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ABSTRACT
The Impact of Nickel on LuxI/LuxR-Type Quorum Sensing and Biofilm
formation of Environmental Proteobacterial Species
by
Leticia Maria Vega
The ability to control the establishment and development of a biofilm is
important in environmental engineering where biofilms are used to recycle wastes
and remove toxins from the environment, or conversely, reduce the life of
infrastructure due to corrosion. This thesis reports on the metal nickel and its
influence on biofilm formation. Using a combination of bench top and molecular
methods, I demonstrate that nickel ions decrease the expression of N‐acyl
homoserine lactone synthase and transcriptional activator genes and subsequently,
biofilm formation in Burkholderia multivorans ATCC 17616 without affecting overall
viability.
I further demonstrate that this phenomenon is not limited to nickel and/or B.
multivorans. I have identified an additional heavy metal, cadmium that down
regulates the expression of homoserine lactone genes and subsequently decreases
surface colonization. Traits such as twitching motility, elastase and pyocyanin
production, which are influenced by quorum sensing mechanisms in Burkholderia
and Pseudomonas, are also inhibited by nickel and cadmium ions.
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Chapter 1

Introduction, Significance, and
Research Needs

1.1. Introduction
Biofilms play a significant, yet largely overlooked, role in our day‐to‐day
lives. Biofilms are used to treat wastewaters produced by the public and industry as
the first step in water recovery in the environment. Conversely, billions of dollars
per year are spent maintaining and remediating infrastructure, such as cooling
towers, heat exchangers and potable water collection and distribution systems, due
to fouling and corrosion, which is directly or indirectly due to biofilm formation
(Bott, 1995).
A serendipitous discovery in 2005 identified a potential inhibitory
mechanism for biofilm formation, inhibition of quorum sensing by nickel. A heat
exchanger in operation on the international space station (ISS) contained significant
14
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microbial contamination in its coolant fluid. The system was replaced and the
previous unit was returned for study. Although the fluid contained a significant
concentration of microorganisms, a biofilm was conspicuously absent. Further study
indicated that nickel ions, which were leaching from the heat exchanger material,
may have contributed to the inhibition of biofilm by inhibiting quorum sensing, a
cell‐cell communication method between microorganisms which allows them to act
in concert to perform various functions, such as biofilm formation. If we can
determine how nickel and other compounds inhibit quorum sensing in bacteria, this
knowledge may lead to new strategies to control biofilm formation and
development in numerous environments.

1.2. Research Needs
Little is known about nickel and its influence on the establishment and
subsequent development of a biofilm or the effect of nickel and other heavy metals
on cell‐cell communication pathways. Biofilms are used to remove nickel and other
heavy metals from the environment as a part of a waste remediation process.
However; due to its potential toxicity, neither nickel, nor other heavy metals have
been evaluated as agents to prevent biofilm formation. This thesis will provide
knowledge to bridge this gap by providing instances in which homoserine lactone
production and biofilm formation were inhibited by nickel ions as well as to
demonstrate that this phenomenon extends to other divalent heavy metals and
other Proteobacterial species. Specifically, the following questions will be
addressed:
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1. Does nickel inhibit biofilm formation without affecting cell viability?
2. Does nickel inhibit biofilm formation through the inhibition of acyl
homoserine lactone quorum sensing, if so, how?
3. Are there additional metals capable of inhibiting quorum sensing and
biofilm formation?
4. Are there additional traits influenced by quorum sensing that are
negatively impacted by either nickel or cadmium.

1.3. Objectives
The overarching objective of this research is to determine whether nickel
plays a significant role in inhibiting biofilm formation by Gram negative
Proteobacterial species.
1.3.1. Hypothesis
Nickel inhibits biofilm formation in Gram negative Proteobacterial species by
interfering with LuxI/LuxR quorum sensing.
In order to test this hypothesis and answer the research questions generated
by the discovery summarized in Chapter 1.1, a series of experiments were
conducted to:
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1. Identify potential mechanisms for inhibition and explain the selection
of quorum sensing inhibition by nickel as the mechanism preventing
biofilm formation.
2. Demonstrate quantitatively that nickel inhibits biofilm formation
through the inhibition of quorum sensing.
3. Identify additional metal ions and mechanisms influencing quorum
sensing and/or biofilm formation.

1.4. Significance
A collaborative study performed by the U.S. government and the National
Association of Corrosion Engineers (NACE) in 2001 reported “the total annual
estimated direct cost of corrosion in the U.S. approximately 3.1% of the nation’s
Gross Domestic Product (GDP)”; in today’s (2013) dollars this cost is approaches a
staggering $500 billion yearly (Koch, 2001). A portion of this “corrosion cost” is
directly or indirectly caused by biofilms and their associated products through a
process known as microbial influenced corrosion (MIC). To provide a better
illustration on the impact of corrosion in the US, Figure 1.1 compares the yearly cost
of corrosion as compared to the market value of Apple Incorporated and the Exxon‐
Mobil Corporation, two of the largest publically traded companies in the world as of
December 2012.
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Figure 1.1 ‐ Comparing of the cost of corrosion. The yearly impact of corrosion
is slightly less than the market value of Apple but more than the market value
of Exxon Mobil.

Identifying mechanisms that can control whether a biofilm forms and/or how
strongly it forms would provide significant cost savings by extending the
operational life of infrastructure by reducing the impact of MIC, as well as to
optimize infrastructure engineering designs. Even if the impact of corrosion was
reduced by only 10%, those savings ($48.4 billion) would provide more than half
the yearly funding the federal government spent on transportation and water
infrastructure in 2009 (2010). At a time where budget concerns are paramount
within government agencies, identifying new strategies that can provide cost
savings is of significant interest.
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1.5. Thesis Organization
The remainder of this thesis describes the work that has been performed to
demonstrate the link between nickel and other heavy metals to the inhibition of
homoserine lactone quorum sensing and biofilm formation, as well as to provide
suggestions on how this knowledge can be applied and next steps regarding this
research.
Chapter 2 summarizes the state of the art with regards to biofilms and their
impact to engineering designs. The chapter continues with a description of an event
where biofilm formation was inhibited. Three potential causes are discussed and an
argument for the inhibition of biofilm formation by nickel is made.
Chapter 3 describes a series of tests which confirmed that a component of
the heat exchanger was responsible for inhibiting surface colonization and that
same component also inhibited quorum sensing in the bacterium Chromobacterium
violaceum and conclusively identifies nickel ions as quorum sensing inhibitors,
while Chapter 4 provides preliminary evidence linking nickel with the inhibition of
quorum sensing, and subsequently biofilm formation.
Chapter 6 confirms the effect of nickel ions on surface colonization in the
bacterium Burkholderia multivorans ATCC 17616, a second member of the
Burkholderia cepacia complex (BCC). Chapter 5 also goes on to describe the effects
of other divalent heavy metals, notably cadmium (Cd2+) and cobalt (Cd2+) as
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potential quorum sensing and biofilm inhibitors in B. multivorans, B. cepacia, and
Pseudomonas aeruginosa PAO‐1.
Chapter 6 describes a preliminary experiment to evaluate nickel as a surface
treatment to prevent biofilm attachment, and Chapter 7 concludes this thesis with a
discussion of knowledge gained from this work, its significance for engineering
applications, and potential research avenues.
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Chapter 2

Theory and Background

2.1. Biofilms
A biofilm is a surface‐attached community of microorganisms encased in an
extracellular matrix made up of numerous compounds such as polysaccharides,
proteins, and DNA, produced by those microbes (Wingender et al., 1999, Costerton,
2007, Das et al., 2010). Biofilms are ubiquitous in nature, made up of multiple
species and sub‐species, and are the predominant lifestyle of microorganisms
(Geesey et al., 1977, Eighmy et al., 1983).
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Figure 2.1 ‐ Anatomy and development of a biofilm.
Source: http://www.biofilm.montana.edu/resources/images/biofilm‐general‐
interest/complexity‐biofilms.html. Used with permission.

Biofilms are found on the surfaces of rocks in streams, on the inner surface of
water distribution lines, and in the dental plaque on teeth in the morning. This
ubiquity and predominance of biofilms is due to several inherent advantages that
the attached lifestyle has over planktonic, or suspended, cells.
One significant advantage biofilms have over their planktonic counterparts is
that they allow microorganisms to collectively process compounds, particularly
those that are recalcitrant. Cellulose is difficult to degrade, but cows are able to
utilize it as a food source when they consume grasses and grains. Cheng et al.
demonstrated that multiple species of bacteria are required to degrade barley straw
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in the rumen of a cow and that degradation occurs only on the surface of the straw
(Cheng et al., 1980). Biofilms are also capable of degrading synthetic organics.
Fathepure and Vogel showed that a biofilm reactor could mineralize the recalcitrant
polychlorinated compound, perchloroethylene(Fathepure et al., 1991). Lecouturier
demonstrated that an anaerobic/aerobic fixed bed reactor system could mineralize
a waste stream containing the medial waste 5‐amino‐2,4,6‐triiodoisophthalic acid
(ATIA), a contrast agent used in x‐ray films (Lecouturier et al., 2008). This
relationship between microorganisms within the biofilm allows the individual cells,
as well as the entire community, to be metabolically more efficient than planktonic
cells which have to utilize compounds “wholesale,” or are otherwise unable to
degrade a given compound.
A second significant advantage biofilms have is that the cells relative
closeness to one another within the matrix allows them to easily exchange genetic
information to adapt to evolutionary pressure. Hausner and Wuertz showed that
conjugation occurs in biofilms containing A. eutropha and E. coli, while Li et al.
demonstrate that genetic exchange occurs in the dental flora (Hausner et al., 1999,
Li et al., 2001). The ability to easily exchange genetic information between cells,
particularly cells of different species, increases each cell’s genetic diversity and
therefore can provide another advantage to biofilms, the ability to defend
themselves.
Biofilms also provide defense mechanisms against various physical and
chemical attacks that can harm or kill its members. The exopolymeric matrix limits
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the effectiveness of biocides through decreased penetration, binding of biocides
within the matrix, and differences in chemistry and oxidation states from the fluid
above to the lower layers of a biofilm (Stewart, 2001). Bacteria within the biofilm
also have alternative defensive mechanisms than when they are in their planktonic
state. Mah et.al demonstrated that a Pseudomonas aeruginosa biofilm mutant whose
members lacked the ability to produce extracellular glucans was more susceptible
to the antibiotic tobramycin (Mah et al., 2003). Biofilms also protect its members
against predators that utilize them as a nutrient source. Weitere demonstrated that
Pseudomonas aeruginosa biofilms defend themselves against protozoa through two
different mechanisms. In P. aeruginosa strain PDO300, the overproduction of the
polysaccharide alginate led to the formation of small microcolonies that were
difficult for protozoa to digest, while toxin production in mature biofilms of P.
aeruginosa strain PAO‐1 was the mechanism which reduced growth of protozoa
(Weitere et al., 2005). Weber et al. demonstrated that the deletion of a gene (bsmA)
led to the loss of microcolony formation and a subsequent increase in sensitivity to
several environmental stressors (Weber et al., 2010), while Burmolle et al.
demonstrated that a biofilm maintains its biological activity after being exposed to
the disinfectant hydrogen peroxide and the antibiotic tetracycline (Burmolle et al.,
2006). Since hydrogen peroxide and tetracycline are used to prevent and treat
bacterial infections, these results demonstrate that a biofilm is more robust than its
individual members.
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2.1.1. Use of Biofilms in Engineering
Because of their robustness, biofilms have been utilized in engineering
applications since the 16th century. Frederick II used nitrifying bacteria attached to
lime surfaces to produce gunpowder from manure (Melo et al., 2001) Today
nitrification is a process typically identified with environmental engineering
applications. Biofilms attached to the surfaces of rotating biological contactors,
trickling filter reactors, and membrane bioreactors are used to remove wastes and
excess nutrients, such as ammonia and nitrate, from influent streams (Terada et al.,
2003, Martin et al., 2012).
Although biofilms play a positive role in environmental engineering
applications, they do pose problems as well. Biofilms foul reverse osmosis (RO)
membranes leading to decreased flux which eventually leads to premature failure
(Herzberg et al., 2007, Herzberg et al., 2009). Biofilms also can line the inner
surface of water distribution lines, reducing flow throughout the system or by
introducing organisms, including potential pathogens, into the water supply (Murga
et al., 2001, Committee on Public Water Supply Distribution Systems: Assessing and
Reducing Risks, 2005). Biofilms can also cause significant environmental damage via
microbial influenced corrosion (MIC).
MIC is corrosion directly or indirectly caused by microorganisms. MIC can
occur through the production of organic acids by microorganism, as in the case of
dental plaque on the surface of a tooth; depassivation of surfaces and cathodic
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depolarization, as in the case of bacteria on the surface of stainless steel; and/or
the direct attack of a component (Marquis, 1995, Antony et al., 2010).

