Robert J.
Martinuzzi from the Schulich School of Engineering, University of Calgary.

2.5.2 Relevant publications

I wrote the protocols described in this chapter for Innovotech Inc., the company that
manufactures and distributes the CBD, as part of my obligations for sponsorship of a
NSERC Industrial Postgraduate Scholarship (2004-2006). 1 also wrote the instruction
booklets that are shipped with every CBD sold by the company, and these are available

on the Innovotech Inc. website (http://www.innovotech.ca/products_instructions.php).

These protocols were originally published in Harrison et al. (2004) Environmental
Microbiology 6:1220-1227, Harrison et al. (2005) BMC Microbiology 5:53, and Harrison
et al. (2006) Biological Procedures Online 8:194-215.
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Chapter Three: Persister cells, biosorption and the killing of Pseudomonas
aeruginosa biofilm populations by toxic metal ions

3.1 Introduction

Bacteria have developed a diverse array of strategies — which are enabled by both
chromosomal and mobile genetic determinants — to counter the deleterious effects of
toxic metal species. These strategies may include, reduction or modification of the metal
ion to a less toxic form, sequestration or chelation of the metal ion, efflux or reduced
uptake, and increased expression of cellular repair machinery (178, 225, 256). In
addition to these mechanisms of metal resistance, it has been identified that biofilms may
be intrinsically less susceptible to metal toxicity than planktonic cells (250).

As summarized in Chapter One, it has been well documented that biofilm bacteria
are 10- to 1000-fold less susceptible to killing by antibiotics relative to planktonic cells of
the same organism (80, 92, 151, 152, 236). Similarly, Teitzel and Parsek (250) reported
that with short (5 h) exposure times, biofilms of the soil bacterium and opportunistic
pathogen Pseudomonas aeruginosa are 2- to 600-fold less susceptible to killing by
cationic metal species of Cu, Zn, and Pb. In contrast to these results, I have previously
found that with longer (24 h) exposure times, biofilm and planktonic cells of Escherichia
coli and Staphylococcus aureus may be equally susceptible to eradication by these toxic
metal species as well as by other cations and oxyanions (98). Why might this be?

Although my earlier results were apparently contradictory to the established model
of biofilm susceptibility to antimicrobials, it may be possible to reconcile these different
outcomes if biofilm multimetal tolerance (MMT) were correlated to the existence of
persister cells in bacterial populations. Persister cells are metabolically quiescent cells
that, with respect to time and antibiotic concentration, characteristically give rise to
biphasic cell survival following exposure of bacterial populations to microbicidal drugs
(see Chapter One for a review of this subject). Therefore, the aim of the research in this
Chapter was to establish time- and concentration-dependent killing kinetics for biofilm
and planktonic P. aeruginosa by different toxic metal species, with a particular focus on

environmentally relevant toxic metal cations.
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To begin, 17 metal cations and oxyanions, chosen to represent groups VIB to VIA
of the periodic table, were each tested on biofilms and planktonic cultures P. aeruginosa
ATCC 27853. Similar to E. coli and S. aureus, biofilms of P. aeruginosa had a level of
metal tolerance that was comparable to that of planktonic populations when the MIC,
MBC,, and MBC, values were qualitatively measured at 24 h of exposure. From this, the
time- and concentration-dependent killing of biofilms by a subset of six metals — Co, Ni,
Cu, Zn, Al, and Pb — were characterized in further detail. These six representative metals
are commonly released into the environment in industrial emissions and each of these
metals has been surveyed as part of environmental impact reports (62, 112). As example
levels of pollutants, Zn and Cu have been reported at concentrations of 3.4 mM and 1.7
mM in the Tinto River, Spain, originating from acid mine drainage run-off (159). Al has
been measured at 94 umol per gram of soil in the industrially impacted spruce zones of
the Ukranian Carpathian forests (219). In these polluted areas, metal cations may be at
concentrations comparable to the bactericidal concentrations at the lower end of the
concentration gradients examined in vitro during this work.

Here, each of these six metals was tested at 2, 4, 6, 8, 10, 24 and/or 27 h exposure
times in either rich or minimal media. With exposure times of less than 4 h, biofilms
were observed to be 2- to >16-times more tolerant to toxic metal cations than the
corresponding planktonic cell cultures. However, with exposure times of around 1 day,
biofilm and planktonic bacteria were eradicated at approximately the same concentration
in many instances. Viable cell counts revealed that at higher concentrations, many of the
metal cations had killed greater than 99.9% of biofilm and planktonic cell populations.
The survival of less than 0.1% of the bacterial population corresponds well with the
hypothesis that a small population of persister cells may be partly responsible for the
observed tolerance of both planktonic cells and biofilms to high concentrations of metals.

In addition to this cellular mechanism of tolerance, I show that metal cations may
be adsorbed by biofilm biomass. Here, it was possible to use a chelator to cause visible
precipitates to form in biofilms exposed to Cu®" and Ni*". This process of biosorption
may also contribute to biofilm multimetal tolerance. However, it is important to note that

the proportion of bacterial cells killed by toxic metal cations reached a plateau at any
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given exposure time and further increases in metal ion concentrations did not eliminate
this phenomenon. Collectively, this suggests that both persister cells and the restricted
diffusion of metal cations into the surface-adherent population may be components of

biofilm multimetal tolerance.

3.2 Materials and methods
3.2.1 Standard Protocols

P. aeruginosa ATCC 27853 was stored, handled and cultured as described in
Chapter Two. Biofilms were cultivated by growing this microorganism at 35 °C in the
trough format of the Calgary Biofilm Device (CBD) for either 9.5 or 22 h in LB or
MSVP medium, respectively. In addition to this method of biofilm cultivation, antibiotic
and metal susceptibility testing as well as scanning electron microscopy (SEM) were

carried out according to the standard protocols described in Chapter Two.

3.2.2 Precipitation of adsorbed Cu and Ni with sodium diethyldithiocarbamate

Sodium diethyldithiocarbamate (Na,DDTC) has historically been used as an
analytical reagent for determining the concentration of transition metals, As and Te in
aqueous solutions and in biological fluids (48, 260). P. aeruginosa biofilms formed on
pegs of the CBD device in MSVP media were exposed to Cu®" or Ni* for 24 h. The
exposed biofilms were then rinsed twice for 5 min in 0.9% NaCl. The rinsed peg lids
were inserted into 96-well microtiter plates containing 200 uL of 5 mM Na,DDTC in
each well. Biofilms were treated with Na,DDTC for ~1 min then photographed using a
Sony 4.0 megapixel Cyber-shot digital camera.

3.2.3 Calculations and definitions of measurements

Calculations of mean viable cell counts, mean log-kill measurements and fold-
tolerance were performed according to the guidelines set in Chapter Two. Here, it is
important to explicitly define the endpoints used to measure antimicrobial susceptibility

in this Chapter. The minimum inhibitory concentration (MIC) was defined as the lowest
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dilution of an antimicrobial required to slow the growth of the microorganism such that
there was no visible change in turbidity of the growth medium after 24 h (MICy4 1) or
after 72 h incubation (MIC7, ). The guidelines of the American Clinical Laboratory
Standards Institute (CLSI, formerly the National Committee for Clinical Laboratory
Standards) define the minimum bactericidal concentration (MBC) as the minimum
concentration of an antimicrobial agent that is required to kill 99.9% (or 3 logjo) cells of a
bacterial population. Here, this will be denoted as the MBCj.999 and MBCy.999 for
planktonic and biofilm bacterial populations, respectively. However, this definition is
inadequate for examining the survival of less than 0.1% of the bacterial population. In
this research, I will define the MBC,,_100 and MBCi,. 109 as the concentrations of antibiotics
or toxic metal ions required to kill 100% of the planktonic and biofilm bacterial
populations, respectively. As such, MBCy99 and MBC,yy measurements are based on
quantitative survival data obtained through viable cell counting. In addition to this,
qualitative determinations of MBC endpoints, based on the high-throughput method of
biofilm testing illustrated in Figure 2.2, will be denoted as MBC,, and MBC,.q for
planktonic and biofilm populations, respectively. In this case, MBC,, and MBC,
endpoints will be defined as the lowest concentration of an antimicrobial that resulted in
<20 colonies per 20 uL test spot on an agar plate. I will use the term ‘killing’ to denote
the death of any portion of the bacterial population of less than 100% and the term
‘eradication’ will be used to denote sterilization (i.e. 100% destruction of the bacterial

population and thus no recoverable viable cells from a susceptibility assay).

3.3 Results
3.3.1 Biofilm formation by P. aeruginosa ATCC 27853 in the CBD

As indicated in Table 2.1, P. aeruginosa ATCC 27853 formed biofilms with a
mean cell density of 6.9 + 0.8 and 6.4 + 0.4 log;o CFU peg” when grown for 9.5 and 22 h
in LB and MSVP, respectively. These biofilms were statistically equivalent across the
different rows of pegs in the CBD (Figure 2.5 as well as data not shown). SEM revealed
that biofilms grown in LB formed a bacterial layer several cell widths in thickness on the

surface of the pegs (Figure 3.1 A and B). By contrast, biofilms grown in MSVP covered
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the surface of the peg in heterogeneously distributed lumps and mounds (Figure 3.1 C
and D). This microscopy indicates that P. aeruginosa forms viable biofilms on the
surfaces of the CBD pegs and that the biomass is not simply adherent single-celled

organisms.

3.3.2 Susceptibility of P. aeruginosa to antibiotics

As a quality control for this experimental system, I examined the susceptibility of
P. aeruginosa ATCC 27853 biofilms and planktonic populations to the antibiotics
gentamicin (an aminoglycoside) and ciprofloxacin (a fluoroquinolone) in LB medium.
Ciprofloxacin is known to rapidly penetrate through P. aeruginosa biofilms (5, 223). On
the other hand, gentamicin is an antibiotic that does not readily diffuse across the biofilm
extracellular matrix (ECM) (223). The median values and ranges of MICx4 1, MBC,.100
and MBC,.joo measurements for P. aeruginosa ATCC 27853 to these antibiotics at 2 and
20 h of exposure in LB medium are reported in Table 3.1 (3 or 4 replicates each). While
ciprofloxacin efficaciously eradicated planktonic cells by 2 h of exposure, 20 h of
exposure to gentamicin was required to eradicate planktonic cultures. By contrast,
neither gentamicin nor ciprofloxacin eradicated biofilms of P. aeruginosa at the highest
concentrations of antibiotics assayed (regardless of exposure time). It is also interesting
that the fold tolerance of biofilms exposed to ciprofloxacin increased marginally with
time. For example, given the time-dependent killing of planktonic cells, the observed
fold tolerance of >16 at 2 h of exposure to ciprofloxacin was slightly lower than the fold
tolerance of >32 at 20 h. A similar trend was observed for gentamicin and these
observations correlated well to previous reports of biofilm antibiotic susceptibility (35,
40, 180, 230). A logical next step towards validating this system was to evaluate the

number of surviving cells in the biofilm and planktonic bacterial populations.

3.3.3 Cell survival in planktonic and biofilm populations exposed to antibiotics

Viable cell counts were determined for a range of antibiotic concentrations
following either 2 or 20 h of exposure in LB. Figure 3.2 summarizes the mean viable cell

counts and log-killing data of biofilm and planktonic cells with respect to concentration
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Figure 3.1. SEM of Pseudomon

-

as aeruginosa ATCC 27853 biofilms grown in the
CBD using rich or minimal media. (A) Biofilms grown in rich media (LB) formed a
bacterial layer that covered the entire surface of the plastic peg. (B) A breakaway cross-
section shows that these biofilms were several cell widths in thickness. (C and D)
Biofilms grown in minimal media (MSVP) were unevenly distributed across the peg
surface, forming lumps and mounds. The arrows indicate the exposed surface of the peg
and the bars represent 5 um. (This figure has been reproduced by permission from

Harrison et al. (2005) Environmental Microbiology 7:981-994).
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of ciprofloxacin (3.2 A and B) and gentamicin (3.2 C and D). Ciprofloxacin killed the
vast majority of planktonic and biofilm populations at concentrations of less than 8 ug
mL™. However, a very small portion of the planktonic population survived up to 64 pg
mL™". For the corresponding biofilms, 10~ to 10 cells tolerated ciprofloxacin up to
256pug mL™, which was the highest concentration used in this study. This subpopulation
remained recalcitrant to killing by this antibiotic even after 20 h of exposure. By contrast
to this, by 20 h exposure, gentamicin had eradicated planktonic cells in the range of 128-
512 ug mL". A small portion of the corresponding biofilm cultures exposed to
gentamicin remained viable even at 512 pg mL". This data corresponds well with
Spoering and Lewis’s (230) previous description of biofilm tolerance to antibiotics and
supports the idea that antibiotic penetration into biofilms, in some cases, may be
independent of antibacterial activity. The data in Figure 3.2 support a time-dependent
relationship for the killing of planktonic cells by antibiotics; however, it is important to
note that in these assays only gentamicin killed biofilm cells in a time-dependent fashion

following 2 h exposure.

Table 3.1. Susceptibility of Pseudomonas aeruginosa ATCC 27853 to antibiotics
with 2 or 20 h of exposure in rich (LB) medium.

I Exposure Fold
Antibiotic time (h) MICosp, (ng/ml) MBCy100 (pg/ml) - MBC.100 (ng/ml) tolerance
) ) 2 32 (16 to 32) >256 >16
Ciprofloxacin 1(1to2)
20 16 (16 to 64) >256 >32
2 >512 >512 na
Gentamicin 8 (8to 16)
20 256 (128 to 512)  >512 >4

na indicates a measurement that is not applicable

3.3.4 Susceptibility of P. aeruginosa to toxic metal cations and oxyanions

To begin, metal susceptibility testing for 17 different toxic metal species was
performed under similar conditions to antibiotic assays, as these conditions were also

similar to the 24 h assays I had previously performed to examine the metal susceptibility
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Figure 3.2. Time-dependent Killing of Pseudomonas aeruginosa ATCC 27853
planktonic and biofilm populations by gentamicin and ciprofloxacin. The mean
viable cell counts for (A) gentamicin and (B) ciprofloxacin indicate that bactericidal
drugs kill bacterial populations in a time-dependent fashion. Log-killing calculations for
(C) gentamicin and (D) ciprofloxacin indicate that it is only a small sub-population of
cells in biofilms that survive this antibiotic exposure. Each data point in these graphs is
the mean and standard deviation of 3 independent replicates. Similar calculations were
also performed for the post-exposure growth controls (i.e. identical exposure conditions
without the addition drug) and these values are indicated in parentheses for the specified
population at the indicated exposure time. (This figure has been adapted from data

originally published in Harrison ef al. (2005) Environmental Microbiology 7:981-994).
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of E. coli and S. aureus biofilms (98). Here, the susceptibility of P. aeruginosa biofilms
to this diverse range of toxic metal species is reported in Table 3.2 (medians and ranges
of MIC7, 1, MBC, 4 and MBCy,_q values were based on 3 to 7 replicates each). Generally,
there was less than 1 log, deviation between the values obtained in independent replicates
for the same metal ion (i.e. one well on the serial two-fold dilution challenge plate), and
frequently the same value was obtained in every replicate for the same compound. In all
cases, the median MBC,.; and MBCy,_q measurements were similar, if not equal.

To extend these observations, and to look for time-dependent relationships in
these data, the CBD assay was additionally used to screen biofilm susceptibility to Co®",
Ni*", Cu*", Zn*", AI*", and Pb*" in LB medium at 2 and 27 h of exposure (Co and Pb were
not examined in the original panels of antimicrobial agents). The median values and
ranges for these MIC7, n, MBC,,q and MBCy.q determinations are reported in Table 3.3 (4
replicates each). It was observed that with 2 h of exposure, biofilms were at least 2- to 4-
times more tolerant to metal toxicity than the corresponding planktonic cultures. In those
cases where the toxic metal ion had eradicated the populations, by 27 h, biofilms were as
susceptible to metal toxicity as planktonic cells. These data indicate that, in contrast to
antibiotics, toxic metal cations may eradicate biofilms in a time-dependent fashion
(Figure 3.3). Here, it is important to note that endpoints could not be measured in many
instances because these assays were performed using rich medium and at high

concentrations the metal may precipitate out, thereby reducing its biological availability.

3.3.5 Time-dependent eradication of P. aeruginosa biofilms by toxic metal cations

To eliminate the possibility that the observed time-dependent tolerance was an
artefact of the growth conditions, these assays were repeated using minimal (MSVP)
medium at multiple time intervals. The median values and ranges of all MIC, »,, MBC,,.
100 and MBCy_190 measurements under these conditions are reported for C02+, Ni2+, Cu2+,
Zn*", AI*, and Pb*" in Table 3.4. The MIC+, ; values determined using the CBD assay
did not change with exposure time (data not shown) and the values reported in Table 3.4
were derived from a total of 28 replicates. By contrast, MBC,.190 and MBCy.100

determinations were repeated 4 to 7 times each. Reproducibility of MIC7, 4,
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Table 3.2. Relative levels of resistance of Pseudomonas aeruginosa ATCC 27853
planktonic and biofilm bacteria to metal toxicity (in LB with 24 h exposure)

Metal ion PGif)iﬁgiC MIC5y , (mM) MBC, ., (mM) MBC, ., (mM)
Cro” 4 47 (241t04.7) 3.6 (2.4t04.7) 3.6 (2.4t04.7)
MoO,* VIB 5 >103 >103 >103

WO,* 6 >66 >66 >66

Mn** VII B 4 >149 >149 >149

Ni** VIII B 4 18 >140 >140

Cu® 4 16 (8.1 to 16) 16 (8.1 to 16) 16 (8.1 to 16)

Ag P 5 0.30 0.30 0.30 (0.30 to 0.60)
Zn** 4 63 (63 to 125) >125 >125

cd* 1B 5 4.6 36 36

Hg®" 6 0.38 (0.38 to 1.5) 0.38 (0.38 to 0.76) 0.38 (0.38 to 0.76)
AP A 3 9.5 19 (9.5 to 38) 19 (19 to 38)
Sn*" IVA 5 17 17 (17 to 34) 17 (17 to 34)
AsO; 4 >77 >77 >77

AsO,” VA 4 >59 >59 >59

SeO;™ 4 32 (16 to 32) 32 (16 to 32) 32 (16 to 32)
TeO;” VIA 5 0.73 5.8 (2.9 to 5.8) 4.4 (2.91t05.8)
TeO,” 5 >1.3 >1.3 >1.3

bold denotes the three most toxic metal compounds to Pseudomonas aeruginosa ATCC 27853
n denotes the principal quantum number

determinations served as an internal control to eliminate dilution error of the metal

compounds in the challenge plates. In principle, the use of MSVP medium may also

minimize metal precipitation and metal coordination with medium components, and it is

likely because of this that the MICy n, MBC,.100 and MBCy.1o9 values were to some

extent greater in LB than in MSVP.

3.3.6 Cell survival in planktonic and biofilm populations exposed to toxic metal ions

To quantify the survival of planktonic and biofilm bacterial populations following

exposure to metal cations, viable cell counts were determined for a range of
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concentrations following either 2 or 27 h of exposure in MSVP. Mean viable cell counts
and log-killing of biofilm cultures for Co**, Ni**, and Cu®>" (Groups 8B and 1B) are
reported in Figure 3.3, and for Zn**, AI’*, and Pb*" (Groups 2B to 4A) are reported in
Figure 3.4. In all of these assays, high concentrations of metals were observed to kill
90% to 99.9% (or an even greater portion) of both planktonic and biofilm bacterial
populations with 27 h exposure. This was also the case with Cu®", AI’", and Pb>" by 2 h
of exposure. In contrast, Co’", Ni*" and Zn*" killed 50 to 90% of the bacterial population
with 2 hours of exposure. Unlike planktonic cultures, which were quickly eradicated by
metal cations, in no instance were biofilms eradicated within 2 h of exposure. In contrast,
with 27 h of exposure to Co>", Cu*” AI’" and Pb*", biofilm bacteria in the CBD were
eradicated at concentrations similar to those required to eradicate planktonic cell
populations.

The survival of less than 0.1% of the bacterial population was particularly

relevant in the cases of Ni*" (Figure 3.3 B and E) and Zn*" (Figure 3.4 A and D). P.

Table 3.3. Susceptibility of Pseudomonas aeruginosa ATCC 27853 to toxic metal
cations with 2 or 27 h of exposure in rich (LB) medium.

Metal Periodic . Fold
on Group Time (h)  MICr, (mM) MBC,, (mM) MBC,, (mM) rolerance
. 2 105 (70 to 140)  >140 >2.7
Co VIII B 43 (4.3 10 8.7)
27 >140 >140 na
Ni*¥*  VIIB 2o0r27 17 >140 >140 na
., 2 16 64 (32 to 64) 4
Cu IB 16 (8.1 to 16)
27 16 (8.1 to 32) 16 (8.1 to 64) 1.0
Zn** 1B 2 62 (62 to 125) >125 >125 na
. 2 152 (152 t0 303)  >303 >2.0
Al I A 81 (9.5 to 152)
27 19 19 (9.5 to 76) 1.0
2 >40 >40 na
Pb**  IVA 9.9 (9.9 to 20) .
27 >40 >40 (40 to >40)°  na

na indicates a measurement that is not applicable

bold indicates the fold tolerance at 27 h of exposure

"indicates that the bacterial culture was eradicated at the threshold of the maximum concentration of metal
ion used in this study
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Table 3.4. Susceptibility of Pseudomonas aeruginosa ATCC 27853 to toxic metal

cations with 2 or 27 h of exposure in minimal (MSVP) medium.

?ggtal Group (Th‘;ne MICs, , (mM) MBC,, (mM) MBC,, (mM) Eﬁgance
2106 139 (139 t0 >139)  >139 >2.0
Co®*  VIIB 8 2.2 (1.1 to 4.4) 105 (7010 >139) 139 h
10 139 (139 t0 >139)  >139 >2.0
27 139 (35 to 139) 139 (70 to 139) 1.0
Ni¥*  VIIB 2027 0.54(027t01.1) >140 >140 na
2 16 (16 to 32) >129 >16
4 32 (16 t0 32) 48 (32 to 129) 1.5
c’’ 1B 6 4.0 (1.0 to 8.1) 16 (4 to 32) 32 (32 to 64) 2.0
810 10 16 32 2.0
27 12 (8.1 to 16) 16 1.3
2to 8 >125 >125 na
Zn** 1B 10 7.8 (7.8 to 16) 125 (63 to>125)  >125 >2.0
27 125 (32 to 125) 125 (32 to 125) 1.0
2t04 19 (19 to 38) >303 >16
6 19 152 (38 to 152) 8.0
APY IMA 8 9.5 (4.8109.5) 19 24 (2.4109.5) 0.13
10 19 9.5 0.5
27 38 (19 to 38) 19 (19 to 38) 0.5
2106 20 >40 (40 to >40) >2.0
S 8 . 9.9 (9.9 to 20) >40 (40 to >40) >4.0
10 20 >40 (40 to >40) >2.0
27 20 (4.9 to 20) 30 (9.9 to 40) 1.5

na indicates a measurement that is not applicable
bold indicates the fold tolerance at 27 h of exposure

“indicates that the bacterial culture was eradicated at the threshold of the maximum concentration of metal
ion used in this study

aeruginosa did not grow at low concentrations of these divalent heavy metal cations

(MIC = 0.60 and 9.5 mM, respectively).

However, the surviving population was

observed to tolerate Ni*" and Zn*" at concentrations in excess of 140 mM and 125 mM,

respectively. This phenomenon coincided with less than 0.1% survival of the biofilm and
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planktonic cell populations. Panels D, E and F (Figures 3 and 4) indicate the proportion
of the biofilm killed (i.e. log-kill) at 2 and 27 h of exposure. In every instance, the higher
exposure time corresponded with an increase in the log-kill of the biofilm. As a control,
biofilms not exposed to metals were enumerated after an equal exposure time and were
shown to be similar to and, in most instances, greater than the initial biofilm counts
before exposure (these values are indicated in parentheses in the figure panels for viable
cell counts and log-killing). These controls rule out the possibility that the observed
increase in log-kill was simply due to the dispersion of the biofilm due to the technique
itself. Collectively, these data indicate that a small portion of the biofilm population
mediates the time-dependent tolerance of P. aeruginosa biofilms to toxic ions of Co, Ni,
Cu, Zn, Al and Pb. However, these cell death kinetics immediately raise an important
question: are these survivors mutants or adapted bacteria that may grow at elevated levels
of toxic metals in subsequent challenges? Or are these bacteria phenotypic variants that
may revert to the starting cell type when propagated and tested for a second time, thereby
giving rise to similar population killing kinetics similar to those determined for the parent

population?

3.3.7 Propagation of biofilm persister cells

To investigate the possibility that the surviving cells of metal exposure were a
genetically distinct or adapted sub-population as opposed to phenotypic variants, |
propagated survivor cells by inoculating a CBD with cells isolated from recovery plates
from biofilms previously exposed to Cu®" for a period of 24 h. The re-cultured survivors
gave rise to planktonic and biofilm populations with normal susceptibility to Cu®" (Figure
3.5). The MIC for planktonic bacteria derived from re-cultured survivor populations was
the same as the MIC for the parental culture from which the survivors were recovered.

In summary, these data indicate that 0.1% or less of the bacterial population is
responsible for the observed tolerance of both planktonic and biofilm P. aeruginosa to
high concentrations of toxic metal cations. Furthermore, a comparable portion of the

biofilm population (less than 0.1%) survived for a longer period of time than it did for
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Time-dependent Kkilling of Pseudomonas aeruginosa ATCC 27853

planktonic and biofilm populations by representative metals from groups 8B and 1B

of the periodic table. Biofilm and planktonic cells (which were shed from the surface of

biofilms) were exposed to (A) Co*", (B) Ni*" or (C) Cu®" for 2 or 27 hours in minimal

(MSVP) medium and then plated for viable cell counts. Log-killing of biofilm cultures
for (D) Co*", (E) Ni*" or (F) Cu*" indicate that 0.1% to 10% of the bacterial population

was able to survive exposure to high concentrations of these heavy metals for prolonged

periods of time.

In the cases of Co and Cu, 27 h of exposure to toxic metal species
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eradicated the biofilm population. Each data point in these graphs is the mean and
standard deviation of 3 or 4 independent replicates. Similar calculations were also
performed for the post-exposure growth controls (i.e. identical exposure conditions
without the addition metal) and these values are indicated in parentheses for the specified
population at the indicated exposure time. (This figure has been adapted from data

originally published in Harrison et al. (2005) Environmental Microbiology 7:981-994).
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Figure 3.4. Time-dependent Kkilling of Pseudomonas aeruginosa ATCC 27853

planktonic and biofilm populations by representative metals from groups 2B to 4A

of the periodic table. Biofilm and planktonic cells (which were shed from the surface of

biofilms) were exposed to (A) Zn*", (B) AI’" or (C) Pb*" for 2 or 27 hours in minimal

(MSVP) medium and then plated for viable cell counts. Log-killing of biofilm cultures
for (D) Zn*", (E) A" or (F) Pb*" indicate that less than 0.1% of the bacterial population

survived 27 h exposure to high concentrations of these heavy metals. In all cases, biofilm

and planktonic populations were killed time-dependently by metal cations and in the
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cases of Al and Zn, there were instances in which 27 h exposure to the toxic metal
species eradicated these populations. Each data point in these graphs is the mean and
standard deviation of 3 or 4 independent replicates. Similar calculations were also
performed for the post-exposure growth controls (i.e. identical exposure conditions
without the addition metal) and these values are indicated in parentheses for the specified
population at the indicated exposure time. (This figure has been adapted from data

originally published in Harrison ef al. (2005) Environmental Microbiology 7:981-994).
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Figure 3.5. Propagation of Pseudomonas aeruginosa persister cells surviving
exposure to copper gives rise to biofilm and planktonic populations with normal
susceptibility to copper. Biofilm and planktonic cultures of Pseudomonas aeruginosa
ATCC 27853 were exposed to Cu”" for 24 hours and then plated for viable cell counting.
Persister cells were isolated from agar recovery plates, grown in the CBD device,
exposed to Cu®" for 24 h again and then plated for viable cell counting. The re-cultivated
persister cells produced persisters at similar levels to parental cultures (given the high
error associated with viable cell counting) and were eradicated at similar concentrations
of metals. Note that the mean and standard deviation intervals of viable cell counts for
the persister populations from the different generations overlap. (A) Mean viable cell
counts for parental and persister cell seeded cultures exposed to Cu®". (B) Log-killing
for biofilms of parental and persister cell seeded cultures exposed to Cu®". Each data
point in these graphs is the mean and standard deviation of 4 independent replicates.
Similar calculations were also performed for the post-exposure growth controls (i.e.
identical exposure conditions without the addition copper) and these values are indicated
in parentheses for the specified population. (This figure has been adapted from data

originally published in Harrison ef al. (2005) Environmental Microbiology 7:981-994).
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planktonic cultures. However, the metals Co*", Cu®’, AI’", and Pb*" all allowed for

complete eradication of the biofilm cultures with extended exposure times (27 hours).

3.3.8 Adsorption of heavy metals to biofilm biomass

Conspicuously, the MIC values for metal cations reported in Tables 3.3 and 3.4
were generally greater than the concentrations required to kill 50 to 90% of the
corresponding biofilm cultures enumerated in Figures 3.3 and 3.4. A potential
explanation for this phenomenon was that the biofilm may have adsorbed metal ions.
Removal of biofilm pegs from the challenge media would then effectively reduce the
concentration of metals in the wells of the 96-well microtiter plates. Consequently,
bacteria shed from the surface of the biofilm which had seeded the planktonic culture
would then begin to grow in a milieu with lower concentrations of toxic, biologically
available metals. To investigate this hypothesis, I developed a simple, qualitative assay
for retention of metals in biofilms exposed to Cu®" or Ni*" (see section 3.2.2 for a
discussion of the rationale). Essentially, biofilms exposed to Cu®" and Ni*" for 24 h were
rinsed and then treated with the chelator sodium diethlydithiocarbamate (Na,DDTC).

Cu”" and Ni*" rapidly formed brown and pale yellow metal complexes with
Na,DDTC, respectively. Pictures of Cu®" exposed biofilm and planktonic cultures
treated with Na,DDTC appear in Figure 3.6 (the data for Ni*" is not shown). Green
discoloration of growth controls occurred because of pigmented siderophore production
by P. aeruginosa ATCC 27853 as it reached late logarithmic-phase. The brown
precipitate in biofilms was qualitatively indicative that copper cations were coordinated

(or trapped) within the biofilm during metal exposure.

