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Abstract
Pseudomonas putida is a Gram negative bacterium that can be found naturally in
the environment as planktonic free-living eells, or in coneert with other baeterial speeies
in biofilms. In this study, the P. putida strain has the ability to degrade p-nitrophenol
(PNP), a moderately toxic organic pollutant found world-wide. Both the survivability
and PNP degradative abilities o f planktonie and biofilm P. putida cells were eompared in
buffer and river water samples eontaining varying eoneentrations o f PNP. The P. putida
biofilm eells showed higher survival rate in both the buffer and river water samples
eompared to the planktonic P. putida cells. In the buffer experiment, P. putida
planktonic cell density decreased from 8.25 to 5.7 and 5.0 log (CFU/mL) after 17 days
treatment with 3000 and 4000 pM PNP. However, P. putida biofilm cells in the buffer
system had a decrease in cell density from 10.2 to 8.7 and 9.0 log (CFU/g glass wool)
after 17 days treatment with 3000 and 4000 pM PNP, respeetively. The survival fraction
revealed that biofilm cells had a 100-fold greater survival eompared to planktonie eells at
3000 pM and 4000 pM PNP by day 17. In the river water system at 3000 and 4000 pM
PNP, the planktonic cell density decreased from 9.4 to 3.0 log (MPN/mL) and biofilm
cell density decreased from 10.3 to 9.5 and 10 log (MPN/g glass wool), respectively, after
17 days treatment. Survival fractions o f the bacteria in the river water system revealed
that biofilm cells survived 350- and 450-fold greater than planktonic cells at 3000 and
4000 pM PNP, respectively. Monitoring PNP degradation in the buffer system, revealed
that the P. putida planktonic cells degraded 1500 pM PNP completely, degraded 2600
pM PNP by 50% and 3000 pM PNP by 40% and did not degrade 4000 pM PNP within
18 days. The biofilm cells in the buffer eompletely degraded 1500 and 2600 pM PNP,

degraded 3000 pM PNP by 55%, and did not degrade 4000 pM PNP, in 18 days. In the
river water system, the P. putida planktonic cells did not degrade any PNP. B y contrast,
the P. putida biofilm cells in the river water were found to completely degrade 1500 pM
PNP in 9 days. It was observed that high concentrations o f PNP inflicted injury to cells
located on the surface o f biofilms while cells in the interior o f biofilms remained viable.
The P. putida biofilms were able to survive in and degrade PNP better than planktonic
cells, and these findings indicate potential improvement o f bioremediation using biofilm
cells.
The expression o f the stationary phase sigma factor gene {rpoS) and biofilm
formation are important bacterial stress-survival strategies. To further explore the
relationship between these two factors, the survival and competitiveness o f the PNPdegrading P. putida strain as well as its rpoS' mutant were examined in both planktonic
and biofilm phases. To distinguish wild-type (WT) and knock-out (KO) strains in mixed
samples, they were labeled with a red fluorescent protein-gentamycin resistant and a
green fluorescent protein-gentamycin resistant gene cassette via a Tn7 transposon system,
respectively. In single cultures, the K O -g^ biofilm featured a greater than 4-fold
increase in biovolume than the W T -r^. However, mixed biofilm biovolume revealed
that K O -g^ was reduced by 75.6% compared to the single culture K O -g^ biofilm
biovolume, suggesting that the W T-rfp suppressed KO -gfp biofilm formation.
Competitiveness studies showed that carbon-starved planktonic W T-rfp single cultures
achieved a 3.5-fold greater survival rate in 0.85% saline than their KO -gfp counterparts,
and out-competed them by more than 13-fold in mixed culture samples. Conversely,
there were no significant survival differences between the KO -gfp and W T-rfp strains in

biofilm samples. Finally, differences in cellular cohesiveness were evident, after 60 min
washing with 0.2% SDS resulted in 32 and 89% cells detached from the KO and WT
samples, respectively. These results indicate that although the KO produced more
biofilm than the WT, it may in fact not confer an advantage in survival because the KO
biofilm has a lower percentage o f surviving cells and cannot readily detach to colonize
new habitats. Overall, these findings provide new perspectives towards a more complete
understanding o f the role o f rpoS in biofilm formation.
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Chapter 1: Literature Review
1.0. Pseudomonas putida
Pseudomonas putida is a Gram negative, rod-shaped bacterium. It is characterized
as non-spore forming and motile with one or more polar flagellum (or flagella). It is
known to be capable o f forming a biofilm. P. putida also undergoes aerobic metabolism
and has the capability o f growing on several different organic substrates (Holt et al.,
1994). In doing so, it has been observed that P. putida strains can degrade a wide variety
o f organic pollutants such as toluene, phenol and organomercurial products (Horn e t al.,
1994; Annadurai et a l , 2002; Dinkla and Janssen, 2003).
P. pu tida can also be found ubiquitously within the environment and is nonpathogenic to humans. Thus, it has been proposed as a safe and useful bioremediation
agent (Raghavan and Vivekenandan, 1999). It is currently being used to bioremediate
soil, because a P. putida rhizobacterial strain demonstrated increased metal-binding for
cadium in plant roots. It has been suggested that if this heavy-metal binding P. putida
also possessed organic-degradation capabilities, it could be used to remediate mixed
organic-heavy metal polluted soils (Wu et a l, 2006). Due to its broad degradation
capabilities and environmentally-friendly nature, P. putida has a potential to be
developed into an effective bioremediation agent.