Figure 2.2 ‐ Corrosion of a surface by a biofilm. Source:
http://www.biofilm.montana.edu/resources/images?category=172. Used
with permission.

MIC makes up a significant portion of corrosion identified in the United
States. The costs of corrosion in infrastructure, production and manufacturing, and
transportation are significant. As summarized in Chapter 1.4, the estimated yearly
cost of corrosion in the US is $500 billion; between $10 and $20 billion are spent
each year to combat corrosion in military hardware alone (2003).
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2.1.2. Biofilms and Their Impact on Spaceflight
Corrosion of components is constant concern to engineers at NASA, as the
failure of any given component could lead to the catastrophic failure of a subsystem
or mission. The service and performance check‐out unit heat exchanger (SPCU HX)
onboard the international space station (ISS) is used to regulate the temperature
and humidity for the US laboratory module and provides temperature and humidity
control for the astronauts while in their extravehicular mobility units (EMU) or
“spacesuits” prior to or after an extravehicular activity (EVA) or “spacewalk”.
Shortly after installation, samples collected from the coolant fluid indicated changes
in the coolant chemistry and microbiology which led systems engineers to believe a
biofilm was forming within the heat exchanger.
The first change was a decrease in pH from 9.5 to 8.3 due to the dissolution of
carbon dioxide (CO2) from the cabin atmosphere into the coolant fluid. The drop in
pH led to the dissolution of nickel ions (Ni2+) from the heat exchanger materials,
specifically the fins and the brazing used to solder the fins to the stainless steel
plates. The presence of nickel ions caused a subsequent decrease in phosphate
concentration due to precipitation of nickel phosphate (Ni3(PO4)2).
3

2

→

4.74

Equation 2.1 – Preciptiation reaction of nickel phosphate.
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Figure 2.3 – Nickel phosphate captured by filter in SPCU‐HX fluid line.

The second and more significant change which indicated biofilm formation
was a significant increase in bacterial concentration from fluid samples collected
during operation. A small amount of bacterial contamination was not removed
during the cleaning process of the heat exchanger. In addition, a small amount of
cleaning fluid containing organics was inadvertently left. The combination of a food
source in the form of the cleaning fluid and gasses diffused from the cabin
atmosphere provided a ripe environment for microbial growth (Roman et al., 2005a,
Roman et al., 2005b). A list of the microorganisms isolated from the coolant fluid at
different time points during the operational life of the SPCU HX is given in Table 2.1.
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Table 2.1 – Organisms Identified in IATCS Fluid (from (Roman et al., 2005b)
and (Roman et al., 2006)). GNR stands for Gram negative rod, GPR stands for
Gram positive rod.
Microorganism (Genus)

Type

Class

Acidovorax

Bacteria‐GNR

β‐Proteobacteria

Acinetobacter

Bacteria‐GNR

γ‐Proteobacteria

Aspergillus

Fungi‐Mold

Ascomycota

Brevibacterium

Bacteria‐GPR

Actinobacter

Brevundimonas

Bacteria‐GNR

α‐Proteobacteria

Comamonas

Bacteria‐GNR

β‐Proteobacteria

Flavobacterium

Bacteria‐GNR

Bacteroidetes

Hydrogenophaga

Bacteria‐GNR

β‐Proteobacteria

Methylobacterium

Bacteria‐GNR

α‐Proteobacteria

Oligella

Bacteria‐GNR

β‐Proteobacteria

Pseudomonas

Bacteria‐GNR

γ‐Proteobacteria

Ralstonia

Bacteria‐GNR

β‐Proteobacteria

Sphingnomonas

Bacteria‐GNR

α‐Proteobacteria

Stenotrophomonas

Bacteria‐GNR

γ‐Proteobacteria

Variovorax

Bacteria‐GNR

β‐Proteobacteria

30
All but one of the organisms isolated and identified are bacteria and of those,
twelve out of fourteen are from the phylum Proteobacteria.
Since the fluid data indicated significant microbial activity, there was concern
that a biofilm had formed on the inner surface, which could eventually lead to
failure of the system by clogging the fluid lines or by causing MIC. The heat
exchanger was replaced in March 2005 and returned back to earth in July of the
same year for evaluation. The heat exchanger was then sent to Montana State
University’s (MSU) Center for Biofilm Engineering (CBE) for dissection and
microscopy analysis. It had been expected that the heat exchanger would have
significant biofilm and corrosion present, given the concentration of planktonic
microorganisms collected from the fluid samples over its 5‐year operational life.
Scanning electron, epifluorescence and auger microcopy analysis performed by
scientists at the CBE determined there was no evidence of biofilm or corrosion
present; only a green precipitate that was later identified as nickel phosphate. This
result was unusual and unexpected since the results from the fluid analysis and the
literature available indicated that surface colonization should have occurred. It
should be noted that since there was a period of four months from the removal of
the heat exchanger to its evaluation, there could have been colonization of the heat
exchanger; however the microscopy data indicates that the inner surface of the heat
exchanger was undamaged. If there had been a biofilm present at any time between
the installation of the heat exchanger in ISS and its dissection at MSU, the analyses
used would have identified it.
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2.2. Inhibition of Biofilm Formation
Three possible mechanisms were hypothesized for the inhibition of biofilm
formation on the heat exchanger: interference by microgravity, metal toxicity and
inhibition via quorum sensing.
2.2.1. Potential Biofilm Inhibitor‐ Microgravity
Interference of biofilm formation by microgravity is highly unlikely. Several
spaceflight experiments over the years have documented changes in cell processes
as a result of microgravity; however, biofilm formation is still present. Kacena et al.
demonstrated in an experiment performed during a Space Shuttle flight in 1995
(STS‐63) that E. coli and B. subtilis cultures grow to a higher concentration and in a
shorter period of time as compared identical cultures on earth (Bouloc et al., 1991,
Kacena et al., 1999). Wilson et al. demonstrated that gene expression differed in 167
genes of Salmonella typhimurium cultures grown in space than those grown on earth
(Wilson et al., 2007). Wilson also noticed in the SEM images, a matrix encasing some
of the bacterial cells that was consistent with biofilm physiology. Although many
genetic markers were evaluated during this study, including genes associated with
biofilm formation, this experiment did not focus on a particular cellular mechanism.
However two separate experiments were performed during two Space Shuttle
missions in the late 1990’s specifically evaluated the effect of microgravity on
biofilm formation and found that biofilm physiology in space was similar to that
observed on earth.
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The first experiment occurred in 1997 during Space Shuttle flight STS‐81 led
by Dr. Barry Pyle of MSU (Pyle et al., 1999) . Six cassettes containing six microbial
chambers was loaded onto the space shuttle Atlantis, while an identical set of
cassettes was operated at the Kennedy Space Center’s (KSC) Life Science Support
Facility for an identical experimental protocol on earth. Both cassettes were filled
with either media or bacteria. Three chambers were filled with either sterile reagent
water, 10% tryptic soy broth (TSB), or 8.8 mg L‐1 (0.07 mM) iodine solution. The
remaining three chambers contained Burkholderia cepacia, a bacterium isolated
from the Shuttle potable water supply on several different occasions and a known
biofilm producer, at a final concentration of approximately 5 CFU/mL (Koenig et al.,
1997). After launch, the bacterial chambers were aligned to mix with the growth
media and either placed into a stationary rack which was left exposed to
microgravity conditions, or placed into a 1‐g rack which mimicked earth’s gravity.
After landing, both on‐orbit and ground cassettes were chilled at 5°C to prevent any
changes to the samples and to allow shipment back to Montana. The cassettes were
analyzed approximately 24 hours later and the results of the on‐orbit and ground
samples were compared. In both sets of samples there was biofilm formation and
the size and the physical characteristics of the biofilms were similar.
A second experiment was performed during STS‐95 in 1998, led by Dr.
Robert McLean at Texas State University (McLean et al., 2001). Sterile
polycarbonate membranes were placed into vials containing R2A broth within four
osmotic dewatering devices (ODD). In separate vials within the ODDs, P. aeruginosa
PAO‐1 was added at a concentration of 2.6 x 107 CFU mL‐1. After one day on orbit the
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vials containing the bacteria were aligned with the media and filter, allowing both to
interact with one another. The vials remained aligned until day 9, prior to landing.
Twenty‐eight (28) hours after landing, all the samples were processed. Half the
filters were placed into PBS, vortexed, and plated onto R2A agar for enumeration,
while the other half were stained with BacLight™ Live/Dead® stain and viewed
through scanning confocal laser microscopy (SCLM). Results from this study also
demonstrated the ability of biofilms to proliferate in microgravity.
2.2.2. Potential Biofilm Inhibitor‐Nickel/Nickel Toxicity
Another potential influence on biofilm viability is the concentration of metals
in the environment. Metals play a key role in microbial metabolism. Iron ions (Fe2+
and Fe3+) are required for redox reactions, while magnesium is required for the
formation of DNA, RNA, ATP and other essential molecules (Wackett et al., 2004,
Kim, 2008). In addition, small concentrations of copper, cobalt, molybdenum, and
zinc are used as co‐factors for cellular metabolism (Bouhouche et al., 2000, Talaro,
2005). Nickel (Ni2+), which was isolated from the heat exchanger coolant fluid
(Section 2.1.2), is a key component of several enzymes.
Nickel is an essential component of the enzyme urease, which is used to
hydrolyze urea into ammonia (NH3) and carbon dioxide (CO2) by bacteria (Hughes,
1989). Two nickel atoms are at the center of a urease molecule, making up the active
site of the enzyme. Urea bonds with nickel leading to a series of reactions which
leads to its decomposition (Karplus et al., 1997). Nickel is also is a component of
several hydrogenases which catalyzes H2 to H+, a superoxide dismutase, which
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catalyzes the conversion of superoxide to oxygen and hydrogen peroxide, in some
marine cyanobacteria, and an enzyme responsible for the anaerobic oxidation of
methane (Moura et al., 1984, Dupont et al., 2008, Scheller et al., 2010).
Nickel has also been identified as a probable component of over two dozen
proteins in the hypothermophillic archeon Pyrococcus furiosus. Two proteins have
been identified thus far; the first is a sugar binding protein member of the cupin
superfamily and the second, a hydrolase which is used in the amendment of
tRNA(Cvetkovic et al., 2010).
Nickel has been shown to both enhance and inhibit biofilm formation. In E.
coli, 100‐300µmol Ni2+ accelerates the production of curli, thin coiled fibers on the
surface of cells which allows it to bind to other surfaces, the first step in biofilm
formation (Perrin et al., 2009). In a test comparing the ability of Desulfovibrio
desulfuricans to colonize coupon surfaces composed of nickel, 304‐stainless steel,
and polymethylmetacrylate, nickel was the material that was most heavily
colonized; however it should be noted that surface roughness did play a role in
colonization (Lopes et al., 2005).
In contrast, nickel negatively affects surface colonization. Nickel ions reduced
the concentration of microorganisms, as well species diversity, in a multispecies
riverine biofilm (Lawrence, 2004). Jang shows that nickel influences carbohydrate:
protein ratios of exopolysaccharide (EPS) composition in activated sludge and
Lawrence further refined this by demonstrating that nickel changes the abundance
of several sugar binding proteins adversely affecting the riverine biofilm.
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There is also some evidence that some nickel alloys are resistant to microbial
corrosion as well. Monel, a Nickel/Copper alloy is used in several industries due to
its corrosion resistance (Dey et al., 1986). The MIC potential of Monel 400 was
compared to carbon steel 120 to identify potential candidates to store nuclear waste
at the proposed Yucca Mountain nuclear waste repository in Nevada. Although some
corrosion was present, Monel performed significantly better than the carbon steel
(Horn, 1997).
Research with E. coli has shown that there is an optimum internal nickel
concentration within the bacterial cell; too little nickel inhibits a number of critical
cellular processes, while an excess concentration, if not adequately removed by the
cells via efflux pumps or other processes, can also damage cells (Blériot et al., 2011).
Nickel, like other metals, can also act as a biocide, binding to functional groups
and/or organelles which adversely affects cellular metabolism, eventually leading to
death. It is hypothesized that nickel inhibits microbial growth by three possible
mechanisms. The first is by inhibiting RNA and thereby protein synthesis; the
second, by competitively binding to other metal active sites; and the third by the
production of active oxygen species (Blundell, 1969, Geslin et al., 2001).
Biofilms are notoriously difficult to kill, requiring tens to hundreds of times
more the dose of treatment necessary to eradicate planktonic cells (Teitzel et al.,
2003). Their resilience is one of the reasons biofilms are used to remove heavy
metals, including nickel from the environment. A study performed by Quintelas
demonstrated that an E. coli biofilm attached to a zeolite matrix could successfully
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remove up to 85% of an influent solution containing more than 100 mg L‐1 nickel
(Quintelas et al., 2009). It is therefore logical to assume that if there was a sufficient
concentration of nickel in the heat exchanger coolant fluid that could prevent
biofilm formation or kill a biofilm after it had formed, there would be sufficient
nickel present to kill the planktonic cells as well. Since there was a significant
concentration of planktonic cells present in the coolant fluid samples analyzed from
the SPCU throughout the operational lifetime (Section 2.1.2), it is unlikely that the
concentration of nickel in the coolant fluid was sufficiently toxic; however nickel
may influence another cellular mechanism which subsequently inhibits biofilm
formation without affecting cellular viability. The following section describes such a
mechanism, quorum sensing, and Chapters 3‐5 will detail results of several
experiments which tie nickel and quorum sensing together in a process which leads
to the inhibition of biofilm formation.
2.2.3. Potential Biofilm Inhibitor‐ Interference and/or Inhibition of
Quorum Sensing
A third possible way to inhibit biofilm formation is to control the
mechanisms that influence the attachment, colonization, or the growth of biofilms.
One mechanism, quorum sensing, occurs when a significant concentration of a
signal molecule produced by the microorganisms is present in the environment
(Bassler, 1999, Fuqua et al., 2001).
Quorum sensing is the inter‐ and/or intracellular communication between
microorganisms that allows the coordination of metabolic functions by regulating
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gene expression (Dunny, 1999). The general mechanism is as follows: one or more
microorganisms release a chemical known as an autoinducer. As the population
increases, the autoinducer concentration subsequently increases. When the
concentration reaches a threshold, which is dependent on the population density of
the microorganisms in question, better known as a “quorum,” the inducer triggers a
series of responses within the cell that leads to the initiation of a gene’s expression
for a given trait.
The signal can be interrupted and cell‐cell communication can be reduced or
halted. Table 2‐2 provides some examples of how this can occur.