3.4 Discussion

In this Chapter, I have used the CBD to examine P. aeruginosa biofilm
susceptibility to metal toxicity. The principle strength of this high-throughput approach
lies in the potential to conduct combinatorial susceptibility assays with different media,
metal ions and exposure times. This research study was designed to address the apparent

incongruity existing between three sets of observations: 1) my observations that biofilms
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Cu?* treated cultures (24 h) + diethyldithiocarbamate
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Figure 3.6. Copper cations were adsorbed by the biomass of Pseudomonas
aeruginosa ATCC 27853 biofilms. The concentration gradient of Cu* present in the
challenge media and the coordination reaction that produces the colour change are
depicted below the photographs. In each panel, the far right hand well or peg is a growth
control not exposed to copper. The photographs of biofilm pegs are mirror images
digitally processed to align pegs with the corresponding planktonic wells. (A)
Planktonic cultures and (B) biofilms after 24 h of exposure to Cu®" are green-blue and
colorless, respectively. The biofilms pictured here were rinsed twice with 0.9% NaCl.
(C) Planktonic cultures and (D) biofilms after treatment with 5 mM sodium
diethyldithiocarbamate causes brown precipitates to form. In the case of biofilms,
precipitates on the peg are qualitatively indicative of copper deposition (or retention)
within the biofilm. (This figure has been reproduced by permission from Harrison et al.

(2005) Environmental Microbiology 7:981-994).
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and planktonic cells of P. aeruginosa are equally susceptible to killing by metal cations
with 24 h exposure (in rich media); 2) the report by Teitzel and Parsek (250) that biofilms
of P. aeruginosa are 2- to 600- times less susceptible to divalent heavy metal cations than
planktonic bacteria with 5 h exposure (in minimal media or MOPS buffered saline and
carried out using the CDC biofilm reactor); and 3) the evidence that persister cells may
mediate, in part, the observed tolerance of biofilms and planktonic cells to microbicidal
agents (12, 35, 130, 168, 230, 235). The data in this Chapter suggest that all of these
observations may be in agreement.

In either rich or minimal media, the concentration of toxic metal cations required
to eradicate a biofilm decreased with exposure time (a phenomenon that was very
different from control antibiotic assays). With long enough exposures, biofilms were
eradicated at approximately the same concentration required to eradicate logarithmic-
growing planktonic bacteria. In general, at high concentrations of metal cations, 90 to
99.9% (and sometimes a greater proportion) of both planktonic and biofilm bacterial
populations were killed. = Remarkably, the short term tolerance of biofilms to
concentrations of toxic metal cations greater than the MBC,. o0 was mediated by the
survival of a small fraction (<0.1%) of cells from the bacterial population. Furthermore,
the proportion of bacterial cells killed by toxic metal cations reached a plateau at any
given exposure time and further increases in metal ion concentrations did not eliminate
this phenomenon. This suggests that biosorption cannot solely account for this
phenomenon. I would propose two potential explanations for these observations, both of
which may be at work here: 1) that persister cells in a biofilm are killed at a reduced rate
by metal cations relative to the planktonic persister population, or 2) that there is a greater
population of persisters in a biofilm that are killed at the same rate as planktonic persister
cells.

One of the features of the CBD is that the wells of the microtiter plates containing
serial dilutions of metals are inoculated with bacteria shed from the surface of the peg lid.
Consequently, precise initial numbers of planktonic bacteria are unknown and log-killing
of planktonic bacteria cannot be calculated using this method. However, this situation in

vitro may reflect naturally existing environmental systems (or infections) where a biofilm



94

forms a recalcitrant nidus that sheds planktonic cells into its surroundings. A detailed
comparison of the CBD method for planktonic cell susceptibility testing and a modified
CLSI protocol for planktonic cell susceptibility testing is presented in Chapter Four.

Notable challenges to studying the ‘persistent’ phenotype are the natural low
frequency of persister cells and our limited knowledge about the functional significance
of these cell types. Within the limits of our current understanding, persisters may only be
defined as the small, slow-growing and thus physiologically distinct subpopulation of
bacterial cells capable of withstanding environmental duress (12).

A model based on the available data suggests that bacterial growth in a biofilm
provides bacteria with time-dependent tolerance to high concentrations of toxic metal
cations. In this model, persister cells may represent a protected, quiescent subpopulation
that mediates, at least in part, the short term tolerance of the biofilm to toxic metal
species. This model does not refute that the reduced susceptibility of biofilms to metal
cations may occur at multiple levels. Although there were declines in biofilm mean
viable cell counts at the lowest concentrations of metal cations assayed in this study, this
neither confirms nor dismisses the possibility that biofilms may continue to grow in the
presence of toxic metal cations under different cultivation or test conditions.

In this model system, the dissemination of planktonic cells is linked to the survival
of the biofilms from which they are derived. Based on the data presented in this Chapter,
a mature biofilm may function to protect the planktonic cells released from it because the
biofilm may adsorb and sequester certain toxic metal species from the surrounding
aqueous milieu. This was observed as recovery of planktonic cultures in wells of the
challenge plate after the exposed biofilms were removed. In the context of this assay, the
associated MICy; ,, values (expressed in mM of metal added to the challenge plate) were
in some instances greater than concentrations of metals required to kill a portion of the
biofilm. In an ecological context, biofilm formation may hypothetically function as a
strategy for resistance of bacteria shed from it. Sequestration of toxic metal cations
within the biofilm matrix would allow shed cells an opportunity to migrate away from the

local site of metal contamination.
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In conjunction with the qualitative observation that Cu®" and Ni*" were retained by
the biofilm matrix, the time-dependent killing kinetics of biofilms by metal ions are
consistent with the restricted-penetration hypothesis (153) and may putatively represent a
reaction-diffusion phenomenon (234). Biochemically, the extracellular polymeric matrix
of P. aeruginosa is an ionic mixture of amino acids (246), nucleotides (274), and
derivatized sugars (278). Simple diffusion of a non-reactive ion across a biofilm matrix
is slow. Using chloride (Cl') as an example, diffusion across a 1000 pm thick biofilm
requires more than 16 minutes (238). Diffusion of chloride ions may be restricted
through ionic interactions with positively charged chemical groups in the biofilm. By
contrast, metal cations may interact with negatively charged ionic groups resulting in the
slower diffusion of the metal species into the biofilm. It is also important to note that
metal cations may also covalently react with various microbial metabolites and this may
effectively sequester the compounds in the biofilm ECM (100). This sequestration would
keep toxic metals away from cells and would provide protection until the ECM saturates,
and in principle, this may result in local metal concentrations greater than the bulk media.
The kinetics of the reaction equilibriums likely influence both biological availability and
diffusion dynamics of the toxic metal species.

Based on evidence in the literature as well as data presented in this Chapter, it is
not yet possible to label biofilms as multimetal resistant since they do not seem to grow
in concentrations of toxic metal species in excess of the planktonic MIC. Rather,
biofilms may be considered multimetal tolerant as they do not die as fast as planktonic
cells exposed to toxic metal ions. Although persister cells are known to survive high
levels of antibiotics for prolonged exposure times, as it pertains to our model system and
P. aeruginosa ATCC 27853, the data here suggest that the same statement is not true for
toxic metal cations. In this study, I observed that ~0.1% or less of the biofilm population
survived for short periods of time at concentrations of metal cations in excess of the
concentration required to eradicate planktonic bacteria (MBC,.109). Persister cells may
mediate a high level of tolerance to metal toxicity in both biofilm and planktonic cultures;
however, in biofilms, persisters only appear to survive concentrations of metal cations in

excess of the MBC,.19o for a finite period of time. I thus propose that bacterial growth in
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a biofilm may be a time-dependent mechanism of tolerance to high concentrations of
metal cations, and that this might be linked to persister cells as well as to the adsorption

of metals to biofilm biomass.

3.5 Contributions
3.5.1 Author’s contributions to this work and personal acknowledgements

I performed all of the experimental work described in this Chapter. 1 would like
to extend my thanks to Carol A. Stremick for insightful discussions about this work.
Electron microscopy was performed by Liz Middlemiss, a technician employed by

Innovotech Inc.

3.5.2 Relevant publications

These data sets were originally published in Harrison et al. (2004) Environmental
Microbiology 6:1220-1227 and in Harrison et al. (2005) Environmental Microbiology
7:981-994.
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Chapter Four: Toxin-antitoxin genes and persister cell mediated tolerance to metal
oxyanions in planktonic and biofilm Escherichia coli

4.1 Introduction

Bacterial cultures produce subpopulations of persister cells that mediate tolerance
to high concentrations of antibiotics. With respect to exposure time and concentration of
the drug, these cells characteristically give rise to a biphasic pattern of cell survival in
bacterial populations (Figure 3.2). In the previous chapter, it was established that
Pseudomonas aeruginosa biofilm populations were also killed in a time- and
concentration-dependent fashion by toxic metal cations. Mechanistically, this is a
difficult problem to experimentally dissect, as the killing kinetics of biofilms by metal
ions might be linked to both restricted diffusion as well as to multimetal tolerant persister
cells. The reduced susceptibility of biofilms to metal ions is important, as toxic metal
species are constant pressures in the environment that are spread by human pollution,
volcanic activity, physical and chemical weathering of minerals as well as by
biogeochemical cycling (36). The research in this chapter was undertaken to expand
these observations of multimetal tolerance to another Gram-negative bacterial species,
Escherichia coli, and to examine a different type of toxic metals — metal oxyanions.
These compounds have a significant environmental impact, as oxyanions of chromium,
arsenic, selenium and tellurium are prevalent industrial pollutants with high biological
toxicity (for reviews, see 41, 47, 170, 181).

Although the precise molecular mechanism of bacterial persistence remains a
mystery, the frequency at which persister cells occur in populations of E. coli is known to
be genetically regulated (139, 167, 168) and has been linked to chromosomal toxin-
antitoxin (TA) genes (see Chapter One for a review). The best studied example is the TA
pair hipBA, and a mutant allele of hipA, hipA7, is known to increase the proportion of
multidrug tolerant persister cells in stationary phase populations approximately 10- to
1000-fold (139, 140). Korch and Hill (140) have shown that ectopic overexpression of
wild-type HipA at levels in excess of HipB inhibits protein, RNA and DNA synthesis in

vivo, and that this triggers a reversible, dormant state in a sizable fraction of cells;
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however, it is not clear whether HipA7 functions through this mechanism. Nonetheless,
the HipA7 mutant may be useful in this research for ascertaining whether persister cells
mediate bacterial tolerance to metal oxyanions. If persister cells mediate multimetal
tolerance, the proportion of cells in the hip47 mutant population that survive exposure to
toxic metal oxyanions should be increased relative to a population of wild type cells.

In this Chapter, I investigated whether bacterial persistence may play a role in the
tolerance of E. coli to the toxicity of metal oxyanions. Here, six water soluble metal
oxyanions were examined: chromate (CrO4>), arsenate (ASO43'), arsenite (AsO»),
selenite (SeOs”), tellurate (TeO4”), and tellurite (TeOs”). Similar to the time-dependent
tolerance of P. aeruginosa biofilms to metal cations, E. coli biofilms were up to 250-
times more tolerant to metal oxyanions than corresponding planktonic cultures (after 2 h
exposure). However, with 24 h of exposure, metal oxyanions eradicated biofilm and
planktonic cultures at approximately the same concentration in every instance. Viable
cell counts indicated that all of the metal oxyanions had killed greater than 99% of
biofilm and planktonic cell populations at concentrations slightly in excess of the
planktonic minimum inhibitory concentration (MIC). Notably, there was no precipitation
and/or colorimetric coordination of oxyanions in exposed biofilms treated with the
organic chelator sodium diethyldithiocarbamate (Na,DDTC). This observation would
suggest that metal oxyanions may have low affinity for the E. coli biofilm matrix, and
consequently, that metal sequestration in the extracellular matrix (ECM) may not be a
large contributor to the tolerance of E. coli biofilms to metal oxyanions. Finally, I tested
E. coli HM22, a strain bearing the hipA7 gain-of-function allele that increases the
proportion of persisters in stationary phase populations. Here I show that this multidrug
tolerant HipA7 mutant also has a multimetal tolerant phenotype. I concluded that the
survival of less than 1% of the bacterial population fits well with the hypothesis that a
small population of persister cells may be responsible for the in vitro tolerance of both
logarithmic-growing planktonic and biofilm cultures to high concentrations of metal
oxyanions. Furthermore, the production of multimetal tolerant persister cells in E. coli

populations may be linked to the chromosomal TA module AipBA.



99

4.2 Materials and methods
4.2.1 Standard Protocols

E. coli IM109, HM21 and HM22 were stored, handled and cultured as described in
Chapter Two. Biofilms were cultivated by growing this microorganism at 35 °C in the
trough format of the Calgary Biofilm Device (CBD) for 24 h in LB medium. In addition
to this method of biofilm cultivation, antibiotic and metal susceptibility testing as well as
scanning electron microscopy (SEM) using the CBD were carried out according to the
standard protocols described in Chapter Two. All growth media used for E. coli strains
HM21 (AT984 dapA zde-264::Tnl0) and HM22 (AT984 dapA zde-264::Tnl0 hipA7)
were supplemented with 75 pg mL™ diaminopimelic acid (DAPA) as previously
described (130).

4.2.2 Additional susceptibility testing of logarithmic-growing planktonic cells

To validate the CBD assay system, which has been used throughout the rest of this
thesis, susceptibility determinations with logarithmic growing E. coli IM109 cells were
repeated using a protocol designed to reflect the Clinical Laboratory Standards Institute
(CLSI) method for antibiotic susceptibility testing. The inoculum for these tests was
prepared by direct colony suspension from streak plates to match a 1.0 McFarland
Standard as described in Chapter Two for creating a standard biofilm inoculum. This
standard was diluted 30-fold in LB medium and 5 pL aliquots of this 1 in 30 dilution
were added to each well of the challenge plates. This corresponded to an initial cell load
of approximately 5.0 to 6.0 log;o CFU mL™. Challenge and recovery media, neutralizing
agents, serial dilution and incubation times were identical to those used for CBD

susceptibility testing.

4.2.3 Susceptibility testing of stationary phase planktonic cells

To directly test whether known high persistence (hip) mutants may have a
multimetal tolerant phenotype, I examined E. coli HM21 (wild type) and HM22 (hipA7).
These strains were grown in batch cultures by inoculating 24 mL of LB + DAPA with 1
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mL of a 1.0 McFarland Standard. These cultures were grown in sterile 50 mL
polypropylene tubes for 16 h at 35 °C on a gyrorotary shaker set to 125 rpm. Stationary
phase planktonic cells were harvested by centrifugation (3000 x g for 10 min) then
suspended in fresh medium containing the appropriate concentration of metal oxyanions.
There was no significant loss of cell viability during centrifugation of either strain (data
not shown). 20 pL aliquots were removed from the tubes after 6 h of exposure,
neutralized, serially diluted and plated for viable cell counting as described for biofilm
susceptibility testing in Chapter Two. HipA7 has a temperature sensitive mutation (131)

and during exposure to metals E. coli HM21 and HM22 cultures were incubated at 30 °C.

4.2.4 Precipitation of adsorbed Cu, Te and Cr with sodium diethyldithiocarbamate

As described in Chapter Three, the chelator Na,DDTC may be used as an analytical
reagent for determining the concentration of transition metals, As and Te in aqueous
solutions and in biological fluids (48, 260). As it pertains to this study, Na,DDTC forms
dark brown, green and yellow colored complexes with Cu®*, CrO,> and TeO;%,
respectively. A visible color change (mediated by Na,DDTC) on the biofilm pegs in the
CBD following metal exposure would indicate that these metal cations and oxyanions
had been adsorbed and/or retained by the biofilm (105). Here, biofilms were formed on
pegs of the CBD and then exposed to Cu®*, CrO4* or TeOs> for 24 h. Biofilms exposed
to these metal ions were rinsed twice for 5 min in sterile 0.9% NaCl. Subsequently, the
peg lid was inserted into a 96-well microtiter plate which contained 200 uL of 37.5 mM
Na,DDTC in each well. Biofilms were treated with Na,DDTC for ~2 min then
photographed using a Sony 4.0 megapixel Cyber-shot digital camera.

4.2.5 Calculations and definitions of measurements

Calculations of mean viable cell counts, mean log-kill measurements and fold-
tolerance were performed according to the guidelines set in Chapter Two. The
calculation of fold tolerance was based on data obtained from the CBD, but not from
measurements obtained from the CLSI protocol typically used for antibiotic susceptibility

assays. The definitions of endpoints used to measure bacterial susceptibility (MIC,
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MIC24 hs MBCp_gg_g, MBCb_gg.g, MBCp_loo and MBCb_l()(), MBCp_q and MBCb_q) are the

same as those used in Chapter Three.

4.3 Results
4.3.1 Biofilm formation by E. coli IM109 in the CBD

Biofilms were grown on the peg lid of the CBD to a point that corresponded to
stationary phase for the associated planktonic cells in the trough of the device. Data from
54 control assays were pooled to calculate the population mean and standard deviation of
biofilm growth on the pegs. At 24 h, biofilms had a mean cell density of 6.4 £ 0.4 log)
CFU per peg in the CBD. SEM was used to examine biofilm formation in situ. SEM
images of E. coli JM109 biofilms are presented in Figure 4.1 and these pictures show the

growth of mature biofilms on the peg surfaces.

4.3.2 Susceptibility of E. coli to antibiotics

As a standard of comparison to metal oxyanions and as a quality control for the
CBD as an experimental system, I examined the growth inhibition and eradication of E.
coli JIM109 by three different antibiotics: amikacin, ceftrioxone and tobramycin. The
median values and ranges for observed MICys n, MBC,.100 and MBCy. 1o values are
summarized in Table 4.1. Each reported value is based on 4 to 8 independent replicates.
In no instance did antibiotics eradicate biofilms of E. coli with 2 h of exposure. By 24 h,
planktonic cultures were eradicated at relatively low concentrations of amikacin (16 pg
mL™), ceftrioxone (96 pg mL™) and tobramycin (32 ug mL™"). Regardless of exposure
time, biofilms were not eradicated at the highest concentrations of amikacin or
ceftrioxone examined (512 pg mL™). Tobramycin eradicated biofilms time-dependently
at very high concentrations (256 to 512 pg mL™). However, these assays show that E.
coli biofilms remained at least 11 to 64 times more tolerant to antibiotics than planktonic
cells (even with prolonged exposure time). This observation is consistent with previously

reported results (40, 98, 270).



Figure 4.1. SEM of Escherichia coli JM109 biofilms grown in the CBD using rich

medium. The bacteria formed (A) slimy mounds and layers that (B) covered the peg

surfaces with a heterogeneous distribution. In both panels, the bar represents 5 pm.

(This figure has been reproduced by permission from Harrison ef al. (2005) Microbiology
151:3181-3195).
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Table 4.1. Susceptibility of planktonic and biofilm Escherichia coli JM109 to
antibiotics with 2 or 24 h of exposure in rich (LB) medium.

o Exposure Fold
Antibiotic time (h) MICyyp, (ng/mL) MBC,.100 (ng/mL) ~ MBCy.100 (ug/mL)1 tolerance
2 2(2to4) >512 (512 to >512) >512 na
Amikacin
24 6 (4 to 16) 16 (16 to 32) >512 >64
2 6 (410 8) >512 >512 na
Ceftrioxone
24 24 (8 to 64) 96 (32 to 128) >512 >11
2 12 (4 to 32) 32 (16 to 64) >512 >32
Tobramycin
24 24 (16 to 32) 32 (16 to 64) 384 (128 to 512) 12

na indicates a measurement that is not applicable
'"These values also include determinations of endpoints made using ODgs, measurements of recovery plates.

4.3.3 Cell survival in planktonic and biofilm populations exposed to antibiotics

The bactericidal action of amikacin, ceftrioxone and tobramycin with respect to
antibiotic concentration was evaluated by determining the viable cell counts for
planktonic and biofilm E. coli JIM109 after 2 or 24 h exposure in the CBD. Mean viable
cell counts and log-killing for biofilms are illustrated in Figure 4.2. Each value is
reported as the mean and standard deviation of 4 independent replicates. The majority of
biofilm and planktonic populations were eradicated at very low concentrations of
amikacin (approximately 20 ng mL™). However, 1% or less of the population tolerated
this antibiotic up to 512 pg mL™', which was the highest concentration used in this assay.
A similar trend was observed for ceftrioxone. In the case of planktonic cultures, the
surviving cells were killed time-dependently (Figure 4.2 A), a trait that has been
attributed to persister cells (12). When the bacteria were grown in a biofilm, a small
fraction of cells were also recalcitrant to killing by ceftrioxone even with 24 h exposure
(Figure 4.2 B and E). Tobramycin showed time-dependent killing kinetics of E. coli
biofilms (Figure 4.2 C and F). At 24 h of exposure, tobramycin was the only antibiotic to
reproducibly eradicate biofilms and this occurred at the threshold of the highest
concentrations examined (128 to 512 pg mL™). These results are consistent with
previous reports in the literature that have examined antibiotic susceptibility of P.

aeruginosa biofilms (230). In general, these data show that, although biofilms may be
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killed time-dependently by antibiotics, biofilms are many times more resilient to these

drugs than planktonic cells (even with long exposures).

4.3.4 Susceptibility of E. coli to toxic metal oxyanions

E. coli IM109 MICy4 1, MBC,.100 and MBCy.1¢o values for CrO42', AsO43', AsOy,
SeO32', TeO42', and T6032' at 2 and 24 h exposure are presented in Table 4.2. Each value
is reported as the mean and standard deviation of 3 to 7 independent replicates. With
short exposures (i.e. 2 h), E. coli biofilms and planktonic cells were, in general, relatively
tolerant to very high concentrations of metal oxyanions. In the case of TeOs>, biofilms
presented with a transient 250-fold increased tolerance relative to the corresponding
planktonic cultures. The bacterial survivors of TeOs> exposure represented a small
enough portion of the population that they were only reliably detected using the
(qualitative) ODgsp measurements of the 96-well microtiter recovery plate. This may
imply the number of surviving cells in the biofilm was approximately equal to or less
than the threshold of detection using viable cell counts (approximately 10 CFU peg™). A
similar phenomenon was observed for CrO4>. In all instances, the highly tolerant
survivors were eradicated by metal oxyanions by 24 h of exposure. As a comparison to
literature values, the MICy4 1, values obtained using the CBD method for Seng' and
TeO;” are approximately equal to the MIC values obtained using alternate
microbiological techniques (256, 258).

As a quality control for the CBD experimental system, planktonic cell
susceptibility testing was repeated with logarithmic growing planktonic cells prepared
similar to a CLSI protocol used for antibiotic susceptibility testing. In these assays, the
mean initial cell load was similar to the biofilm cell density per peg of the CBD (see
section 4.3.6). MICy4 1, MBC,..100 and MBCy_jo values obtained using this method are
also presented in Table 4.2. These values were in most cases similar and consistent with
those obtained using the CBD assay. Each value represents the median and range of 4

independent replicates.
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Figure 4.2. Killing of Escherichia coli JM109 biofilms and planktonic cells by

antibiotics. Biofilms were grown for 24 h on the peg lid of the CBD, then exposed for 2

or 24 h to amikacin, ceftrioxone, or tobramycin in rich (LB) medium. Biofilm and

planktonic cultures were recovered in fresh LB media, serially diluted ten-fold, then

plated onto agar for viable cell counts. Each data point is the mean of 3 or 4 independent

replicates, and error bars denote standard deviation. The mean viable cell counts are

reported with respect to concentration of (A) amikacin, (B) ceftrioxone and (C)
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tobramycin. The log-killing of biofilm populations is also reported with respect to
concentration of (D) amikacin, (E) ceftrioxone and (F) tobramycin. Values in
parentheses indicate the means and standard deviations for the viable cell counts or the
log-kill calculations for the identically treated growth controls with no added antibiotics.
Low concentrations of antibiotics rapidly destroyed the majority of planktonic and
biofilm populations. A very small fraction of the population (10° to 10°) survived
exposure to the highest concentrations of amikacin and ceftrioxone tested (512 ug mL™).
In the case of planktonic cultures, these cells were eradicated by 24 h of exposure. Only
tobramycin could effectively eradicate biofilms with 24 h of exposure — in this case at the
threshold of the highest concentration assayed (128 pug mL™). (This figure has been
adapted from Harrison et al. (2005) Microbiology 151:3181-3195).
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Table 4.2. Susceptibility of planktonic and biofilm Escherichia coli JM109 to toxic metal oxyanions with 2 or 24 h exposure in
rich (LB) medium.

Metal  Periodic Time (b CLSI method CBD method Fold
ion Gro tolerance
op MIC7, , (mM) MBC,,.190 (mM) MIC7,, (mM) MBC,,.190 (mM) MBCy.199 (mM)'

2 22(1.1t02.2) 8.8 (8.8 to 18) 18 (8.8 to 32) 2.0
Cr0,~ VIB 0.54 1.1(0.27 to 1.1)

24 0.54 (0.27 to 0.54) 0.54 0.54 1.0

2 >60 >60 >60 na
AsO” VA nd 29 (7.4 to 60)

24 >60 >60 >60 na

2 >77 >77 >T77 na
AsO, VA 9.4 4.8 (2.4104.8)

24 75 77 77 1.0

2 64 32 32 (32 to 64) 1.0
SeO,” VIA 8.1 8.1 (8.1 to 16)

24 16 (8.1 to 16) 8.1 8.1 (8.1t 16) 1.0

N 2 13 6.7 x 10° >1.1(1.1t0o>1.1) >1.1 (1.1 to>1.1) na

TeO~  VIA nd (421084 107)

24 1.3 (0.65 to 1.3) : ' 0.33(0.33t00.67)  0.67(0.33t00.67) 2.0

) 2.2 %107 3.4 %107 8.7 5 5 X102
Te02  VIA 1.4 %107 (2.2t0 4.5 x107) 1.1 x 107 (3.4 10 6.7 x10?) (9.1 x107 to 8.7) '

3 24 (1.4102.8 x 107) 1.1 x 102 (0.55t0 1.1 x10%) 3.4 x 107 3.4 x 107 L0

(0.55t0 1.1 x10?)

(1.7 to 3.4 x10)

(1.7 t0 3.4 x10?)

na indicates a calculation that is not applicable
nd indicates an MIC that was not determined
'"These values also include determinations of endpoints made using ODgs, measurements of recovery plates.
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4.3.5 Cell survival in planktonic and biofilm E .coli exposed to toxic metal oxyanions

To examine the survival of planktonic and biofilm bacterial populations following
exposure to metal oxyanions, viable cell counts were determined for a range of
concentrations following either 2 or 24 h of exposure. Mean viable cell counts and log-
killing of biofilm cultures with respect to concentration of CrO42', ASO43', and AsQO, are
presented in Figure 4.3. The data for SeO;”, TeO4>, and TeOs” are presented in Figure
4.4. Every metal oxyanion examined in this study killed a large portion (1 log;o cells or
greater) of the biofilm at relatively low concentrations. To continue with the example of
TeO;”, the majority of both planktonic and biofilm populations were killed at 7 pM
TeOs” (approximately 1-2 ug mL™"). However, a small fraction of biofilm cells (107 to
107) survived for at least 2 hours at concentrations well in excess of 0.1 mM (16-32 pg
mL™"). Together with the data from Table 4.2, a very small number of survivors (below
the threshold of detection by viable cell counts) tolerated TeOs>™ at concentrations up to
12 mM (approximately 2048 pug ml™). This surviving fraction was eradicated by 24 h
exposure. Only AsO4> did not eradicate biofilm or planktonic cultures with 24 h
exposure, and it was only ~1000 CFU per biofilm peg that survived this toxic exposure.
High concentrations of CrO42', AsOy, Se032', TeO4”, and TeO5™ completely eradicated
biofilms and planktonic cultures with extended exposure times.

There are two features of the CBD that must be addressed here. First, the wells of
the microtiter plates containing serial dilutions of metals are inoculated with bacteria shed
from the surface of the peg lid. As a consequence, precise initial numbers of planktonic
bacteria are unknown and log-killing of planktonic cells cannot be calculated using this
method. Here, I address this shortcoming by repeating the susceptibility assays using a
defined inoculum (section 4.3.6). However, the former situation in vitro may be
reflective of naturally existing environmental systems (or as a model of infection) where
a biofilm forms a recalcitrant nidus that sheds planktonic cells into its surroundings.

Second (and critical to the seeding of planktonic wells), transfer of the peg lid from
the CBD into challenge media disperses a portion of the E. coli IM109 biofilm. I have
previously noted that for P. aeruginosa ATCC 27853 biofilms, this dispersion event is

not statistically significant (J.J. Harrison, R.J. Turner and H. Ceri, unpublished
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Figure 4.3. Killing of Escherichia coli JM109 biofilms and planktonic cells by
chromium and arsenic oxyanions. Biofilms were grown for 24 h on the peg lid of the
CBD, then exposed for 2 or 24 h to Cr042', AsO43', or AsO; in rich (LB) medium.
Biofilm and planktonic cultures were recovered in fresh LB media containing a
neutralizing agent, serially diluted ten-fold, then plated onto agar for viable cell counts.
Each data point is the mean of 3 or 4 independent replicates, and error bars denote

standard deviation. The mean viable cell counts are reported with respect to
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concentration of (A) CrO4, (B) AsO4 and (C) AsO,. The log-killing of biofilm
populations is also reported with respect to concentration of (D) CrO4>, (E) AsO,* and
(F) AsO,. Values in parentheses indicate the means and standard deviations for the
viable cell counts or the log-kill calculations for the identically treated growth controls
with no added metals. In the case of As oxyanions, concentrations in excess of ~5 mM
resulted in the death of 99% (or greater a portion) of the biofilm population. The
surviving 1% of the population tolerated these highly toxic, heavy metalloids in excess of
50 mM. AsO,” did not eradicate these surviving population even at the highest
concentration examined (60 mM). Cr oxyanions began to kill bacteria at concentrations
as low as 400 uM, however <1% of the bacterial population survived for at least 2 h at
concentrations of up to 8.8 mM. Notably, CrO42' and AsQO; eradicated biofilm cultures
time-dependently.  (This figure has been adapted from Harrison et al. (2005)
Microbiology 151:3181-3195).
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Figure 4.4. Killing of Escherichia coli JM109 biofilms and planktonic cells by

selenium and tellurium oxyanions. Experimental conditions and data analysis were

identical to the conditions described in the legend of Figure 4.3. Mean viable cell counts

are reported for 2 and 24 h exposures to (A) Se0s”, (B) TeO4” and (C) TeOs>. The log-

killing of biofilm populations is also reported with respect to concentration of (D) SeO3”,

(E) TeO4” and (F) TeOs”.

Values in parentheses indicate the means and standard

deviations for the viable cell counts or the log-kill calculations for the identically treated
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growth controls with no added metals. Consistently, only a small percentage of the
bacterial population (approximately <1%) was observed to survive to high concentrations
of these highly toxic metalloid oxyanions. Although the number of survivors in the case
of biofilms was somewhat larger, this subpopulation was eradicated time-dependently. In
other words, biofilm and planktonic cultures were equally susceptible to these toxic metal
species with extended exposure times. (This figure has been adapted from Harrison et al.