1.1./7-Nitrophenol (PNP)
Organic pollutants such as nitrophenols, benzoate, naphthalene-sulfonic acids and
steroids are found worldwide as soil and aquatic environmental contaminants, which are
often anthropogenically-derived by-products (Tremp et a l , 1993; Cinar and Grady,
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2001). p-Nitrophenol (PNP) is one such organic pollutant. It is a toxic and possibly
mutagenic by-product found in agricultural soils, industrial waste sites and rainwater
runoff. PNP can contaminate aquatic environments such as rivers, lakes and streams and
groundwater. The U.S. EPA considers p-nitrophenol and other nitrophenolic compounds
to be major pollutants because they can be found in a wide variety o f environments (US
Environmental Protection Agency, 1976).
PNP can be found in agricultural soils because it is a hydrolytic product of
parathion, a chemical which is often used in pesticides (Munnecke and Hsieh, 1976).
PNP is also a precursor to pharmaceuticals such as acetaminophen and 4-aminosalicylic
acid and is often found in industrial waste sites world-wide (Boehncke e t al., 2000). It is
also able to contaminate rainwater because it can be found in diesel fuel and gasoline
exhaust (Tremp et al., 1993). Many derivatives found in diesel exhaust have been
studied to investigate their toxicity and in doing so PNP has been found to have
vasodilatory activity in mice (Kamata et al., 2004). It was also shown in-vitro that PNP
has estrogenic and anti-androgenic activities according to a recombinant yeast screening
assay (Taneda et al., 2004). Most recently, Li et al. (2006) demonstrated, using mice, the
toxicity o f PNP, where it was shown to have estrogenic and anti-androgenic activities invivo.
Some organic pollutants and organic solvents are known to be toxic to
microorganisms. They have been found to segregate in the membrane o f cells, making
them more fluid and permeable (Heipieper et al., 1991; Heipieper and de Bont, 1994).
Despite this toxicity, some microorganisms are able to adapt to high concentrations o f
such pollutants and ultimately metabolize them.
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The oxidative release o f nitrite from p-nitrophenol in a soil pseudomonad was
first identified by Simpson and Evans (1953). Since this time, several bacteria species
have been isolated and identified as degraders o f PNP. These include such species as:
Nocardia (Hanne et a i , 1993), Arthrobacter (Bhushan et a i , 2000; Jain et a i , 1994),
Sphingomonas (Leung et a i , 1997), Flavobacterium (Raymond and Alexander, 1971),
Burkholderia (Bhushan et a i , 2000; Prakash et a i , 1996), Bacillus (Kadiyala et a i,
1998), Pseudomonas (Munnecke and Hsieh, 1976), Ralstonia (Bhushan et a i , 2000) and
M oraxella (Spain and Gibson, 1991).
The PNP degradation pathway o f the M oraxella sp. strain (re-classified as
Pseudomonas putida by Talion and Leung (2005)) isolated from a sludge sample by
Spain and Gibson (1991) is shown in Figure 1. Initially, the nitro group is removed from
PNP by a PNP-monoxygenase which results in the formation o f p-benzoquinone. The pbenzoquinone is then converted to hydroquinone as an intermediate before ring cleavage
and complete degradation o f PNP (Spain and Gibson, 1991).

NO 2

OH

NO 2
‘

O

O2

COO^

HO

O

4-nitrophenol
m o n o o x y g en a se

Benzequinone
Reductase

COO^

O
Hydroquinone
Dioxygenase

COO^
COO-

O
Hydroxymuconic
Semialdehyde
Dehydrogenase

OH
Maleylactate
Reductase

TOA
Cycle

Figure 1. Proposed pathway o f PNP degradation by Moraxella sp. (Spain and Gibson, 1991).
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The genes responsible for the biodégradation o f PNP have been shown to be
carried on a plasmid in several species, such as P. putida, P. cepacia and Arthrobacter
protophorm iae (Chauhan et a i , 2000; Kulkarni and Chaudhari, 2006; Prakash et a i ,
1996). Recently, it has been found that the rate o f PNP degradation in P. putida increases
with alkalinity, completely degrading 300 ppm in 16.5 hours (Kulkarni and Chaudhari,
2006). Increasing PNP-degradation rate is important for rapid bioremediation o f PNP
pollution in the environment. Other studies have shown that a M oraxella strain can be
genetically modified to degrade p-nitrophenol and some organophosphorus pesticides at
the same time, which proves also to be valuable for bioremediation (Lei et al., 2005;
Shimazu et a i , 2001).