Table 2.2 –Example of types of quorum sensing inhibition mechanisms.
Type of Inhibition

Organism(s)

Source

Competitive binding

Pseudomonas aeruginosa
Chromobacterium violaceum
Variovorax paradoxus
Ralstonia sp.
Rhodococcus sp

(Manefield et al., 1999,
McLean et al., 2004)
(Leadbetter et al., 2000,
Lin et al., 2003)
(Kim et al., 2012)

Burkholderia cepacia
Burkholderia multivorans

(Vega et al.,2013)

Degradation of the signal
molecule via enzymes or
utilization as a carbon
source
Inhibit production of
signal molecule

The most well‐known example of the inhibition of quorum sensing is by the
alga Delisea pulchara. It produces a halogenated furanone compound which is
structurally similar to a homoserine lactone molecule. It competitively binds to the
homoserine lactone receptor protein, inhibiting cell‐cell communication (Manefield
et al., 1999, Hentzer et al., 2002, Manefield et al., 2002). The homoserine lactones of
Pseudomonas aeruginosa interfere with binding of C8‐HSL in Chromobacterium
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violaceum inhibiting violacein production, leading to cultures lacking the distinctive
purple pigment (McLean et al., 2004).
Microorganisms use other mechanisms to interfere with quorum sensing.
Leadbetter et al. (2000) demonstrated that under stressed conditions Variovorax
paradoxus can utilize homoserine lactones as both a carbon and nitrogen source for
metabolism, while Lin discovered that an enzyme in a Ralstonia species which
hydrolyzes homoserine lactones which lead to a decrease in quorum sensing related
activities in pseudomonas aeruginosa(Lin et al., 2003). In addition, Kim et al. have
recently demonstrated the use of a Rhodococcus species to degrade C8‐HSL
molecules in a membrane bioreactor (Kim et al., 2012). Although quorum sensing
mechanisms have been identified in fungi and archaea, the majority of research has
been performed on bacteria (Hornby et al., 2001). In bacteria there are several
classes of quorum sensing that have been studied significantly: a peptide based
quorum sensing mechanism found in Gram positive species, the LuxS mechanism
identified in both Gram positive and Gram negative species, and the LuxI/LuxR
mechanism which has been identified in numerous Gram negative Proteobacterial
species. Each has differing autoinducers and mechanisms. Since the predominant
type of bacteria isolated from the heat exchanger were Proteobacterial species (see
Section 2.1.2) the next Section will focus specifically on the LuxI/LuxR‐type
mechanism.
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2.3. LuxI/LuxR Quorum Sensing
The autoinducer in a significant fraction of Gram‐negative bacteria,
particularly Proteobacterial species, is an acyl‐homoserine lactone (AHL) molecule.
It is composed of a homoserine lactone molecule attached to an acyl chain of 4‐18
carbons in length. A generic AHL molecule and a generic mechanism of the signal
mechanisms are illustrated in Figure 2.4.
A

B

Figure 2.4 ‐ A generic AHL (A)molecule and how it binds to a signal molecule
(B). From (March et al., 2004).

AHLs are made up of two parent molecules, S‐adenosylmethionine (i.e., SAM
or AdoMet) and an acyl‐acyl carrier protein, an intermediate in fatty acid synthesis.
Val and Cronan demonstrated that the addition of fatty acid inhibitors, such as
diazoborine and cerulenin, inhibited AHL production in E. coli, while mutants of E.
coli unable to degrade fatty acids did not show any change in autoinducer
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production (Val et al., 1998). They also demonstrate that the addition of a
bacteriophage capable of producing a SAM hydrolase in a culture of E. coli had
significantly less autoinducer present than the control culture. These two results led
to the theory that an acyl‐acyl carrier protein binds with SAM to form AHLs. After
binding, the acyl carrier protein and methothioladenosine portion of SAM are then
removed, leaving an intact AHL molecule.
Once produced, the AHLs pass through the cell via active or passive
mechanisms (Whitehead et al., 2001). The size of the carbon chain, the “R” in Figure
2.4 determines the mechanism by which the molecule exits and re‐enters the cell.
The smaller carbon chained AHLs exit and enter the cells using passive processes,
such as diffusion, while the larger molecules utilize active processes such as efflux
pumps (Kaplan et al., 1985, Evans et al., 1998, Pearson et al., 1999). Once the
concentration reaches the threshold concentration in the environment, the
autoinducer enters back into the cell, binds to the LuxR or related receptor protein
and initiates the expression of genes (Bassler, 1999). LuxI/LuxR‐type systems
include the LasI/LasR and RhlI/RhlR systems in Pseudomonas aeruginosa (Winson,
1995), the TraI/TraR system in Agrobacterium tumefaciens (Hwang, 1994), and the
YenI/YenR system in Yersinia enterocolitica (Throup, 1995).
2.3.1. Influence of Quorum Sensing on Bacterial Processes
The genes that are expressed through quorum sensing code for a number of
metabolic processes which, while not critical to survival, give the organism an
advantage over those that do not express that trait, such as biofilm formation.
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The phenomenon of quorum sensing was first identified in the 1970’s. Vibrio
fischeri is a bacterium that is found in the ocean at low concentrations. If the
concentration is high enough, as in the case of the symbiotic relationship between V.
fischeri and the marine squid, Euprymna scolopes, the bacterial culture will
luminance a bright blue‐green color (Nealson et al., 1970, Visick et al., 2000). At first
it was thought that quorum sensing was limited to V. fischeri and other
bioluminescent marine bacteria, such as V. harvaei (Greenberg, 1979, Bassler,
1994). Further research however showed that that was not the case. Over the next
decade, quorum sensing mechanisms were identified in scores of bacteria that
perform very different tasks than bioluminescence.
Sporulation, a protective mechanism some bacteria have to combat
environmental stresses, is regulated by quorum sensing. In Bacillus cereus and
Bacillus subtilis, small polypeptides are used as signaling molecules to initiate
sporulation at higher cell densities, whereas in Streptomyces, γ‐butyrolactones are
the autoinducers which initiates sporulation (Srinivasan, 1966, Waldburger et al.,
1993, Havarstein, 1995, Choi et al., 2008).
Quorum sensing plays a role in increasing the genetic diversity of bacteria.
Competence is a state in bacteria which allows the bacterial cells to take up
extracellular DNA which can then be incorporated into the cell’s genome.
Havarstein, et al. identified a polypeptide in Streptococcus pneumonia that induces
competence at specific cell concentrations (Havarstein, 1995) . Conjugation in
Enterococcus faecalis is also controlled by quorum sensing polypeptides. The
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polypeptides are released by the donor and recipient cells which allow the cells to
sense one another at sufficient concentrations in order for contact and genetic
exchange to take place (Kozlowicz et al., 2006).
Virulence factors are also influenced by quorum sensing. Virulence factors
are molecules produced by microorganisms which allow the cells to proliferate in
and subsequently do harm to a host. These include toxins, adhesion factors, and
immune response blockers (Wheelis, 2008). In Pseudomonas aeruginosa, quorum
sensing controls the production of elastase production through the LasI/LasR
system (Passador et al., 1993). Elastase breaks down connective tissue allows
Pseudomonas aeruginosa to grow in the human body. Pyocyanin is the blue‐green
toxin that controlled by the Pseudomonas quinolone system (PQS) which is
subsequently influenced by las and rhl (Juhas et al., 2005). A third factor that
quorum sensing affects in P. aeruginosa and other bacteria is biofilm formation.
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2.4. Biofilms and Quorum Sensing

Figure 2.5 ‐ Quorum Sensing and Biofilms. Source:
http://www.biofilm.montana.edu/resources/images/multicellularextracellul
ar/quorum‐sensing.html. Used with permission.