(2005) Microbiology 151:3181-3195).
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data). However, the portion of the E. coli IM109 biofilm disrupted is larger. In the
absence of shear and given sufficient exposure time, the disrupted biofilms resume
growth. Here, this may work as an advantage. Mean viable cell counts reported in
Figures 4.2 to 4.4 were based on the number bacteria recovered from pegs (including
growth controls) after transfer and exposure. However, log-killing was calculated
relative to the initial number of bacteria formed in the biofilm before transfer to the
challenge media (i.e. log-killing was based on the growth controls used to calculate the
mean biofilm cell density of 6.4 + 0.4 log;o CFU peg™ as described above). From this, it
is possible to discern that growth of biofilms occurred during exposure to low
concentrations of metal oxyanions. When comparing where the transition between
growth and cell death occurs on the log-killing curves in Fig. 4.3 (B, D and F) and Figure
44 (B, D and F), biofilms were not observed to grow at concentrations of metal
oxyanions greater than the planktonic MIC values reported in Tables 4.2 and 4.3. As
noted above, the MIC values in these tables are consistent with literature MIC values and
those obtained using a modified CLSI protocol (Table 4.3). This results in the interesting
concept that biofilms and planktonic cells may be similarly resistant to growth inhibition

by metal oxyanions.

4.3.6 Susceptibility testing of planktonic cells using alternative methods

When comparing the resistance and/or tolerance of planktonic cells and biofilms to
metals, there is a possibility that differences in susceptibility may arise due to disparity in
starting cell numbers used for MIC, MBC, and MBC,, determinations. To check for this
possibility, a representative oxyanion for each metal was chosen and cell viability testing
was repeated using a protocol similar to CLSI guidelines for antibiotic susceptibility
assays. Here, the mean and standard deviation of viable cell counts were determined for
CrO42', AsOy’, Seng' and T6032' and these values are reported in Figures 4.5 and 4.6.
The initial cell load using this complimentary method was 6.0 + 0.5 log;o CFU mL™' and
log-killing of planktonic cultures was calculated based on this number. This starting cell
number was similar to the starting cell densities of the biofilms tested in the preceding

sections (~106 cells). MBC,.100 values obtained using this alternate method
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Figure 4.5. Killing of Escherichia coli JM109 logarithmic planktonic cells by
chromate (CrO4>) and arsenite (AsO,). These assays were performed using a protocol
designed to reflect a CLSI assay for antibiotic susceptibility testing; however, cell
recovery, serial dilution and data analysis were identical to the conditions described in the
legend of Figure 4.3 for CBD assays. The log-killing of planktonic cells by metal
oxyanions may be calculated using this method since the starting cell number is known.
Here, mean viable cell counts are reported for 2 and 24 h exposures to (A) CrO4* and (B)
AsO;". Log-killing of planktonic cultures is also reported with respect to concentration of
(C) CrO4~ and (D) AsO,. Values in parentheses indicate the means and standard
deviations for the viable cell counts or the log-kill calculations for the identically treated
growth controls with no added metals. Approximately 0.01 to 1% of planktonic cell
populations survived exposure to bactericidal concentrations of these metal oxyanions

and this was smaller than the fraction of survivors recovered from biofilms. These kill
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kinetics were similar to those obtained using the CBD assay. (This figure has been

adapted from Harrison et al. (2005) Microbiology 151:3181-3195).
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Figure. 4.6. Killing of Escherichia coli JM109 logarithmic planktonic cells by
selenite (Se0;>) and tellurite (TeO3>). These assays were performed using a protocol
designed to reflect a CLSI assay for antibiotic susceptibility testing; however, cell
recovery, serial dilution and data analysis were identical to the conditions described in the
legend of Figure 4.3 for CBD assays. The log-killing of planktonic cells by metal
oxyanions may be calculated using this method since the starting cell number is known.
Here, mean viable cell counts are reported for 2 and 24 h exposures to (A) SeO;* and (B)
TeOs”. Log-killing of planktonic cultures is also reported with respect to concentration
of (C) SeOs* and (D) TeOs>. Values in parentheses indicate the means and standard
deviations for the viable cell counts or the log-kill calculations for the identically treated
growth controls with no added metals. Less than 1% of planktonic cell populations
survived exposure to highly toxic metal oxyanions. These kill kinetics were similar to
those obtained using the CBD assay. (This figure has been adapted from Harrison et al.
(2005) Microbiology 151:3181-3195).
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were generally within log, of the values obtained using the CBD method. Notably, the
proportion of surviving cells was smaller than the fraction of survivors recovered from
biofilms. This supplementary work serves as an important quality control to for making
comparisons between the susceptibility of planktonic cells and biofilms to metals using

the CBD.

4.3.7 Adsorption and reduction of metal oxyanions by E. coli biofilms

As described in Chapter Three, biofilms of P. aeruginosa ATCC 27853 adsorb
copper cations (105). Here, I addressed the question whether the observed time-
dependent killing of E. coli JIM109 may be partly due to oxyanion adsorption to the
biofilm matrix. As a control, I exposed biofilms of E. coli IM109 to Cu** for 24 h, rinsed
the biofilms with 0.9% NaCl, then treated the exposed biofilms with Na,DDTC.
Correlative to my previous observations, Na,DDTC caused the formation of dark brown
metal-chelates in the biofilm (Figure 4.6 A, D and G). However, Na,DDTC did not
cause the characteristic colorimetric coordination of oxyanions in biofilms exposed to
either CrO,” (Figure 4.7 B, E and H) or TeOs> (Figure 4.7 C, F and I). Surprisingly, this
would suggest that adsorption of oxyanions by biofilm biomass may not be the primary
mechanism of the observed time-dependent tolerance of biofilms to either CrO42' or
TeO32'.

Of note, the reduction of periodic group 6A oxyanions, SeO;” (data not shown) and
TeOs> (Figure 4.7 C and I) to orange and gray-black end products, respectively, was
mediated by both planktonic and biofilm cultures of E. coli IM109. For planktonic
cultures exposed to TeOs>, this was observed as gray discoloration in the challenge
media after 24 h exposure (Figure 4.7 C). In biofilms, gray-black bands could be

observed at the biofilm air-liquid-surface interface (Figure 4.7 1).

4.3.8 Survival of the E. coli hipA7 mutant after exposure to toxic metal oxyanions

To directly test if persister cells might be responsible for bacterial tolerance to
metal oxyanions, a hipA7 strain of E. coli was examined. hipA7 is a gain-of-function

allele of hipA that increases the proportion of persisters in biofilms and stationary phase
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Figure 4.7. Metal oxyanions were not trapped in biofilms of Escherichia coli JM109.
Planktonic cultures of E. coli IM109 were exposed to (A) Cu*", (B) CrO4> or (C) TeOs™
for 24 h, then reacted with 37.5 mM sodium diethyldithiocarbamate (Na,DDTC).
Complexation of Cu®’, CrO4*, and TeOs> with Na,DDTC resulted in an instantaneous
color change of planktonic cultures to (D) dark brown, (E) green and (F) bright yellow,
respectively. Biofilms exposed to (G) Cu®" also underwent a color change, indicating
that this metal may be retained within E. coli biofilms. By contrast, (H) CrO,;* and 1))
TeOs> exposed biofilms did not change to a color characteristic of the metal-chelator
complex. However, with 24 h exposure to TeOs;”, biofilms and planktonic cultures
turned grey-black, a hallmark of intracellular Te reduction. These observations suggest
that negatively charged metal ions may have low affinity for biofilm biomass. The left
hand well of every panel is a sterility control. Growth controls not exposed to metals (not
shown) did not change color in any assay. (This figure has been reproduced by

permission from Harrison et al. (2005) Microbiology 151:3181-3195).



119

planktonic cultures (131). Stationary phase E. coli HM21 (wild type) and HM22 (hipA7)
were exposed to ASO43', AsOy, 86032', Teof', TeO42', and CrO42' for 6 h then
enumerated. Relative to the wild type strain, E. coli HM22 (hipA7) had an 82-, 76- and
5-fold increased proportion of survivors after exposure to TeOs;”, TeO4>, and CrO4”,
respectively (Figure 4.8). At the highest concentrations of AsOs”, AsO, and SeO;”
tested against E. coli IM109, there was insufficient killing of E. coli HM21 and HM22
stationary phase cultures at 6 h exposure to observe a hypertolerant phenotype for the
hipA7 mutant (Figure 4.8). The starting number of cells for E. coli HM21 and HM22
were 8.7 + 0.6 and 8.1 + 0.6 log;o CFU mL™, respectively. It is interesting to note that E.
coli HM22 seemed to enter stationary phase at lower cell densities than E. coli HM21,

although this difference was not statistically significant (data not shown).

4.4 Discussion

In this Chapter, high-throughput susceptibility testing, using the CBD and CLSI
broth microdilution techniques, was used to screen the time- and concentration-dependent
killing of biofilm and planktonic cells of E. coli IM109 by metal oxyanions. E. coli
JM109 is a laboratory strain with a long history of use in studies of metal resistance.
Here, the CBD provided three internally consistent measurements from a single
experiment: the MICy4 1, the MBC,,_100 the MBEC,,.199. In this assay system, planktonic
cells used in susceptibility testing were shed from the surfaces of the biofilms,
reproducing in vitro the characteristic duality of the natural bacterial ecological cycle.
This feature is unique to the method used here. As a control for this experimental system,
MICy4 n and MBC,.199 values attained using this technique were compared to those
discerned using a modified CLSI protocol. Initial cell numbers used in these additional
assays were similar to biofilm cell densities in the CBD. The MICy4 , and MBC,. 00
values obtained from both methods were similar (serving as an important quality control
for this experimental system). Subsequently, combinations of exposure times and metal
concentrations were rapidly examined using the CBD, which would not have been
pragmatic using alternate approaches. To validate this model, I have reexamined the

biofilm persister cell hypothesis proposed by Spoering & Lewis (2001). Consistent with
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Figure 4.8. The hipA7 allele increases the survival of stationary-phase planktonic
cells of Escherichia coli JM109 exposure to toxic metal oxyanions. There was
approximately a 5- to 82-fold increase in the fraction of E. coli HM22 (hipA7) cells that
survived 6 h exposure to tellurium and chromium oxyanions relative to E. coli (HM21)
(wild type). At the concentrations used in this assay, which were greater than or equal to
the highest concentrations used in biofilm susceptibility assays, the arsenic and selenium
oxyanions did not significantly decrease the number of viable stationary-phase planktonic
cells. Each bar represents the mean and standard deviation of 3 replicates. The
concentrations of metals used for this assay were: 308 mM AsO43', 152 mM AsO,, 64

mM SeO;”, 91 uM TeO3>, 1.3 mM TeO,”, and 2.2 mM CrO,*
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previously reported results, here it was observed that biofilms of E. coli remained highly
tolerant to antibiotics for long exposure times (98, 270). Further, this tolerance was
mediated by a very small portion of the adherent bacterial population (230).

E. coli HM22 (hipA7) — well known for its ability to produce a large subpopulation
of persister cells recalcitrant to killing by bactericidal antibiotics — also produced a
subpopulation of multimetal tolerant cells that was larger than the isogenic, wild type
strain. Biofilms of E. coli IM109 presented with a transient, time-dependent tolerance to
metal oxyanions that was up to two orders of magnitude greater than planktonic cells.
Long exposures to these highly toxic substances resulted in destruction of planktonic
cells and biofilms at similar concentrations of metal oxyanions. Consistent with the
persister cell hypothesis, this short term tolerance was mediated by a small fraction of the
biofilm population (10~ or less). It was also observed that the short term tolerance of
planktonic cells was mediated by an even smaller subpopulation of cells. As noted in
Chapter Three, two potential explanations for this phenomenon are: 1) that persister cells
in a biofilm are killed at a reduced rate by metal oxyanions relative to the planktonic
persister population, or 2) that there is a greater population of persisters in a biofilm that
are killed at the same rate as planktonic persister cells. In the first case, it is interesting to
speculate that there may be a faster persister cell to vegetative cell transition rate in
planktonic as opposed to biofilm populations. Nonetheless, metal ion killing is different
from antibiotic killing of biofilms, where in the case of the latter cell death typically
reached a plateau characterized by a lack of further antibiotic efficacy (even with
prolonged exposure or increased antibiotic concentrations). In the case of tobramycin,
which eradicated biofilms by 24 h exposure, biofilms remained 12-times more tolerant to
killing than the corresponding planktonic cells. Thus, these data would suggest that
metal oxyanions possess a bactericidal action capable of destroying biofilm persister
cells. To reaffirm this notion, we have observed in a subsequent study that stationary
phase E. coli HM22 (hipA7) may be sterilized by AsO,> with 24 h exposure (J.J.
Harrison, R.J. Turner and H. Ceri, unpublished data).

The role of E. coli biofilm biomass in adsorption of metal cations and oxyanions

had previously been unexamined. Here, metal oxyanions may have equilibrated across
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the biofilm matrix at a slowed rate due to steric and/or ionic hindrance (234). Intuitively,
we can be confident that complete penetration of the biofilm eventually occurred if the
biofilms were eradicated. The observation that the chelator Na,DDTC does not result in
precipitation or coordination of metal oxyanions in exposed biofilms supports the idea
that the E. coli IM109 ECM may have low affinity for adsorbing and/or binding metal
oxyanions. This was not the case for the divalent heavy metal cation Cu”’, which was
retained and formed metal precipitates in similarly treated biofilm cultures. These
observations are consistent with reports that the £. coli ECM is polyanionic (for a review,
see 245). Colanic acid, which is known to be important in E. coli biofilm formation
(195), is the major extracellular polysaccharide of most E. coli strains (86, 276). Further
evidence for the low affinity of the matrix for metal oxyanions was the observed
reduction of Teng' by biofilms.

The reduction of TeOs> by E. coli is well documented (284). Reduction of TeOs>
to gray-black colored, colloidal Te’ is an intracellular reaction potentially mediated by
through several biochemical routes (284). Insoluble Te closely associates with cell
membranes (156), giving bacterial cultures a characteristic gray-black color. The
observation that E. coli biofilms turn gray-black after exposure to TeOs” is evidence of
intracellular Te accumulation and entrapment. This is evidence that the biofilm matrix
may not sequester metal oxyanions in the extracellular milieu. A similar case can be
made for SeO;” reduction, another group 6A chalcogen with similar chemistry to TeOs*
(258, 284). In the present study, E. coli biofilms also reduced SeOs> to Se’, which
resulted in the accumulation of orange-red end products on the pegs (data not shown).

A characteristic attributed to persister cells is the ability to give rise to a new
population with normal antimicrobial susceptibility (25, 130, 168, 230). I have thus
addressed this question for E. coli IM109, but have not shown the data here. Survivor
cells cultivated after exposure to mercury (Hg®"), then to copper (Cu®"), and finally to
Cu®" again, yielded a similar proportion of metal survivors in the newly generated
populations, and produced cultures with normal susceptibility to metals (J.J. Harrison, H.
Ceri, and R.J. Turner, unpublished data). A similar phenomenon occurred for P.

aeruginosa ATCC 27853, which was described in Chapter Three. Collectively, this
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would indicate that the survivors are not mutants within the bacterial culture, but rather
specialized phenotypes produced by a genetically homogeneous population. By
definition, persister cells are not mutants, and so it is possible that the survivors of metal
exposures may also be persisters.

In E. coli, the proportion of persisters in the bacterial population is in part
controlled by the high persistence (hip) operon (131, 139, 168). The hipA7 mutant
produces 10- to 1000-times more persister cells than wild type E. coli as it approaches
stationary phase (131, 139). Since the hipA7 mediated high persistence phenotype was
abolished in a reld” spoT background, Korch and colleagues (2003) postulated that
(p)ppGpp synthesis may govern the ‘persistent’ physiological state. More than 80
homologues of the hipA gene have been identified in Gram-negative and Gram-positive
bacteria (139). It is unknown what role the stringent response (which is also governed by
(p)ppGpp synthesis) plays in the production of persister cells. However, it is known that
stringent response regulated genes play an important role in both E. coli biofilm
formation (13), entry into stationary phase, bacterial adaptation to nutrient limitation and
oxidative stress (45). The ‘persistent’ response of 4ip mutants not only reduces cell death
due to antibiotic exposure, but also reduces the lethality of heat shock (216) and
metabolic block (i.e. starvation for diaminopimelic acid) (168). I acknowledge that some
of these mechanisms may share overlapping features with each other and the effects of
metal toxicity.

Metal oxyanions are considered to exert toxicity through oxidative stress (241, 258,
259). Additionally, AsO4” is toxic by virtue of substitution for inorganic phosphate in
glycolytic intermediates, abrogating ATP producing enzymatic steps through
spontaneous hydrolysis of arsenophosphates in water (for a review, see 165). Although
the precise mechanism is unknown, TeOs> ultimately functions to uncouple the E. coli
transmembrane ApH gradient (157). In both cases, ATP levels would be lowered in
sensitive cells, mimicking the effects of starvation. Thus the data in this study and in the
literature suggest that persistence may be part of an underlying, highly conserved and

generalized mechanism for bacteria to tolerate environmental duress.
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Biofilms are infamous for their ability to withstand antimicrobials. Here, biofilms
did not grow at concentrations of metal oxyanions in excess of the planktonic minimum
inhibitory concentration (MIC). Based on these data, biofilms may not be labeled
resistant. However, biofilms did withstand concentrations of metal oxyanions far in
excess of the planktonic minimum bactericidal concentration (MBC,.100). Therefore,
biofilms may be considered highly ‘tolerant’ to metal oxyanions.

Persisters are known to survive high levels of antibiotics for prolonged exposure
times. As it pertains to our model system and Escherichia coli JM109, this is not true for
metal oxyanions. In fact, given long exposures, metal oxyanions destroyed biofilms at
concentrations similar to planktonic bacteria. In this study, I observed that 1% or less of
the biofilm population survived for short periods of time at concentrations of metal
oxyanions in excess of the concentration required to eradicate planktonic bacteria (MBC,.
100). Lastly, the proportion of surviving cells in stationary phase cultures of an E. coli
hipA7 mutant was greater than that for wild-type bacterial cultures. It is an unfortunate
experimental limitation that the E. coli strains bearing hipA7 did not form robust biofilms
in the CBD. At the time of writing this thesis, I am testing a series of in-frame,
markerless deletion mutants bearing singly inactivated toxin or antitoxin genes to link TA
modules to the sizes of survivor populations in drug and metal exposed biofilms.
Nonetheless, based on the collective data in this Chapter it is reasonable to hypothesize
that persister cells might mediate the time-dependent tolerance of E. coli biofilms to
metal oxyanions, that the production of these cells is linked to chromosomal TA modules,
and that certain metal oxyanions may be lethal to the slow-growth phenotype possessed

by these cells.

4.5 Contributions
4.5.1 Author’s contributions to this work and personal acknowledgements

I performed about 50% of the experimental work described in this Chapter. In the
process of doing this work, I trained 3 undergraduate students (Erin A. Badry, Kimberley

M. Sproule and Nicole J. Roper) to assist with the remainder of the bench work. Electron
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microscopy was performed by Liz Middlemiss, a technician employed by Innovotech Inc.

Additonal thanks to Dr. Kim Lewis for kindly providing E. coli strains HM21 and HM22.

4.5.2 Relevant publications

These data sets were originally published in Harrison ef al. (2005) Microbiology
151:3181-3195.
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Chapter Five: Multimetal resistance and tolerance are linked to phenotypic
variation controlled by the GacS sensor kinase in Pseudomonas aeruginosa PA14

5.1 Introduction

In the previous two Chapters, I have provided evidence that biofilms have
increased tolerance to toxic metal species relative to planktonic cell populations. So far,
the data in this thesis suggest that biofilm multimetal tolerance might be mediated by
subpopulations of persister cells in bacterial cultures as well as by metal ion sequestration
via reversible adsorption to biomass. However, the existence of persister cells and the
restricted diffusion of ions cannot explain the resistance properties of biofilms that, at
least anecdotally, are well known in many industrial and clinical settings. The research in
this Chapter was undertaken to assess whether other phenotypic variants, which are
known to arise at high frequency in biofilms, might contribute to biofilm multimetal
resistance and tolerance. Here, I chose to investigate this problem by examining
Pseudomonas aeruginosa and a serendipitously discovered link between colony
morphology variation and the GacS/GacA signal transduction system.

P. aeruginosa is successful at adapting to a wide variety of environmental niches
such as soil, water, plants and animals. GacS/GacA (global activator of antibiotic and
cyanide synthesis) is one of 66 two-component regulatory systems that P. aeruginosa
uses to alter its physiology to suit these diverse environmental conditions. The
GacS/GacA system regulates the expression of virulence factors, stress tolerance genes,
enzymes for secondary metabolism, as well as periplasmic proteins important for motility
(84, 267). The response regulator GacA is vitally important for biofilm formation and
maturation in multihost virulent P. aeruginosa PA14 (183). This two-component system
is highly conserved among a wide range of Pseudomonas species (61) and has been well
characterized in rhizosphere strains of P. syringae and P. chlororaphis (229).

In later stages of development, biofilm growth and behaviour may be coordinated
by quorum sensing (QS), a process that relies on intercellular signalling by N-acyl-
homoserine lactones (AHSLs) (127, 227). In P. aeruginosa, GacA is a positive

transcriptional regulator of the lasRI and rh/RI operons, which are responsible for the
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enzymes that synthesize N-3-oxo-dodecanoyl-homoserine lactone (3-oxo0-C12-HSL) and
N-butanoyl-homoserine lactone (C4-HSL), respectively. Loss-of-function mutations in
gacS and/or gacA in Pseudomonas species reduce production of these autoinducers (49,
183). In vitro, these QS-systems are pivotal for P. aeruginosa biofilm tolerance to
hydrogen peroxide, aminoglycoside antibiotics, and polymorphonuclear leukocytes (26).
It is a paradox that, despite roles in stress tolerance and survival, spontaneous mutations
in gacS and/or gacA have been observed in many pseudomonads under laboratory
conditions as well as in the plant rhizosphere (38, 70, 213, 263).

As it turns out, mutation of gacS is not associated with a loss-of-fitness of
pseudomonads in the environment (193, 217). Using P. chlororaphis as an example,
studies have suggested that mixtures of gacS mutants with the wild-type population may
enhance the survival of this bacterium in soil (43). Preliminary evidence suggests that
this may be linked to phenotypic variation (213). Our research group has recently
discovered that inactivation of gacS in P. chlororaphis and in P. fluorescens gives rise to
highly adherent colony morphotype variants from aged biofilms exposed to certain metal
ions (M.L. Workentine, J.J. Harrison, L.L.R. Marques, H. Ceri, R. J. Turner, A.J.
Anderson, Y.C. Kim and M.E. Olson, unpublished data). In general, these isolates are
less motile and are superior at forming biofilms, which might be part of an important
process for root colonization (108). Interestingly, this process has not been examined in
the soil bacterium and opportunistic human pathogen P. aeruginosa, and here it was
specifically hypothesized that GacS may be similarly involved in phenotypic variation.
This may be important because GacS/GacA signalling in this microorganism has been
implicated in attenuating virulence and establishing chronic infections in the cystic
fibrosis (CF) lung (84, 266). Furthermore, the isolation of antimicrobial resistant colony
morphology variants with an increased ability for forming biofilms has been described
for many laboratory and clinical strains of P. aeruginosa (30, 69, 110, 111, 134).

In this Chapter, a gacS$ strain of P. aeruginosa PA14, which had been previously
constructed by another graduate student in the Biofilm Research Group (James A.
Davies), was examined in order to assess the physiological role of this sensor histidine

kinase. This loss-of-function mutation was associated with hypermotility, reduced
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production of AHSLs, impaired biofilm maturation, and decreased antimicrobial
resistance. Relative to controls, biofilms of the gacS mutant gave rise to phenotypically
stable small colony variants (SCVs) with increasing frequency when exposed to some
clinically used antibiotics (tobramycin, amikacin, azetronam, ceftrioxone, oxacilin,
piperacillin or rifampicin), hydrogen peroxide (H,O,) and silver cations (AgNO;). When
cultured, the SCVs produced thicker biofilms with greater cell density and greater
antimicrobial resistance and/or tolerance than did the wild-type or parental gac$™ strains.
Similar to other colony morphology variants described in the literature, this SCV was less
motile than the wild-type strain and autoaggregated in broth culture. Complementation
with gacS in trans restored the ability of the SCV to revert to a normal colony
morphotype. These findings indicate that mutation of gacS is associated with the
occurrence of stress resistant SCV cells in P. aeruginosa biofilms and suggests that in
some instances GacS may be necessary for reversion of these variants to a wild-type

state.

5.2 Materials and methods
5.2.1 Standard protocols

The bacterial strains used in this study are summarized in Table 5.1 and these
strains were stored, handled and cultured as described in Chapter Two. Biofilms were
cultivated by growing P. aeruginosa at 35 °C in the trough format of the Calgary Biofilm
Device (CBD) for the desired incubation time using TSB medium. Unless otherwise
indicated, E. coli was grown in LB at 35°C, and alternatively, nutrient agar or LB agar
was used to culture these bacteria. Biofilm antibiotic and metal susceptibility testing as
well as confocal laser scanning microscopy (CLSM) were performed using the CBD and
were carried out according to the standard protocols described in Chapter Two. Note that
phosphate buffered saline (PBS, pH 7.2) containing the anionic surfactant Tween-20 (1%
v/v) was used to assist in bacterial recovery from the peg surfaces, and here, biofilms

were sonicated for 30 min instead of the standard 5 min described in Chapter Two. This
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extended sonication time was required to maximally recover biofilm cells of the highly

adherent SCV strain (data not shown).

5.2.2 Swim and swarm assays

Swim assays were carried out on a semisolid medium composed of LB broth
ammended with 0.3% w/v agar. Swarm assays were carried out on a modified M9
medium which contained 3.0 g KH,PO4, 6.0 g Na,HPO4, 0.5 g NaCl, 0.5 g L-glutamate,
2.0 g dextrose, and 5.0 g agar per liter of double distilled water (ddH,O). This medium
was autoclaved and enriched with 1 mL of 1 M MgSO,4 and 1 mL of 0.01 M CaCl,. One
microliter aliquots of overnight bacterial cultures were spotted into the middle of the
swim or swarm plates, which were incubated for 72 h at room temperature and 35 °C,
respectively. Swim diameter was measured and plates were photographed using a Kodak

EasyShare C340 digital camera.

Table 5.1. Strains and plasmids used in Chapter Five.

Strain or plasmid Genotype or description Source

Escherichia coli

MG4 reporter strain (186)

Pseudomonas aeruginosa

PAO-JP2 Arhil::Tn501 derivative of wild type PAO1, Alasl, Hg® Tc? (187)
UCB-PP PA14 clinical isolate (201)
PA14 gacA PA14 AgacA::gm' (201)
PA14 gacS PA14 AgacS::gm" (59)
PA14 SCV PA14 AgacS::gm" small colony variant (59)
Plasmids

pUCPISpgaes  JUCTISconinng 340 et i o riess g
pECP61.5 rhiA::lacZ reporter construct (187)

pKDT17 lasB::lacZ reporter construct (186)
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5.2.3 N-Acyl-homoserine lactone determinations

For quantification of 3-0xo-C12-HSL and C4-HSL, the AHSL biosensors
Escherichia coli MG4 (pKDT17) (186) and P. aeruginosa PAO-JP2 (pECP61.5) (187)
were used. These systems quantify 3-oxo-AHSL and C4-AHSL production based on the
measurement of [-galactosidase activity from lasB::lacZ and rhiA::lacZ reporter

constructs, respectively. The method has been previously described by Pearson et al.

(186, 187).

5.2.4 Calculations and definitions of measurements

Calculations of mean viable cell counts, mean log-kill measurements and tests for
equivalent growth using one-away ANOVA were performed according to the guidelines
set in Chapter Two. The definitions of endpoints used to measure biofilm susceptibility

(MIC72 4, MBCy.q and MBCy.999) are the same as those used in Chapter Three.

5.3 Results
5.3.1 Creation of a gacS™ cell line from P. aeruginosa PA14

The gacS gene was inactivated by allelic exchange for a gentamicin resistance
marker from a donor plasmid containing sacB. PA14 cells that were sucrose resistant
(which selected for loss of the donor plasmid) and gentamicin resistant were assessed for
interruption of gac$ by determining the size and sequence of the PCR product based on
primers corresponding to the gacS gene. The resulting cell line was thus verified by the
production of appropriately sized PCR products and this engineered strain was denoted P.

aeruginosa PA14 gac§ (data not shown, note that this work was done by J. A. Davies).

5.3.2 Origin of the small colony variant

When disrupted and plated onto agar, solid surface attached biofilms of P.
aeruginosa PAl14 gacS that were older than 24 h produced two distinct colony
morphologies. After overnight incubation at 35 °C, the majority of these colonies were

shiny, smooth, light yellow or pale green, and 3-5 mm in diameter. These colonies were
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similar to those produced by the wild type organism, with the exception of the slightly
greater colony diameter produced by the mutant. A minority of colonies exhibited abrupt
edges and were much smaller than colonies produced by either wild type or gac$ strains
of P. aeruginosa PA14. It was hypothesized that these colonies represented a small
colony variant (SCV) of the original gacS$™ strain.

These SCV isolates were evaluated for growth on Pseudomonas isolation agar
and for gentamicin resistance (the marker for the gacS mutation), as well as by PCR
analysis and Gram-staining. These tests were consistent with the premise that the
variants were derived from the parental gacS strain (data not shown). The SCVs were
stable and no reversion to normal colony morphology was observed, even after three days
incubation in broth medium or 45 days serial culture on nutrient agar at room
temperature. Phenotypically stable small colony variants were not observed originating
from cultures of wild type P. aeruginosa PA14 or the isogenic PA14 gacA™ mutant.
Rather, these strains produced colony variants that reverted to the normal colony
morphotype after subculture on LB agar (this was replicated 5 to 20 times for each
strain). When PA14 SCV was transformed with the plasmid pUCP18mpgacS (bearing
the wild type gacS gene and flanking DNA sequences), the SCV reverted to the wild type
colony morphology with a frequency of approximately 10™".