1.2. Toxicity and Tolerance of Organic Pollutants
Some bacteria naturally possess the ability to degrade toxic organic pollutants.
However, high pollutant concentrations can cause physiological changes and detrimental
effects on bacterial cells. Recent studies have examined the effects o f various toxic
organic compounds on planktonic cells. Organic contaminants such as solvents have
been found to affect membrane fluidity and permeability of P. putida and Escherichia
coli because the organic pollutants partition preferentially into their cell membranes.
This causes a collapse in the potassium gradient o f bacterial cells, which has been
evaluated by quantification o f cellular potassium content (Heipieper et a i , 1991). It has
been shown in E. coli that the addition o f glucose helps restore the potassium gradient in
the presence o f sub-bactericidal concentrations o f phenol. At bacteriostatic and
bactericidal levels o f phenol, small cellular metabolites have been shown to be lost from
cells. One such metabolite is ATP (Heipieper et a i , 1991; Heipieper and de Bont, 1994).

13

Furthermore, because several organic pollutants have been found to disrupt the lipid
bilayer, it is the concentration of the pollutant that is lethal to a cell and not the actual
structure o f the organic compound itself. The toxicity o f a compound has been found to
correlate directly with the logarithm of its partitioning coefficient (Isken and de Bont,
1998). Thus the toxicity o f organic compounds to microorganisms can thus be easily
determined.
Additionally, mechanisms for bacterial tolerance to toxic organic compounds
have also been examined. Inoue and Horikoshi (1989) were the first to identify a P.
putida strain that could actively grow in 50% (v/v) toluene. Since this discovery, studies
have focused on investigating how microorganisms tolerate such organic pollutants.
In a pollutant-degrading P. putida strain, it has been observed that there is a
reduction in cell size if grown in the presence o f phenol and chlorophenols. Also noted
was a change in shape from rod to spherical cells. These observations were correlated
with an overall drop in dry weight but an increase in cell number. Cells growing in
glucose and 500 ppm phenol had a 0.788 g/L change in dry weight after complete
degradation (Fakhruddin and Quilty, 2006). Qualitative changes in the cell membrane,
such as a notable reduction in cell shape and size, are thought to be an important strategy
for pollutant-degrading microorganisms to tolerate high concentrations o f organic
pollutants (Sardessai and Bhosle, 2002).
In addition to such visible changes in cell structure, there are several less visible
adaptations Gram negative bacteria undergo in response to toxic organic pollutants. The
first is a change in the unsaturated fatty acids o f the lipid bilayer. This has been readily
observed in P. putida, where several studies have shown that there is a change from cis-
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to trans- unsaturated fatty acids with modifications in the lipopolysaccharides. The
increased isomerization from cis- to trans- unsaturated fatty acids allows the cell
membrane to become more rigid and thus less fluid (Holtwick e t a i , 1997; Junker and
Ramos, 1999; Pinkart et a i , 1996; Weber et a i , 1994).
Another mechanism that has also been observed frequently in Pseudomonas sp. is
the activation o f efflux pumps in response to various concentrations o f toxic organic
pollutants. One example is the multi-drug efflux pumps o f P. aeruginosa, which are
known to be involved in intrinsic and acquired multiple antibiotic resistance o f this
species. Li et al. (1998) generated various efflux pump mutants in P. aeruginosa. After
exposure to n-hexane and p-xylene, they determined that the expression o f the M exABOprM efflux pump could be correlated directly with increased tolerance to these organic
pollutants. Efflux pumps have also been identified in P. putida, which have been found
to remove toxic organic compounds from the cell membrane, and contribute to its high
tolerance o f organic compounds (Kieboom et a i , 1998; Ramos e t a i , 1998).
Other cellular mechanisms contributing to the toxic organic compound-tolerance
o f bacteria include the observed decrease in cell surface hydrophobicity, as well as
changes in proportions or chemical composition o f lipids and proteins (Kobayashi et a i ,
1999; Ramos et a i , 1997). In E. coli, the alkylhydroperoxide reductase operon ahpCF
was found to be involved in tolerance to tetralin and cyclohexane. The expression o f
these genes allowed for E. coli to possess decreased cell surface hydrophobicity (Ferrante
et a l , 1995). At this time, several genes or proteins, such as the TonB system and flip o f
Pseudomonas putida DOT-TIF, have been identified as being involved in the tolerance
to organic solvents in a wide variety o f species (Goday et a i , 2001; Segura et a i , 2001).
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Such genes have been characterized as being involved in the wide variety o f tolerance
mechanisms previously mentioned.

1.3. Biofîlms
1.3.1. Biofilm physiology
In many natural environments, microorganisms are often found living in the form
o f complex multicellular biofilm structures adhering to surfaces. The advantage o f
biofilm formation is that it stabilizes the metabolism o f resident bacteria living in
continuously changing environments (Hall-Stoodley and Stoodley, 2005). Studies have
shown that biofilms have significant relevance to medical, industrial and environmental
settings because o f increased survival o f bacteria within biofilms when treated with such
compounds as antimicrobials and antibiotics (Brown and Gilbert, 1993; Mah and
O'Toole, 2001; Stewart and Costerton, 2001). In one study, bacteria isolated from
multiple catheters showed that regardless o f the bacterial species, once bacteria
developed a biofilm structure, the minimal antibiotic dose to exterminate biofilm cells
was l(X)-fold higher than the highest patient dose possible (Bartoszewicz et a l , 2007).
As a result bacterial biofilm s are a concern due to their increased resistance to antibiotics
and antimicrobials and, more studies have been initiated to understand the physiology
and genetic regulations o f biofilm bacteria (Brown and Gilbert, 1993; Mah and O ’Toole,
2001; Stewart and Costerton, 2001).