Davies et al. (1998) were the first to demonstrate the link between quorum
sensing and biofilm formation. They showed that the deletion of the lasI gene in P.
aeruginosa, which is responsible for producing N‐(3‐oxododecanoy1)‐L‐homoserine
lactone (3OC12‐HSL), leads to the production of flat, densely populated biofilms that
are easier to remove by the surfactant SDS than a wild‐type biofilm (Davies, 1998).
Huber et al. (2001) demonstrate a similar phenomenon in Burkholderia cepacia. The
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deletions of the cepI or cepR genes in B. cepacia result in flat and patchy biofilms, in
contrast to the wild‐type biofilm which have more of a cloud‐like phenotype and
cover nearly all of a given surface. When 200 nM N‐octanoylhomoserine lactone
(C8‐HSL), the AHL signal produced by B. cepacia, was added to the cepI mutant
suspension, the biofilm architecture returned back to its wild‐type (Huber et al.,
2001).
Quorum sensing influences each step involved in the development of a
biofilm from attachment to dispersion. The furanosyl borate diester signal molecule
Autoinducer‐2 controls the attachment of E. coli onto surfaces by affecting motility.
Barrios et al. demonstrate that the addition of AI‐2 into strains of E. coli with its
motility genes deleted result in no change in attachment, while the addition of AI‐2
into wild type strains result in a significant increase in biofilm formation (Gonzalez
Barrios et al., 2006). As stated above, decreased expression of quorum sensing
genes leads to biofilms that are not adequately developed. Quorum sensing can also
control the dispersion of biofilms. In Serratia marcescens, wild type and quorum
sensing mutants supplemented with N‐butanoyl‐L‐homoserine lactone (C4‐HSL)
sloughed 75‐80 hours after inoculation, while mutants lacking the quorum sensing
gene or C4‐HSL remained intact (Rice et al., 2005). Quorum sensing can also
influence when a biofilm is not formed. In the aquatic pathogen Vibrio cholerae
biofilm formation is repressed due to the expression of the Hap quorum sensing
circuit (Hammer et al., 2003).
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The influence of quorum sensing on biofilm formation is widespread. Cell‐
cell signaling mechanisms have been shown to affect biofilms in a number of species
and those molecules vary between different types of bacteria, fungi, and archaea.
Gram positive bacteria typically use a different autoinducing molecule and
mechanism for quorum sensing. In this instance, peptides, small polymers of amino
acids that are the building blocks of proteins, are utilized as the autoinducing
molecule. A mutant of Streptococcus mutans decreases production of the peptide
pheromone CSP leading to an altered biofilm architecture from the control(Li et al.,
2002). Cyclic di‐GMP is used as an intracellular signal in bacteria to control the
transition from planktonic to the biofilm lifestyle and interference with cyclic di‐
GMP production in Pseudomonas aeruginosa can signal the biofilm to disperse
(Petrova et al., 2012, Roy et al., 2012).
Fungi use signal molecules different from Gram positive or Gram negative
bacteria to regulate biofilm formation. In Candida albicans quorum sensing
mechanisms can be used to develop or inhibit biofilm formation depending on the
signal. The addition of farnesol, a terpene alcohol, at inoculation prevents biofilms
from developing (Ramage et al., 2002). Conversely, tyrosol, a phenethyl alcohol, can
counteract the effects of farnesol (Chen et al., 2004, Alem et al., 2006).

2.5. Closing Comments
This chapter presented an overview of biofilms, describing its environmental
advantages and affects to engineering designs. This chapter also described an
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instance where biofilm formation was inhibited and presented three potential
sources for this inhibition.

Since there were still significant concentrations of

planktonic bacteria in the heat exchanger fluid in the presence of free Ni2+, it is likely
that a non‐lethal cellular mechanism was responsible for inhibiting surface
colonization, which would indicate quorum sensing inhibition. A summary of the
various quorum sensing circuits in microorganisms was then presented. Since the
predominant types of bacteria isolated from the heat exchanger were
Proteobacterial species this would point to a LuxI/LuxR‐type quorum sensing
mechanism.
There is no research linking nickel with the inhibition of biofilm formation
through the inhibition of acyl homoserine lactone quorum sensing, by what
mechanism is that achieved, and whether additional cellular mechanisms are
affected. The following chapters describe the results of several tests which
evaluated the effect of nickel on biofilms and/or quorum sensing mechanisms as
well as the significance of those results. I also present results on the impact of
cadmium on homoserine lactone quorum sensing, biofilm formation and other QS
regulated mechanism as well as preliminary work with nickel in a multispecies
biofilm.
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Chapter 3

A Heat Exchanger Component
Inhibited Biofilm Formation by
Quorum Sensing Inhibition

3.1. Introduction
As summarized in Chapter 2.1.2 samples collected from the coolant fluid
shortly after installation of the service and performance heat exchanger (SPCU HX)
indicated the presence microbial contamination and leaching of nickel. Due to
concerns of biofilm formation and MIC, combined with the criticality of the heat
exchanger, it was replaced. When it was evaluated post‐flight, there was no
evidence of either biofilm formation or corrosion, indicating a substance within the
heat exchanger inhibited surface colonization and prevented corrosion of the flight
hardware. The following chapter details the work of three experiments which
identify a potential causative agent and mechanism.
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3.2. Objective of Studies
Two of the three experiments were run concurrently. The first experiment
was performed to confirm the inhibition of biofilm formation by materials
comprising the heat exchanger and to eliminate interference by microgravity as a
cause. The objective of the second experiment was to determine whether nickel
phosphate, the precipitate identified in the SPCU HX, inhibited quorum sensing and
if not, what component of the heat exchanger did. The third experiment, performed
after the first two, was to confirm that nickel ions were the agent responsible for
quorum sensing inhibition. The following chapter is excerpted from Pyle et al (Pyle,
2007), “Inhibition of Biofilm Formation on the Service and Performance Heat
Exchanger by Quorum Sensing Inhibition” (Vega, 2007b) and from Vega and Alvarez
(Vega, 2007a).
3.2.1. Hypothesis
A component of a heat exchanger in use on the International Space Station
(ISS) inhibited biofilm formation and this inhibition was due to inhibition of
homoserine lactone quorum sensing.

3.3. Methods and Materials
3.3.1. Coupon Evaluation
Coupons from two heat exchangers, the flight unit and a ground analog, were
cut from a 1.2 cm x 1.7 cm x 7.3 cm (w, h, d) section of each type. The coupons were
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cut along the flow path of the fluid in order for the exposed surface to be tested. The
coupons were placed into microcentrifuge vials and autoclaved at 120°C at 20 psi(g)
for 20 minutes. A second set of coupons made of stainless steel and polycarbonate,
were prepared in an identical manner. These were used as controls for the
experiment.
Five bacterial species (Table 3.1) isolated from the IATCS fluid were grown
separately on R2A agar, suspended in filter‐sterilized IATCS fluid, and mixed in
equal volumes to an initial concentration of > 107 CFU mL‐1. These bacteria were
selected because they were not known to contain mechanisms that either would
degrade or utilize homoserine lactones as carbon sources. Two milliliters were
added to each microcentrifuge vial and incubated in the dark at ambient
temperature for 68 days.

Table 3.1 – Organisms isolated from IATCS fluid used for testing.
IATCS Organisms

Initial Test Concentration (CFU/mL)

Acidovorax delafieldii

2.04 x 106

Comamonas acidovorans

1.19 x 106

Hydrogenophaga pseudoflava

4.41 x 106

Pseudomonas stutzeri

>1.00 x 107

Sphingomonas paucimobilis

>1.00 x 107

Stenotrophomonas maltophilia

3.79 x 106
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Two vials from each sample set were collected on nine (9) separate
occasions, starting at test day 19. The fluid in each vial was sampled for microbial
enumeration via heterotrophic plate counts (HPC). The coupons were evaluated for
microbial growth via microscopy. One set of coupons was stained with BacLight™
Live/Dead® stain, while the second set of coupons was stained with SYBR® green.
Both sets of samples were visualized using a Zeiss Axioskop and Axiocam.
3.3.2. Nickel Phosphate Evaluation
The method used was a modification of a method developed by McLean
(McLean et al., 2004). Eight bacterial species were tested; six were microorganisms
recovered from the IATCS fluid and two were organisms typically used to screen for
quorum sensing. These organisms are listed in Table 3.2 were used in this study:

Table 3.2 ‐ Microorganisms used for testing.
IATCS Organisms

Organisms Used in Quorum Sensing
Evaluation

Acidovorax delafieldii

Chromobacterium violaceum

Comamonas acidovorans

Pseudomonas aeruginosa PAO‐1

Hydrogenophaga pseudoflava
Pseudomonas stutzeri
Sphingomonas paucimobilis
Stenotrophomonas maltophilia
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Chromobacterium violaceum has been used extensively in quorum sensing
research to screen for compounds that inhibit LuxI/LuxR – type quorum sensing
mechanisms. In the presence of the AHL N‐hexanoyl‐L‐homoserine lactone (HHL),
C. violaceum expresses the gene for the production of violacein, which gives the
culture its characteristic deep violet pigment. However, if HHL is absent or is
prevented from binding to the receptor molecule, the production of violacein is
prevented; C. violaceum grows, but the violet color is absent (McClean et al., 1997).
Thus C. violaceum is an easily implemented diagnostic tool to assess the effect of
various conditions on LuxI/LuxR quorum sensing.
The control organism to demonstrate quorum sensing inhibition is the
Pseudomonas aeruginosa PAO‐1. In this instance its signal molecules, C‐4 and C‐12
homoserine lactones inhibit violacein production through competition for binding
sites on the C6 receptor molecule within the cell (McLean et al., 2004).
Each of the eight isolates was suspended in a phosphate buffer solution to
obtain an initial concentration of approximately 108 CFU ml‐1 using a 0.5 McFarland
standard. Fifteen microliters (15µl) of the suspension was transferred to 14.85 ml
Luria‐Bertani (LB) agar prior to solidification for an approximate initial
concentration 106 CFU ml‐1. The inoculated agar was then poured into a four‐
quadrant Petri dish. Since nickel phosphate was found as a precipitate on the inner
surface of the SPCU heat exchanger, coupons with 4 mg nickel phosphate dried on
the surface of the coupons were placed in Petri dishes containing previously
solidified LB agar. A nickel phosphate coupon was placed in three of the four
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quadrants of the Petri dish to provide results in triplicate. The fourth quadrant was
used as a control; growth of the microorganisms in that quadrant would
demonstrate that the inoculated organism would grow in the unmodified LB agar. If
nickel phosphate inhibited quorum sensing, there would be growth but an absence
of pigmentation in the C. violaceum plate. A final plate contained two heat exchanger
coupons; one from the flight unit and the second from the ground control unit, were
inoculated with C. violaceum. All samples were incubated at 30ºC for 24 hours.
3.3.3. Evaluation of QSI by Nickel
A 24‐well microtiter plate was filled with LB broth. Nickel in the form of
nickel chloride (NiCl2 6H2O) was added to the wells at concentrations ranging from
1‐100 mg L‐1 nickel (0.017‐1.7 mM). Chromobacterium violaceum was added to each
of the wells at a concentration 106 CFU mL‐1 and incubated at 30°C overnight.