5.3.3 Strain characterization and biofilm growth

Since inactivation of the response regulator GacA is known to affect the ability P.
aeruginosa PA14 to form biofilms (183), a first logical step was to evaluate biofilm
development by P. aeruginosa PA14 wild type (PA14 wt), the gacS sensor kinase
mutant (PA14 gacS) and the isolated small colony variant (PA14 SCV). Relative to
either PA14 wt or PA14 gacS, PA14 SCV produced biofilms of greater cell density
between 4 and 10 h of growth in Luria-Bertani (LB) medium (Figure 5.1 A). By 24 h,
these three strains produced biofilms with an equivalent mean viable cell count.
However, the biomass produced by these three strains was not equal. For instance, the
extracellular polymeric substance produced by the SCV strain was visible to the naked

eye (data not shown). There were no strain differences in the rates of planktonic cell
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Figure 5.1. Phenotype characteristics of Pseudomonas aeruginosa PA14 wild type,
gacS™ and small colony variant (SCV) strains. (A) Growth curves of biofilms on
polystyrene pegs in the CBD. (B to D) Swarming motility of the PA14 gac$ strain was
much greater than that of the other isogenic strains. (E to G) Similarly, the gac$ strain
was significantly more motile than the wild type strain on swim agar (* p < 0.01 by a two
sample T-test, 4 replicates each). Conversely, PA14 SCV was significantly less motile
than the wild type strain (** p < 0.02 by a two sample T-test, 4 replicates each). (H to J)
Streak plates on LB agar. (This figure has been reproduced by permission from Davies et

al. (2007) FEMS Microbiology Ecology 59:32-46).
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growth (data not shown). In broth culture, PA14 SCV had a qualitatively greater
tendency to form aggregates as well as a surface pellicle (data not shown).

Each strain of P. aeruginosa was tested for a potential to swarm (Figure 5.1 B to
D) or swim (Figure 5.1 E to G). PA14 gacS was highly motile relative to the other two
strains, and showed an increased ability to swarm. This strain also had significantly
greater motility on semisolid swim agar than either PA14 wt or SCV strains (p < 0.01, by
a two-sample T-test, based on four replicates each). Conversely, PA14 SCV showed
significantly decreased swim motility relative to the wild type strain (p < 0.02, by a two-
sample T-test, based on four replicates each). In summary, these results show that PA14
gac§ 1s hypermotile and a poor biofilm former, whereas the isogenic SCV strain is less
motile but an excellent biofilm former. Streak plates of the PA14 wt, gacS and SCV

strains are also pictured in Figure 5.1 H, I and J, respectively.

5.3.4 P. aeruginosa biofilm structure

Biofilms were examined in situ on pegs from the CBD using CLSM. All bacteria
were stained with acridine orange (AQO), a membrane permeant nucleic acid intercalator
that has broad spectrum fluorescence (21). This compound stains all cells in a biofilm,
live or dead, and may also bind to nucleic acids that are present in the extracellular matrix
(ECM). Thus, AO functions as a general indicator of biomass present on the CBD pegs.
Here, surface-adherent growths from P. aeruginosa PA14 wt, gacS and SCV strains
were evaluated after 10, 24 and 48 h (Figure 5.2). Every image presented here is a
representative of at least three independent replicates.

By 10 h, wild type P. aeruginosa PA14 formed thin layers of bacteria that were 5
to 7 um in height at the air-liquid-surface interface of the polystyrene peg. In contrast,
the gacS strain adhered to the surface as scattered cells or small cellular aggregates.
Under the same conditions, the PA14 SCV strain formed biofilms with greater surface
coverage than the wild type strain and developed into flat layers of densely packed cells
that were also 5 to 7 um in height.

After 24 h of growth, the wild type strain had formed layers up to 15 um in height

with the greatest amount of biomass present at the air-liquid-surface interface. P.
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Figure 5.2. Biofilm formation by Pseudomonas aeruginosa PA14 wild type, gacS’
and small colony variant (SCV) strains at 10, 24 and 48 h in the CBD. Biofilms were
grown in LB broth (at 35 °C and 150 rpm) in the CBD, stained with acridine orange,
then imaged using CLSM. Every image presented in this figure is a two-dimensional
average projection of the images captured along the z-axis. Each panel represents a
square area of 238 x 238 um. (This figure has been adapted from Davies et al. (2007)
FEMS Microbiology Ecology 59:32-46).
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aeruginosa PA14 gacS formed little more than flat microcolonies and clumps that were
heterogeneously distributed across the entire surface. However, the SCV strain had
formed undulating layers of cells that were 20 to 25 um thick that again gave greater
surface coverage of the polystyrene pegs than wild type PA14. Biofilms examined at 48
h were similar to those examined at 24 h (Figure 5.2).

The structure of biofilms was also examined using scanning electron microscopy
(SEM) at 27 h growth (J. A. Davies, data not shown). These results correlated well with
CLSM data at 24 h. In particular, PA14 SCV formed very thick biofilms that lifted away
from the surface of the peg when fixed and dehydrated. At lower magnifications this
strain was again observed to produce undulating surface growth due to uneven thickness
of the biofilm. As a control, the revertant strain PA14 SCV pUCPI18mpgacS was
similarly imaged using SEM. Biofilms of this revertant covered less surface area and had
lost the undulating surface characteristic of the PA14 SCV biofilm (J. A. Davies, data not
shown). Collectively, CLSM and SEM data suggest that the SCV has an exceptional

capacity for forming surface-adherent biofilms.

5.3.5 N-acyl-homoserine lactone (AHSL) production

To determine whether there was a correlation between gacsS inactivation and AHSL
levels, the production of these metabolites by wild type PA14, gacS and SCV strains was
compared. P. aeruginosa PA14 gacA” was also assayed as it has been previously
reported that this strain produces lower levels of 3-oxo-C12-AHSL relative to the wild
type PA14 strain (183). Escherichia coli MG4 and P. aeruginosa PAO-JP2, bearing
plasmids with the lasB::lacZ (pKDT17) or rhiA::lacZ (pECP61.5) reporter construct,
respectively (186, 187), were used to quantify 3-oxo-C12-AHSL and C4-AHSL levels
relative to B-galactosidase activity. These data are summarized in Table 5.2, and each
value presented is the mean and standard deviation of three trials. C4-AHSL production
was similar between P. aeruginosa PA14 wt and its isogenic gacA’, gacS and SCV
strains. However, there were noticeable strain differences in 3-oxo-C12-AHSL
production. Induction of lasB::lacZ expression by PA14 wt was approximately 2-fold

greater than that of PA14 SCV or PA14 gacA’, and at least 8 times greater than that of
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PA14 gacS. In other words, inactivation of gacA4 produced a different phenotype than
inactivation of gacS. Further, as part of the SCV phenotype, 3-ox0-C12-AHSL
production was partially restored (Table 5.2). These results were corroborated by thin

layer chromatography (data not shown).

Table 5.2. B-galactosidase reporter activity mediated by AHSLs from overnight
cultures of P. aeruginosa PA14 wild type, gacS” mutant and SCV strains.

P. aeruginosa PA14 (all values are in Miller units)

AHSL Reporter

wild type gacS gacA SCvV
3-0x0-C12-HSL lasB-lacZ 590+ 17 74 + 14 322 +£30 30050
C4-HSL rhiA-lacZ 297 +3 250+9 245+ 5 313+20

5.3.6 Antimicrobial susceptibility

Mutations in gacA have been shown to reduce the resistance and/or tolerance of
P. aeruginosa PA14 biofilms to some antibiotics (183). Therefore, I determined whether
the biofilms of PA14 gacS or PA14 SCV strains had altered resistance to antibacterials
relative to the wild type strain. Here, the inhibitory and bactericidal actions of metal
cations (Cu®" and Ag"), hydrogen peroxide (H,O,) and ciprofloxacin were evaluated.
Cu®" and Ag" are industrial pollutants that are also used as disinfectants, H,O, is
produced by plant and animal hosts, and ciprofloxacin is an antibiotic clinically used to
treat P. aeruginosa infections.

Since the different strains formed biofilms at different rates, growth curve data
were used to calibrate incubation times to produce biofilms of similar cell density for
susceptibility testing. For these assays, PA14 wt, gacS and SCV were incubated at 35 °C
for 6.0, 7.0, and 5.5 h, respectively, to produce biofilms with cell densities of 5.0 £ 0.7,
5.3£0.5, and 5.5 + 0.4 log;o CFU per peg (based on the mean and standard deviation of
50 to 55 pooled replicates each). Biofilms formed by individual strains in the CBD were
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statistically equivalent between the different rows of pegs (0.09 < p < 0.91 by one-way
ANOVA, data not shown). MIC, 1, MBCy.q and MBCy.999 values are summarized in
Table 5.3 and are reported as the medians and ranges of 4 replicates. There were no
significant differences in planktonic cell susceptibility to either Cu®, Ag" or
ciprofloxacin between the different strains (i.e. there was a log, difference or less
between these values). However, planktonic PA14 gacS was hypersensitive to H,O,,
whereas (by comparison) PA14 SCV was highly resistant.

The anti-biofilm activities of Cu®", Ag”, H,O, and ciprofloxacin were evaluated
by determining mean viable cell counts and log-killing of biofilm populations of P.
aeruginosa PA14 wt, gacS and SCV strains (Figures 5.3 and 5.4). In these figures, each
point represents the mean and standard deviation of 4 independent replicates. Although
the MBCy.999 values for H,O, were similar for PA14 wt and SCV strains (Table 5.3), the
biofilms of PA14 SCV showed increased survival at sub-MBCy999 concentrations
relative to the wild type strain (see below). For ciprofloxacin, Cu>" and Ag”, biofilms of
the SCV strain were approximately 4, 8 and 60 times more tolerant to these toxic factors
than the wild type strain.

I noted that in some instances MIC7;, ;, values obtained using this method were
greater than MBCy,.999 values. This represents an expected normality, not peculiarity, to
the CBD method. For example, over the course of incubation, H,O, would be gradually
degraded in the challenge plates, especially by biofilms during exposure. After removing
the biofilms from the challenge media, bacteria were allowed to recover for 72 h prior to
MIC determination. In contrast, biofilm cell density was enumerated immediately after
exposure to the peroxide (when its in vitro concentration would have been highest).
Since there was no corresponding period of recovery for biofilms, this would result in the
comparatively lower MBCy_99 9 value.

When looking at the mean viable cell counts and log-killing data for Cu®*” and Ag”
(Figure 5.4) and for H,O, and ciprofloxacin (Figure 5.5), it was possible to see the
general trend that P. aeruginosa PA14 gacS was much more sensitive to antimicrobials

than the wild type strain. Even more interesting than this was the trend that the PA14
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Table 5.3. Antimicrobial susceptibility of Pseudomonas aeruginosa PA14 wild type, gacS™ and small colony variant (SCV)

strains.
Antibacterial wild type gacS SCV
Growth inhibition MIC5, MIC, , MIC, ,
Cu?" (mM) 8.0 8.0 4.0
Ag' (mM) 0.04 (0.04 to 0.08) 0.04 (0.02 to 0.08) 0.04
H,0, (ppm) 938 45 (30 to 60) 1875 (938 to 1875)
ciprofloxacin (ug ml™)  0.32 (0.32 to 0.64) 0.82(0.32to 1) 0.64 (0.32 to 1.28)
Bactericidal activity MBCj.99 MBC, MBCy.99.0 MBC,., MBCy.99.0 MBC,.
Cu*" (mM) 8 48 (16 to >128) 8 (410 8) 8 (4 to 32) 64 >128
Ag’ (mM) 0.08 (0.04t0 0.15) >9.5 0.08 (0.01 t0 0.08) 2.5 (0.63 to >2.5) 4.8 >9.5 (4.8 t0 >9.5)
H,0, (ppm) 352 (234 to 469) 1407 (938 to 3750) 29 (1.8 t0 29) 968 (60 to 3750) 293 (118 to 469) 1875 (938 to 1875)
ciprofloxacin (ug ml™)  0.16 51(0.32t0>512)  0.12(0.08t0 0.16)  0.32(0.32to>5.1)  0.48 (0.32t0 1.3) 5.1 (1to 128)
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Figure 5.3. Killing of Pseudomonas aeruginosa PA14 wild type, gacS” and small
colony variant (SCV) biofilms by Cu?* and Ag". Biofilms were exposed to metal ions
for 2 h, rinsed, and then disrupted into fresh medium containing neutralizing agents.
Mean viable cell counts are reported here for biofilms exposed to (A) Cu®” and (B) Ag*".
Log-killing of biofilm populations was also calculated for (C) Cu*" and (D) Ag>". Each
measurement is reported as the mean and standard deviation of 3 or 4 replicates. Values
in parentheses indicate the means and standard deviations for the viable cell counts or the
log-kill calculations for the identically treated growth controls with no added
antimicrobials. The SCV produced biofilms that were much more tolerant to metal
toxicity than either of the other (presumably) isogenic strains. (This figure has been

adapted from Davies et al. (2007) FEMS Microbiology Ecology 59:32-46).
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Figure 5.4. Killing of Pseudomonas aeruginosa PA14 wild type, gacS” and small
colony variant (SCV) biofilms by H,0O, and ciprofloxacin. Test conditions were
similar to those described in the legend of Figure 5.3. Mean viable cell counts are
reported here for biofilms exposed to (A) H,O;, and (B) ciprofloxacin. Log-killing of
biofilm populations was also calculated for (C) H,O, and (D) ciprofloxacin. Each
measurement is reported as the mean and standard deviation of 3 or 4 replicates. Values
in parentheses indicate the means and standard deviations for the viable cell counts or the
log-kill calculations for the identically treated growth controls with no added
antimicrobials. The SCV produced biofilms that were much more recalcitrant to killing
by H,O; or the DNA gyrase inhibitor, ciprofloxacin relative to the other (presumably)
isogenic strains. (This figure has been adapted from Davies et al. (2007) FEMS
Microbiology Ecology 59:32-46).
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SCV strain produced biofilms that were more tolerant to antimicrobial exposure than the
wild type strain. For example, biofilms of the small colony variant were tolerant of 2.4
mM Ag’, whereas the vast majority of cell viability was lost from PA14 wt and gacS
biofilms at 0.04 mM Ag". Collectively, these data indicate that deletion of gacS reduces
antimicrobial tolerance of P. aeruginosa PA14; however, phenotypic variation in biofilm
populations may restore or even enhance antimicrobial tolerance to levels that exceed
either the wild type or parental gac§ strains. It is also important to note that SCVs were
highly resistant to H,O; relative to the gacS strain. This latter observation hints that this

process of phenotypic variation may be linked to changes in resistance as well.

5.3.7 Frequency of phenotypic variation

During the course of susceptibility assays, I noted that the proportion of SCV cells
recovered from biofilms after exposure to Ag+ or H,O, was increased relative to the
corresponding growth controls. Therefore, I queried whether this may be true for other
antimicrobial agents or growth conditions. An array of clinically used antibiotics, saline,
goat and human sera were examined for an ability to select for these SCVs from 24 h
biofilms of P. aeruginosa PA14 gacS. Biofilms were exposed to these agents for 18 h
and each assay was performed in triplicate. Viable cell counts were determined for each
exposure condition, and log-survival was determined. The proportion of SCV cells in
bacterial populations recovered from these exposure conditions was calculated as the
mean of the proportions from each individual trial. The data from these assays are
summarized in Table 5.4.

Rifampicin, an RNA polymerase inhibitor, was a strong selective agent for SCVs
from P. aeruginosa PA14 gacS biofilms. At a concentration of 5 pg mL™, this drug
killed 0.7 logjo cells from the biofilm population. On average, approximately 3 of 5
surviving cells from biofilms exposed to this concentration of rifampicin were colony
morphology variants. Similarly, the B-lactams piperacillin, oxacillin and ceftrioxone
selected for SCVs at a frequency of approximately 1 in 3. This occurred regardless of
cell growth (ceftrioxone) or cell death (oxacillin or piperacillin). The aminoglycosides

tobramycin and amikacin, both of which are used clinically to treat P. aeruginosa
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infections, selected for SCVs at a frequency of approximately 1 in 5. This in vitro
selection was compound specific, as in no instances were saline, erythromycin,
imipenem, or ciprofloxacin observed to increase frequency of SCV cells from PA14
gacS biofilms. Human serum, but not goat, also gave rise to phenotypic variants at
elevated frequencies compared to growth controls. These assays indicate that
environmental conditions, such as antibacterial exposure or host factors, may select for

SCVs from biofilms of P. aeruginosa PA14.

5.4 Discussion

In this work I examined an engineered strain of P. aeruginosa PA14 bearing an
inactivating mutation in the sensor kinase gacS. This mutant was hypermotile and a poor
biofilm former relative to the wild type strain. While characterizing this strain, it was
noted that phenotypically stable SCVs could be recovered from biofilms at a proportion
that was increased by three factors: 1) age of the biofilm, 2) by in vitro culture in human
serum, or 3) exposure of biofilms to certain antibacterial agents. The SCV strain had a
hyper-biofilm-forming phenotype, and was less motile and more tolerant to bactericidal
agents than the parental gacS and wild type strains. With the exception of phenotypic
stability, all of these traits have been described for P. aeruginosa colony morphology
variants in the literature (63, 69, 111, 134). Although there may be multiple mechanisms
that give rise to SCVs in P. aeruginosa, it is fair to conclude that GacS regulates
reversion of variants to normal colony morphotypes for at least one of these pathways.
This premise was supported by complementation analysis, in which SCVs reverted to
normal colony phenotypes when transformed with a plasmid bearing wild type gacS.
Thus, the inactivation of gacS, which frequently occurs in laboratory and rhizosphere
populations of pseudomonads (213, 263), may also lead to the accumulation of stress
resistant SCV cells in P. aeruginosa biofilms.

Genes of the GacS regulon strongly influence the later stages of biofilm formation
in P. aeruginosa PA14. Biofilms formed by the PA14 gacS mutant did not proceed far

beyond the irreversible attachment and proliferation stages of development (67).
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Table 5.4. Cell survival rates and frequency of SCVs arising from P. aeruginosa
PA14 gacS biofilms exposed to various antibacterials and culture conditions.

Testmedium  Antbioie  Coneeniton - Surivors | Logsuival | SCV fiequency

Culture conditions (overnight)

0.9% NaCl none na 3.8+03 -25+03 0

goat serum none na 54402 -1.0£0.2 4

LB broth none na 6.7+£0.2 +03+£0.2 4

human serum none na 5.1+£0.2 -13+02 19

Antibiotic exposure (overnight)

LB broth erythromicin 5 64+03 -0.1+£03 0
imipenem 1.25 27+£1.0 -38+1.0 0
tobramicin 1.25 54+0.5 -1.0+£0.5 14
amikacin 5 3.6£0.6 -2.8+0.6 23
azetronam 1.25 45+0.5 -26+0.5 24
ceftrioxone 1.25 6.8+£0.5 +04+£0.5 29
oxacilin 1.25 5.6 +0.6 -0.9+0.6 32
piperacillin * 27417 38418 33
rifampicin 5 57+£03 -0.7+0.3 58

Antibacterial exposure (2 h exposure, representative example from susceptibility assays)

LB broth none na 42+0.3 -0.9+0.3 0
ciprofloxacin  0.16 24+0.8 -2.6+0.8 0
Cu*' 16 42+0.1 -0.9+0.1 0
Ag’ 4 24+0.1 -2.6+0.1 7
H,0, 30 1.2+1.1 -38+1.1 8

na denotes a variable that is not applicable
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Biofilms of this mutant remained flat and lacked the characteristic layered structures of
the mature biofilms formed by the parental strain. The biofilm growth process observed
here for P. aeruginosa PA14 gacS also differed from that previously reported by our
research group for PA14 gacA’, which failed to form surface-adherent aggregates under
similar laboratory conditions (183).

GacS represents another piece of the cell specialization puzzle that exists in the
literature for P. aeruginosa biofilms. GacS shares a high degree of identity with an open
reading frame (ORF3) downstream and adjacent to pvrR (phenotype variant regulator), a
hypothetical response regulator for a two-component system (PubMed accession number

AF482691; http://www.ncbi.nih.gov/). Together, ORF3 and pvrR form a hybrid, putative

sensor kinase and response regulator. Overexpression of PvrR from a plasmid reduces
the frequency of phenotypic variation in P. aeruginosa biofilms (69). GacS/GacA are
also upstream regulators of the pel (pellicle) operon (84). This cluster of seven adjacent
genes is postulated to encode polysaccharide biosynthetic enzymes important for matrix
formation in P. aeruginosa PA14 (79). These genes are implicated in surface adherence,
and in general the pel locus shows increased expression in SCVs derived from biofilms of
P. aeruginosa PAO1 (134). The data from this study suggest that a functional gacS
limited the generation of SCVs in biofilms (although the exact mechanism remains
elusive), and that this phenomenon was specific to the gacS mutant as phenotypically
stable small colony variants were not produced from an isogenic gacA™ strain of P.
aeruginosa PA14. Further indicative of the low fidelity relationship between GacA and
GacS are decreases in AHSL levels of gacS relative to the gacA™ strain and the
differences in biofilm structure (183). Note that two other sensor kinases, RetS and
LadS, are known to modify intracellular signaling through GacA (84, 266). It is
interesting to note that deletion of retS is similarly associated with the occurrence of
hyper-biofilm forming colony morphology variants in P. aeruginosa (288).

QS-systems may be involved in the process of phenotypic variation and
consequently may be indirectly and partly responsible for alterations in antimicrobial
susceptibility. Among many other genes, these autoinducers control the expression of

superoxide dismutase and catalase (109), which may account for the hypersensitivity of
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PA14 gacS to H,O,. Compared to the gacS strain, we noted that AHSL levels were
partially restored in the SCV strain, which coincided with increased resistance and
tolerance to H»O,. The increased production of extracellular polymers associated with
the SCV strain may further enhance the protective activity of these enzymes. This may
contribute to resistance through a reaction-diffusion phenomenon where the substrate
(H,0,) is degraded by catalase in the ECM before penetrating into the depths of the
biofilm (234).

The extra biomass in SCV biofilms may also play a role in Cu®" and Ag"
adsorption. Sequestration of copper cations in P. aeruginosa biofilms was evaluated in
Chapter Three using the organic chelator sodium diethyldithiocarbamate to cause colored
preciptiation of the metal (105). Using this approach, I have observed that biofilms of the
PA14 SCV strain qualitatively adsorb greater Cu®" than either PA14 wt or gacS™ strains
(J. J. Harrison, G. R. Foglia and H. Ceri, unpublished data). This implies that the
production of hyper-biofilm-forming SCVs from a genotypically diverse Pseudomonas
population represents a strategy that may give rise to elevated heavy metal resistance
and/or tolerance at the population level. A similar statement may be made for H,O, and
ciprofloxacin, although in the case of the latter, more precise mechanistic detail is not
known, as this antibiotic rapidly equilibrates across the P. aeruginosa biofilm matrix
(153).

Since the biofilm mode of growth is thought to be responsible for persistent
infections, these P. aeruginosa SCVs may play an important role in pathogenesis, in
particular the destructive infections of the CF lung (69, 110, 111). P. aeruginosa is also
known for causing infections associated with burn wounds and the use of catheters (179).
Here it was identified that low concentrations of clinically used antibiotics may select for
hyper-biofilm-forming SCVs from biofilms of the gacS strain of this nosocomial
pathogen. A similar trend has been previously shown for CF isolates of P. aeruginosa
(69). The present study indicates that silver ions may be added to this list of triggers
and/or selective agents. This is important as silver compounds are finding renewed use in
medicine as antimicrobial surface coatings for bandages and catheters (182). Thus, an

emerging and provocative theme is that antimicrobial chemotherapy may be triggering or
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selecting for the phenotypic variation in P. aeruginosa biofilms that contributes to drug
resistance and to damaging the chronically infected tissue (115, 179). This type of
response would also be advantageous in soil environments, where P. aeruginosa, similar
to other pseudomonads, would encounter other antibiotic producing microorganisms,
toxic metals, or H,O; produced by plants.

The stability of many types of biological systems is increased by diversity. Boles
et al. (30) have recently identified that P. aeruginosa biofilm communities self-generate
genetic diversity through a rec4 dependent mechanism. Analogously, Martinez-Granero
et al. (162) (162) have identified that spontaneous mutations in gacS of P. fluorescens
may be introduced by the site specific recombinases Sss and XerD, resulting in increased
phenotypic variation. This variation increases the competitiveness of P. fluorescens in
the plant rhizosphere, and similar mechanism might be at work for P. aeruginosa.
Nonetheless, the present work suggests that P. aeruginosa biofilm formation and
antibacterial resistance are intertwined with phenotypic variation, which itself may be

linked to the underlying genetic diversity of these bacterial populations.

5.5 Contributions
5.5.1 Author’s contributions to this work and personal acknowledgements

I performed about 60% of the experimental work described in this Chapter. In the
process of doing this work, I trained 1 graduate student (Ginevra R. Foglia) to assist with
the some of the bench work. Determinations of AHSLs were made by Jamie MacDonald,
a technician for Dr. Douglas G. Storey. A portion of the CLSM work was performed by
Carol A. Stremick, a technician for Dr. Howard Ceri. My many personal thanks go to
James A. Davies for creating the gacS mutant used in this Chapter and for his discerning

observations that this mutant produces stable colony morphology variants.
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5.5.2 Relevant publications

These data sets were originally published in Davies et al. (2007) FEMS
Microbiology Ecology 59:32-46, a manuscript on which I am denoted an equal first

author.
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Chapter Six: Metal ions may suppress or enhance cellular differentiation in
multimetal resistant and tolerant biofilms of Candida species

6.1 Introduction

Biofilm formation is part of the ecological cycle for many yeasts including those
from the genus Candida (92, 203). To date, more than 200 species of Candida have been
identified, many of which are prevalent in rich soil and aquatic habitats that have been
polluted with heavy metals (91, 158, 244). Candida albicans and Candida tropicalis are
human opportunistic pathogens that are frequently isolated from these contaminated
milieus. In fact, these two Candida species are known for high levels of resistance to
many water soluble metal ions, such as Hg2+, Pb2+, Cd2+, AsO4> and SeOs> (20, 103,
190). Yeasts may become the predominant microbial species in aqueous locales
contaminated by toxic metals (91), and many of these organisms, including Candida
species, also have the capacity to adsorb or accumulate these substances from their
surroundings (190, 287). Although the research in this thesis has been primarily focused
on bacterial biofilms, there are no studies in the literature that have specifically examined
the susceptibility of fungal biofilms to metal toxicity. The primary aim of the research
described in this Chapter was to compare the susceptibility of planktonic and biofilm C.
tropicalis to toxic metal ions.

Similar to a few prokaryotes, polymorphic fungi such as C. albicans and C.
tropicalis frequently undergo cell morphotype switching during growth in biofilms, and
therefore, yeast to hyphal cell type transitioning may be an important matter to
investigate. C. albicans forms biofilms in a step-wise process that results in a polymer
entrenched arrangement of multiple cell types, typically with budding yeast attached to
the surface and tentacle like chains of elongated hyphae, termed mycelia, on top (44, 102,
143). During my investigations of metal susceptibility, it was observed that metal
exposure often affected the normal process of cellular differentiation that occurs during
Candida biofilm development. Cellular polymorphism in Candida populations may be
significant as matured biofilms are more resistant to antifungal agents than those at an

earlier stage of development (44). Furthermore, the polymorphic character of Candida
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spp. may play a role in pathogenic biofilm formation in some plants and animals, as
hyphae may assist in the invasive penetration of physical barriers (203). There are a
variety of environmental parameters that affect cellular differentiation in Candida
species; these include: temperature, nutrient status, CO, levels, pH, as well as population
density (174). A second specific aim of this research was to examine how metal ions
may affect cellular differentiation in C. albicans and C. tropicalis biofilms.

By using a modification of the CBD technique described in Chapter Two, fifteen
water soluble metal ions, chosen to represent groups 6A to 6B of the periodic table, were
tested against C. tropicalis. With in vitro exposures as long as 1 day, biofilms were up to
65 times more resistant and/or tolerant to toxic metal ions than corresponding planktonic
cultures. By using the sodium diethyldithiocarbamate (Na,DDTC) assay described in
Chapter Three, metal-chelator precipitates were formed in C. fropicalis biofilms
following exposure to Cu”” and Ni*". This suggests that Candida biofilms may also
adsorb and trap metal cations from their surroundings. Lastly, by using both light
microscopy and confocal laser scanning microscopy (CLSM) in conjunction with three-
dimensional (3D) visualization, I examined the multicellular architecture of C. albicans
and C. tropicalis biofilms before and after exposure to metal ions. This last approach
identified that many of the tested metal compounds functioned as environmental cues
with the potential to block or to trigger a switch from yeast to hyphal cell morphotypes.
At the level of the microbial community, metal exposure thus resulted in specific biofilm
structure types. In other words, C. albicans and C. tropicalis coordinately differentiated

in response to metal ions to form biofilms with distinct spatial arrangements of cells.

6.2 Materials and methods
6.2.1 Standard protocols

C. albicans 3153A (147) and C. tropicalis 99916 (an isolate from the Foothills
Hospital in Calgary, Alberta, Canada) were stored, handled and cultured as described in
Chapter Two. For biofilm cultivation, these yeasts were grown either in trypticase soy
broth (TSB) or in RPMI 1640 medium that was supplemented with 5 mM L-glutamine,
0.165 M 3-N-morpholino-propanesulfonic acid and 2.0 g L sodium bicarbonate
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(RQMB). C. tropicalis biofilms were grown in CBD devices that had been coated with
L-lysine (also as described in Chapter Two). The CBD, when used as supplied by the
manufacturer or when modified with L-lysine, did not support the growth of C. albicans
(data not shown). Here, I will note that the CBD is made of raw polystyrene and this
hydrophobic substratum might interfere with C. albicans surface adhesion (142). Other
than surface modification, the procedures for CBD susceptibility testing, CLSM and 3D
visualization were also the same as those described in Chapter Two.

In an additional set of experiments, CBD biofilms of C. tropicalis 99916 were
grown for the initial 48 h period and then placed into microtiter plates with fresh medium
containing one of the following: TSB, TSB + 2.0 mM SeO32' or TSB + 0.25 mM Cr042'.
In other words, Seng' and CrO42' were added at sub-inhibitory concentrations that were
otherwise sufficient to shift the predominant cell morphotype in C. tropicalis biofilms
(see section 6.3). The biofilms were then returned to the gyrorotary shaker (at 100 rpm)
and incubated for an additional 24 h at 35°C and 95% relative humidity. Viable cell

counts for these 72 h biofilms were then determined as outlined in Chapter Two.

6.2.2 Planktonic cell susceptibility testing

Planktonic yeast susceptibility testing was carried out using procedures modified
from those suggested by Fothergill and McGough (76). Here, challenge plates of metals
were prepared as described in Chapter Two for biofilms. A 1.0 McFarland standard was
prepared in a manner identical to that used for biofilm cultivation, and from this, a two-
fold dilution was made in TSB of which 5 pL was added to each well of the challenge
plates. After the desired exposure time, 40 pL aliquots of the planktonic cultures were
transferred into 96-well microtiter plates (which additionally contained 10 pL of the
appropriate 5 x concentrated neutralizing agent in each well). From this, 25 pL aliquots
of the neutralized planktonic cultures were plated onto TSA. Spot plates were incubated
for 48 h and scored for growth to obtain minimum lethal concentrations for planktonic
cells (MLCp see section 6.2.6 for definitions). Alternatively, log-killing was evaluated by
serial dilution of neutralized cultures and by plating onto TSA. Minimum inhibitory

concentration (MIC) values were obtained after 48 h incubation at 35 °C by reading the
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optical density at 650 nm (ODgsy) of the challenge plates using a THERMOmax

microplate reader with SOFTmax Pro data analysis software.