There are several factors thought to contribute to the increased survival o f biofilm
cells and, in particular, their increased resistance to antimicrobials. The four major
hypotheses for the increased resistance o f biofilm cells to antibiotics and antimicrobials
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include physiological heterogeneity within the biofilm community, expression of
adaptive stress responses, poor penetration o f the biocides through the biofilm, and the
presence o f persister cells or high variance in the phenotypes o f some cells (Brown et a i ,
1988; Davies, 2003; Lewis, 2001; Stewart, 2002).

Nutrient limitation and substrate utilization are two factors that affect the
physiology o f biofilm cells. The depletion of substrates produces regions o f inactive
growth in the interior o f the biofilm; these areas are termed physiological heterogeneity.
Nutrient limitation causes these cells to be stressed and therefore much hardier than
active growing cells. Physiological heterogeneity was examined in a study done on a
toluene-degrading P. putida', a g^-reporter gene was used to monitor cellular growth
activity o f P. putida biofilm cells when grown in benzyl alcohol-supplemented media.
The rRNA levels were monitored and different levels o f growth activity were observed
within the biofilms over time (Sternberg et a l , 1999). Similar results were seen with the
use o f acridine orange, a nucleic acid stain. Biofilm cells stained green or red depending
on the levels o f D N A and RNA, respectively, within a cell. This allowed for
visualization and quantification of variations in growth rate within K lebsiella pneumoniae
biofilms (Wentland e t a i , 1996).

Oxygen limitation increases biofilm survival through the expression o f adaptive
stress responses. Borriello et a l (2004) noted that 48 h biofilms o f Pseudomonas
aeruginosa were 210 pm thick, and much more resistant to tobramycin, ciprofloxacin,
carbenicillin, ceftazidime, chloramphenicol, and tetracycline exposure for 12 h. Upon
analysis o f oxygen penetration, it was observed that oxygen only penetrated 50 pm into
the biofilm and protein synthesis occurred at a narrow (30 pm) band located at the air-
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interface o f the biofilms. This suggests that most o f the cells in these 48 h-old biofilms
are in an oxygen-depleted stationary phase state (Borriello eî a i , 2004). Because the
cells are in a stationary phase state, this means that several stress resistance genes are
turned on allowing these bacteria to be more resistant to toxic compounds and this has
been noted in a range o f bacteria species (Walters et a i , 2003; Xu et a i , 1998).
An explanation o f the antibiotic/antimicrobial resistance o f biofilm cells is
thought to be low penetration o f the biocides. It has been suggested that antimicrobials
cannot reach all o f the cells within the biofilm, thereby allowing a large number o f cells
to survive within the biofilm. However, this has proven not to be the case in some
studies. In both Staphylococcus epiderm idis and P. aeruginosa, the antibiotics rifampin
and ciprofloxacin, and tobramycin, respectively, were found to penetrate the biofilms
completely without killing all o f the bacteria (Walters et al., 2003; Zheng and Stewart,

2002).

In addition. Rani et al. (2005) used fluorescent tracers to determine the rate o f
diffusion o f molecules equivalent in size to average antibiotics and biocides. In doing so,
they revealed that Rhodamine B and fluoroscein had diffusion rates through cell clusters
(200 - 600 pm thick) o f 3.7 x 10“^and 1.6 x 10“^ cm^ s ' \ respectively. These studies
suggested that slow penetration does not play a role in biofilm survival to such toxic
compounds as antibiotics and biocides.
The resilience o f biofilms may also be caused by the development o f persister
cells. This is a hypothesis that within biofilms, a sub-population may transform into a
unique phenotype that allows them to become more resistant (Mah and O'Toole, 2001;
Stewart, 2000). The reason for such a hypothesis comes from the fact that several studies
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have shown a rapid killing o f most biofilm cells by various antibiotics, however, there
remains a sub-population o f cells within the biofilm that exhibit stationary phase
characteristics and are found to be viable. This has even heen observed in considerably
thinner biofilms, suggesting that persister cells are developed throughout the growth o f
biofilms (Anderl et a i, 2003; Brooun et a i , 2000; Goto et a i, 1999).