3.4. Results and Discussion
3.4.1. Coupon Evaluation
A plot of the microbial concentration of the fluid samples during the test is
given in Figure 3.1
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Figure 3.1 ‐ Bacterial concentrations in heat exchanger fluid in the presence of
Polycarbonate (PC), 316‐Stainless Steel (SS), non‐flight heat exchanger
(HXCTL), and the SPCU heat exchanger (SPCU) coupons.

Figure 3.2 and Figure 3.3 are images of coupons samples collected during the
test. These particular samples were stained with the BacLight™ Live/Dead® stain:
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A

B

Figure 3.2 Microscopy of control (A) and SPCU HX (B) coupons test day 19.
The bright fluorescence in (A) illustrates microbial growth, while the yellow
circle (in B) is an area where the coupon material is clearly visible indicating
no substantial growth has begun.

A

B

Figure 3.3‐ Microscopy of control (A) and SPCU HX (B) coupons test day 65.
The circled area in B is of the material itself fluorescing; there is no evidence
of microbial growth.
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Although the fluid results showed a significant difference between the
control samples and the samples containing the heat exchanger coupons, microbial
growth was still present. The fluid concentration in the control samples remains
relatively constant at 107 CFU ml‐1, while the concentration in the vials with ground
analog coupons decreased by two orders of magnitude and the flight unit decreased
by as much as five orders of magnitude from the initial sample.
In Figure 3.2, there is significant colonization of the coupon on the control
coupon (A) as illustrated by the bright green fluorescence of the sample, to the
extent that the material cannot be seen in the image. On the other hand, there is
little fluorescence on the SPCU HX coupon and the material is still visible in the
image (circled in yellow). This difference between the two coupons continued onto
day 65; the control coupon Figure 3.3 (A) continues to show significant colonization
as well as what appears to a biofilm covering portion of the coupon. Figure 3.3 (B)
still shows little colonization; the only fluorescence from the coupon is an artifact
from the material (circled).
3.4.2. Nickel Phosphate Evaluation
Figure 3.4 illustrates the growth of the six organisms isolated from the ISS
coolant fluid in the presence of coupons saturated in nickel phosphate.
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Figure 3.4 ‐ IATCS organisms in the presence of 4 mg nickel phosphate.
Bacteria on each plate (from top left to bottom right) are: A. delafieldii (1), C.
acidovorans (2), H. pseudoflava (3), P.stutzeri (4), S. paucimobilis (5), and S.
maltophilia(6). Of all the samples only S. maltophilia has a toxic response to
nickel

As discussed in Section 2.1.2 nickel phosphate is highly insoluble and so Only
the plate inoculated with Sphingomonas paucimobilis (Figure 3.4, Plate 5) shows any
inhibition by nickel phosphate, as illustrated by the zone of clearance around the
coupons, which is circled in the figure. These results demonstrate that the nickel
phosphate, the precipitate that was identified on the inner surface of the flight heat
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exchanger is not toxic to a majority of the bacterial species isolated from the IATCS
fluid. The next step in the process was to determine whether nickel phosphate
inhibits biofilm formation by quorum sensing is to determine whether there was a
lack of pigmentation in a culture of C. violaceum exposed to nickel phosphate.

Figure 3.5‐ Chromobacterium violaceum in the presence of heat exchanger
and nickel phosphate coupons. The nickel phosphate is toxic to a culture C.
violaceum but has no effect on the nickel coupons.

Figure 3.5 illustrates the results of two plates inoculated with C. violaceum.
The plate on the left (plate 1) contains the coupons from two heat exchanger
samples; the plate on the right (plate 2) coupons containing 4mg nickel phosphate.
There was a pronounced zone of inhibition on the surface of the plate with the
nickel phosphate coupons, indicating that the nickel phosphate was acting as a

58
biocide in this instance rather than inhibiting quorum sensing. Conversely, the area
surrounding the heat exchanger coupons has a zone of non‐pigmented growth.
Figure 3.6 better illustrates this phenomenon, as illustrated by the halo around the
metal coupon:

Figure 3.6‐ Zone of violacein inhibition, around a SPCU HX coupon.

To more clearly distinguish between the biocidal and quorum sensing
inhibition mechanisms, samples were taken from the center of the clear zone of the
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coupons and components. The heat exchanger / nickel phosphate experiment was
repeated with C. violaceum as shown in Figure 3.7.

Figure 3.7‐ Quorum sensing results. Samples collected from the center of the
non‐pigmented zones were streaked onto a fresh LB plate. Those samples
thaw were collected from the nickel phosphate coupons did not grow, while
the sample collected from the center of the heat exchanger coupon did.

60
A section of agar from the center of the zone of clearance was removed from
plate 1a, containing a nickel phosphate coupon. The agar was homogenized in 10 ml
buffer. Using a sterile swab, the homogenized buffer was streaked onto a new LB
plate (1b). The center of Plate 2a, also containing a nickel phosphate coupon, was
swabbed with a sterile cotton swab and was directly streaked onto a second LB agar
plate (2b). Finally, the center of the plate containing a flight heat exchanger coupon
(3a) was sampled with a sterile cotton swab and directly streaked on a third LB agar
plate (3b). Each plate was incubated for 24hrs at 30°C.
Neither pigmentation nor growth occurred from samples collected from the
plates with the nickel phosphate coupons. This is shown in plates 1b, and 2b in
Figure 3.7. However, growth with pigmentation occurred on the plate inoculated
with the heat exchanger coupon, shown on plate 3b of Figure 3.7. The absence of
growth on plates 1b and 2b indicates that the nickel phosphate exhibited biocidal
effects to C. violaceum on plates 1a and 2a; as no viable cells were transferred to
plates 1b and 2b. However, when material from plate 3a was transferred to 3b,
microbial growth with pigmentation was observed on plate 3b. This confirms that
the heat exchanger coupon was not toxic to the bacteria in plate 3a and presence a
compound leaching from the heat exchanger coupon inhibited the quorum‐sensing‐
regulated production of violacein.
3.4.3. Evaluation of QSI by Nickel
Nickel was selected as the test compound because it was still the primary
suspect in the inhibition of quorum sensing and biofilm formation (Chapter 2.1.2).

61

Figure 3.8‐ Inhibition of violacein production by nickel. The image on the left
shows the test set‐up while the image on the right shows the results after a 24
hour period.

Pigmentation gradually decreased from 30‐50 mg L‐1 Ni2+ and was absent at
60mg mL‐1 (Figure 3.9).
3.4.4. Discussion
The first two tests were semi‐quantitative in nature; heterotrophic plate
counts of the fluid during the coupon evaluation were collected but due to the small
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sample volumes, chemical analyses, particularly metals analyses, were not
performed.
Metals data may explain the difference between the HPC values of the control
coupons and the SPCU HX coupons. The heat exchanger is composed of 347 grade
stainless steel, nickel fins and nickel brazing. Numerous studies have demonstrated
that stainless steel does not inhibit biofilm formation; on the contrary, it fouls quite
easily and causes MIC (Percival, 1998, Shi et al., 2003). Nickel was leaching from the
SPCU HX , likely from the brazing; concentrations of 20mg L‐1 (0.34mM) were
present in the coolant fluid during flight operations and the coupons were likely
leaching additional nickel into solution during testing (Roman et al., 2006).
Concurrent with the test described above, a second test was performed to
evaluate the role of nickel phosphate as a quorum sensing antagonist since it was
present in the fluid samples collected on orbit, as well as being deposited onto the
heat exchanger itself. Although coupons containing 4 mg were not toxic to five of the
six organisms selected, it was toxic to C.violaceum; however the actual SPCU
coupons were capable of inhibiting violacein production.
Although the tests with nickel phosphate were unsuccessful, it was thought
that different nickel salt would yield better results. Nickel chloride was selected as
the test compound during the QSI evaluation because it is soluble in LB broth, unlike
the nickel phosphate, which is insoluble. As illustrated in Figure 3.8, there is a loss of
pigmentation as the nickel concentration increases indicating that nickel can inhibit
cell‐cell communication in a non‐toxic manner. It should be noted that I cannot
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conclusively rule out the influence of microgravity without comparable on orbit data
but the results from this chapter do demonstrate that the mechanism inhibiting
surface colonization can occur in a nominal Earth environment.

3.5. Closing comments
The results from these evaluations demonstrate that a compound from the
SPCU heat exchanger was inhibiting surface colonization, that a compound leaching
from the heat exchanger inhibits violacein production in C. violaceum, and that
nickel ions also inhibit violacein production. These results form a picture of a
potential underlying mechanism for the inhibition of biofilm formation, the
inhibition of homoserine lactone quorum sensing. The next chapter describes a test
evaluating the effect of nickel ions on the inhibition of homoserine lactone quorum
sensing and subsequently, biofilm formation in Burkholderia cepacia.
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Chapter 4

Preliminary Evidence that Nickel
Inhibits Quorum Sensing and Biofilm
Formation at the Transcriptional Level

4.1. Objective of Study
Results from the previous chapter indicate that nickel inhibits both biofilm
formation and acyl homoserine quorum sensing mechanisms. Although there has
been some research performed on the relationship between nickel and biofilm
formation, there is no research on nickel or other metals’ role in inhibiting quorum
sensing mechanisms, specifically acyl homoserine lactone quorum sensing. In order
to establish the linkage between the two, the following test was carried out.
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4.1.1. Hypothesis
Nickel ions inhibit biofilm formation in Burkholderia cepacia ATCC 25416 by
inhibiting acyl homoserine lactone quorum sensing.