6.2.3 Biofilm cultivation in microtiter plates.

The method of Ramage and Lopez-Ribot (202) was used to cultivate biofilms of
C. albicans 3153A and C. tropicalis 99916 in flat bottom, 96-well Nunc™ microtiter
plates (VWR International Ltd., Mississauga, ON, Canada). Nunc™ cell culture plates
are made from polystyrene that is chemically modified to introduce charged functional
groups to the polymer. This plastic is a suitable substratum for both C. albicans and C.
tropicalis biofilm growth. In this approach, serial two-fold dilutions of metal cations and
oxyanions were made along the rows of wells in microtiter plates using RQMB medium.
For each metal ion, ten concentrations were examined in quadruplicate, leaving the first
and last well of each row to serve as sterility and growth controls, respectively. In this
regard, biofilms were grown in challenge plates prepared in a similar fashion to those
used for antifungal susceptibility testing (76).

To inoculate these microtiter plates, C. albicans and C. tropicalis were streaked
out twice on TSA and an inoculum was prepared by suspending colonies from the second
agar subculture into 0.9% saline to match a 1.0 McFarland Standard. Five pL of the
inoculating suspension was added to each well of the microtiter plates and this resulted in
a starting cell number of approximately 1 x 10° cfu mL". The inoculated plates were
then placed on a gyrorotary shaker at 100 rpm, 35 °C and 95% relative humidity for 48h.
Again, MICyg, values were determined to assess the growth inhibition of C. albicans and
C. tropicalis by metal ions by using a method adapted from Fothergill and McGough
(76). Here, this was accomplished by reading the ODgso of these growth plates using a

microtiter plate reader as described above.

6.2.4 Tetrazolium reduction assays

Metal or antifungal exposed CBD biofilms were rinsed twice with 0.9% saline
and then inserted into microtiter plates that contained the following in each well: 150 pL

of phosphate buffered saline (PBS, pH 7.2), 25 uL of TSB and 25 pL of CellTiter 96"
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AQueous One Solution (Promega Corporation, Madison, WI, U.S.A.). AQueous One
Solution  contains  the  tetrazolium  salt  3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), which is presumably
reduced to a colored formazan product by NADH and NADPH from metabolically active
cells (22). These plates were wrapped in tin foil and incubated at 35 °C for 120 min.
Biofilm metabolic activity was assessed by reading the OD4gy of these plates on a

microtiter plate reader as described above.

6.2.5 Light microscopy

C. albicans and C. tropicalis biofilms cultivated in the bottoms of microtiter plate
wells were examined using an inverted light microscope (Wild of Canada Limited,
Ottawa, ON, Canada). Alternatively, an upright light microscope was used to examine
pellicle formation (Wild of Canada Limited). Pictures were captured using a DCM130
1.3 megapixel digital video eyepiece camera with ScopePhoto 2.0 image software
(TrueVision Microscopes Incorporated, St. Louis, MO, USA). Images were contrast and
brightness enhanced using Adobe”™ Photoshop® 7.0 (Adobe Systems Inc., San Jose, CA,
USA).

6.2.6 Calculations and definitions of measurements

Calculations of mean viable cell counts and mean log-kill measurements as well
as tests for equivalent growth using one-away ANOVA were performed according to the
guidelines set in Chapter Two. The definitions of endpoints used to measure fungal
susceptibility as planktonic cells and as biofilms must be defined here. The minimum
inhibitory concentration (MIC) was defined as the lowest concentration of an
antimicrobial required to result in no visual turbidity of a planktonic suspension
following 48 h of incubation (MIC4g ). The minimum lethal concentration (MLC) has
been defined as the concentration of an antimicrobial required to kill 99.95% of the
fungal population (76). This definition will be retained for planktonic cell susceptibility
assays and will be referred to here as the MLCp. The minimum lethal concentration for

biofilms (MLC,) will be similarly defined here as the lowest concentration of an



153

antimicrobial that is required to kill 99.95% of the fungal biofilm population. In terms of
our assays, this implies that any plate with 1 or no colonies (from a single test spot) was
scored negative for growth. Similar to the definition provided for bacteria in Chapter

Two, I will define the fold tolerance as the ratio of MLCg:MLCp.

6.3 Results
6.3.1 Evaluation of the model systems used for studying Candida biofilm formation

Although biofilm formation by C. albicans is well characterized, little is known
about biofilm formation by C. tropicalis. In this Chapter, I used two complementary
approaches to address this problem. First, biofilm formation by C. albicans 3153A was
examined side-by-side with C. tropicalis 99916 using the microtiter plate growth method
of Ramage and Lopez-Ribot (202). This method allowed for the direct examination of
Candida biofilms by light microscopy. Biofilm formation by C. albicans 3153A and C.
tropicalis 99916 in microtiter plates was similar in many regards to the step-wise
developmental process described for C. albicans biofilm formation in the literature (44).
However, mature C. tropicalis biofilms had fewer hyphae than similarly aged C. albicans
biofilms. This will be evident in the data presented in the sections to come.

The curved polystyrene pegs in the CBD are detachable; therefore, the peg
surfaces were modified to facilitate yeast surface adhesion and most importantly, were
removed as required to facilitate CLSM. Note that the CBD, either used as supplied by
the manufacturer or modified in a way that supported biofilm growth for C. tropicalis,
could not be used to cultivate C. albicans biofilms (see section 6.2.1). However, biofilm
formation by C. tropicalis in the CBD followed a similar stepwise progression to that
observed in microtiter plates. An advantage of the CBD is the easy transfer of biofilms to
subsequent microtiter plates and therefore this system was additionally used for high-
throughput biofilm susceptibility testing of C. tropicalis.

C. tropicalis grew to a mean cell density (with standard deviation) of 4.3 = 0.4 log;,
CFU per peg (based on 202 pooled measurements). To ensure that biofilm growth was
even across the rows of pegs in the CBD, all of the biofilms from a single peg lid were

plated for viable cell counting. Growth of C. fropicalis biofilms was statistically
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equivalent between the different rows of pegs by means of one-way ANOVA (p = 0.402).
For planktonic susceptibility assays, each well of a separate set of challenge plates was
inoculated with 4.5 £+ 0.1 log;o cfu of planktonic C. tropicalis (a starting number derived
from 6 viable cell counting assays of the inoculum). This starting cell number was

calibrated to approximately match the initial biofilm cell density.

6.3.2 Susceptibility of planktonic and biofilm C. tropicalis to metals

Medians and ranges for metal cation and oxyanion MICss 1, MLC, and MLC,
values determined for C. tropicalis planktonic cells and biofilms are summarized in Table
6.1. The values reported represent 4 to 8 independent replicates each. From these
qualitative endpoints, it was possible to determine that planktonic C. tropicalis could
withstand exposure to the highest concentrations of three of the metals tested: Ni**, Zn*"
and AI’" (corresponding to maximum concentrations of 279, 501 and 592 mM,
respectively). However, planktonic yeast cells were killed in a time-dependent fashion
by other metals. In the cases of CrO42', Mn2+, Co*, Cd2+, AsO4” and AsO,, there was a
minimum fold decrease in the MLCp of 8.3, 4.0, 33, 7.7, 4.1, and 2.6, respectively,
between 5 and 24 h exposure. These data indicate that planktonic C. tropicalis exhibits
time-dependent tolerance to high concentrations of these metals. Hg”" was the most toxic
heavy metal tested, inhibiting yeast growth and killing both planktonic cells and biofilms
over a narrow concentration range of 0.5 to 2.0 mM. As the sole exception, biofilms
were no more tolerant to Hg”" than planktonic cells.

In contrast to planktonic cells, C. tropicalis biofilms were, in general, highly
tolerant to metal toxicity and survived added concentrations of more than 120, 140 and
500 mM of the metals AsO4”, Co>” and SeOs”, respectively. Ag” was highly toxic to
planktonic cells, inhibiting growth and killing this form of Candida at concentrations of
approximately 1.2 mM and 19 mM, respectively. In contrast, biofilms were highly
tolerant to Ag' and were not killed at the highest concentration added in vitro (152 mM).
Given the sensitivity of this assay on a log, scale, this implied that C. tropicalis biofilms
were minimally 16-times more tolerant to Ag" than corresponding planktonic cells. By

comparison to MLC, measurements, MLC, values did not decrease with increasing
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exposure time to metals. Since there was no time-dependent eradication of these surface-
adherent microbes, it is possible that biofilms may have been resistant and/or tolerant to
metal toxicity. Here, it may be feasible to distinguish between these two possibilities by

using viable cell counting.

6.3.3 Candida tropicalis biofilms are multimetal resistant and tolerant’

To discriminate between metal resistance and metal tolerance in these fungal
biofilms, the lethality of one metal cation and one metalloid oxyanion was evaluated
using viable cell counting and Live/Dead® staining in conjunction with CLSM. Co**
was selected as a representative heavy metal cation since Candida biofilms had the
greatest fold tolerance (> 65) to this compound. SeOs> was chosen as a representative
oxyanion since relative to Co® (as well as to other metals) planktonic cells were not
killed in a time-dependent fashion by this compound. Biofilms were at least 21 times
more tolerant to SeOs than planktonic cells at both 5 and 24 h exposure (Table 6.1).

Mean viable cell counts and log-killing of C. tropicalis biofilm and planktonic
cells by Co®" are presented in Figure 6.1. At concentrations above the planktonic MIC
(4.3 mM), both planktonic and biofilm cells were killed by Co*". In the case of
planktonic cells, every cell in the population had died by 24 h exposure to 8.6 mM of this
heavy metal. In contrast, although a portion of the biofilm population died on exposure
to high concentrations (35 or 140 mM) of Co”", there were many survivors even after an
in vitro exposure of 1 day (Figure 6.1 D to H). The size of Co*" exposed yeast cells was
larger than that in growth controls (compare Figure 6.1 C or F to H). Biofilms thus
contained fewer but bigger cells after exposure to high concentrations of this heavy
metal, which is reflected in a marked decrease in mean viable cell counts. These data
indicate that C. tropicalis biofilms were highly tolerant to Co”".

A different scenario existed for SeO3”. Mean viable cell counts and log-killing of
C. tropicalis biofilm and planktonic cells by this oxyanion are presented in Figure 6.2.
At concentrations above the MIC (56 mM), planktonic C. tropicalis was rapidly killed
(which correlated closely to the data in Table 6.1). Strikingly, at an in vitro concentration

of 125 mM Seng', mean viable cell counts for biofilms increased during the first 5 h of
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Table 6.1. Susceptbility of planktonic and biofilm C. tropicalis to toxic metal ions.

Metal Growp Time Broth microdilution assay CBD Fold
ion (h) MIC (mM) MLCp (mM) MLCg (mM) tolerance
5 5 35 (35 to 70) 70 (70 to >70) 2.0
CrO4~ 6B 4 4.4
24 5.5(1.1t0 8.8) >70 >26
- 5 >596 >596 na
Mn 7B 4 nd
24 298 >596 >4.0
o 5 >279 >279 na
Ni 4 70
24 >279 >279 na
8B
- 5 >139 >139 na
Co 4 43
24 43 >139 >65
- 5 64 64 1.0
Cu 4 64
B 24 64 >129 >4.0
. 5 19 (19 to 38) >152 >16
Ag 5 1.2
24 19 >152 >16
- 5 >501 >501 na
Zn 4 31 (31to 62)
24 >501 >501 na
. 5 73 (37 to 73) >146 >4.0
Cd 2B 5 23 (2.3t04.5)
24 6.8 (1.1to 18) >146 >43
” 5 1.3 1.2 (1.2t02.5) 0.9
Hg 6 1.3
24 1.3 1.9 (1.3t02.6) 1.5
- 5 >592 >592 na
Al 3A 3 607
24 >592 >592 na
- 5 79 >77 >2.0
Pb 4A 6 39
24 >79 (79 to >79)  >77 na
3 5 >122 >122 na
AsOy™ 4 59
sA 24 22 (15to0 61) >122 >11
5 >306 >306 na
AsOy 4 19
24 306 (19 to 306) >306 >2.0
5 5 48 (32 to 64) >516 >21
SeO;~ 4 56
24 48 (32 to 64) >516 >21
6A
5 5 >11 >11 na
TeO;” 5 >11
24 >11 >11 na

n denotes the principal quantum number
na indicates a calculation that is not applicable
nd indicates an MIC that could not be determined due to precipitate formation in test wells
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exposure. CLSM of Live/Dead stained biofilms exposed to SeO;” (Figure 6.2 D)
showed a corresponding increase in the number of live cells in the biofilms, which
generally gave greater surface coverage of the peg. By 24 h exposure to 125 mM SeO3*
(Figure 6.2 G), mean viable cell counts of biofilms were similar to the starting number of
cells in biofilms. In contrast, 500 mM SeOs” resulted in rapid yeast cell death in biofilms
(Figure 6.2 E and H). By 24 h many of the dead cells had been lost from the peg and the
biofilm covered less surface area than it did before exposure. These data indicate that
under certain conditions, biofilm C. tropicalis was more resistant to SeO;> than
planktonic cells.

Although the majority of the fungal biomass in these assays was composed of
yeast cells, some sparsely distributed pseudohyphae and hyphal cell types could be
observed near the air-liquid-surface interface of the pegs. For example, formation of
hyphae was evident after 24 h in growth controls for metal exposure; however, there was
little if no differentiation in biofilms exposed to metals. A logical course of action was to

investigate whether metal ions might be affecting cellular differentiation in biofilms.

6.3.4 Metal ions alter development and 3D organization of C. tropicalis biofilms

The development, structure and survival of metal exposed C. tropicalis biofilms
(cultivated in the CBD) were further investigated by CLSM, by 3D visualization and by
viable cell counting. CLSM imaging was performed in triplicate for at least one sub-
inhibitory and at least one fungicidal concentration for several representative metal ions,
of which a representative example is illustrated in Figures 6.3 and 6.4. The reported
mean viable cell counts and standard deviations were based on 3 to 8 independent
replicates each.

After 48 h of incubation in the CBD (the start point for these experiments), C.
tropicalis formed a surface adherent layer of yeast cells that was up to 20 pum thick.
Growth was greatest near the air-liquid-surface interface at the top of the peg and in some
regions, yeast cells were organized into circular formations (Figure 6.3 A). After the
initial 48 h incubation period, the growth medium was changed and the biofilms were

returned to the incubator for an additional 24 h (with or without shaking to generate shear
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Figure 6.1. Candida tropicalis 99916 biofilms are highly tolerant to the heavy metal
Co®*. Biofilms were grown for 48 h on the peg lid of the CBD then exposed to Co”" for
5 or 24 h. Here, this was compared to survival of an equivalent number of planktonic
cells that had been added to identically prepared challenge plates. Biofilm and planktonic
cells were recovered in 0.9% NaCl, serially diluted ten-fold then plated onto agar for
viable cell counts. Here, each data point is reported as the mean and standard deviation
of 3 or 4 independent replicates. CLSM and Live/Dead® staining were also used to
evaluate fungal survival in cobalt exposed biofilms grown in the CBD. (A) Mean viable

cell counts and (B) log-killing of biofilm and planktonic cells of C. tropicalis with
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respect concentration of Co>". Planktonic cell populations were killed (completely) in a
time-dependent fashion by Co”’, and although many biofilm cells were killed by
prolonged exposure to cobalt, some cells in the biofilm population survived exposure to
this highly toxic metal even with 1 day of exposure in vitro. (C) Before exposure to
Co?", the vast majority of biofilm biomass was yeast cells and the vast majority of cells
were alive. (D and E) With 5 h exposure, Live/Dead® staining corroborated that the
number of dead cells in biofilms increased with concentration of the cobalt added to the
growth medium. (F) With an additional 24 h growth, there was some differentiation of
yeast cells into pseudohyphae and hyphae within CBD biofilm populations. Biofilms
after 24 h exposure to (G) 35 mM and (H) 140 mM Co”", respectively, had fewer cells
and covered less area on the CBD pegs. Yeast cells were notably larger at 24 h exposure
to Co®" than at 5 h. Each CLSM panel is a 2D average of a 3D z-stack of images
representing an area of 238 x 238 um. (This figure has been adapted from Harrison et al.

(2006) FEMS Microbiology Ecology 55:479-491).
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Flgure 6.2. Candida tropicalis 99916 biofilms are hlghly resistant to the metalloid
oxyanion SeO3”. Experimental conditions were similar to those described in the legend
of Figure 6.1. (A) Mean viable cell counts and (B) log-killing of biofilm and planktonic
cells of C. tropicalis with respect concentration of SeOs;”. (C) Live/Dead® staining of
biofilms before exposure to SeOs” and after 5 h exposure to (D) 125 mM and (E) 500
mM SeOs”, respectively. Here, I observed that C. tropicalis biofilms continued to grow
in 125 mM SeOs”, a concentration that was 2- to 4-fold larger than the planktonic MIC.
In contrast, 500 mM SeO;” killed a large portion of biofilm cell populations. Biofilms in

(F) growth controls after an additional 24 h incubation, were chiefly viable cells.
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However, 24 h exposure to (G) 125 mM and (H) 500 mM SeOs”, killed many cells in the
biofilm population. Viable cell counts as well as the number of cells in biofilms were
generally lower at longer exposure times. Yeast cells were notably larger at 24 h
exposure to SeOs” than at 5 h. Each CLSM panel is a 2D average of a 3D z-stack of
images representing an area of 238 x 238 um. (This figure has been adapted from

Harrison et al. (2006) FEMS Microbiology Ecology 55:479-491).
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and flow forces). A similar process of cellular differentiation occurred in both static and
dynamic shear conditions; therefore, I initially chose to focus on static exposure
conditions.

In the untreated controls, C. tropicalis biofilms continued to grow and to
differentiate; hyphae and pseudohyphae were prominent near the air-liquid-surface
interface (Figure 6.3 C). Biomass was heterogeneously distributed across the peg surface
and biofilms were up to 80 pm thick in some regions. Single-cell layers of yeast covered
most of the remaining peg surface. Correlative to viable cell counts, Live/Dead®
staining qualitatively revealed that the vast majority (>95%) of C. tropicalis cells were
viable. In contrast to growth controls, less than 2 mM concentrations of Zn>" (Figure
6.3), Co*", Cu™", Ag’, Cd*", Pb*", arsenite (AsO,) and selenite (SeOs>), as well as 0.08
mM Hg*", suppressed hyphal formation (Figure 6.4). Strikingly, biofilms exposed to
CrO4” produced the opposite result, triggering the formation of mycelia (Figure 6.3 F).

Collectively, four biofilm structure types were discerned from the data presented
here and an example of each was analyzed using 3D visualization; I have denoted these
1) ‘domed’ (Figure 6.3 B), 2) ‘layer cake’ (Figure 6.3 D), 3) ‘flat’ (Figure 6.3 F) and 4)
‘mycelial’ (Figure 6.3 G). To summarize, domed resulted from an extended, initial
incubation of C. fropicalis on a shaker, where it formed mushroom-cap shaped
microcolonies composed entirely of yeast cells. Layer cake describes the archetypal
mature Candida biofilm structure that had a basal layer of yeast cells with hyphae
protruding into the bulk media. This occurred after spent medium from biofilm cultures
was replaced with fresh medium following the initial 48 h incubation period and biofilms
were returned to the incubator. The flat structure type resulted from the addition of metal
cations, AsO,” and SeOs” to the growth medium. Finally, the mycelial structure type

resulted from exposure of C. tropicalis biofilms to low levels of CrO4*.

6.3.5 Metal ions affect differentiation in C. albicans and C. tropicalis at sub-MIC levels

To further explore the effect of metal ions on cellular differentiation, an alternate
growth method was used to examine in C. albicans and C. tropicalis biofilms. Here

biofilms were cultivated in individual wells of microtiter plates and these were
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Figure 6.3. Candida tropicalis 99916 forms biofilm communities with characteristic
3D structure that may be influenced by metal ions. Here, the heavy metal ions Zn>"
and CrO4” influenced the maturation of C. tropicalis communities at an intermediate
stage of biofilm development. In these experiments, C. tropicalis was grown on pegs in
the CBD and was then exposed to Zn*" and CrO4> for 24 h. The exposed biofilms were
stained with the Live/Dead® BacLight™ kit, imaged by CLSM and then visualized using
amira™ 3.1. The mean and standard deviation of biofilm cell densities were evaluated
by viable cell counting (log;o CFU per peg) and this is indicated where appropriate. (A)
The 2D average projection and (B) isosurface rendering of a C. tropicalis biofilm grown
for 48 h on the CBD. This “domed” biofilm structure type was named for the formation
of small microcolonies of yeast cells in surface-adherent communities. (C and F) The
2D average projection and isosurface rendering of an untreated C. tropicalis biofilm
grown for a total of 72 h. This structure type was named “layer cake” for the biphasic
arrangement of yeast and hyphal cells in the community. (D and G) The 2D average
projection and isosurface rendering of a C. tropicalis biofilm exposed to 0.96 mM Zn*"
for 24 h. These “flat” biofilms had few hyphae and lacked microcolony structures. (E
and H) The 2D average projection and isosurface rendering of a C. tropicalis biofilm
exposed to 0.27 mM CrO4> for 24 h. “Mycelial” biofilms consisted of masses of hyphal
cells attached to the polystyrene surface with few yeast cells remaining in the community.
Each panel represents an area of 238 x 238 um. Green cells are alive and red cells are
dead. (This figure has been reproduced by permission from Harrison et al. (2007)
Applied and Environmental Microbiology 73:4940-4949).
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AsO, (1.2 mM) =

Cu (1.9mM) = - Cd?* (055 mMy™ | Pb*(0.30mM)~ | :Se0.z (2.0 mM)

Figure 6.4. Many metal ions (Co**, Cu®’, Ag®, Cd*", Hg"*, Pb*", AsO;, SeO;")
inhibited hyphal formation by Candida tropicalis 99916 at an intermediate stage of
biofilm development. In every case, treating biofilms with these compounds resulted in
the “flat” biofilm community structure type. Biofilm populations were grown, imaged
and enumerated as described in the legend of Figure 6.3. Each panel represents an area
of 238 x 238 um. Green cells are alive and red cells are dead. (This figure has been
reproduced by permission from Harrison et al. (2007) Applied and Environmental

Microbiology 73:4940-4949).
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systematically examined using light microscopy. Cell morphology in biofilms was
qualitatively ranked on a five point scale (all ranks were relative to the growth control; 1
= a large shift towards the hyphal cell type; 2 = a small shift towards the hyphal cell type;
3 = approximately the same proportion of yeast and hyphal cells as the growth control; 4
= a small shift towards the yeast cell type; 5 = a large shift towards the yeast cell type).
The minimum concentration blocking or enhancing the yeast-hyphal cell morphotype
transition was defined as the lowest concentration resulting in a rank score of < 2 or > 4.
These data are presented in Table 6.2 and each value represents the median and range of
4 to 8 independent replicates and the predominant cell type at that concentration.

Under these growth conditions, almost all of the metal ions examined blocked or
triggered the transition between yeast and hyphal cell types in Candida biofilms. Light
microscopy images of these biofilms were captured using a digital camera and
representative pictures are illustrated in Figure 6.5. In most instances, metal ions (Co”",
Cu®", Ag", Cd*", Hg*", Pb*", AsO, and SeOs”) inhibited hyphal cell type formation in
biofilms of C. albicans and C. tropicalis.

It is worth noting that C. albicans and C. tropicalis did not respond the same way
to all metal ions; for example, CrO,” triggered the transition to the hyphal cell
morphotype in C. tropicalis 99916 biofilms (Figure 6.5 L), whereas C. albicans 3153A
biofilms exposed to this metal oxyanion were mostly yeast cells (Figure 6.5 B). A
similar situation was observed for Zn*" (Figure 6.5 H and R). In the cases of Co*", Ag”
and Hg®", concentrations in the micromolar range were sufficient to affect the yeast-
hyphal cell type transition (Table 6.2). The response of C. albicans and C. tropicalis to
Hg”" was particularly interesting, as fungal growth was inhibited at an intermediate range
of concentrations (0.16 — 0.64 mM), but resumed above a threshold concentration (1.24
mM) (Figure 6.6). Furthermore, the location of biofilm formation in the microtiter plate
wells changed with Hg”" concentration. At low concentrations of Hg”" (< 0.08 mM), the
majority of biofilm growth was surface adherent (Figure 6.6 B and E), whereas at higher
concentrations (> 2.5 mM), C. albicans and C. tropicalis abandoned surface-adherent

growth to form pellicles at the air-liquid interface (Figure 6.6 C and F).
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Table 6.2. Minimum concentrations of metal ions that inhibit growth or that affect
the cellular differentiation of C. albicans 3153A and C. tropicalis 99916 during the

initial stages of biofilm development'

Minimum concentration blocking or

o (v enancing the ycashyphal cell ype f;ﬁdt‘;;;?am
C. albicans 3153A

CrO,~  6.8(6.8—14) 0.85(0.43 - 1.7) Yeast
Co*' 0.70 (0.31 —0.78) 0.03 (0.02 — 0.04) Yeast
Cu® 3.1 (3.1-6.3) 1.6 (1.6 3.1) Yeast
Ag' 0.06 (0.04 — 0.08) 0.01 (0.01 —0.02) Yeast
Zn** 15 1.4(0.9-1.9) Hyphae
Ccd* nd nd Yeast
Hg* 0.16 0.04 Yeast
Pb*" >24.1 no change

AsOy 55 41 (14 -55) Yeast
Se0;”  58(29-58) 15 (7.3 -15) Yeast
C. tropicalis 99916

Cros 1.7 0.21 Hyphae
Co™" 0.69 (0.31 —0.75) 0.02 Yeast
Cu** 6.3 3.1 Yeast
Ag' 0.06 (0.05 — 0.08) 0.08 (0.04 — 0.08) Yeast
Zn** 6.3 (6.3—13) 1.8 (0.45-3.1) Hyphae
cd* nd nd Yeast
Hg*" 0.15(0.15-0.31) 0.04 Yeast
Pb** >24.1 6.0 (3.0-12) Yeast
AsO, 62 10 (6.8 — 13.6) Yeast
Se0> 29 73 (7.3 - 14) Yeast

'Biofilms were grown in the presence of metal ions in microtiter plates using RQMB medium.
*Values are expressed as the median of 4 to 8 replicates with the range (if applicable) indicated in

parentheses.

*the indicated metal ion concentration (in the column to the left) caused a population shift towards this cell

morphotype.
nd denotes an assay that was “not determined” due to the formation precipitates.

I performed a similar, systematic light-microscopy analysis for C. tropicalis

99916 biofilms cultivated in the CBD. In this model system, which was used in section

6.3.4, biofilms were grown for an initial 48 h period (corresponding to an intermediate
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Table 6.3. Minimum concentrations of metal ions that inhibit growth or that affect
the cellular differentiation of C. tropicalis 99916 at an intermediate stage of biofilm

development'

Minimum concentration blocking or

i\(/)[ztal x§;$?gt:§21?£§£¥ enhapging the yg:ast-hyphal cell type i’;leldt(;r;léglant
transition (mM)

CrOs  44(44-18) 0.27 (0.27-2.2) Hyphae
Co*! 42(22-43) <0.53 Yeast
Cu®* 48 (31 — 64) 0.49 (<0.49 — 0.49) Yeast
Ag' 0.59 <0.59 Yeast
Zn** nd <0.96 Yeast
cd** 45(1.8-7.2) 1.1 Yeast
Hg** 0.46 (0.31 — 0.62) <0.08 Yeast
Pb>" 40 2.4 Yeast
AsO, 29 (19-39) <12 Yeast
Se0;” 63 <2.0 Yeast

'Biofilms were grown for 48 h in the CBD using TSB medium and were then exposed to metal ions for an
additional 24 h.

*Values are expressed as the median of 4 to 8 replicates with the range (if applicable) indicated in
parentheses.

>The indicated metal ion concentration (in the column to the left) caused a population shift towards this cell
morphotype.

nd denotes an assay that was “not determined” due to the formation of precipitates.

stage of biofilm development), and then were transferred into challenge plates containing
metal ions. These data are summarized in Table 6.3 and each value represents the
median and range of 4 to 8 independent replicates and the predominant cell type at that
concentration is indicated. When comparing C. tropicalis biofilm formation in microtiter
plates (RQMB) to the CBD (TSB), metal ions had a similar effect on cellular
differentiation, with the exception of Zn*"

In every case, the shift in the predominant cell morphotype of C. albicans 3153A
and C. tropicalis 99916 biofilms occurred at concentrations of metal ions that were less
than the corresponding MIC values (Table 6.2 and 6.3). Therefore, these data indicate

that metal cations and oxyanions may suppress or enhance the interconversion of yeast

and hyphal cell morphotypes independently of growth inhibition.
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Figure 6.5. Metal ions may promote or inhibit cellular differentiation during
biofilm growth of C. albicans 3153A and C. tropicalis 99916. Biofilms were grown in
RQMB in microtiter plates for 48 h at 35°C on a gyrorotary shaker. (A) The untreated C.
albicans 3153 A biofilms consisted of yeast cells interspersed with many hyphae. (B to J)
C. albicans 3153 A biofilms were grown in media containing the indicated metal ion, and
with the exception of Pb*", all of the metal ions inhibited hyphal formation. (K) The
untreated C. tropicalis 99916 biofilms consisted of yeast cells intertwined with hyphae.
In comparison to C. albicans, C. tropicalis produced fewer hyphae in the community. (L
to T) C. tropicalis 99916 biofilms were grown in medium containing the indicated metal
ion. For C. tropicalis grown in these conditions, CrO4* and Zn”" triggered the formation

of hyphal cells, whereas the remaining metal ions inhibited the formation of hyphal cells.
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For the sake of comparison, an inhibitory concentration of Cd*" has been shown for C.
albicans and C. tropicalis. These digital photos were captured at 100 x magnification
and the images were contrast and brightness enhanced using Adobe® Photoshop® 7.0.
Arrows indicate the hyphal cells in the biofilm populations. (This figure has been
reproduced by permission from Harrison et al. (2007) Applied and Environmental

Microbiology 73:4940-4949).
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Candida albicans 3153A Candida tropicalis 99916
20 mM Hg#* — 0.04 mM Hg* | 20 mM Hg#* —» 0.04 mM Hg*
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Figure 6.6. C. albicans 3153A and C. tropicalis 99916 undergo multiple shifts in
growth rate and biofilm community structure when cultivated in a concentration
gradient of divalent mercury cations (Hg’"). Biofilms were grown in RQMB in
microtiter plates for 48 h at 35°C on a gyrorotary shaker. Pictured at the top of each
column are rows from a microtiter plate that contained a log, concentration gradient of
Hg’" (ranging from 20 mM to 0.04 mM). (A and E) Untreated C. albicans 3153A and C.
tropicalis 99916 biofilms contained yeast cells interspersed with hyphae. (B and E) C.
albicans 3153A or C. tropicalis 99916 biofilms cultivated in as little as 0.04 mM Hg*"
consisted of yeast cells only. (C and F) As the concentration of Hg®" increased, C.
albicans 3153A and C. tropicalis 99916 gradually abandoned solid-surface attachment,
and at > 10 mM Hg*", these microorganisms formed a pellicle of yeast cells at the air-

liquid interface. (This figure has been reproduced by permission from Harrison et al.