1.3.2. Biofîlm development
It has been determined that the formation o f a bacterial biofilm follow s a series o f
developmental stages, including attachment, formation o f microcolonies, proliferation
and production o f exopolymeric substances (EPS), maturation o f the biofilm and finally
detachment or dispersal o f bacterial cells from the biofilm structure (Dalton and March,
1998; Stoodley et a i, 2000).
The formation bacterial biofilms begins with the interaction o f planktonic cells
with a surface. P. aeruginosa PA 14 mutants defective in surface attachment have lent
insights into the genes involved biofilm initiation. It has been found that the flg K affects
cell-surface interaction suggesting that flagella and motility are required to make initial
contact with a surface. In addition, the type IV pili were shown to be required for the
formation o f microcolonies on an abiotic surface via twitching motility (O'Toole and
Kolter, 1998a). Similarly, both flagella and pili have also been shown to be involved in
substrate contact and attachment o f Pseudomonas fluorescens (O'Toole and Kolter,
1998b). In P. aeruginosa, the pel genes, which are known to encode proteins involved in
polysaccharide production, also play a role in the early attachment o f biofilm cells
(Vasseur et a i , 2005).
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After the attachment and formation o f microcolonies, proliferation and the
production o f exopolysaccharide (EPS) occur. Quorum-sensing (QS) is referred to as
cell-to-cell communication and is responsible for the initiation o f proliferation of
bacterial microcolonies to mature biofilms (Fuqua et a i , 1994; S almond et a i , 1995).
Passador et al. (1993) identified two acy 1-homoserine lactone (AHL) quorum-sensing
signal systems in P. aeruginosa, the LasR-LasI and RhlR-Rhll regulatory circuits. The
LasR-LasI and RhlR-Rhll global gene regulators were found to be responsible for the
production o f and response to A-(3-oxododecanoyl)-AHL and A-butryl-AHL,
respectively. Using a halogenated furanone, Hentzer et al. (2002) prohibited the
production o f AHL signals in P. aeruginosa causing the shutdown o f QS and suppressing
biofilm formation. It has also been shown that P. aeruginosa la si mutants were deficient
in AHL production compared to the wild-type (Davies et a i, 1998).
Coinciding with the proliferation o f biofilms, is the production o f extracellular
polymeric substances (EPS), which are important to biofilm structure, growth and
bacterial adhesion to substrata (Rickard et a i , 2003). EPS is composed o f a com plex
mixture o f polysaccharides, nucleic acids and/or proteins (Flemming et al., 2000;
Sutherland, 2001). However, the function and composition o f the EPS varies depending
on the microbial species (Sutherland, 2001). In P. aeruginosa, the production o f EPS has
been well studied. It is known to contribute to the mushroom-mound structure o f mature
P. aeruginosa biofilms (Hentzer et a i, 2002). In addition, EPS is thought to play a role
in protecting biofilm cells from the environment. EPS has been shown to shelter biofilm
cells from a variety o f environmental stresses including changes in pH, osmotic shock.
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diffusion o f toxic compounds such as antimicrobials; desiccation, and UV radiation
(Flemming, 1993; Ophir and Gutnick, 1994; Gilbert et a l , 1997; Elasir and Miller, 1999).
To date, most biofilm studies have focussed on the attachment stage and quorum
sensing mechanism. Consequently, little is known about the detachment mechanism o f
biofilm bacteria. Detachment is one o f the crucial steps o f biofilm development, enabling
bacteria to colonize new surfaces as nutrients are exhausted by a mature biofilm (A llison
and Sutherland, 1984; Bester et a i, 2005; Gjermansen et a i , 2005). In support o f this
hypothesis. Hunt et al. (2004) showed that nutrient starvation contributes to cell
detachment in biofilms using computer modeling. However, a study with P. aeruginosa
has shown that an increase in nutrients may contribute to biofilm dispersal (Sauer et al.,
2004). Bester et al. (2005) also demonstrated that detachment occurs in continuously
nutrient-fed high-density Pseudomonas biofilms. This infers that detachment occurs
throughout the growth o f biofilms and can take place when nutrients are present.
Currently, several proteins have been identified as being involved in biofilm
dispersal in different Pseudomonas species. Many o f these proteins have been linked
with environmental signals and cellular levels o f cyclic-di-GMP (c-di-GMP). In P.
aeruginosa, a transducer protein BdlA (biofilm dispersion locus), has been linked with
environmental-que-induced biofilm cell dispersion (Morgan et a i , 2006). W hile another
study in P. putida has shown the genes PP0164 and PP0165 are involved in biofilm
dispersal. The PP0165 protein is linked to c-di-GMP signaling and the PP0164 protein
acts as a transducer o f the signal (Gjermansen et a i , 2005). These studies provide
environmental evidence that changes can contribute to a biofilm ’s ability to disperse.
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Further examination into biofilm detachment has allowed researchers to find that
biofilm dispersal may not only depend on environmental ques but can also be influenced
by signal molecules that are produced by cells within the biofilm. Baurrad and
colleagues (2006) were the first to link nitric oxide (NO) to the dispersal o f P. aeruginosa
biofilms. Nitric oxide has been identified as a product o f anaerobic metabolism; and
although toxic at high levels, low levels have been shown to disperse P. aeruginosa
biofilms. This suggests that toxic metabolites produced in mature biofilms may act as
dispersal signals in low doses.
As well, Morgan et al. (2006) were able to show that the biofilm dispersal in
Shewanella oneidensis could be controlled by intercellular concentrations o f cyclic-diGMP. This was an important study because they were able to bypass the previously
identified environmental que o f molecular oxygen depletion for biofilm dispersal
(Thormann et a i , 2006). This means they were able to show that without the influence o f
depletion o f nutrients, biofilms o f Shewanella oneidensis could still disperse because o f
the production o f intercellular signal m olecules such as cyclic-di-GMP.
Lastly, surfactant production in bacteria has also been linked to biofilm dispersal.
Davey et al. (2003) demonstrated that the production of the rhamnolipid surfactants in
wild-type P. aeruginosa results in channels clear o f cells around macrocolonies.
Whereas, mutant P. aeruginosa cells incapable o f the production o f rhamnolipids, were
unable to keep open channels around macrocolonies therefore had thicker more
continuous biofilms (Davey e t a i , 2003).
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With all this said, there is still much to learn about the control o f biofilm dispersal
mechanisms. Detachment o f biofilms is a complex process which is suggested to be
dependent on several factors and does seem to vary between different microbial species.