4.2. Methods and Materials
Burkholderia cepacia ATCC 25416 was grown on LB (Lennox) agar
supplemented with 0.5% Casamino acids at 37°C for 48 hours, then suspended in
phosphate‐buffered saline (PBS). The suspension was then added to a 50 milliliter
test tube containing 50mLs of LB broth with 0.5 % Cassamino acids and 0‐0.5mM
nickel at an absorbance600nm of 0.01Two and a half milliliters from each test
condition described above was added to three test tubes. One test tube set was
supplemented with N‐octanoyl‐L‐Homoserine lactone (C8‐HSL) at a final signal
concentration of 1µM. The broth was added to a 96‐well microtiter plate at a final
test volume of 200µl. Each test condition was performed in triplicate at minimum.
This is illustrated in Figure 4.1. The plate was incubated in a shaker/incubator at
37°C and 200 rpm for 48 hours.
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Figure 4.1‐ Microplate test set‐up. There were, at minimum, four replicates
per test condition.
After the incubation period the plate was read using a Spectromax MX plate
reader at 600nm to evaluate the effect of nickel on planktonic cell viability.
The method used to characterize biofilm formation was as described in
Stepanovic with minor modifications (Stepanovic, Vukovic et al. 2000). Briefly, the
liquid from the wells was removed and then the wells were rinsed twice with PBS to
remove the loose bacteria. The biofilm in the wells was fixed with methanol, dried,
then stained with a 2% Hucker crystal violet solution. The crystal violet was
removed and the wells were rinsed with water to remove the excess dye and dried
again. The remaining dye in the wells was put back into solution with ethanol. The
plate was read again using a Spectromax MX plate reader at 570nm.
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The 50 mL tubes containing 0‐0.5 mM Ni2+ were incubated for 12 hours at
37°C and 200 rpm. RNA was harvested using a phenol‐chloroform extraction
method. QuantiTect® reverse transcription and SYBR® green PCR kits (Qiagen)
were used for cDNA synthesis and PCR preparation per manufacturer’s
specifications. Real time PCR primers ‐cepIR (test) and recA (endogenous control)‐
were designed using the PrimerQuest PCR tool (IDT DNA)
An Applied Biosystems 7500 Real Time PCR system was used for qRT‐PCR.
The cycler conditions were as follows: 2 minutes at 50°C for uracil‐N‐glycosylase
(UNG) carryover prevention, 15 minutes at 95°C for PCR initiation, and 45 cycles of
95°C for 15sec (denaturation), 53.5°C for 30sec (annealing), and 72°C for 32sec
(extension and data collection).
Means and standard errors for all experiments were collected at each test
point. Data generated from the biofilm experiments were additionally analyzed
using a single factor analysis of variance (ANOVA) with a significance level of 0.05.

4.3. Results and Discussion
The results of the microplate evaluation are illustrated in Figure 4.2. There
was no change in planktonic viability as the concentration of nickel increases;
however attachment decreases as the nickel concentration increases. Attachment is
negligible at 0.3 and 0.4 mM, but does rebound slightly at 0.5 mM. Nickel inhibits
biofilm formation at those concentrations without being toxic to the bacteria,
contrary to the biofilm hypothesis.
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Figure 4.2‐Planktonic viability (A) and biofilm attachment (B) of Burkholderia
cepacia ATCC25416 in the presence of nickel, measured by absorbance. Error
bars in all figures represent standard errors of the mean. There is a marked
difference in attachment from the control (one way ANOVA p <0.05).
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Figure 4.3 shows the effect the addition of homoserine lactone has on
attachment.

Figure 4.3‐ Biofilm attachment of B. cepacia in the presence of 0 to 0.5 mM
nickel alone (black bars) and with 1µM C8‐HSL added at inoculation (grey
bars). Each bar represents a minimum of three replicates per experiment. The
difference between the control lacking nickel and the samples containing
nickel is significant (one way ANOVA p <0.05); however the addition of 400nM
HSL attenuates the effect (one way ANOVA p > 0.3).
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Adding homoserine lactone to the wells does restore attachment, particularly
to the samples containing 0.3 and 0.4mM Ni2+. Since quorum sensing is the
mechanism that seems to be affected by nickel, I evaluated the expression of the
cepIR genes, those that control quorum sensing in, in the presence of nickel.

Figure 4.4‐ Expression of cepIR genes.

The cepIR genes were down regulated by a factor of 5 in the sample that
contained 0.3mM nickel, the concentration at which attachment is the least
pronounced in the microplate wells. Down regulation is attenuated at 0.4 and
0.5mM and attachment returns somewhat at 0.5mM.
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4.4. Closing comments
Although the data indicates that nickel inhibits biofilm formation through the
inhibition of quorum sensing, the data is not conclusive. Burkholderia cepacia ATCC
25416 is not as prolific a biofilm producer as other members of the BCC. This
particular Burkholderia species belongs to a geminovar (species group within the
BCC) whose attachment is approximately half of those observed in other
geminovars. Any effect by nickel observed in this species may be mitigated in other
species. In order to confirm the link between nickel, quorum sensing, and biofilm
formation, I repeated the tests with another member of the BCC. In addition, I also
evaluated the effect of additional heavy metals on biofilm formation and other
quorum sensing related traits in B. cepacia and Pseudomonas aeruginosa.
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Chapter 5

Nickel, Cadmium, Quorum Sensing,
and Biofilms

5.1. Objective of Study
The objective of this study is to repeat the results observed in Burkholderia
cepacia ATCC 25416 with another member of the Burkholderia cepacia complex that
produces a more robust biofilm, as well as to determine whether additional heavy
metal ions can inhibit biofilm formation and quorum sensing. This section is
excerpted from “Nickel or Cadmium Ions Inhibit Quorum Sensing and Biofilm
Formation Without Affecting Viability in Burkholderia multivorans and Affect other
QS‐Influenced Traits in Additional Proteobacteria” (2013‐Submitted and Under
Review)
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5.1.1. Hypothesis
Nickel and cadmium ions inhibit biofilm formation Burkholderia multivorans
ATCC 17616 by inhibiting acyl homoserine lactone quorum sensing at the
transcriptional level.

5.2. Methods and Materials
Burkholderia multivorans ATCC 17616 was grown on LB (Lennox) agar 35°C
for 24 hours. Chromobacterium violaceum ATCC 12472, Pseudomonas aeruginosa
PAO‐1, and Burkholderia cepacia ATCC 25416 were grown overnight from frozen
cultures on LB agar at 30°C. A single colony was selected then streaked onto a fresh
LB plate and grown overnight for testing. Evaluation of divalent metals on biofilm
formation and planktonic viability and the evaluation of the effect of divalent metals
on Homoserine Lactone Gene Expression via qRT‐PCR are outlined in Chapter 4.2,
with minor modifications: the incubation temperature for B. multivorans was set at
35oC, and the phenol‐chloroform step for RNA extraction was omitted.
In order to identify quorum sensing antagonists, LB plates were streaked
with Chromobacterium violaceum ATCC 12472. After streaking, discs containing five
(5) microliters of filter‐sterilized 100mM divalent metal salts (BaCl2, CdCl2, CoCl2,
CuCl2, CuSO4, MnCl2, NiCl2, and Zn Cl2) were placed on the streaked plates and
incubated at 30°C overnight. Those metal salts with areas of non‐pigmented zones
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of growth were evaluated as potential quorum sensing inhibitors (McLean et al.,
2004).
Elastase production in the presence of heavy metals was measured using the
elastin Congo Red (ECR) assay as described in Bjorn (Bjorn et al., 1979).
Twitching motility was evaluated on LB (Lennox) with 1.5% agar. The agar
was injected with a 1µl bacterial suspension at the center of each plate and
incubated at 24 hours at 35°C after which colony diameter was measured.
Means and standard errors for all experiments were collected at each test
point. Data generated from the biofilm experiments were analyzed using a single
factor analysis of variance (ANOVA) to compare the means of the six sample groups
with a significance level of 0.05.

5.3. Results and Discussion

Figure 5.1 shows the results from a series of microtiter plate tests with the
bacterium Burkholderia multivorans (ATCC 17616). This bacterium was selected
because it is a member of the Burkholderia cepacia complex (BCC) that makes a
relatively robust biofilm and has known quorum sensing genes (Conway et al., 2002,
Yao, 2002).
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Figure 5.1‐ Planktonic viability (A) and biofilm attachment (B) of
Burkholderia multivorans 17616 in the presence of nickel, measured by
absorbance. Each bar represents a series of five experiments with a minimum
of four replicates per experiment. Error bars in all figures represent standard
errors of the mean. There is little change in planktonic viability after 24
hours; however there is a marked difference in attachment from the control
(one way ANOVA p <0.05).
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Planktonic viability was assessed by microbial growth, as measured by
absorbance at 600 nm. B. multivorans grew from an initial absorbance of 0.01 to
about 0.8 in incubations with nickel concentrations ranging from 0 (control) to 0.5
mM (Figure 5.1A) indicating that the tested nickel concentrations were below lethal
levels. On the other hand, as the concentration of nickel increased within this range,
attachment (i.e., biofilm formation), also measured by absorbance, decreased from
an absorbance of 0.22 (control) to 0.12 (at 0.5mM) (Figure 7.1B). This decrease in
biofilm attachment is consistent with the down‐regulation of quorum sensing genes,
in this instance homoserine lactone synthase and transcriptional activator genes
(bmuIR) for the production and use of N‐octanoyl‐L‐homoserine lactone (C8‐HSL).
We also observed an up‐regulation in a gene encoding for a heavy metal efflux
pump, but there was no correlation in the up‐regulation with an increase in nickel
concentration (Figure 5.2).
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Figure 5.2‐ Expression of quorum sensing and metal efflux pump genes. Each
bar represents three experiments with a minimum of four replicates per
experiment. The addition of nickel triggers the metal efflux gene; however
there is still sufficient nickel present to trigger down regulation of bumIR.
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Since nickel was able to down‐regulate quorum sensing genes and inhibit
biofilm formation without affecting overall viability, we investigated whether other
divalent metals had a similar effect. Chromobacterium violaceum (ATCC 12472) is an
excellent indicator strain for quorum sensing inhibition for species that produce
smaller chained homoserine lactones such as those identified in Burkholderia
multivorans; the purple pigment violacein, is controlled by N‐hexanoyl‐L‐
Homoserine lactone (C6‐HSL); therefore, the lack of pigmentation in cultures is a
strong indicator of quorum sensing inhibition (QSI) (McClean et al., 1997, McLean et
al., 2004).
Figure 5.3 shows two plates streaked with Chromobacterium violaceum
containing discs with 5 microliters (µl) of 100 mM (each) of various divalent heavy
metal salts, added separately. Of the metals screened, there is a definite clear zone
around the disc containing cadmium. As the zone moves further away from the disc,
there is a zone of pigmentation inhibition, then the pigmentation returns. These
results indicate a dose response between the metal ion and the bacterium; from
toxicity, to growth but with pigmentation inhibition, to growth and pigment
production. There is also a zone of inhibition observed in the disc containing cobalt;
however, this zone is much less pronounced as compared to that associated with
cadmium. These two metals were selected for further testing.
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Figure 5.3‐Screening assay for quorum sensing inhibitors (QSI). Zones of
growth but no pigmentation indicate QSI. The two that show definite zones of
inhibition are cadmium (Cd2+‐left plate) and cobalt (Co2+‐right plate). In
addition, there are two concentric zones around cadmium; the first zone is an
area of no growth, indicating a toxic response to cadmium while the outer ring
encompasses an area where there is growth but no pigmentation, suggesting
QSI.