(2007) Applied and Environmental Microbiology 73:4940-4949).
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6.3.6 Metal ions alter the resistance of C. tropicalis biofilms to antimicrobials

Previous studies have indicated that the multidrug resistance of C. albicans
biofilms arises during community maturation, a process that is linked to cellular
differentiation (44). Since metal ions may alter the normal process of Candida biofilm
development, I specifically hypothesized that growing biofilms in sub-inhibitory
concentrations of metal ions may alter the antifungal resistance of the surface-adherent
population. In this set of experiments, C. tropicalis 99916 biofilms were grown in the
CBD for an initial 48 h and then the growth medium was replaced with one of the
following: TSB, TSB + 2.0 mM SeO;” or TSB + 0.25 mM CrO4>. This approach was
taken to produce C. tropicalis biofilm communities with the layer cake, flat and mycelial
structure types, respectively.

To rigorously investigate the process of cellular differentiation in these biofilm
communities (under dynamic, as opposed to static, shear and flow force conditions), I
stained these biofilms using Syto-9 and TRITC-ConA (to label cellular biomass and
extracellular polysaccharides, respectively). Each CLSM imaging experiment was
performed in triplicate and a representative of each was analyzed by volume rendering.
These additional data, illustrated in Figure 6.7, indicate that in all instances C. tropicalis
biofilm cells were encapsulated in a layer of extracellular polysaccharides (or that these
cells were attached to their neighbours by cell wall material) and that the process of
cellular differentiation mirrored that described for static exposure conditions.

Lastly, biofilms cultured under these conditions were exposed to Cu®’ or
amphotericin B. The metabolic capacity of the exposed biofilms, as a measure of
community resistance, was evaluated by reduction of MTS, a tetrazolium salt (Figure
6.7). Although neither directly correlative nor conclusive, the loss of phenotypic
variation in C. tropicalis 99916 biofilms induced by Cr042' and SeO32' was associated
with a decrease in the biofilm resistance to Cu®" and amphotericin B, respectively.
Similar results were obtained using an Alamar Blue™ viability assay (data not shown).
These data suggest that metal ion exposure may in some instances change the process of

community maturation that gives rise to antifungal resistance.
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Figure 6.7. Cultivation of Candida tropicalis 99916 biofilms in SeOs;> and CrO,*
decreases the resistance of the biofilm population to amphotericin B and Cu*,
respectively. In these experiments, C. tropicalis biofilms were grown on pegs in the
CBD for 48 h in TSB, and then transferred into fresh media containing no additive,
Se032' or CrO42' for an additional 24 h. Biofilms cultivated in this manner were either
exposed to antifungals (Cu®” and amphotericin B), or fixed and then stained with Syto-9
and TRITC-ConA (for CLSM and 3D visualization). The mean and standard deviation of
biofilm cell densities were evaluated by viable cell counting (logjo cfu peg”) and this is
indicated in panels C, D and E. (A) Reduction of MTS, a tetrazolium salt, by C.
tropicalis “layer cake”, “flat” and “mycelial” biofilms after a 24 h exposure to Cu*". (B)
Reduction of MTS by C. tropicalis “layer cake”, “flat” and “mycelial” biofilms after a 24
h exposure to amphotericin B. (C to E) The 2D average projections of CLSM image
stacks for biofilms grown on the CBD pegs. (F to Q) Volume rendering of the Syto-9
and TRITC-ConA labeled 3D volume data sets extrapolated from the image z-stacks used
to create the images of the “layer cake”, “flat” and “mycelial” biofilms in panels C to E.
Each panel represents an area of 238 x 238 um. Green fluorescence corresponds to
cellular biomass, whereas red fluorescence corresponds to extracellular polymers. (This
figure has been reproduced by permission from Harrison et al. (2007) Applied and
Environmental Microbiology 73:4940-4949).
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6.3.7 Retention of divalent heavy metal cations in yeast biofilms

The last characteristic of Candida biofilms examined here was their ability to trap
metal cations, as this has been examined for bacterial biofilms in previous chapters.
Here, I investigated if yeast biofilms may similarly sequester metal cations or oxyanions
from their aqueous surroundings. Biofilms exposed to the metals Cu**, Ni*" and TeO3™
were rinsed then treated with Na,DDTC (Figure 6.8). In the cases of Cu*" and Ni*"
exposed biofilms, Na,DDTC caused the rapid formation of brown and yellow metal-
chelates, respectively. However, biofilms exposed to the metalloid oxyanion tellurite did
not change color when immersed in this chelator. This suggests that C. tropicalis
biofilms may adsorb positively charged metal ions. Conversely, negatively charged

metal ions may not be sequestered as easily by the biomass of C. tropicalis biofilms.

6.4 Discussion

Species of the polymorphic yeast Candida are prevalent in soil and aquatic
environments and in these niches microorganisms frequently encounter highly toxic,
water soluble metal ions. The research in this Chapter used a variety of in vitro
techniques to examine the susceptibility of planktonic and biofilm Candida to metal
toxicity. These experiments suggested that relative to planktonic cells, C. tropicalis
biofilms are much more resistant and tolerant to metal toxicity. Moreover, the data
presented here indicate that metal ions may suppress or enhance cellular differentiation in
C. albicans and C. tropicalis biofilms, thereby giving rise to multicellular aggregates
with spatially distinct distributions of cell morphotypes. This evidence implies that metal
ions either may function as regulators (i.e. signals), or that sub-inhibitory concentrations
of metal ions may induce stress that interferes with the transition of yeast to hyphal cell
morphotypes. There is some evidence to support the direct interaction of certain metal
ions with a C. albicans transcription factor, CaMacl (122); however the latter
explanation fits well with the observed microbicidal synergy between metal ions and
antifungals (either amphotericin B or Cu").

A contributing factor to metal resistance in C. tropicalis biofilms may be

sequestration of cations in the ECM. A previous report has shown that the diffusion of
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Copper (Cu?") Nickel (Ni%*) Tellurite (TeO43%)

Planktonic :
(+ DDTC) Planktonic
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Figure 6.8. Cu’" and Ni’* cations were adsorped by the biomass of Candida
tropicalis 99916 biofilms. Biofilms grown in CBD were exposed to log, concentration
gradients of the heavy metals copper (Cu®"), nickel (Ni*") and tellurite (TeOs>) for 5
hours (these gradients are illustrated in the bottom panel of each column). Planktonic
cultures exposed to (A) Cu®", (B) Ni*" and (C) TeOs> are pictured above. The addition
of the organic chelator Na,DDTC to aliquots of these planktonic cultures produced (D)
brown, (E) light yellow and (F) dark yellow precipitates, respectively. The biofilms from
the corresponding wells illustrated in panels A, B and C were removed from the metals
and rinsed twice with 0.9% NaCl. These pegs were subsequently treated with Na,DDTC.
Brown and light yellow precipitates formed in biofilms exposed to (G) Cu®" and (H) Ni*".
There was no color change in biofilms exposed to (I) TeOs>. This suggests that biofilms
of C. tropicalis have the ability to trap and sequester positively charged metal ions. Each
panel shows 4 assays run in parallel in the same CBD apparatus. (This figure has been
reproduced by permission from Harrison et al. (2006) FEMS Microbiology Ecology
55:479-491).
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fluconazole and 5-fluorocytosine through Candida biofilms is slowed, requiring 3 to 6 h
to equilibrate across these surface-adherent communities (1). However, Candida
biofilms exposed for this period of time continued to grow in the presence of these
agents, indicating that poor penetration cannot solely account for drug resistance.
Similarly, the formation of visible precipitates of metal cations in biofilms suggests that
sequestration and limited penetration may be a contributing factor to resistance.
However, metal oxyanions could not be precipitated in a similar fashion, indicating that
these negatively charged compounds may diffuse across the biofilm matrix.
Furthermore, although Cr042', AsO, and AsO, killed planktonic C. tropicalis time-
dependently, biofilms survived high concentrations of these antimicrobials at the longest
exposure time assayed. Together, these data suggest that restricted penetration of metals
into the biofilm matrix of C. tropicalis is only one contributing factor for biofilm
resistance and/or tolerance. Nonetheless, the experiments in this Chapter indicate that
biofilm formation is an innate strategy for fungal multimetal resistance and tolerance.

Biofilm formation by yeasts is best characterized for C. albicans. In this
microorganism, biofilm formation is a step-wise developmental process that proceeds
through three stages: 1) an ‘early’ phase characterized by adhesion of blastospores (yeast
cells) to the surface, 2) an ‘intermediate’ phase where yeast have proliferated to cover a
large surface area and have begun to produce extracellular polymers, and 3) a
‘maturation’ phase. Mature C. albicans biofilms are matrix entrenched and arranged into
layers, with yeast cells attached to the surface and hyphae on top (44, 143). The data here
indicate that metal ions may act at the intermediate stage of C. albicans and C. tropicalis
biofilm development to redirect the final pattern of cellular differentiation in the solid-
surface attached community.

It is unlikely that the counter ions of metal salts — such as Na', K, CI', NO5™ or
SO4* — influenced the observed morphological changes in C. albicans and C. tropicalis
biofilms. For example, nitrate (NO5") salts of both Pb>" and Ag" were used in this study.
In the case of Ag’, morphological changes occurred in C. albicans biofilms around 0.04

mM, whereas for Pb®" there was no observed change in cell morphology at
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concentrations of 24 mM. Further, Na', K, CI,, NOs and SO,* are present in the rich
and minimal media formulations used to grow the biofilms in control and test groups.

The interaction of C. albicans and C. tropicalis with metal ions may represent a
fundamental biotic-abiotic interaction. Since biofilm maturation involves the emergence
of drug resistance in parallel with multiple cell morphotypes (44), metal ions may alter
biofilm susceptibility to natural or synthetic antimicrobial agents. Furthermore, metal
ions may be important regulators affecting a cell type switch that is co-regulated with a
transition from commensalism to virulence, suppressing the disease process of an
otherwise infectious fungal biofilm (68). At the very least, the effect of metal ions on the
differentiation of highly resistant Candida spp. may be a preliminary biological indicator

of metal pollution in the environment.

6.5 Contributions
6.5.1 Author’s contributions to this work and personal acknowledgements

I performed about 70% of the experimental work described in this Chapter. In the
process of doing this research, I trained 1 post-doctoral fellow (Dr. Maryam Rabiei) and 2
undergraduate students (Erin A. Badry and Kimberley M. Sproule) to assist with the
remainder of the experiments. 1 would like to extend thanks to Jerome Yerly, Dr.
Yaoping Hu and Dr. Robert Martinuzzi for expert technical assistance with 3D

visualization using amira™,

6.5.2 Relevant publications

These data sets were originally published in Harrison et al. (2006) FEMS
Microbiology Ecology 55:479-491, a manuscript on which I am denoted an equal first
author with Dr. Maryam Rabiei, and in Harrison et al. (2007) Applied and Environmental
Microbiology 73:4940-4949.
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Chapter Seven: Cellular defence against oxidative stress protects Escherichia coli
biofilms from the distinct chemical toxicities of different metal ions

7.1 Introduction

Deleterious reduction-oxidation®® (redox) reactions have the potential to damage all
biological macromolecules, and the survival of a cell therefore depends on its ability to
control the levels of biochemical oxidants (191). Unwanted oxidants may be produced as
by-products of normal metabolism or they may be introduced by environmental agents
that induce oxidative stress*' (191, 192). It is generally assumed, although it has not been
systematically tested in prokaryotes, that the toxicity of metal ions might be derived from
their ability to participate in redox reactions that both oxidize sensitive cellular thiol (-
RSH) groups (100, 241, 262) and produce reactive oxygen species (ROS) — such as
superoxide (O,"), hydroxyl radicals ((OH"), hydrogen peroxide (H>O>) and singlet oxygen
('0,). Microbes possess an array of antioxidant defenses that range from small, oxidant
scavenging molecules to self-regulating homeostatic gene networks (191). Here, it was
hypothesized that these antioxidant defenses might be chromosomal determinants
affecting the susceptibility of bacterial cells to metal toxicity. This may be significant, as
the chromosomal determinants responsible for basal levels of bacterial multimetal
resistance and tolerance, other than those genetic elements encoding metal efflux pumps,
are for the most part unknown.

In E. coli cells, redox homeostasis is managed by a complex thiol-redox system
which consists of the glutathione and thioredoxin pathways (251). The oxyRS regulon is
generally considered an integrated part of this system. E. coli also possesses the redox-
sensing soxRS system, which activates genes that render the cell resistant to O,” and
other antibacterials. It is interesting to note that E. coli marR — which was identified and

named because of its ability to confer multiple antibiotic resistance when inactivated by

2 Oxidation is the loss of electrons from an atom, ion or molecule, whereas reduction is the gain of
electrons.

2 Oxidative stress may result from excess production of various reactive species (ROS, free radicals, etc.)
or from insufficient antioxidant defences in the cell.
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mutation (81) — may also play a role in antioxidant defense. In fact, several isolated
mutations at this locus have been associated with some of the phenotypes of soxRS
mutants, and as a result, this same chromosomal locus was independently named soxQ
(89). Some of the genetic parts that make up the molecular anatomy of these systems are
summarized in Table 7.1 and here this has served as a preliminary list of E. coli genes of
interest that have a known function in defense against oxidative stress.

In E. coli, the thiol-redox system, OxyR , MarR and SoxR regulons may work
together as an integrated, homeostatic oxidative stress response system. The E. coli thiol-
redox system senses and catalyzes thiol-disulfide exchange reactions that repair damaged
cell constituents and coordinate the expression of stress response genes (251). In
contrast, SoxR and OxyR are redox operated transcription factors that sense and initiate
responses to superoxide and H,O,, respectively (192). The collective involvement of
these pathways in cellular metabolism is highly complex, as many of the key
transcription factors in this stress response network are parts of dense overlapping
regulons (DORs) (3, 222). Here, it was specifically hypothesized that the thiol-redox
system, soxRS and marR, as well as the associated enzymatic defence against oxidative
stress, may contribute to basal levels of biofilm defence against metal toxicity, as several
genes in these systems have a differential averaged expression profile in biofilms relative
to planktonic cells (17, 18, 206).

At the time of writing this Chapter, many of the experiments described here are
“work-in-progress” and it is my hope that future students or strong collaborators might
help to complete this research in the months (or years) following my Thesis defence. At
this point, I am in the process of using in vitro and in vivo fluorescent indicators of
reactive oxygen species (ROS) (and have plans to examine thiol specific probes in the
near future) to show that different toxic metal species (CrO,~, Co>", Cu®’, Ag’, Zn*",
AsO,, SeO32' and TeO32') participate in different and distinct oxidative reactions with
bacterial cell biomass. Moreover, I have recently completed comprehensive high-
throughput susceptibility testing of several E. coli strains with inactivating mutations in
genes important for both defense against ROS and for maintaining cellular thiol-disulfide

poise — this includes: the Mn- and Fe-dependent superoxide dismutases (sodAB),
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glutathione oxidoreductase (gorA), thioredoxin (frxA4), glutathione synthetase (gshA),
glutaredoxin (grxA), and the repressor for the multiple antibiotic resistance and oxidative
stress regulon (marR/soxQ). 1 am also in the process of constructing a series of promoter-
luxCDABE reporters to look at metal ion concentration-dependent expression at several
genes of interest in this stress response network. The strength of this research has been in
using a combinatorial experimental design to comparatively examine different metal ions
as well as logarithmic-phase, stationary-phase and biofilm cells of E. coli.

By compiling the data obtained from the experiments performed thus far, it is
possible to show that certain genes play distinct roles in protecting bacteria from different
toxic metal ions. Surprisingly, I discovered that in some cases, certain genes may
increase the detrimental effects of metal toxicity, and in this regard, parts of cellular
systems required for redox homeostasis may be a double edged sword. I have also
functionally identified several genes that behave differently in their ability to protect
planktonic cells from toxic metal ions when compared to biofilms and, in most cases,
intact systems for defense against oxidative stress were essential for biofilm cell survival.
Based on these data, I have concluded that enzymes for cellular defense against oxidative
stress may protect biofilms from the distinct chemical toxicities of different metal ions.
Moreover, these experiments have been a first step towards deducing the biochemical

pathways through which metal ions exert oxidative toxicity on bacterial cells.

7.2 Materials and Methods
7.2.1 Standard Protocols

All of the E. coli strains used in this Chapter are summarized in Table 7.1 and all
were stored, handled and cultured as described in Chapter Two. Biofilms were cultivated
by growing these strains at 35 °C in the trough format of the Calgary Biofilm Device
(CBD) for 24 h in LB medium. In addition to this method of biofilm cultivation, metal
susceptibility testing of E. coli biofilms was carried out according to the standard
protocols described in Chapter Two, except that 4-fold dilution gradients of toxic metal

species were prepared instead of the standard 2-fold dilution gradients. Susceptibility



182

Table 7.1. Representative genes that function in the adaptive response of Escherichia coli to oxidative stress.

Gene(s) Name Function, relevant details or mediated enzymatic reaction Relevant regulation References
Thiol-redox system

oxyR oxidative stress response regulator LysR family transcription factor H,0,(+) (192)
oxyS oxidative stress response regulator small regulatory RNA OxyR*(+) (192)
katE catalase H,0, > H,0 + %0, RpoS(+) (171, 191)
katG peroxidase bifunctional catalase-peroxidase OxyR*(+), RpoS(+) (191, 192)
ahpCF alkyl hydroperoxidase ROOR' + NADPH - ROH + R'OH + NADP" + H" OxyR*(+) (129, 192)
gord glutathione reductase GSSG + NADPH + H" = 2GSH + NADP" OxyR*(+), RpoS(+) (129, 191)
grxA4 glutaredoxin A (Grx1) G | hanism: OxyR*(+) (129, 192)
grxB glutaredox%n B (Grx 2) W' GSSG + Grx(red) MarA(+) (14)

grxC glutaredoxin C (Grx 3) unknown (129)
gshA y-glutamylcysteine synthetase L-Cys + L-Glu + ATP - L-y-glutamylcysteine + P; + ADP unknown (129)
gshB glutathione synthase Gly + L-y-glutamylcysteine + ATP > GSH + P; + ADP unknown (129)

trxA thioredoxin A Function in a wide variety of cellular processes. unknown (129)
trxC thioredoxin C Protein disulfide reductases, catalyze thiol-disulfide exchange. OxyR*(+) (129, 197)
trxB thioredoxin reductase Trx(ox) + NADPH + H" = Trx(red) + NADP" OxyR*(+) (129, 197)
nrdAB ribonucleotide reductase Trx(red) + NDP = Trx(ox) + H,O + 2'-dNDP (reversible) unknown (129)

tpx thiol peroxidase Trx(red) + H,O, 2 Trx(ox) + H,O MarA(+) (14)

dps DNA-binding protein in starved cells  ferritin-like, protects DNA from electrophilic attack OxyR*(+), RpoS(+) (173, 191)
Sfur ferric uptake regulator Fe-binding repressor of iron transport OxyR*(+), SoxR*(+) (191, 192)
Superoxide regulon

sSoxR regulator of superoxide regulon MerR family transcription factor 0,"(+) (191, 192)
soxS activator of superoxide regulon AraC family transcription factor, activator of SoxRS regulon SoxR*(+) (192)

zwf G6P dehydrogenase G6P + NADP" + H" = 6-phosphoglucono-6-lactone + NADPH  SoxS(+), MarA(+) (14, 197)
sodA Mn-dependent superoxide dismutase ~ 20,” +2H" = O, + H,0, 1?3;((?)(+)’ MarA(+), (119‘}7’)176’
sodB Fe-dependent superoxide dismutase 20, +2H" > 0, + H,0, constitutive (78)

nvd endonuclease IV apurinic or apyrimidinic (AP) endonuclease SoxS(+) (42, 192)
Multiple antibiotic resistance (Mar) regulon

marR/sox()  repressor of Mar regulon MerR family transcription factor MarR(-), MarA(+) (14)

marA activator of Mar regulon AraC family transcription factor, activator of Mar regulon MarR(-), MarA(+) 2)
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. . . Biofilm growth 2
Strain Genotype Relevant gene(s) inactivated (logo c.fu./peg)’ Source
supE44 hsdR17 AlacU169 recAl endAl gyrA96 thil . .
DH5a relAl deoR (30 lacZAMIS) none, cloning strain na na 95)
F rrnB53 lacZ4787 hsdR514 araBAD567 .
K12 BW25113 rhaBADS68 rph-1 none, reporter strain na na (10)
F’ traD36 proAB" laclq AlacZM15 Alac-proAB .
IM109 glnVd4 el4- gyrd96 recAl relAl endAl thil hsdR17 ~ "OMS TePOTter stran na na (97
GC4468 F AlacU169 rpsL Sm' parental strain 5.7+0.7 103 ®)
QC1725 GC4468 AsodA Mn?*-dependent superoxide dismutase 5.1+0.7 16 (53)
2+ 2+ :
QC1799 GCA4468 AsodAB Mn™" and Fe”-dependent superoxide 54+07 84 (254)
dismutase
JHC1072 GCA4468 s0x0:+Tnl0 Km' Repressor for multiple antibiotic 56406 127 @®
resistance and oxidative stress regulon
JHC1096 GCA4468 marR::Tn9 Kl Repressor for multiple antibiotic 5.8+0.6 60 (8
resistance and oxidative stress regulon
F thil thrl leuB6 his4 argE3 aral4 lacYl galK2 xyl5 .
JF1070 mill rpsL31kdg K51 tsx33 supE44 proAB lacIPOZY4 ~Prental strain 6.0+05 6 (26D
JF420 JF1070 Agorl glutathione oxidoreductase 51+04 56 (261)
JF2062 JF1070 trxA::kan Km' thioredoxin 5.7+0.6 55 (261)
JF2200 JF1070 gshA::kan Km' glutathione synthetase 5.7+0.6 104 (261)
BPR100 JF1070 grxA::kan Km' glutaredoxin 55+0.8 103 (261)

Abbreviations: Km" = kanamycin resistant, Sm" = streptomycin resistant, na = not applicable
'Biofilm growth is reported as the mean and standard deviation of n viable cell counts
’n denotes the number of pooled control measurements
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testing was performed in minimal salts vitamins glucose (MSVG) medium (250) for
metal cations, and LB broth for metal oxyanions, and recovery medium contained
“universal neutralizer,” the composition of which was described in Chapter Two. Tests

for equivalent biofilm growth were also carried out as described in Chapter Two.

7.2.2 Susceptibility testing of logarithmic- and stationary-phase planktonic cells

Susceptibility determinations with logarithmic growing E. coli cells were done
using a protocol designed to reflect the Clinical Laboratory Standards Institute (CLSI)
method for antibiotic susceptibility testing. The inoculum for these tests was prepared by
direct colony suspension from streak plates to match a 1.0 McFarland Standard as
described in Chapter Two for creating a standard biofilm inoculum. This standard was
diluted 30-fold in LB medium and 5 pL aliquots of this 1 in 30 dilution were added to
each well of the challenge plates.

Susceptibility determinations with stationary-phase cells were carried out in a
slightly different fashion. First, 25 mL of LB was inoculated with a single colony that
was picked with a sterile cotton swab from a first agar sub-culture. The E. coli cells in
these cultures were grown to early stationary phase by incubating overnight (18 to 20 h)
on a gyrorotary shaker set at 225 rpm and 37 °C. Stationary-phase cells were collected
by centrifugation (5000 x g for 10 min) after which the spent medium was discarded.
Cell pellets were suspended in 12.5 mL of fresh growth medium thereby concentrating
cells into half of the original volume. In contrast to susceptibility determinations for
biofilms and logarithmic-phase planktonic cells, challenge plates were prepared with
metal ions at twice the desired concentration but in 100 pL, as opposed to 200 pL,
volumes in the wells of the microtiter plates. To these challenge plates, 100 uL of the 2 x
concentrated stationary-phase cells were added to each well.

In the cases of logarithmic-phase and stationary-phase planktonic cells, the
challenge and recovery media, neutralizing agents, serial dilution, incubation conditions
and viable cell counting protocols were identical to those used for CBD susceptibility
testing. In all cases, the starting numbers of cells in these suspensions were determined

by viable cell counting.
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7.2.3 Molecular methods
7.2.3.1 Materials and standard molecular protocols

A complete list of plasmids used in this Chapter appears in Table 7.2. Standard
molecular methods were carried out according to the protocols of Sambrook and Russell
(212). E. coli K12 genomic DNA was purified from overnight cultures using a DNeasy
Blood and Tissue kit (QIAGEN Inc., Mississagua, ON, Canada). The pCS26pac plasmid
was purified from E. coli DH5a using a Plasmid Maxi Kit (QIAGEN) and the protocol
for very low copy number plasmids. Products from PCR and restriction digestions were
cleaned up using a QIAquick® PCR purification kit (QIAGEN). DNA sequencing was
carried out by University Core DNA Services (University of Calgary, Calgary, AB,
Canada). All enzymes were purchased from Invitrogen and all primers were purchased

from Sigma.

7.2.3.2 Construction of promoter-/luxCDABE fusions

Primers were designed to flank regions between the two adjacent open reading
frames (ORFs) that border each of the promoter regions of the genes of interest. This
was done in a fashion similar to that described by Zaslaver et al. (285). Here, my
approach was to design primers to amplify the entire regions between the two ORFs with
an extension of 10 to 25 bp into each flanking ORF. Each forward or reverse primer was
designed with a 5’ Xhol or BamH]1 restriction site, respectively, and each primer was
designed to have a melting temperature (T,,) of 60 to 62 °C. A complete list of primers
used in this Chapter appears in Table 7.2.

Promoter regions were amplified from E. coli K12 genomic DNA by PCR under
the following conditions: 95 °C for 10 min, followed by 24 cycles of 95 °C for 1 min, 55
°C for 1 min and 68 °C for 1 min, and a final step at 68 °C for 10 min. Product size was
verified on a 1% agarose gel. PCR was optimized and repeated, as required, by varying
the concentration of MgCl, in the reaction mixture from 2.0 to 4.5 mM. The PCR
products were purified and then digested in a 45 pL reaction volume with Xhol for 7 h at

37 °C (in React® 2 buffer: 50 mM Tris-HCI, 10 mM MgCl,, 50 mM NaCl, pH 8.0). To
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conserve the PCR products, 2.5 pL. of 1 M NaCl was added to this mixture (to bring the
concentration to 100 mM NacCl, thereby mimicking React® 3 buffer), and then the PCR
products were digested with BamH]1 for 5 h at 37 °C. A similar protocol was performed
to digest the pCS26pac plasmid, and all digested PCR products and plasmids were then
purified using a QIAGEN PCR purification kit.

The pCS26pac vector has the reporter operon luxCDABE with an upstream cloning
region containing 5’ Xhol and 3 BamH1 restrictions sites that allowed for directional
insertion of the cloned promoter fragments. The digested PCR products were ligated
overnight with the digested pCS26pac vector using T4 DNA ligase under the following
conditions: 4 °C for 10 h, 10 °C for 3 h and then 16 °C for 3h. The ligated promoter-
luxCDABE fusions were then transformed into E. coli K12 BW25113. The digested
pCS26pac vector was checked for background by self-ligation followed by
transformation. Transformants were selected on LB agar with 50 ug mL™' kanamycin and
insertions were confirmed by colony PCR using the sequencing primers pZE.05 and
pZE.06 as previously described (27). The PCR products from promoter inserts on pCS26
plasmids were additionally verified by DNA sequencing.