1.4. The Role of RpoS in Planktonic Cells
The stationary phase sigma factor (RpoS) in E. coli, coded for by the rpoS gene, is
known to be the central regulator for the expression o f more than 50 genes for cells in
stationary phase (Hengge-Aronis, 2002a, b; Kolter e t a i , 1993). The rpoS gene was first
identified and described by Lange and Hennge-Aronis (1991). They studied the
physiological and morphological changes o f E. coli in stationary phase induced by carbon
starvation. They found that rpoS could prolong survival o f the bacteria during Cstarvation stress.
Transcription initiation sites for the promoters o f P. aeruginosa and P. putida
have been identified at 366 and 373 bp, respectively, upstream from the translation start.
Both strains have promoter sequences typical for

at -10 and -35 bp. It has been

shown that the rpoS promoters o f P. putida and P. aeruginosa are functionally very
similar (Fujita et a l , 1994; Kojic and Venturi, 2001; Kojic et a l , 2002). However, the
rpoS promoter o f P. putida and P. aeruginosa are not functional in E. coli (Kojic and
Venturi, 2001). This suggests that rpoS between different genera can be quite different.
However, regulation o f the rpoS remains very similar between species o f the same genus.
In P. aeruginosa, RpoS levels are known to increase upon entering stationary
phase. Studies o f the mRNAs revealed that an array o f mRNAs was highly induced
during stationary phase. Fujita et a l (1994) observed a 5-fold increase in RpoS mRNA
in the P. aeruginosa cells when the bacterial culture entered stationary phase.
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For planktonic cells such as a PNP-degrading P. putida strain (formerly identified
as Moraxella sp.), it has been shown that carbon starvation w ill trigger an increase in
cellular resistance to oxidation, high temperature shock, osmotic stresses and many other
environmental stresses. The carbon-starved cells were about 2 log more resistant to
osmotic (2.7 M NaCl) and high temperature (43.5°C) stresses in comparison to non
starved log phase P. putida cells (Moore et a i , 2005).
Specifically knocking out rpoS has been shown to affect the stress response as
well as the expression o f virulence factors in P. aeruginosa. Notably, it was found that
the rpoS~ mutant produced 50% less exotoxin A than the wild-type. As well, incubation
o f the mutant and parent strains at 50°C for 8 mins revealed that the wild-type could
survive 50-times greater than the rpoK mutant (Suh e t a i , 1999).
The stress response has also been recently investigated in Pseudomonas
fluorescens Pf-5, by the creation o f an rpoK mutant from the wild-type. Cells starved in
aerated PBS for a period of a month, showed that the wild-type P. fluorescens would
decrease only 0.5 logs in cell density, in comparison to a 1-1.5 log decrease for the rpoK
mutant. Similarly, they were able to show that rpoS allowed for a survival advantage
when exposed to UV irradiation, low temperature stress and desiccation (Stockwell and
Loper, 2005). Ramos-Gonzalez and M olin (1998) knocked out the rpoS o f a
Pseudomonas putida strain and also showed that the rpoS' mutant was more susceptible
to 18% v/v ethanol, 200 pM H 2 O2 and 2.4 M NaCl.
Although much is known about the role o f rpoS for the survival o f planktonic
cells, information related to the functions o f rpoS on biofilm cells is limited.