One item of note in Figure 5.3 is that there is no zone of inhibition in the disc
containing nickel. The concentration of nickel on the disc is approximately 1/200th
to 1/1000th that of the nickel concentration that was tested during the biofilm and
PCR assays with B. multivorans, so a lack of inhibition is not surprising.
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Microtiter plate and qRT‐PCR analyses using the homoserine lactone genes
were performed on cadmium and cobalt salts using B. multivorans to compare the
results with those generated by nickel. The results are illustrated in Figure 5.4‐
Planktonic viability (A, B), biofilm attachment (C,D), and expression of bumIR genes (E,
F) of Burkholderia multivorans ATCC 17616 in the presence of cadmium (left) and
cobalt (right). Cadmium decreases biofilm attachment (one way ANOVA p<0.05) and
down regulates homoserine lactone expression without affecting viability, while cobalt
shows no clear correlation between metal concentration, viability and attachment. . While
cadmium inhibits biofilm formation and the regulation of quorum sensing genes at
concentrations that do not affect planktonic viability (Figure 5.4(A), (C) and (E)),
cobalt’s inhibition appears to be related to toxicity rather than QS inhibition at the
transcriptional level (Figure 5.4(B) and (F)). Prior to the biofilm and PCR analyses,
the relative toxicity of both metals to B. multivorans was assessed by determining
their corresponding minimum inhibitory concentration (MIC). While the MIC of
cobalt was on the order of nickel (approximately 1mM), cadmium was less toxic and
did not decrease cell viability in the millimolar range.
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Figure 5.4‐ Planktonic viability (A, B), biofilm attachment (C,D), and expression of
bumIR genes (E, F) of Burkholderia multivorans ATCC 17616 in the presence of
cadmium (left) and cobalt (right). Cadmium decreases biofilm attachment (one way
ANOVA p<0.05) and down regulates homoserine lactone expression without
affecting viability, while cobalt shows no clear correlation between metal
concentration, viability and attachment.
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In addition to the biofilm assay, we also included additional assays to
determine whether the heavy metals impair other quorum sensing traits in
additional bacterial species. Burkholderia cepacia ATCC 25416 was selected because
it is a member of the BCC that has identified quorum sensing genes and traits;
Pseudomonas aeruginosa PAO‐1 was also selected because of its number of well
characterized quorum sensing traits including elastase production and twitching
motility, the latter of which is associated with microcolony formation (Passador et
al., 1993, Shrout et al., 2006).
Figure 5.5 is an overview of the effects of 0.5 to 1.5 mM concentrations heavy
of nickel and cadmium on elastase production in B. multivorans, B. cepacia and P.
aeruginosa PAO1. Cadmium and nickel negatively impacts elastase activity in B.
multivorans. Elastase production also decreases in the presence of cadmium in P.
aeruginosa PAO‐1 and B. cepacia, although in the latter, the effect is observed when
exposed to millimolar, rather than sub‐millimolar concentrations.
Figure 5.6 illustrates the effects of sub‐millimolar concentrations of nickel
and cadmium on twitching motility. Nickel and cadmium decrease twitching motility
in B. multivorans and P. aeruginosa PAO‐1, but there is minimal effect of either in B.
cepacia.
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Figure 5.5‐Elastase production in Burkholderia multivorans (A), Burkholderia
cepacia (B), and Pseudomonas aeruginosa PAO‐1 (C) at different heavy metal
concentrations.
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Figure 5.6‐Effect of nickel (left) and cadmium (right) on twitching motility in
B. multivorans (A, B), B. cepacia (C, D), and P. aeruginosa (E, F).
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This is the first study to demonstrate that nickel and cadmium decrease the
expression of genes responsible for homoserine lactone quorum sensing and
subsequently affect traits influenced by quorum sensing, including biofilm
formation, twitching motility and elastase production, without affecting general
(planktonic) cell viability. Heavy metals are typically used as enzyme co‐factors for
cellular metabolism in nanomolar concentrations, but are generally toxic at
millimolar concentrations (Scheller et al., 2010, Srivastava et al., 2011). This study
shows that some divalent heavy metals can inhibit non‐essential cellular processes,
such as quorum sensing, between concentrations necessary for survival and those
that are toxic.
The inhibition of biofilm formation may be due to inhibition of microcolony
formation through the decrease in twitching motility. Twitching motility is
performed by type IV pili (TFP). In P. aeruginosa the pili allow the bacteria to attach
to surfaces and to contribute to their structure and development; Gilbiansky et al.
(2010) showed that after division, daughter cells use TFP to “walk away” from the
parent cell to a new location while Wang et al. (2013) demonstrated that as P.
aeruginosa twitches from location to location, it leaves behind Psl fibers in its wake
which are used to maintain the biofilm structure.
Quorum sensing genes associated with biofilm formation and development
have been identified in bacterial and fungal species (Chen et al., 2004). Davies et al.
the deletion of the lasI gene in P. aeruginosa leads to the production of flat, densely
populated biofilms (Davies, 1998). Quorum sensing genes have also been identified
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in many members of the BCC, including B. multivorans (Lutter et al., 2001). Huber et
al. demonstrate the deletions of the cepI or cepR genes resulted in the formation of
malformed biofilms; however, when 200nM C8‐HSL was added to a cepI mutant
suspension, the biofilm architecture returned back to its nominal state (Huber,
2001). This phenomenon was corroborated in our tests; the addition of 400nM of
C8‐HSL to LB broth prior to inoculation in wells containing nickel attenuated the
effect of nickel (Figure 5.7). Since the concentration of homoserine lactone added to
the medium was consistent with levels observed in nature and is orders of
magnitude smaller than the concentration of heavy metals, this is further evidence
that heavy metals inhibit cell‐cell communication by inhibiting the production of the
signal molecules (Boettcher et al., 1995).
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Figure 5.7‐Biofilm attachment of B. multivorans 17616 in the presence of
nickel alone (black) and with 400nM C8‐HSL added at inoculation (grey).

The pathway from signal production to the expression of a given trait can be
impaired in several ways. These include the presence of multiple signals in the
medium which “drown” out the target signal, competitive binding of receptor
molecules by structurally similar molecules, or degradation of the molecule in the
environment by other organisms (Leadbetter et al., 2000, Lin et al., 2003). In this
instance, how nickel and cadmium influence the signal in B. multivorans is unique;
the expression of genes responsible for the signal, N‐octanoyl‐L‐Homoserine lactone
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(C8‐HSL), is reduced, thereby reducing the signal “volume” outside the cell,
inhibiting cell‐cell signaling and subsequently biofilm formation.
The effect of cadmium was longer lasting than nickel at the tested
concentrations. Evaluating twitching motility in P. aeruginosa PAO‐1 allowed the
evaluation of an additional trait effected by quorum sensing, pyocyanin production
(Reimmann et al., 1997, Lu et al., 2012). We observed plates inoculated with PAO‐1
showed an inhibition of pyocyanin in the plates containing nickel and cadmium after
24 hours (Figure 7)). However, pyocyanin production returned to the plates
containing nickel remaining at room temperature for 7 days, while the plates
containing cadmium did not.

Figure 5.8‐ Twitching plates of PAO‐1 after 24 hours. Although pyocyanin
production is present in the control, it is lacking in both the plates that contain
0.1mM nickel (center plate) or cadmium (right plate).
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The effect of divalent metal ions on quorum sensing may be prevalent among
Proteobacterial species that utilize homoserine lactones. Biofilm formation in B.
multivorans and B. cepacia and violacein production in C. violaceum are regulated
C6‐ or C8‐HSLs, while twitching motility in P. aeruginosa PAO1 is influenced C4‐
HSLs (McClean et al., 1997, Harmsen et al., 2010). Elastase production in PAO1 is
controlled by N‐(2‐Oxododecanoyl)‐L‐homoserine lactone, a HSL with a 12 molecule
carbon chain (Passador et al., 1993). Pyocyanin production is controlled by the
Pseudomonas quinolone system (PQS), which is subsequently influenced by both
the las and rhl QS‐systems (Juhas et al., 2005, Lu et al., 2012).
Although further studies are required to identify the specific mechanisms by
which nickel and cadmium inhibit quorum sensing at the transcriptional level, it is
known that Ni2+, Co2+, and Cd2+ are competitive antagonists of both Mg2+ and
Ca2+(Abelson et al., 1950, Waalkes et al., 1984, Kasprzak et al., 1986, Littlefield et al.,
1994). Magnesium is typically the most abundant divalent cation inside a
prokaryotic cell, and is an essential cofactor for many enzymes, including DNA and
RNA polymerases (Wackett et al., 2004). Nickel, cobalt, and cadmium have been
demonstrated to inhibit polymerases, and conversely, it has been determined that
increased concentrations of magnesium can attenuate this inhibition, a result
predicted by the biotic ligand model (Miyaki et al., 1977, Snow et al., 1993, Di Toro
et al., 2001). Additionally, zinc is a cofactor of several transcription factors, and is
susceptible to competitive antagonism by other divalent cations (Bouhouche et al.,
2000). Therefore, there are several potential mechanisms through which divalent
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cations may impact gene expression when they are present at sufficient levels.
Notably, a strong interrelationship exists between magnesium uptake and that of
other divalent cations; low concentrations of magnesium have been found to result
in rapid uptake of both nickel and cobalt (Abelson et al., 1950).
Besides their potential effects on transcription, divalent cations are directly
involved in bacterial surface adhesion; therefore, competitive antagonism may also
play a role in biofilm formation. Both magnesium and calcium enhance prokaryotic
adhesion through cation bridging interactions (de Kerchove et al., 2008, Orgad et al.,
2011, Mi et al., 2012, Robertson et al., 2012). In addition, nickel and cadmium have
been demonstrated to reduce biofilm mass (Hill et al., 2000, Lawrence, 2004, Morin
et al., 2008). Paradoxically, however, nickel was found to increase biofilm formation
in E. coli K12 strains over‐expressing the cell‐surface protein Curli (Perrin et al.,
2009). This implies that the impact nickel has on biofilm formation may not be
universal. Since the biofilm lifestyle is commonly preferred, there are multiple
cellular mechanisms in place to ensure that biofilms can be formed; therefore, it is
also possible that these heavy metal cations affect more than one process
influencing biofilm development.

5.4. Closing comments
Using microtiter plate and quantitative reverse transcriptase polymerase
chain reaction (qRT‐PCR) assays, we conclusively demonstrate that sub‐lethal milli‐
and sub‐millimolar concentrations of nickel (Ni2+) or cadmium (Cd2+) inhibit biofilm
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formation in the model bacterium Burkholderia multivorans through the inhibition
(at the transcription level) of homoserine lactone quorum sensing. We also
demonstrate that nickel or cadmium influences other quorum sensing traits in
additional Proteobacterial species, including violacein production by
Chromobacterium violaceum, and elastase production and twitching motility in
Pseudomonas aeruginosa PAO‐1, the latter of which is also associated with biofilm
formation and development. These results advance understanding of environmental
factors influencing the establishment of biofilms, and may guide strategies to
mitigate MIC and biofouling of infrastructure surfaces.
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Chapter 6

Preliminary Evaluation of Nickel as a
Surface Treatment to Prevent
Biofouling

6.1. Objective of Study
Results from the previous three chapters show that nickel inhibits biofilm
formation and acyl homoserine quorum sensing mechanisms. In order to determine
whether this knowledge can be applied from a materials standpoint, the following
experiment was performed.
6.1.1. Hypothesis
Nickel coated surfaces can inhibit biofilm formation in Burkholderia
multivorans.
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6.2. Methods and Materials
6.2.1. Bacteria
Burkholderia multivorans ATCC 17616 was grown in LB (Lennox) agar at 35°C
overnight. An aliquot of the suspension was then added to 25mg L‐1 LB broth at a
targeted absorbance at 600nm of 0.01.
6.2.2. Biofilm reactor and coupon material
A Center for Disease Control CDC reactor from Biosurface Technologies was used
for this evaluation. It has a working volume of 350mL.