7.2.4 Fluorescent sensors for metal ion mediated ROS production

Three different sensors were used to evaluate the production of ROS during the
reaction of E. coli biomass with toxic metal species. First, synthesis of the ROS sensor
4[ N-methyl-N(4-hydroxyphenyl)amino]-7-nitrobenzofurazan (NBFhd) was carried out
according to the method of Heyne ef al. (114). NBFhd is composed of the fluorophore N-
methyl-4-amino-7-nitrobenzofurazan (NBF) (excitation maximum 468 nm, emission
maximum at 540 nm) that has been covalently linked to a quencher, 4-hydroxyphenol.
The NBFhd sensor may react with oxygen radicals to release the strongly fluorescent
NBF moiety as well as the by-product 1,4-benzoquinone (114). The second reagent used
was an isomeric mixture of 5-(and 6)-carboxy-2’,7’-difluorodihydrofluorescein diacetate

(carboxy-H,DFFDA, Invitrogen). Upon oxidation, this probe forms highly fluorescent
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Name Description or sequence Source
Plasmids

pCS26pac Low copy number luxCDABE reporter vector (16)
pQE30HyPer hydrogen peroxide biosensor é};})cora Tnc.,
pCS26pmarR pCS26 containing 347 bp insert with marR promoter this study
pCS26psodA pCS26 containing 370 bp insert with sodA4 promoter this study
pCS26psodB pCS26 containing 210 bp insert with sodB promoter this study
pCS26pgorA pCS26 containing 148 bp insert with gor4 promoter this study
pCS26ptrxA pCS26 containing 157 bp insert with t7x4 promoter this study
pCS26pgshA pCS26 containing 337 bp insert with gshA4 promoter this study
pCS26pgrxA pCS26 containing 215 bp insert with grx4 promoter this study
pCS26poxyR pCS26 containing 144 bp insert with oxyR promoter this study
pCS26psoxR pCS26 containing 128 bp insert with soxR promoter this study
pCS26psoxS pCS26 containing 128 bp insert with soxS promoter this study
pCS26pkatE pCS26 containing 229 bp insert with katE promoter this study
pCS26pfliA pCS26 containing 365 bp insert with fli4 promoter this study
Primers

marRF02 5’-ATCCGGCTCGAGCCAGCCCCAGGCCAATTG-3’ this study
marRR02 5’-ATCCGGGGATCCCAGATACTCGTTAAGCAGGC-3' this study
sodAF02 5’-ATCCGGCTCGAGGCCGATCAAATGCCAAAATATC -3’ this study
sodARO02 5’-ATCCGGGGATCCGCATCGTAAGCATACGGCAG-3’ this study
sodBF02 5’-ATCCGGCTCGAGTGGCGCTCGTCGGGTAATG -3’ this study
sodBR02 5’-ATCCGGGGATCCGAGCATCTTTAGCATATGGTAG -3’ this study
gorF02 5’-ATCCGGCTCGAGCACCGGGCACGCCACCG-3’ this study
gorR02 5’-ATCCGGGGATCCCGCCGCCGATGGCGATG-3’ this study
trx AF02 5’-ATCCGGCTCGAGAGTCGGAAAACTTCTGTTCTG-3’ this study
trxAR02 5’-ATCCGGGGATCCGGAATAAGCCTGGCGTGTTGG -3’ this study
gshAF02 5’-ATCCGGCTCGAGGTCGGAGGTTCGAATCCTC-3’ this study
gshARO02 5’-ATCCGGGGATCCATTAAACCTGCATAACGCTCG-3’ this study
grxAF02 5’-ATCCGGCTCGAGCTTTAGGCAATTTACCGATCG-3’ this study
grxAR02 5’-ATCCGGGGATCCCCGAACGACCAAAAATAACGG-3’ this study
oxyRF02 5’-ATCCGGCTCGAGGTTAAAAGAGGTGCCGCTCC-3’ this study
oxyRR02 5’-ATCCGGGGATCCGTACTCAAGATCACGAATATT C-3° this study
soxRF02 5’-ATCCGGCTCGAGAATTTTCTGATGGGACATAAATC-3’  this study
soxRR02 5’-ATCCGGGGATCCTAATGCGGGGTAATTTCTTTTC -3’ this study
soxSF02 5’-ATCCGGCTCGAGTAATGCGGGGTAATTTCTTTTC-3’ this study
soxSR02 5’-ATCCGGGGATCCAATTTTCTGATGGGACATAAATC-3>  this study
katEF02 5’-ATCCGGCTCGAGATTACTGGCTTCACTAAACGC-3’ this study
katER02 5’-ATCCGGGGATCCGTTCTTTTCGTTATGTTGCGAC-3’ this study
fliAF01 5’-ATCCGGCTCGAGTCTGTCTCTGCTGCAGGG -3’ this study
fliARO1 5’-ATCCGGGGATCCTCAGCGGTATAGAGTGAATTC -3’ this study
pZE.05 sequencing primer, 5’-CCAGCTGGCAATTCCGA-3’ 27)
pZE.06 sequencing primer, 5’-AATCATCACTTTCGGGAA -3’ 27
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carboxy-2’,7’-difluorofluorescein (DCF, excitation maximum 485 nm, emission
maximum at 530 nm), and since this molecule carries a double negative charge under
physiological conditions, this dye is less likely to leak out of cells than other halogenated
fluorescein analogues.  Lastly, a fluorescent biosensor for intracellular H,O;
accumulation, pQE30HyPer (Axxora, San Diego, CA, USA), was used to detect metal
ion mediated ROS production in vivo. This biosensor consists of circularly permuted
yellow fluorescent protein (cpYFP) that has been inserted into the regulatory domain
(RD) of E. coli oxyR. OxyR-RD contains two key cysteine residues (Cys199 and
Cys208). When oxidized, a sulfenic acid is first formed at Cys199 and then a disulfide
bond may be formed between Cys199 and Cys208. This conformational change prevents
proper folding of the fluorescent domain in the cpYFP (19). Changes in fluorescence
may be measured as the fold change in excitation ratio (500 nm/420 nm) while measuring

emission at 530 nm (19).

7.2.5 Fluorimetry and luminometry

All reactions were prepared in 3 mL final volumes directly in cuvettes used for
fluorescent measurements. Here, E. coli K12 BW25113 was streaked out and cultured
twice in succession on LB agar to obtain fresh second subcultures of this organism. A
1.0 McFarland suspension of this microorganism was prepared in 0.9% NaCl as
described above. In all cases, these standardized E. coli cell suspensions were diluted 10-
fold in the reaction mixtures. Concentrated stock metal solutions were added to the
cuvettes to obtain the final concentrations indicated throughout this Chapter. Where
indicated, the probe NBFhd (5 mM stock in DMSO) and the antioxidant TROLOX
(Sigma, 5 mM stock in DMSO) were used at final concentrations of 0.1 mM.

Fluorescent measurements were obtained using a Fluorolog-3 spectrofluorometer
with DataMax for Windows™ (Horiba Jobin Yvon Instruments S. A. Inc., Edison, NJ,
USA). For NBF, these measurements were carried out using an excitation wavelength of
468 nm to obtain an emission spectrum from 480 to 650 nm in 1 nm increments, using a
1 s integration time and 5 nm slit widths. At the time of writing this thesis,

measurements of metal-ion mediated ROS production using carboxy-H,DFFDA and
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pQE30HyPer were still in progress. Similarly, no measurements using the luxCDABE

reporters had been made at the time of thesis submission.

7.2.6 Calculations, definitions of measurements and criteria for significant differences

Calculations of mean viable cell counts, mean log-kill measurements and one-way
ANOVA to test for equivalent biofilm growth were performed according to the
guidelines set in Chapter Two. Here, the survival of bacterial populations was quantified
using viable cell counting and the cell survival rates of mutant strains were compared to
the cell survival rates of the isogenic parental strains. Here, a set of criteria were
established and survival in mutant populations was considered significantly different
from the wild type population if conditions 1 and 2 or condition 3 were met:

1. There must be at least a 50-fold difference in mean viable cell counts of the mutant
versus the wild-type population and this may have occurred at 1 or more tested
concentrations of toxic metal species (as described in Chapter Two).

2. The mean of the wild-type population survival, plus or minus one standard deviation,
was mutually exclusive of the mean of the mutant population survival, plus or minus
one standard deviation (i.e. there must be no overlap between the compared error
intervals) (as described in Chapter Two).

3. If sterilization points (i.e. MBC,.190 and MBC,, 199 values) could be determined, then
there must be at least a 16-fold difference in the median endpoint of the wild type

population compared to the endpoint for the mutant population.

7.3 Results
7.3.1 Production of ROS by metal cations and oxyanions

Although it is generally accepted within the field of microbiology that metal ions
exert oxidative toxicity on bacteria, this h as not been systematically tested using
biochemical assays. In a preliminary set of experiments, the probe NBFhd was used to
look for ROS production in E. coli cells exposed to bactericidal concentrations of CrO4>,

Co*, Cu2+, Ag+, Zn2+, AsOy, Se0;” and TeO5* (Figure 7.1).
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In the cases of the metal cations examined, this approach yielded striking, clear
results: Cu”" generates ROS during cell exposure, whereas Co>", Ag" and Zn** do not.
This fits well with previous literature focused on eukaryotic systems (94) as well as with
the well known ability of Cu" to participate in Fenton-type reactions (249). In contrast,
the results for the metal oxyanions were not as clear, but might still provide useful
information. For example, adding the antioxidant TROLOX (a water soluble analogue of
vitamin E) to the reaction mixture protected NBFhd from oxidation by AsO,, SeO32' and
TeO32'. It is also interesting to note that E. coli biomass protected NBFhd from oxidation
by CrO4> and SeO;”, although the meaning of this latter observation, at least as it
pertains to the biochemistry of the toxic oxyanions, is somewhat ambiguous. The most
intriguing result occurred for CrO,”, as the addition of TROLOX to the mixture
increased the oxidation of NBFhd; moreover, this seemed to correspond with the
susceptibility data described in the following sections. Overall, these data suggest that all
of the metal cations and oxyanions examined in this study participate to different extents

1n oxidative reactions with £. coli biomass.

7.3.2 E. coli biofilm formation

Although it is relatively simple to calibrate the starting cell densities of planktonic
cell suspensions, a more thorough approach was used to calibrate biofilm growth.
Regardless of the medium used for metal ion exposure, biofilms of all E. coli strains were
cultivated in LB broth. The means and standard deviations of biofilm cell densities
produced by the relevant, different E. coli strains grown in this fashion are summarized in
Table 7.1. After 24 h incubation, these biofilms were statistically equivalent between the
different rows of pegs in the CBD (0.053 < p < 0.992). As an exception, E. coli JF420
required 48 h of growth to obtain a starting cell density similar to the other strains;
furthermore, only the outer 2 rows of pegs on each side of the device (i.e. rows A and B,
G and H) were used for susceptibility testing as the internal regions of the CBD had
significantly lower biofilm growth than the outer two rows for this strain (data not

shown).



191

(wu) yyBusjene
079 029 009 085 098 OvS 028 005 08

000052

000005

F0000SL

0000001

[F0000SZ 1

000005+

=00005.}
(MA %0°€) 20%H

(wu) yybuajane p
o9 0Z9 009 085 099 O¥S 029 005 08K

ﬁ-o

000052
000005
-00005L
-0000001
0000521

-000005+

-00005L}
(Wwg0)"osno (s

(wu) yybuajane pm
O 029 009 083 095 049 025 005 08Y

-000052

000005

F0000SL

[F000000}

-00005Z1

-000005 ¢

~00005.4

(Ww 002) f0as%eN (0

(sdo) @ousosaion|y

(sdo) sousosaion|4

(sdo) sousosaion)|4

(wiu) yibuajae g

0v9 029 009 08§ 095 OFS 029 005

(Ww og) *osuz (u

(wiu) yibuajane p

0v9 029 009 089 09 OFS 029 009

i i

-00000S

-0000SL

000000}

0000521

0000051

-000051

ov9 029

PY4EN + /00 ' —
XOOHL + B} + PY4EN + 103 ' —
[EJ8W + PUL4BN + /f00 J ——
[Ejal + PUSEN + [DBN —
PULEN + [OBN
10BN ——

(Ww oo1) %1002 (2

(wiu) yybuaae py
.umn R.B o¥s 028

o0o

(Ww g) £0%19%3 (q

005

0000001

0000521

0000051

~00005.L1

08y
0

-00000S

0000001

~0000051

~0000002

(sdo) @ouassaion|4

(sdo) eosusosason|4

(sdo) @osusosalon|4

(wu) ybuajpAe
0v9 029 009 0BG 09 OvS 025 005 08P

-0000SL
~000000}
0000s2Z}

000005}

“0000S.L1
(Ww 5'0) *ONBY (B

(wu) yyBuaane g
ov9 029 009 0BS 095 ObS 029 005 OBy
1 1 ' w L

(nw g°0) f0aL% (P

(wiu) yyBuaane

ob9 029 009 085 095 ObS 025 005 OB

-000052
000005
-0000SL
000000}

-0000521

000005+

L0000521
(Ww o¥) 2OsveN (e

(sdo) sousosaion|4 (sdo) eousosaion|y4

(sdo) sousosaion|4



192

Figure 7.1. NBFhd assays to detect ROS production during the reaction of E. coli
K12 BW25113 biomass with toxic metal species. Solutions, which had been incubated
with the indicated reagents for 24 h at room temperature, were excited at 468 nm and the
fluorescence emission spectrum was measured between 480 and 650 nm. The NBFhd
sensor and the antioxidant TROLOX were used at final concentrations of 0.1 mM each.
Viable E. coli cells were added at a concentration corresponding to a 10-fold dilution of a
1.0 McFarland standard. These results suggest that not all toxic metal species produce
ROS during reactions with E. coli cell biomass; moreover, the extent to which ROS are
produced might be different for each metal that is capable of producing these toxic by-
products. Each panel in this figure is a representative example of two independent

replicates. Hydrogen peroxide (H,O;) has been included as a positive control.
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7.3.3 Susceptibility of E. coli thiol-redox mutants to toxic metal ions

A combinatorial experimental approach was taken to look at the susceptibility of

biofilms, logarithmic-phase and stationary phase populations of 9 different E. coli strains
(7 mutant strains and their 2 isogenic parental strains) to 8 different toxic metal species
(at 5 different concentrations each plus the associated growth and sterility controls). This
initial screening process yielded 1296 combinations of parameters that were subsequently
evaluated in quadruplicate. Viable cell counting was used to evaluate the survival of the
different E. coli strains under these conditions after 4 h of exposure, and these data are
presented for CrO4*, Co”", Cu®’, Ag’, Zn*", AsO,’, SeO;” and TeOs”, in periodic order,
in Figures 7.2 to 7.9. To identify trends in these sets of survival dynamics, the data were
subsequently analyzed using the criteria in section 7.2.6, and the results were grouped by
genotype and by the toxic metal to which the cells were exposed. This summary appears
in Figure 7.10. It is important to note that the concentration of Co”" used for the
susceptibility testing of stationary-phase cells was too low and future assays should
examine higher concentrations to complete the trend sets illustrated in Figure 7.10.

Overall, these susceptibility data indicate distinct roles for many genes of the E.
coli thiol-redox system in the survival of cells exposed to different toxic metal species
(Figure 7.10). There are several key trends that emerge from these data. First, as an
internal control for this system, two strains bearing different inactivating mutations at the
same locus (denoted marR or sox(Q) were tested side-by-side in this system. The criteria
set in section 7.2.6 were designed to minimize identification of false positives, and so
what were identified as significant differences between the survival of these mutant and
wild type populations were not identical under all tested conditions. However, a
consistent trend that emerged from this analysis is that marR is important for basal levels
of survival in E. coli populations exposed to toxic metal species. This provides a notable
genetic link between the E. coli antibiotic and metal toxicity stress responses.

Another trend that emerges from these data is that not all of the genes in the E.
coli thiol-redox system play a protective role against metal toxicity. In fact, there are five
notable exceptions where the opposite is true — i.e. the functional copies of the thiol-

redox genes increase the susceptibility of the population to the tested toxic metal species.
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Moreover, in two of these cases, these susceptibility data fit with trends observed in the
preliminary NBFhd assays. 1) gor, gshA and grxA increase the sensitivity of logarithmic-
phase E. coli to chromate toxicity and this correlated with the observation that TROLOX
increases NBFhd oxidation. 2) sodAB increases the sensitivity of E. coli to Co*", Ag" and
Zn2+, which correlated with the observation that these three transition metals
characteristically do not produce ROS (as least as it can be discerned by NBFhd assays).
3) gshA increases the sensitivity of logarithmic-phase planktonic cells and biofilms to
TeO;”. 4) trxd increases the sensitivity of planktonic cell populations to Ag" and Zn*".
5) grxA increases the susceptibility of logarithmic-phase and stationary-phase planktonic
cell populations to Ag" and Zn®", respectively. Collectively, it is in this fashion that the
enzymes of the E. coli thiol-redox system may be a double-edged sword against the
oxidative toxicity of metal ions.

A last trend that emerges from these data is that genes of the E. coli thiol-redox
system, other than marR/sox(Q, protect populations of planktonic and biofilm cells in
different ways. It is striking that in almost all the cases where significant differences in
susceptibility could be determined for biofilms that this indicated a protective role for the
functional thiol-redox genes. This information has some important implications.
Foremost, this suggests that the net activity of the thiol-redox enzymes on the by-
products of the reactions between metal ions and biomass may be dependent on the mode
of bacterial growth. In other words, the contribution of individual thiol-redox genes to
redox homeostasis in planktonic and biofilm cells might be different. Nonetheless, these
data provide strong evidence that enzymes for cellular defense against oxidative stress

protect biofilms from the distinct chemical toxicities of different metal ions.
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Figure 7.2. Cell survival in biofilm, logarithmic- and stationary-phase planktonic

cell populations of E. coli thiol-redox mutants exposed to chromate (CrO4>). Two

different sets of mutants were examined (either in the GC4468 or JF1070 genetic

background), and each set is plotted with its isogenic parental strain and mutants. Here,

each measurement is the mean and standard deviation of 4 independent replicates of

viable cell counts obtained after 4 h of exposure to the metal in LB medium.
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Figure 7.3. Cell survival in biofilm, logarithmic- and stationary-phase planktonic
cell populations of E. coli thiol-redox mutants exposed to cobalt (Co*"). Two
different sets of mutants were examined (either in the GC4468 or JF1070 genetic
background), and each set is plotted with its isogenic parental strain and mutants. Here,
each measurement is the mean and standard deviation of 4 independent replicates of

viable cell counts obtained after 4 h of exposure to the metal in MSVG medium.
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Figure 7.4. Cell survival in biofilm, logarithmic- and stationary-phase planktonic

cell populations of E. coli thiol-redox mutants exposed to copper (Cu’). Two

different sets of mutants were examined (either in the GC4468 or JF1070 genetic

background), and each set is plotted with its isogenic parental strain and mutants. Here,

each measurement is the mean and standard deviation of 4 independent replicates of

viable cell counts obtained after 4 h of exposure to the metal in MSVG medium.
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logarithmic- and stationary-phase planktonic

cell populations of E. coli thiol-redox mutants exposed to silver (Ag"). Two different

sets of mutants were examined (either in the GC4468 or JF1070 genetic background), and

each set is plotted with its isogenic parental strain and mutants. Here, each measurement

is the mean and standard deviation of 4 independent replicates of viable cell counts

obtained after 4 h of exposure to the metal in MSVG medium.
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Figure 7.6. Cell survival in biofilm, logarithmic- and stationary-phase planktonic

cell populations of E. coli thiol-redox mutants exposed to zinc (Zn>"). Two different
pop p

sets of mutants were examined (either in the GC4468 or JF1070 genetic background), and

each set is plotted with its isogenic parental strain and mutants. Here, each measurement

is the mean and standard deviation of 4 independent replicates of viable cell counts

obtained after 4 h of exposure to the metal in MSVG medium.
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Figure 7.7. Cell survival in biofilm, logarithmic- and stationary-phase planktonic
cell populations of E. coli thiol-redox mutants exposed to arsenite (AsO;). Two
different sets of mutants were examined (either in the GC4468 or JF1070 genetic
background), and each set is plotted with its isogenic parental strain and mutants. Here,
each measurement is the mean and standard deviation of 4 independent replicates of

viable cell counts obtained after 4 h of exposure to the metal in LB medium.
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Figure 7.8. Cell survival in biofilm, logarithmic- and stationary-phase planktonic
cell populations of E. coli thiol-redox mutants exposed to selenite (SeOs”). Two
different sets of mutants were examined (either in the GC4468 or JF1070 genetic
background), and each set is plotted with its isogenic parental strain and mutants. Here,
each measurement is the mean and standard deviation of 4 independent replicates of

viable cell counts obtained after 4 h of exposure to the metal in LB medium.
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Figure 7.9. Cell survival in biofilm, logarithmic- and stationary-phase planktonic
cell populations of E. coli thiol-redox mutants exposed to telurite (TeO3;”). Two
different sets of mutants were examined (either in the GC4468 or JF1070 genetic
background), and each set is plotted with its isogenic parental strain and mutants. Here,
each measurement is the mean and standard deviation of 4 independent replicates of

viable cell counts obtained after 4 h of exposure to the metal in LB medium.



203

AsO, CrO > Se0;? TeO* Co? Cu? Ag Zn?
® o ® o ® o ® o b o 2 o b o & o
[+ w - W -] 7] (-] [} o (7] o 1] ] w ] w
- o £ o = o £ o = '] £ o - 1] £ o
[-% X — [-% £ [-% = [=% - o £ [N K- [-% £ [-% o=
o ; & ; & ; o ; 2 g 2 ; o ; & g
E E E E E E E E
£ £ g|£ € g|£ € g|E & g|£ € g|£ € eg|£ & g|£ £ ¢
S £ €[5 2 5|5 £ 5|8 % 5|8 2 §/8 2 5|8 2 5|8 £ %
e 8§ 2|9 8 3|8 8 2|8 8 5|2 8 2| 8 2|2 P 3|2 8 3
soos| W W % v ¥ V2 W9 9LV ¥
gor | ¥ W (&2 # ¥ % ¥ W% AR +
gshA | & & O T AR AR V(9 9 © +
orxé &2 % Y YWY
trx OO L B VeV es
soxQ §| & & &2 &6 2 2 R
") . ) 2
marR & & & s S &£

Figure 7.10. Effects of functional genes involved in the thiol-redox system on the
survival of E. coli populations exposed to toxic metal species. Survival data from
susceptibility testing was grouped by gene of interest and by toxic metal, and this was
further categorized by bacterial mode of growth. Log-killing data was analyzed using the
mean relative log-kill method described in Chapter Two. Here, a shield denotes that a
functional copy of the indicated gene enhanced population survival, whereas skull and
crossbones indicate that the functional gene decreased population survival. At the time of
writing this Thesis, additional susceptibility testing with stationary phase planktonic cells

was underway for CoCl,.
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7.4 Discussion

There are many sources of oxidative stress and it is likely that these have moulded
the evolution of adaptations to aerobic life (94, 191). Aerobic organisms display both
constitutive and inducible antioxidant® defences against oxidative stress, and this
includes the E. coli thiol-redox, SoxR, OxyR and MarR systems (94). There are several
potential biochemical routes for oxidative metal toxicity (241) and the data in this
Chapter indicate that bacterial antioxidant systems have an important and complex role in
the defence of cells against toxic metal species. Since thiol-redox systems are a
conserved biochemical feature among the kingdoms of life (251), it may be possible to
use E. coli as a model organism to expand our general understanding of metal toxicology.

At this early experimental stage, it is possible to build a biochemical model out of
the known pathways of the E. coli redox homeostasis systems (Table 7.1) and to combine
this with the comparative, combinatorial susceptibility data generated in this work
(Figure 7.10). Using several hypothetical and generalized biochemical routes of metal
toxicity discerned from the literature (Figure 1.3), I have integrated these with the known
regulation and reactivity of cellular antioxidants in Figure 7.11. Halliwell (93) has
proposed that there is no universal 'best' antioxidant; rather, the rank depends on the
nature of the oxidative challenge. The redox biochemistry of toxic metal ions is an
excellent example of how a single antioxidant may be inadequate to protect cells from all
forms of oxidative stress. The data here suggest that certain antioxidants may potentiate
the toxicity of certain metal ions — for example GSH and CrO4>. Consistent with this
idea, there is some evidence from a study using a hepatocyte cell line that suggests the
toxicity of CrO4> may be reductively activated by GSH (196). Using this thesis work,
this biochemical pathway is probably linked directly to the action of glutaredoxins on
metal disulfides, which are indirectly reduced by GSH via GorA (Figure 7.11).

In healthy cells, antioxidant systems balance levels of reactive species rather than

eliminate them, as there is a metabolic cost associated with generating antioxidants. For

2 An antioxidant may be defined as any substances that delays, prevents or removes oxidative damage to a
target molecule.
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example, E. coli keeps intracellular H,O, levels at approximately 0.2 uM rather than
maintaining excess antioxidants (191). Although a common approach in microbiology
has been to compare the susceptibility of biofilm, logarithmic-phase and stationary-phase
planktonic cells to antimicrobials, the study here has allowed for an additional dimension
of comparison — the functional comparison of genes in different modes of bacterial
growth. As a caveat, additional statistical testing of pooled viable cell counts will be
required to eliminate those genes that are essential for biofilm formation from this
comparison. For example, based on the data in Tale 7.2, gor may be essential for biofilm
growth, and so susceptibility differences may not only be due to the involvement of Gor
in metal metabolism. However, biofilms of the other E. coli strains seem to have very
similar starting cell counts.

Given the data in Figure 7.10, it is reasonable to hypothesize that the overall
enzyme activities that maintain E. coli thiol-redox balance are different between
logarithmic-phase and stationary-phase planktonic cells, and that this is physiologically
distinct from cells in biofilm populations. Here, I would propose that biofilm multimetal
resistance and tolerance may be linked to these differences. Furthermore, the antibiotic
resistance and tolerance of biofilms might be linked to these same changes. This is a
bold statement, but this hypothesis fits with the recent discovery that all three major
classes of bactericidal antibiotics kill through a common mechanism: an iron-dependent
Fenton reaction that generates ROS (138) (Figure 7.11). This change to the redox
homeostasis system state might also define distinct subsets of cells in the bacterial
population. For example, persister cells show alternate expression of the MarRAB locus

when compared to fast-growing planktonic cells (131).

7.5 Conclusions and future directions

The search for chromosomal genetic elements responsible for the reduced
susceptibility of biofilms to antimicrobial agents is currently a hot topic of research.
Here, I would like to point out some features of the genes in the thiol-redox system that
seem to make them a good fit in the search for chromosomal determinants of biofilm

resistance and tolerance. First, these genes have a high degree of conservation between
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microbial strains and species, which would fit with the observation that the reduced
antimicrobial susceptibility of biofilms occurs for the vast majority of microbes
examined. Second, the overall function or activity of these genes and their product(s)
seems to be different depending of the mode of culture growth (i.e. logarithmic-phase
planktonic cell vs. a surface-adherent cell). This does not imply that the level of
transcription will be different (although this may be the case). Third, single gene
deletions in these systems do not reduce the susceptibility of biofilms to that of
logarithmic-phase planktonic cells, which is consistent with the premise that are multiple
mechanisms contributing to the resistance and tolerance properties of biofilms. Lastly,
inactivation of these genes affects the susceptibility of E. coli cells to multiple, as
opposed to single, antibacterial agents.

It is also worth mentioning that when testing for hypersensitivity of gene deletion
mutants, survival should be quantitatively measured by viable counts (rather than by
using MBC endpoints), and this should be done over a range of concentrations. Since
biofilm survival dynamics are time-dependent, a less rigorous approach to susceptibility
testing might miss a subtle but important phenotype.

Although the data in this Chapter indicate a complex role for the E. coli thiol-redox
system in defence against toxic metal species, a greater understanding will emerge from
continuation of this study. For example, the use of alternate ROS and thiol-specific
probes will be invaluable for elucidating the biochemical toxicities of different metal
ions. I must also acknowledge that this study has not looked at reactive nitrogen species
(RNS) or sulphur radicals, which may also prove to be an important part of metal
toxicity. Lastly, transcriptional analysis of genes in the thiol-redox system will yield
important information about gene expression of these multimetal resistance and tolerance
determinants — regardless of whether the population averaged expression is different in
planktonic versus biofilm cells of E. coli. That being stated, in conjunction with the rest
of the work presented in this Thesis, it would likely be a worthwhile endeavour to build

promoter-GFP fusions to look at single cell expression of these genes by CLSM.
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Figure 7.11. Hypothetical biochemical routes of oxidative metal toxicity and the
repair of damaged cell constituents by the E. coli thiol-redox, OxyR and SoxR
systems. It is well known that ROS damage biomolecules through reactions with
sensitive thiol (RSH) groups (as well as through reactions with other functional groups,
which for the sake of simplicity, are not shown here). The well established cycle of ROS
toxicity and RSH oxidation is illustrated in black. Certain metal ions may exert oxidative
toxicity on cells by autocatalytic production of ROS via Fenton-type chemistry (ex. Fe,
Cu), or through many different reactions with RSH and glutathione (GSH). To some
extent, all metal ions undergo different and specific reactions with cellular thiols (see
Chapter 1 for a discussion). The deleterious reactions of metal ions with cellular biomass
are illustrated in red. E. coli possesses several homeostatic systems which, based on the
data in this chapter, play a role in cellular defence against oxidative metal toxicity. The
hypothetical repair routes are illustrated in blue, and a generalized thiol-disulfide
exchange mechanism is illustrated in green. In the cases of certain oxyanions, such as
with CrO4> and TeO;”, repair of metal-disulfides by glutaredoxins may lead to an
increased production of O,”, which may account for the decreased toxicity of these
oxyanions in grxA, gorA or gshA mutant backgrounds. The recent discovery that
bactericidal antibiotics kill cells via Fe-mediated production of ROS may imply that these
systems are important for antibiotic resistance and tolerance as well. This pathway is
illustrated in purple. Based on the present information, it is unknown how the activities
of the illustrated enzymes are different in planktonic versus biofilm cells. However, the
data in this Chapter suggest that net changes in these systems for thiol-redox homeostasis
may underlie the decreased susceptibility of biofilms to metal ions and potentially to

other antimicrobial agents as well.
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7.6 Contributions
7.6.1 Author’s contributions to this work and personal acknowledgements

I performed about 65% of the experimental work described in this Chapter. In the
process of doing this research, I trained 3 undergraduate students (Erin A. Badry,
Kimberley M. Sproule and Michelle A. Stan) to assist with susceptibility testing. My
sincerest gratitude goes to Dr. Belinda Heyne for synthesizing the probe NBFhd and for
providing many useful discussions about reactive oxygen species and the chemistry of
metal ions. I would also like to extend thanks to Dr. Michael G. Surette for kindly
providing the reporter plasmid pCS26pac. Last of all, I must acknowledge the substantial
contribution of Cathy S. Chan, who in the course of helping with the construction of
promoter-reporter plasmids has trained me to use many techniques of molecular

microbiology.

7.6.2 Relevant publications

At the time of writing this Thesis, the work presented in this Chapter is
unpublished.
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Chapter Eight: A multifactorial model of multimetal resistance and tolerance in
microbial biofilms

8.1 Biofilm growth is a social and multicellular strategy to survive metal toxicity

Biofilm formation might be an intrinsic or induced strategy which microbes might
use to survive a toxic flux in metal ions. So how is it that biofilms are less susceptible to
metal toxicity than exponentially growing planktonic cell populations? Similar to studies
of biofilm antibiotic susceptibility (30, 230), simple time- and dose-dependent killing
assays, which were performed as part of this thesis research, show that there are
subpopulations of cells in biofilms that die at different rates upon exposure of the entire
population to toxic metal ions (59, 97, 105) (Figure 8.1). In this thesis research, I have
linked the size of these variant subpopulations to highly conserved chromosomal genetic
elements (for example, E. coli hipA and P. aeruginosa gacS) (59, 97), as well as to
previous exposure of the biofilm population to sub-inhibitory concentrations of metal
ions (P. aeruginosa) (59, 101). Moreover, basal levels of survival in bacterial
populations exposed to toxic metal species were linked to a highly conserved set of genes
(sodA, sodB, grxA, trxA, gshA, gorA and marR/sox(Q) responsible for maintaining thiol-
disulfide homeostasis in E. coli cells, and the data in this thesis suggest that these genes
may function differently in planktonic versus biofilm populations.