24

1.5. Biofilms and RpoS
RpoS has been extensively studied and characterized in planktonic/free-living
bacteria cells. However, little is known about the role and regulation o f RpoS in biofilms
and thus remains the subject o f some controversy.
Recently, some studies have shown that rpoS plays a role in biofilms. They
describe qualitative differences in the biofilm growth o f wild-type bacteria versus their
rpoS knockout strains. One particular study done on an Escherichia coli strain, has
shown that without the rpoS gene there is a considerable decrease in biofilm growth
compared to the wild-type. Grown on glass coverslips and measured in CPU per square
centimeter, the rpoS knockout was reduced by 50% (P < 0.05) compared to the wild-type
(Adams and McLean, 1999). Supporting this study, it has also been shown in E. coli that
rpoS mutant strains are incapable o f attaching to surfaces. Both o f these studies suggest
that there is a relationship between RpoS and biofilm formation in E. coli (PrigentCombaret et a l , 2001; Schembri et a l , 2003).
However, contrary to the findings o f Adams and McLean (1999), CoronaIzquierdo and Membrillo-Hernandez (2002) observed an increase in biofilm formation
for their E. coli K12 rpoS' mutant strain. After 48 h o f growth the rpoS' mutant strain
formed 3-5-fold greater biofilm than the wild-type. They also suggested that the rpoS
mutant strain was secreting an extracellular factor that caused a similar increase in
biofilm production to the wild-type strain; however the extracellular factor was not
identified.
Also, an rpoS' knockout mutant was produced from a P. aeruginosa strain by
Heydorn et a l (2002). They found that the rpoS' P. aeruginosa mutant produced notably
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thicker biofilm s in comparison to the wild-type. As well, in a PNP-degrading P. putida
strain (formerly classified as M oraxella sp.), it was found that the rpoS' mutant strain
produced thicker biofilms than the wild-type when grown on metal coupons
(Nandakumar et a i , 2006).
All o f these observations, whether an rpoS knockout strain produces more or less
biofilm than the parent strain, show that there is a relationship between RpoS and biofilm
formation. These observations indicate the need for further investigation into the role o f
rpoS in relation to biofilm growth.
It is first important to note, how biofilm growth is regulated. Initiation and
proliferation o f biofilm cells requires cell-cell communication, referred to as quorumsensing. This allows bacteria to live within a community to regulate growth, structure
and architecture. It also allows communities o f cells to regulate physiological processes
such as bioluminescence, competence development, conjugal plasmid transfer and
antibiotic or metabolite synthesis (Fuqua et a i , 1994; Salmond et a i , 1995; Losick and
Kaiser, 1997; Davies et al., 1998).
Two acyl-homoserine lactone (acyl-HSL) quorum-sensing signal systems have
been identified in P. aeruginosa (Passador et a i , 1993). These two systems are the
LasR-LasI and RhlR-Rhll autoinducer-dependent regulatory circuits, referred to as global
gene regulators. These two systems are responsible for the production o f and response to
A-(3-oxododecanoyl)-AHL and A-butryl-AHL, respectively. There has been a lot of
work done identifying these global regulatory systems in other Gram negative bacteria
such as the homologous LuxI and LuxR systems found in a P. putida rhizobacterium
(Haas and Keel, 2003).
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To date, studies have clearly shown that rpoS and quorum-sensing are linked,
providing evidence for the hypothesis that rpoS is in fact involved in biofilm formation.
Originally, it was thought in P. aeruginosa, that expression o f the rpoS was regulated by
the LasR/I and Rhll quorum-sensing systems (Latifi et a l , 1996). However, more
recently it has been discovered that rpoS negatively regulates the expression o f rhll, in P.
aeruginosa (Schuster et a l , 2004).
Explicitly, this was first described by Whitley et a l (2(XX)) in P. aeruginosa that
rpoS down-regulated rhll expression. Similarly, RpoS and N-acyl homoserine lactone
(AHL)-dependent quorum sensing have been found to regulate each other in a
rhizosphere P. putida WCS358 (Bertani and Venturi, 2004). In P. aeruginosa, it has
been established that the two signal systems (AHL and RpoS) regulate virulence factors
and biofilm formation (Schuster et a l , 2003; Smith and Iglewski, 2003).
Finally, rpoS has been shown to be linked to biofilm detachment. Nielsen et a l
(2006) observed in an rpoS' knock-out Vibrio cholerae mutant, a decreased ratio o f fluid:
mucus membrane cells. This suggests that the rpoS' mutant biofilms will retain more
cells attached to the mucosal epithelium, thus preventing the spread Vibrio cholerae. In
support o f these findings, Müller et a l (2007) found that the biofilm o f an rpoS' mutant
strain o f Vibrio cholerae retained nearly 100% o f its biomass in the biofilm. Both of
these studies show a clear relationship between rpoS and biofilm detachment which is
important for biofilm survival.
The stationary phase sigma factor (RpoS) appears to play a significant role in both
the growth and survival o f biofilm cells. However, this role has not been w ell defined.