Figure 6.1‐ CDC biofilm reactor and coupons used for testing .
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Stainless steel, 316 grade, was used as the coupon material. The coupons
were washed with a non‐ionic detergent and dried in 55°C oven. An electron beam
evaporator (Telemark) was used to coat the surface with nickel at a thickness of
100nm. Two drops of silicone (GE) were deposited via toothpick onto the surface of
the coupon to act as a masking agent for further analysis. The coupons were placed
into one of eight coupon holders and then in a CDC biofilm reactor containing a
suspension of bacteria described above.
Three reactors were used during this evaluation. The first reactor contained
nickel coated coupons to evaluate the effect of a nickel coating on biofilm formation;
the second reactor was an abiotic reactor contained coated coupons to evaluate the
stability of the coating over time and a final reactor was used to compare the effect
of the coating on biofilm formation and corrosion and a third reactor.
Operation of the reactors was modified from ASTM E 2562 – 07 “Standard
Test Method for Quantification of Pseudomonas aeruginosa Biofilm Grown with High
Shear and Continuous Flow using CDC Biofilm Reactor.” The reactor solution was
25mg L‐1 LB broth; a minimal nutrient solution with sufficient carbon on the order
of magnitude measured during flight. The baffle speed within the reactor was
approximately 125 revolutions per minute. All three reactors were operated in
recycle for the first 24 hours to facilitate microbial growth at which point he flow
rate of the bioreactor was set at 0.3mL min‐1.
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6.2.1. Sampling and analysis
A single coupon holder containing three (3) coupons was removed weekly
from each reactor and the coupons were assessed to determine if there were any
changes in the coupons from a microbiological and materials standpoint. The
biofilm from one coupon was plated to determine viability of the biofilm though
heterotrophic plate counts. A second coupon was assessed for biofilm formation and
viability via fluorescence microscopy using BacLight™ Live/Dead® stain at a
magnification of 60X.
Fluid samples were collected weekly for heterotrophic plate count to
determine planktonic viability and inductively coupled plasma mass spectrometry
(ICP‐MS) to measure the concentration of metal ions in solution to determine
whether the coating was leaching from the coupons into the bulk liquid.

6.3. Results and Discussion
Figure 6.2 displays the concentration of bacteria within the fluid and on the coupon,
while Figure 6.3 compares an image of a nickel coupon as compared to a SPCU
coupon. There is growth in both test reactors; in the fluid and on the coupons
themselves. In addition, the abiotic reactor became contaminated between test day
11 and 18, which effectively ended the evaluation. Figure 6.4 illustrates the
concentration of soluble nickel during testing and may provide a reason for
microbial growth in the system.
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Figure 6.2‐ Concentration of bacteria on a single coupon (A) & in solution (B)
per test day. There is little difference between the nickel treated coupons and
the stainless steel control. On day 18 growth appears in the abiotic control.
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Figure 6.3‐ Images of stainless steel (A) and nickel (B) coupons stained with
BacLight™ Live/Dead® stain. There is colonization on both coupons and this is
reflective in the HPC data.
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Figure 6.4‐ Concentration of soluble nickel during testing. The significant
concentration observed in test day 1 is likely due to the transition from
recycle to flow‐through operations.
The nickel coating did not prevent microbial growth from occurring and at
most there is a one log difference between it and the stainless steel control. The
growth on the coated samples is likely due to the loss of nickel as soon as the
reactors transitioned from recirculation (to establish biofilm formation) to flow‐
through operations. There was considerable nickel in solution after the 24 hour
recycle period ended. The concentration in the fluid corresponds to a loss of
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approximately 10.3% total nickel applied to the coupons at the beginning of the test
and is 8 times the MCLG of nickel allowed in potable water. In this instance the e‐
beam coating was not permanent, but temporary.
This temporary artifact may be due to the preparation steps prior to
deposition. E‐beam evaporation is a physical vapor deposition process which has
been evaluated as a potential mechanism to deposit metals onto a surface to prevent
corrosion (Yun, 2010). A metal substrate (nickel) is heated with electrons under a
vacuum. The metal is vaporized and coats the surface of the material in question.
Thicknesses in the nanometer range are common with this technique. Because the
thickness of the coating can be adjusted, it allows the metal to better adhere to the
surface. An additional method to ensure a coating adheres to a surface is to
passivate it via electropolishing. Prior to deposition, Yun electropolished his
stainless steel plates. In this experiment I simply washed the coupons with a non‐
ionic detergent in a laboratory dishwasher and dried them in a laboratory oven,
potentially leaving residue behind thereby preventing the nickel from adhering
properly. If this experiment were to be repeated additional steps in should be
added to incorporate electropolishing or a similar passivation method in order to
eliminate one potential cause of nickel loss.

6.4. Closing comments
This chapter provided results of an initial test to evaluate E‐beam evaporation as
a method to coat metal surfaces with nickel in order to provide an anti‐biofilm
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coating. Although this particular test was unsuccessful, I provided a potential cause
for the loss of nickel during the test, as well as steps to mitigate this in the future.
These results do not eliminate nickel as a potential coating; however more research
needs to be performed to optimize its use.
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Chapter 7

Significance of Research and Further
Research

7.1. Significance of Research
The previous chapters presented data from a series of experiments which
demonstrates that nickel inhibits biofilm formation by inhibiting LuxI/LuxR quorum
sensing. The first experiment demonstrated that a material comprising the heat
exchanger inhibits surface colonization. The second and third experiments
identified nickel as the causative agent and subsequently, inhibited LuxI/LuxR
cognate mechanisms identified in a number of Proteobacterial species, including
Burkholderia. The fourth experiment was able to link the effect of nickel, quorum
sensing and biofilm formation in Burkholderia cepacia ATCC 25416. The subsequent
experiment was able to repeat the results observed B. cepacia in Burkholderia
multivorans ATCC 17616 demonstrating that nickel inhibits biofilm formation and
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quorum sensing by inhibiting expression of genes responsible for the production of
the homoserine lactone synthase and receptor activator proteins in a second
member of the BCC that produces a robust biofilm. In addition I have identified an
additional heavy metal ion (cadmium) capable of inhibiting quorum sensing and
biofilm formation and that the effect isn’t limited to members of the BCC.

7.2. Potential Research Avenues
While this research did demonstrate the effect of sub lethal concentrations of
nickel and cadmium on biofilm growth and development, there is significantly more
research that needs to be performed. These can be broken into microbiological‐
based research questions, chemical based research questions, and engineering
applications.
7.2.1. Microbiological research questions
One of the first tasks that should be pursued is to determine whether this
phenomenon can be identified in mixed species biofilms. Although biofilms are
nearly always made up of many species and sub‐species, microbial mechanisms are
typically studied in single model species. This provides an advantage to the
researcher of being able to more easily characterize various mechanisms; however,
these biofilms are less complex than biofilms that exist in nature and therefore
eliminate many of the symbiotic relationships and subsequent advantages observed
in a mixed species biofilm, not to mention the different cell‐cell signaling circuits in
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a truly mixed biofilm (De Beer et al., 1994, Burmolle et al., 2006, Behnke et al.,
2011).
I have performed some preliminary work with exposure of nickel to a
multispecies biofilm there is reason to suspect that nickel ions do negatively impact
surface colonization without affecting viability. The following figure illustrates the
results of several tests of a biofilm inoculated with four (4) environmental
Proteobacterial species in the same manner as described in Section 4.2.

Figure 7.1‐ Results of a preliminary evaluation of nickel as an inhibitor of a
mixed species biofilm.
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There is a notable decrease in surface attachment from the control to the
wells containing nickel from 0.5 to 1.5 mM.
In addition to examining the genes responsible for quorum sensing in each
species, what other genes or processes, if any, are down‐regulated in the presence of
nickel and cadmium and how does that influence biofilm growth and development,
as well as overall bacterial metabolism? In order to successfully achieve this task,
benchtop processes to study the biofilm architecture, molecular tools, such as cDNA
subtraction and proteomic analysis to evaluate genes and proteins differentially
expressed in the presence of nickel and cadmium, as well as analytical techniques,
such as LC‐MS, to identify and quantify those metabolites of interest are all
necessary to fully understand the processes in play.
7.2.2. Chemical research questions
This research is novel from the standpoint that nickel and cadmium are
inhibiting agents for biofilm formation via quorum sensing. Most quorum sensing
antagonists are structurally related to cell signaling molecules (i.e. cognates),
competitively binding to the receptor site or generating sufficient signal to produce
signal interference, similar to the effect of listening to one radio when there are
multiple radios in a single room, each tuned to its own station. In this instance nickel
interferes with the processes to produce and receive the signal; i.e. the “transmitter”
and “receiver” have been removed from the cell. We know now that nickel and
cadmium down‐regulate expression, and potentially additional mechanisms related
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to biofilm formation and development. The next step is to understand the
mechanism(s) by which nickel and cadmium accomplishes this. I hypothesize in
Section 7.2 that nickel and cadmium inhibit surface colonization through the
inhibition of twitching motility, which is then influenced by quorum sensing.
Additional tests are needed to confirm or contradict that hypothesis.
Another question that needs to be addressed is whether the inhibition by
nickel or cadmium is present in other metals. Results from the disc diffusion study
summarized in Section 5.2 showed that cadmium and cobalt were potential quorum
sensing inhibitors, but not nickel. Previous testing showed that nickel was indeed a
QSI. It could be possible that there are additional QSIs among other metals but at
concentrations not tested. If these candidates are less toxic than nickel or cadmium
this may lead to broader use of metals as part of an overall anti‐biofilm strategy.
7.2.3. Engineering applications
Although the final experiment was not successful in demonstrating that an E‐
beam evaporated nickel coating was able to prevent biofilm formation, this does not
eliminate nickel as a potential anti‐biofilm material.
Antimicrobial coatings and materials are widely available. Polymers are
impregnated with quaternary ammonium compounds to prevent the transmission
of disease in children’s toys. Membranes have been coated with quorum quenching
bacteria and have been impregnated with silver and other chemicals to examine
whether resist fouling and extend life. The first task is to identify a process where
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nickel can be permanently bound but efficacy remains. Is there a combination of
nickel and another material or metal that can enhance this process? Yun applied (via
E‐beam evaporation) nickel layer on top of a gold surface to prevent corrosion and
did not observe any leaching of nickel (Yun, 2010).
Once a successful coating technique has been identified, the next task is to
link the product to the application. Although there is no current drinking water
limit for nickel, concentrations in excess of 0.1 mg L‐1 the maximum contaminant
level goal (MCLG), are not favored. In addition, cadmium has a maximum
contaminant level (MCL) of 5 µg L‐1 (EPA, 2012). Because of the potential to leach
into the environment, it is not likely that neither nickel, nor cadmium would be used
where potability is an issue; however, in an industrial setting, such as in heat
exchangers, or cooling systems for nuclear power plants using nickel or cadmium
may not be a hindrance to use.

7.3. Closing comments
This chapter provided a brief summary of the accomplishments of this
research, along with suggestions for future work from a biological, chemical and
engineering perspective.
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Appendix A-Supplemental Information
Solubility product constants (Ksp) for cadmium and nickel. From Sawyer
(Sawyer, 2003).
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Figure A.1‐ An image of an uncolonized coupon. This is a coupon from the
abiotic control reactor (Chapter 6) at test day 11.