In this final chapter, I have performed a comprehensive literature review and, in
conjunction with my discoveries during this thesis research, I have assembled the known
cellular and biochemical processes that may contribute to biofilm multimetal resistance
(MMR) and multimetal tolerance (MMT) into a single, qualitative, multifactorial model.
As described in the following sections, there are several phenomena that protect biofilm
cells from toxic metal species, each of which may be viewed as a single component of a
multifactorial model. My assessment of the available evidence suggests that the reduced
susceptibility of biofilms to toxic metals is linked to a natural process of phenotypic
diversification that is ongoing within the biofilm population. The model that I propose is
a conceptual step towards understanding biofilms as a population strategy for survival

during exposure to toxic stressors in a diverse range of natural, industrial and
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Figure 8.1. Time- and dose-dependent Kkilling of biofilms by metals. Microbial
survival in biofilms exposed to toxic metal species suggests that there are different
subpopulations of cells in single-species biofilms. (A) In general, both antibiotics and
toxic metal species kill biofilm populations in a time- and concentration-dependent
fashion. This is observed as biphasic population killing, in which most of the growing
population is rapidly killed by a relatively low concentration of the antimicrobial.
However, a larger portion of the biofilm population is able to withstand these lethal
factors for exposure durations and at concentrations that exceed what is lethal to the
corresponding planktonic form (97, 105, 230). The concentration-dependent killing of
microbial populations illustrated in (A) is exemplified by a plateau in the activity of the
antimicrobial and examples include P. aerugionsa ATCC 27853 killing by most
antibiotics, Ni or Zn cations for exposure times of up to 1 day (97, 98, 105, 230, 270).
These results are also typical of exposure of biofilms to most toxic metal compounds for
short exposure times (i.e. only a few hours). In this instance, the surviving subpopulation
is comprised of specialized cells that have been termed persisters, which mediate
population multidrug and multimetal tolerance (97, 152). (B) However, under certain in
vitro conditions and with sufficient exposure times, other highly toxic metal species may
eradicate 100% of bacterial biofilm populations (97, 98, 104, 105). Examples of this
include E. coli biofilms exposed to Cr and Te oxyanions (97) for 1 day as well as P.
aeruginosa biofilms exposed to Cu or Ag cations (105) for 1 day. I must acknowledge
that the concentrations of metal ions required to chemically sterilize a culture in vitro are
for the most part a lot higher than what is found in contaminated environmental milieus,
especially when considering biological metal availability given the interaction of metals

with minerals, humics or other organics. The trends illustrated in these figures have been
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discerned from previous studies by our research group that have used the Calgary Biofilm
Device for high-throughput antibiotic and metal susceptibility testing of biofilms (97,
103, 105), all of which have been conducted as part of this thesis research. (This figure
has been adapted from Harrison et al. (2007) Nature Reviews Microbiology 5:928-938).
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clinical settings. So what are the physical, chemical and physiological parameters that, as
a result of social interactions between microbes, reduce the susceptibility of biofilm

populations to metal toxicity?

8.2 Components of biofilm multimetal resistance and tolerance
8.2.1 Metabolic heterogeneity introduced by population structure

Structured growth establishes metabolite, O, and pH gradients in biofilms, which
creates chemically distinct microenvironments and results in metabolic heterogeneity
among the constituent cells (237). It is possible that this process may explain, in part, the
tolerance of bacterial biofilms to metal ions. In principle, cells in anoxic environments
may have altered susceptibility to toxic metals due to changes in cell physiology or
through altered speciation of the metals, as well as through decreased metabolic ROS
production and a likely decrease in metal-catalyzed Fenton-type reactions, which require
ROS. However, I will emphasize that mature biofilm structure is likely only one
contributing factor that reduces biofilm susceptibility to toxic metals.

Similar to what has been previously described in the literature for biofilm
antibiotic susceptibility, cell clusters and layers of adherent cells as well as those biofilms
in the early stages of growth possess high levels of resistance and/or tolerance to toxic
metal ions relative to planktonic cells. For example, in Chapter Six, biofilms of C.
tropicalis formed thin layers of cells in microtiter plates as well as on the polystyrene
surface of the CBD (101, 103, 147). However, C. tropicalis biofilms cultivated in this
fashion were highly resistant and/or tolerant to toxic metal species (103, 106, 147).
These observations suggest that surface attachment may trigger the physiological
transition to a multimetal resistant and/or tolerant state for Candida species. Although it
was not included on in this thesis, I have made similar observations for the metal
susceptibility of E. coli biofilms using a series of twin-arginine translocase (tat4ABC)
mutants (96).

E. coli mutants bearing inactivating mutations at the far locus are
characteristically hypersensitive to detergents as well as to hydrophobic drugs (232).

Depending on the growth medium, E. coli tatABC mutants may also produce biofilms
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that lack complex three-dimensional (3D) organization (96, 125). Biofilms of E. coli tat
mutants generally retain levels of tolerance to B-lactam antibiotics, Se and Te oxyanions
that are similar to or slightly less than that of wild type biofilms. Notably, structurally
defective biofilms of the E. coli tatABC mutant remain much more drug and metal
tolerant than planktonic cells (96). Similarly, a more elegant study by Folkesson et al.
(75), which used IncF plasmids expressing altered forms of transfer pili to introduce
changes in E. coli biofilm structure, found that tolerance to colistin, but not ciprofloxacin,
was conditional on biofilm structural organization. All together, these data suggest that
although structure contributes to multidrug and multimetal tolerance, it is likely not the
only reason biofilms have reduced susceptibility to these agents.

As described in Chapter Two, dead cells are frequently ignored components of
biofilms that are interspersed at varying ratios with live cells in every microbial
population (102). Dead cells are chemically reactive biomasses that provide biosorptive
sites that may drive the formation of metal precipitates. Protons extruded across cell
membranes might compete with metals for cell-surface binding sites; therefore, metal
cations may bind to actively respiring cells in smaller numbers than they bind to dead
cells. Dead cells may therefore contribute to pH discontinuities and physiological
microenvironments in biofilms that may be responsible for heterogeneous metal
accumulation (R.C. Hunter, A. Saxena and T.J. Beveridge, personal communication). In
this fashion, dead cells might protect the living from metal toxicity by sequestering or
precipitating the reactive metal species.

In summary, microbial biofilms that lack complex 3D structures still have reduced
susceptibility to toxic metals as well as to other antimicrobials, indicating that population
structure (and the associated metabolic heterogeneity) is one contributing factor to MMR
and MMT. As outlined in Chapter One, another set of processes required for structured

biofilm growth are the extracellular signalling pathways used by biofilm microorganisms.

8.2.2 Extracellular signalling events affecting biofilm physiology.

There is currently some controversy surrounding the importance of quorum-

sensing (QS) in biofilm formation (136, 184); however, there is some evidence to suggest
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that the role of QS-systems depends on the nutrients available to bacteria (224) as well as
the hydrodynamics of the biofilm environment (117). There is some recent, preliminary
evidence linking metal (Ni, As, Cd and Hg) tolerance to biofilm formation and quorum
sensing in Acinetobacter junii (214). QS is particularly well studied in P. aeruginosa,
and among many QS-regulated genes that are differentially regulated during biofilm
formation, three to note are Mn-cofactored superoxide dismutase (sodA), Fe-cofactored
superoxide dismutase (sodB) and catalase (katA) (109). These genes are known to be
upregulated during exposure of planktonic P. aeruginosa to high concentrations of Cu
(249); furthermore, SodA and SodB contribute to basal levels of E. coli resistance to Cd,
Ni, Co, Cu and Zn toxicity (82, 124) as well as to planktonic P. aeruginosa resistance to
As (185). As detailed in Chapter Seven, biofilms of E. coli strains bearing inactivating
mutations in sodAB, glutathione oxidoreductase (gor), thioredoxin (tr7xA4), glutathione
synthetase (gshA), or glutaredoxin (grx4) generally have lower cell survival rates after
exposure to metal ions (for example Cr, Co, Zn, Cu, Ag, As, Se or Te) than the
corresponding wild-type parental strains. This suggests that cellular defense against
oxidative stress protects microbial biofilms from toxic metal species. Therefore, it is
reasonable to hypothesize that increased basal levels of these enzymes mediated
indirectly by QS systems may contribute to P. aeruginosa biofilm MMR or MMT. This
may be true in other bacteria as well.

Although there is still debate surrounding the signalling mechanisms involved in
the shift of planktonic cells to adherent biofilms, populations of planktonic and biofilm
cells metabolize metals in different ways, suggesting that each corresponds to a set of
distinct physiological states. I directly examined this early in my PhD research, but I
have not included these experiments in this thesis. It is well known that many Gram-
negative bacteria, such as P. aeruginosa, reduce Se05%, TeO4” and TeOs> to elemental
Se’ and Te’, resulting in the formation of orange and gray-black precipitates, respectively
(284). Microbial-mediated reduction of these oxyanions occurs in both planktonic and
biofilm cultures of P. aeruginosa (99). By contrast, although Staphylococcus aureus
planktonic cells still carry out this reduction, biofilms have lost this capacity;

furthermore, the loss of this metabolic pathway is concomitant with an increase in biofilm
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susceptibility to these compounds relative to planktonic cells (99). Although S. aureus
biofilms become more susceptible to these toxic metal species, this example still
illustrates that biofilms undergo specific physiological changes that may alter the metal
resistance and/or tolerance of the entire population.

To summarize, extracellular signalling events that affect the physiology of biofilm
cells contribute to MMR and MMT, and therefore, these signalling systems are another
component of our model. One of the other ways signalling events contribute to MMR
and MMT is by regulating synthesis of extracellular matrix components (136) that

facilitate biosorption.

8.2.3 Metal immobilization by biosorption

Charged particles, including metal ions, may be extracted from a bulk aqueous
phase and trapped within a biofilm — a fact that has fueled research into microbial
bioremediation of metal-laden industrial effluents (248, 264) and guided the use of
biofilms as biosensors for toxic contaminants in rivers (160). This type of metal sorption
underlies biomineralization and the microbial lithification® process that has orchestrated
global biogeochemical cycles for >3.5 billion years (71). The precise chemical
composition of a biofilm as well as the metal-speciation state in the bulk solvent versus
the biofilm varies with the environment as well as with the genotype(s) of the constituent
microorganism(s). Thus, metal-ion sorption varies from organism to organism and from
one environment to the next. The chemical interactions involved in biosorption, which
include ion exchange, chelation, adsorption and diffusion through cell walls and
membranes (264), influence metal-ion mass transfer and consequently may affect
biological metal toxicity.

Microbial biofilms are encased in a self-produced, hydrated, viscoelastic
extracellular matrix (ECM) that may be composed of DNA, RNA, proteins and

chemically modified complex carbohydrates, as well as the monomeric units of each of

2 Lithification is the process in which sediments are gradually converted under pressure into solid
sedimentary rock.
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these biomolecules (33, 34, 245, 274). Therefore, the biofilm ECM has a polyionic
charge derived from the chemical functional groups that are part of these organic
compounds, such as carboxylate (R-COQ"), phosphate (R-HPOy'), sulphydrl (R-SH),
amino (R-NH;3"), and phenolic (R-C¢H;OH) groups. Many of these compounds also have
hydrogen-bonding potential via hydroxyl (R-OH) groups. The pKa values of these
different electrostatic binding sites, which have been characterized from titration data and
found to vary from 3 to 11, have been estimated to exceed the number of binding sites
present on cell surfaces by 20- to 30-fold (155). In this regard, the matrix may impede
the diffusion and equilibration of small molecules (234) as well as metal ions (103, 105,
250) across the biofilm. Furthermore, the pH (123) and redox gradients (198) of biofilms
can affect metal-ion speciation and thus certain constituents of the ECM may chelate as
well as react with these compounds.

In the field of biofilm research, there has been intense interest in intracellular
signalling by the bacterial second messenger bis- (3°-5’) cyclic dimeric guanosine
monophosphate (c-di-GMP). Recent studies suggest that c-di-GMP is produced nearly
ubiquitously in bacterial taxa and that it regulates physiology and many coordinated
activities of microbial communities, such as virulence-factor expression and biofilm
formation (208). The GGDEF and EAL protein domains (which correspond to
diguanylate cyclases and phosphodiesterases, respectively) are responsible for the
synthesis and degradation of c-di-GMP, respectively. There is a correlation between
antibiotic resistance, phenotypic variation and c-di-GMP signalling (mediated by the
EAL-domain protein PvrR) that has been recently established for P. aeruginosa
PA14(69). Although there are several different proteins in P. aeruginosa that mediate c-
di-GMP signalling, this second messenger is likely involved in MMR and MMT through
regulation of extracellular polymer production, which would likely alter the metal-
sorption properties of the ECM.

In this thesis, it was observed time and again that biofilm biomass could entrap
metal ions. For example, biofilms of P. aeruginosa (Chapter Three), E. coli (Chapter
Four) and C. tropicalis (Chapter Six) all had the capacity to adsorb Cu and Ni. Biofilms

of P. aeruginosa (data not shown) and E. coli (Chapter Four) also trapped and mediated
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the biological precipitation Se and Te, although this latter process is likely due to
bioaccumulation as opposed to biosorption.

The spatial distributions of Zn in exposed E. coli biofilms have been examined
using two-photon laser scanning microscopy (2P-LSM) in conjunction with a Zn-binding
fluorochrome, 8-hydroxy-5-dimethylsulfoamidoquinolone (119). After 1 hour of
exposure, Hu ef al. (119) identified that Zn was evenly equilibrated across thin (~12 pum)
biofilms, but penetrated less than 20 um into thick (~350 um) biofilms. More recently,
Hu et al.(120) have used scanning electrochemical microscopy (SECM) — which uses
cyclic voltammetry to determine aqueous labile metal species — to assess the spatial
distribution of Cu in E. coli biofilms. The authors discovered that after 2 hours of
exposure, Cu had penetrated ~150 pm into biofilms and that Cu diffusion kinetics could
be mathematically described by a one-dimensional diffusive®® transport model. The Cu
retardation factor was six-fold larger for E. coli biofilms than for isotherms calculated for
populations of the corresponding planktonic cells.

Other contributors to metal sequestration in biofilms are cell membranes and cell
walls, which offer many additional cationic and anionic sites for interactions with metal
ions (264). P. aeruginosa biofilm cells are capable of binding Fe, Au and La in amounts
significantly greater than planktonic cells (148); furthermore, transmission electron
microscopy (TEM) of heavy-metal-exposed biofilms shows that this precipitation is
restricted to cells in specific regions of the biofilm (148). Other components of biofilm
matrices are membrane vesicles, which bind to and sequester the positively charged
aminoglycoside antibiotics (218). It is reasonable to hypothesize the membrane vesicles
may have a similar role in metal sorption; however, this has not been directly tested.

In summary, the biosorption of metal ions to components of the biofilm, which
includes extracellular polymers, cell membranes and cell walls, sequesters these
compounds and prevents them from interfering in sensitive metabolic processes. In this
regard, cellular and extracellular biomass of biofilm microbes protects cells from

transient fluxes in toxic metal species; this protection is proportional to the kinetics of the
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biosorption reaction equilibriums, which restrict diffusion and alter biological availability
of the toxic metals. It is important to note that colony morphology variants, which are
frequently recovered after microbial growth in biofilms (30), produce extracellular
polymers of different quantity and character than the original inoculating strain (110,
134) (discussed later in this Chapter). Another component of MMR closely related to
biosorption is the sequestration and chemical modification of toxic metal species via

reactions with microbial metabolites.

8.2.4 Bioinorganic reactions of metal ions with biofilm metabolites

Microbes produce a diverse array of metabolic end-products, many of which may
bind and/or react with metal species to result in the precipitation of bioinorganic metal
complexes. A well-known example of this is the co-precipitation of heavy metals such as
Cu, Zn, Ni, Cd, Pb and U with sulfide (S*) produced by biofilms of sulfate-reducing
bacteria and archaea (23, 24). Another example is the co-precipitation of metals with
carbonates (HCO;™ and CO;™) produced during microbial respiration (71). This results in
the deposition of inorganic metal sulfides and metal carbonates, respectively, removing
potentially toxic metal species from the aqueous phase. Although the biochemical
mechanisms are unknown, biofilms of Pseudomonas putida are able to precipitate Mn
oxides and oxyhydroxides in soils, sediments and water columns. These compounds
have an additional role in regulating the speciation of metals such as Zn, Ni, and Cu in
these environmental milieus (253).

Siderophores™ represent another mechanism by which microbes may interact
with metals. The catechol-hydroxyamate siderophore pyoverdine can bind to many kinds
of transition metal ions and sequester them, thereby preventing the metals from
participating in deleterious chemical reactions which likely require the unbound metal

species. P. aeruginosa upregulates the transcription of pyoverdine synthetic genes during

* One-dimensional diffusive transport refers to a mathematical model that describes the density
fluctuations in particles undergoing movements that minimize a concentration gradient.

2 Fe-specific chelators produced by microorganisms under nutrient-limited conditions as part of an Fe
acquisition system.
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exposure to toxic Cu species (249). The lasR/las] QS system, which is involved in
biofilm formation and/or development, controls expression of this compound (240);
therefore, pyoverdine production by P. aeruginosa biofilms may lead to an increased
basal level of biofilm resistance to Cu and other transition metal cations. Another
example is the chelator pyridine-2,6-bis[monothiocarboxylic acid] (PDTC), which is
produced by P. putida and Pseudomonas stutzeri. PDTC can bind a broad range of
metals, including many transition metals, lanthanides and actinides (55). Many toxic
metals form insoluble precipitates with PDTC, including toxic Se and Te oxyanions
(286). Zawadzka et al. (286) have proposed that SeOs> may be reduced and bound by
PDTC or its hydrolysis product, dipicolinic acid (DPA; also known as pyridine-2,6-
bis[carboxylic acid]), resulting in deposition of Se precipitates in the extracellular milieu.
Both metal binding and the inorganic reactions of siderophores with metal ions reduce
the biological availability of the toxic metal species. These reactions may occur in both
biofilms and planktonic cells; however, localized variations in concentrations of these
reactants may still drive these chemical reactions to produce heterogeneous metal
precipitation in biofilms. Collectively, metal-ion immobilization by biosorption and
bioinorganic reactions might permit cells to enter a protected physiological state by

giving them time to adapt.

8.2.5 Adaptive responses to metal ions

Studies of planktonic bacterial populations suggest that microbes undergo
complex and adaptive physiological changes in response to toxic concentrations of metal
species (37, 118, 249). Using the qualitative experimental approach described in Chapter
Six, it was discovered that exposure of C. albicans and C. tropicalis biofilms to certain
metal ions changed the pattern of cellular differentiation in the surface-adherent
population (that is, the yeast-to-hyphal-cell-type transition may be suppressed or
enhanced by metal ions); furthermore, this cell-type shift was concomitant with altered
resistance to a subsequent antimicrobial exposure, such as Cu (101).

Szomolay et al. (247) have proposed that reaction-diffusion limited penetration of

antimicrobials into biofilms may result in low levels of exposure to cells in deep regions
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of the biofilm, thereby allowing cells sheltered in this fashion to enter an adapted
physiological state that is resistant to the antimicrobial. It is reasonably anticipated that
biofilm microbes have an ability to adapt their physiology to survive specific toxic metal
exposures; however, the molecular response of biofilm microbes to this kind of stress has
not been reported before. Our laboratory and others are currently using transcriptomic
and proteomic technologies to elucidate the molecular mechanisms underlying the
microbial biofilm response to metal toxicity. This type of response may be viewed as a
process of phenotypic diversification that is dependent on the localized concentration of
toxic metal species.

Here I will emphasize that restricted diffusion — as mediated by biosorption and
bioinorganic reactions of metal ions with biofilm biomass and metabolites — cannot
solely account for the reduced susceptibility of biofilms to toxic metal ions. For example,
SeO;” and TeO;> probably have very low binding affinities for the polyanionic biofilm
matrix of E. coli; yet thin (i.e. 10-20 um) biofilms of this organism are 310-times more
tolerant to the bactericidal action of these compounds relative to planktonic populations
(Chapter Four) (97). Similar arguments have previously been made for the
fluoroquinolone antibiotic ciprofloxacin, which otherwise quickly penetrates these highly
tolerant biofilms (153). Furthermore, the transition metal Ga kills established P.
aeruginosa biofilm cells in the interior regions of microcolonies before those in the outer
layers (128). A similar pattern of killing has been recently reported for colistin, a cyclic
cationic antimicrobial peptide, as well as for the anionic detergent sodium dodecyl sulfate
(90). It is also interesting to note that cells in C. tropicalis biofilms surviving exposure to
Co, Se or other antifungals seem to be randomly interspersed in the population (Chapter
Six) (103, 106). The spatial patterns of killing deduced from these studies indicate that,
although restricted penetration of antimicrobials by biosorption is an important
component to reduced biofilm susceptibility to toxic stressors, this phenomenon is not the
only mechanism of resistance — otherwise biofilms would always die from the outside
in, and not from the inside out. Collectively, the killing kinetics of microbial populations

by agents that rapidly penetrate biofilms as well as the spatial patterns of biofilm killing
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discussed here indicate that there may be specific cell types with defined physiological

states that may withstand the action of antimicrobials, including toxic metal ions.

8.2.6 Persister cells

Microbial biofilms produce persister cells at a frequency that is 10 to 10 000 times
greater than that reported for exponentially growing planktonic cell populations (230).
At the population level, this specialized cell type mediates MDT, which is observed as
biphasic time- and concentration-dependent killing kinetics for biofilms of many
organisms, including Gram-positive and Gram-negative bacteria, as well as C. albicans
(97, 105, 147, 152) (Figure 8.1). As reported in Chapters Three and Four, this
subpopulation of specialized cells, which represents approximately 0.1 to 10% of biofilm
populations, also mediates time-dependent tolerance to metal cations and oxyanions (97,
105).

Studies using E. coli suggest that persister cells are metabolically quiescent and
express several genes associated with stress tolerance, including chaperones, the multiple
antibiotic resistance (marRAB) regulon, and cold-shock proteins (131, 221). There are
now several reports that have linked the production of persister cells to chromosomal
toxin-antitoxin (TA) loci (152), and although biofilms are thought to produce persister
cells at high levels, much of the work done to establish this genetic link has been done
with planktonic cell populations. To address this, I have recently initiated a study (in
conjunction with W. D. Wade and S. Akiermen) to examine the effect of toxin or
antitoxin gene deletion on the antibiotic-mediated killing dynamics of E. coli K12 biofilm
populations.

Although numerous studies have focused on the hipBA operon — which encodes a
toxic kinase (HipA) and an antitoxic DNA-binding protein (HipB) that autoregulates
expression of hipBA (139) — there are few studies that have evaluated the function of
other TA modules in bacterial persistence. This might be important, because relative to
wild-type E. coli, deletion mutants lacking hipBA produce a smaller proportion of
persister cells in stationary-phase planktonic cell populations as well as in biofilms (131).

Using the CBD, I have helped to systematically test and compare the biofilm growth and
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antibiotic susceptibility of a series of TA loci mutants — bearing single, markerless
deletions at hipA, hipB, relE, relB, chpA, chpB, yafQ, dinJ or yoeB — to the isogenic wild-
type strain. In contrast to the well established biphasic concentration-dependent killing
dynamics of planktonic and biofilm bacterial populations, our in-depth data suggest that
wild-type E. coli biofilm populations may have multiple survival phases when exposed to
antibiotics (as exemplified by the B-lactam ceftrioxone). Furthermore, susceptibility
testing of the mutants has identified that single deletions at any one of the TA loci
examined was sufficient to eliminate at least one phase of this drug tolerance.
Subsequent rounds of testing with additional antibiotics revealed that the toxins yafQ and
yoeB may also be important for E. coli biofilm tolerance to cefazolin and tobramycin.
Collectively, these results suggest that E. coli biofilm populations may have multiphase
tolerance to antibiotic treatments and that TA genes may be linked to these dynamics of
cell survival.

With respect to the research presented in this thesis, the 4ipA7 allele bears a gain-
of-function mutation that results in a 10-fold to 100-fold increase in the proportion of
persister cells produced by E. coli stationary-phase populations. E. coli strains bearing
hipA7 have a 5-fold to 82-fold increased proportion of persister cells in the stationary
phase that may survive exposure to TeO4”, TeOs> and CrO4> relative to the isogenic
wild-type strain (Chapter Four) (97). Collectively, this evidence suggests that persister
cells are a specialized cell type that contribute to MMT and that these cells form at high
frequency in biofilms relative to exponentially growing planktonic cells. However, it still
is possible to isolate other types of phenotypic variants from biofilm populations, and as
persister cells can only explain multidrug and multimetal tolerance, there might be other

cell types that mediate biofilm resistance.

8.2.7 Genetic rearrangements, mutations and phenotypic variation

It is frequently possible to recover colony morphology variants from biofilm
populations, many of which have altered phenotypic traits relative to the colonizing strain
(30, 59). For example, small colony variant (SCV) cells, which are typically superior at

forming biofilms and less motile than their progenitors, are often recovered from aged
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biofilms of clinical and/or rhizosphere Pseudomonas spp. (Chapter Five) (110, 134, 263).
In laboratory-grown biofilms of P. aeruginosa, P. chlororaphis and P. fluorescens, SCVs
occur at a frequency in the population that is increased by exposure to certain antibiotics
and H,0; (59, 69). Intriguingly, certain metal ions also increase the frequency of colony
variants recovered from biofilms of these bacterial species, including: Ca2+, Ru3+, Cu2+,
Ag’, Ni*", Pb*" and SeOs* (59) (and J. J. Harrison, M. L. Workentine, H. Ceri and R. J.
Turner, unpublished data).

Variant formation by Pseudomonas spp. may be an important contributor to biofilm
metal susceptibility, as the switch to the SCV and other variant phenotypes is correlated
with the emergence of multidrug and multimetal resistance and/or tolerance (59, 69).
The response of P. fluorescens and P. chlororaphis biofilms to metal-ion exposure is
reasonably anticipated to be highly complex, as it is linked to the formation of multiple
colony morphotypes, including the wrinkly-spreader (WS) phenotype in the case of P.
fluorescens (M.L. Workentine, J. J. Harrison, P. U. Stenroos, H. Ceri and R. J. Turner,
unpublished data). This observation gives another connection between metal resistance
and intracellular signalling by c-di-GMP, as mutations in proteins bearing GGDEF and
EAL domains are known to give rise to the P. fluorescens WS phenotype.

As described in Chapter Five, reversion of P. aeruginosa SCVs requires the sensor
kinase GacS — an SCV strain bearing an inactivating mutation in gacS is phenotypically
locked and will not revert to a normal phenotype, even after months of serial culture on
non-selective media (59). The GacA/GacS two-component system is hierarchically
arranged on top of the Pseudomonas QS systems and is highly conserved amongst
pseudomonads (267). In many rhizosphere and laboratory strains of Pseudomonas spp.,
gacS is naturally prone to inactivating mutations (70, 213, 263). Moreover, genotypic
variation in P. fluorescens is mediated by two site-specific recombinases, XerD and Sss,
which seem to introduce mutations into gacA and/or gacS(162). This would suggest that
mutations and/or genetic rearrangements at the gacA/gacS loci are linked to phenotypic
variation, biofilm formation, MDR and MMR. Similarly, Boles et al. (30) have also
suggested that genetic and phenotypic diversity may be introduced into P. aeruginosa

biofilm populations and that this is dependent on rec4. In their study, the phenotypic



225

variants recovered from biofilms also showed varying levels of resistance to HyO,. It is
interesting to contrast these findings with the insurance hypothesis (30), in which random
mutations or site-specific genetic rearrangements might produce genotypic and
phenotypic diversity that ensures population survival, as some phenotypes may survive

environmental insults that others may not.

8.3 A model of biofilm multimetal resistance and tolerance

It is possible to bring together these different components of MMR and MMT into
a single multifactorial model that may explain the reduced susceptibility of biofilms. A
trend that has swept through microbiology is a shift towards viewing biofilm microbes as
populations of cells that display complex and coordinated developmental behaviours.
Starting from the point at which bacteria adhere to a surface, which might trigger
population multidrug and multimetal tolerance through persister-cell formation (59, 147),
the natural growth of the microbes at the surface sets in motion the interrelated and
ongoing processes of cellular diversification that are linked to MMR and MMT (Figure
8.2). For instance, the formation of phenotypic variants in biofilms might coincide with
increased production and altered characteristics of biofilm extracellular polysaccharides,
in turn affecting diffusion processes and biosorption of toxic metal species. Similar
cascades and relationships may be deduced for the other components summarized in this
Chapter. Microbial biofilm populations, therefore, may be poised to survive fluxes in
toxic metal species because there are diverse cell types in biofilms that might additionally
function to protect each other. I acknowledge that many of the cellular, chemical and
biological mechanisms at work in this model may also explain the recalcitrance of
biofilms towards multiple, structurally unrelated antibiotics. Despite the complexity of
this model, it is limited insofar that it describes populations of single microbial species,
and does not consider the vast number of potential interactions involved in natural

polymicrobial growth.
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Figure 8.2. A multifactorial model of multimetal resistance and tolerance in
microbial biofilms. In general, the decreased susceptibility of biofilms to toxic metal
species may be viewed as an emergent property that arises from several interrelated
physiological and chemical parameters. Many of these parameters arise from a natural
process of phenotypic diversification that is ongoing during biofilm growth. In this
figure, I have overlaid a simplified schematic of biofilm maturation with the many
components that contribute to multimetal resistance and tolerance. I propose that biofilm
formation is a process that gives rise to multiple cell types — each with a range of
expression patterns corresponding to the diversity of biofilm microniches — which
positions the population to withstand a diverse range of environmental stressors,
including metal toxicity. (This figure has been adapted from Harrison et al. (2007)
Nature Reviews Microbiology 5:928-938).
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8.4 Concluding remarks and future directions

In addition to the components of the multifactorial model described in this Chapter,
there may be additional contributors to biofilm multimetal resistance and tolerance,
notably humic acids®, soluble electron carriers’” and nanowires™. There has been no
direct examination to link metal resistance in biofilms to extracellular electron transfer or
to chelation of toxic metal species by humics; however, since these processes are
specialized in changing the speciation and/or biological availability of potentially toxic
environmental metals (51, 85), I have included these as a notable future directions for
research.

An obstacle facing research into biofilm microbiology is the classical approach to
‘omics’ technologies, as these techniques inevitably pool protein and nucleic-acid
samples from a population of microbes. This ignores any underlying phenotypic
heterogeneity and thus the contributions of single cells to population behaviour might
remain hidden among an averaged differential expression analysis (4). Future
endeavours (including my own) will benefit from separating subpopulations of cells from
biofilms before examining the molecular components of the microbes. Breakthrough
technologies involving laser-capture microdissection microscopy and high-throughput
cell sorting by flow cytometry will catalyse new research into the behaviour of specific
biofilm cell types. The next wave of advances into understanding biofilm antimicrobial
resistance and tolerance will come from examining the emergent properties of microbial

populations based on the concerted behaviours of the individual cells.

*® Humics are colloidal mixtures of substances that are present in soils that arise by the microbial
degradation of dead biomass. Humic acids are compositionally undefined, but include hydrophobic
bioorganics that self-aggregate and chelate multivalent metal ions.

27 A soluble electron carrier is a water soluble molecule that shuttles electrons in the microbial respiratory
chain by accepting electrons from a donor and transferring them to an acceptor.

2% Nanowires are electrically conductive pili composed of bundles of individually conductive filaments that
are 10-20 nm in diameter.



229

8.5 Contributions
8.5.1 Relevant publications

I compiled the information in this summary chapter over a period of five years
and my multifactorial model of biofilm resistance and tolerance has been published in
parts as this concept has evolved. Portions of this final Chapter have been taken from
Harrison et al. (2005) Recent Research Developments in Microbiology 9:33-55, Harrison
et al. (2005) American Scientist 93:508-515, Harrison et al. (2007) Nature Reviews
Microbiology 5:928-938 and Zannoni et al. (2008) Advances in Microbial Physiology
53:1-72.
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