27

1.6. Thesis Objectives
To date, biofilms are rigorously studied because biofilms can have relevance to
medical, industrial and environmental applications. With regard to the PNP-degrading
Pseudomonas putida strain, information related to biofilm formation and rpoS functions
o f the bacteria is crucial for enhancing the effectiveness o f using this bacterial strain as a
bioremediation agent.
The first objective o f this study is to determine the survival and PNP-degradative
abilities o f biofilm versus planktonic PNP-degrading Pseudomonas putida strain, in both
a buffer and river water system. Second, the toxic effect of PNP on P. putida biofilm
cells is examined using propidium iodide viability staining procedure. Third, the pnitrophenol-degrading Pseudomonas putida strain and its rp o S mutant are used to
examine the role o f rpoS in biofilm development, specifically their competitiveness in
both the planktonic and biofilm phases. Fourth, the biofilm cohesiveness o f both the P.
putida wild-type and the rpoS' mutant are also compared.
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Chapter 2: The Survival and p-Nitrophenol Degradation of Planktonic
and Biofîlm Pseudomonas putida Cells

Abstract
Pseudomonas putida is a Gram negative bacterium that can be found naturally in
the environment as planktonic free-living cells, or in concert with other bacterial species
in biofilms. In this study, the P. pu tida strain has the unique ability to degrade pnitrophenol (PNP), a moderately toxic organic pollutant found world-wide. Both the
survivability and PNP degradative abilities o f planktonic and biofilm P. putida cells were
compared in buffer and river water samples containing varying concentrations o f PNP.
The P. putida biofilm cells showed higher survival rate in both the buffer and river water
samples compared to the planktonic P. putida cells. In the buffer experiment, P. putida
planktonic cell density decreased from 8.25 to 5.7 and 5.0 log (CFU/mL) after 17 days
treatment with 3000 and 4000 pM PNP. However, P. putida biofilm cells in the buffer
system had a decrease in cell density from 10.2 to 8.7 and 9.0 log (CFU/g glass wool)
after 17 days treatment with 3000 and 4000 pM PNP, respectively. The survival fraction
revealed that biofilm cells had a

1 0 0 -fold

greater survival compared to planktonic cells at

3000 pM and 4000 pM PNP by day 17. In the river water system at 3000 and 4000 pM
PNP, the planktonic cell density decreased from 9.4 to 3.0 log (MPN/mL) and biofilm
cell density decreased from 10.3 to 9.5 and 10 log (MPN/g glass wool), respectively, after
17 days treatment. Survival fractions o f the bacteria in the river water system revealed
that biofilm cells survived 350- and 450-fold greater than planktonic cells at 3000 and
4000 pM PNP, respectively. Monitoring PNP degradation in the buffer system, revealed
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that the P. putida planktonic cells could degraded 1500 pM PNP completely, degraded
2600 pM PNP by 50% and 3000 pM PNP by 40% and did not degrade 4000 pM PNP
within 18 days. The biofilm cells in the buffer completely degraded 1500 and 2600 pM
PNP, degraded 3000 pM PNP by 55%, and did not degrade 4000 pM PNP, in 18 days.
In the river water system, the P. putida planktonic cells did not degrade any PNP. B y
contrast, the P. putida biofilm cells in the river water were found to completely degrade
1500 pM PNP in 9 days. It was observed that high concentrations o f PNP inflicted injury
to cells located on the surface o f biofilm s while cells in the interior o f biofilms remained
viable. The P. putida biofilms were able to survive in and degrade PNP better than
planktonic cells, and these findings indicate potential improvement o f bioremediation
using biofilm cells.

2.1. Introduction
Organic pollutants such as nitrophenols, benzoate, naphthalene-sulfonic acids and
steroids are found worldwide as soil and water contaminants and they are often
anthropogenically-derived by-products (Madyastha and Shanker, 1994; Sterjiades and
Piémont, 1989; Wittich e t a l , 1988). p-Nitrophenol (PNP) is toxic, and possibly a
mutagen. Originating in agricultural soils, industrial waste sites and rainwater runoff,
PNP can eventually contaminate aquatic environments such as rivers, lakes and streams
(Tremp et a l , 1993). The USEPA considers p-nitrophenol and other nitrophenolic
compounds to be major pollutants because they are widely distributed (US
Environmental Protection Agency, 1976).
PNP is found in agricultural soils because it is a hydrolytic product o f parathion, a
chemical which is often used in pesticides (Munnecke and Hsieh, 1976). PNP is also a
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precursor to pharmaceuticals such as acetaminophen and 4-am inosalicylic acid and is
often found in industrial waste sites (Boehncke et a i , 2000). It is also able to
contaminate rainwater because it can be found in diesel fuel and gasoline exhaust (Tremp
et a i , 1993). Further study of the toxic effects o f PNP from diesel exhaust, have been
examined and it was determined to be a vasodilatory and to have estrogenic and antiandrogenic activities on mice (Kamata et a i , 2004; Li et al., 2006).
Many phenolic pollutants, such as PNP, are known to be toxic to
microorganisms and have been found to segregate in the membrane making it more fluid
and permeable. However, some microorganisms are able to adapt to high concentrations
o f such organic compounds and ultimately metabolize them (Heipieper et a i , 1991;
Heipieper and DeBont, 1994). In 1953, oxidative release o f nitrate fromp-nitrophenol in
a soil pseudomonad was first identified by Simpson and Evans. Since then, several
bacterial species have been isolated and identified as degraders o f PNP. These include
Nocardia (Hanne et a l , 1993), A rthrobacter (Bhushan et a l , 2000; Jain et a l , 1994),
Sphingomonas (Leung et a l , 1997), Flavobacterium (Raymond and Alexander, 1971),
Burkholderia (Bhushan et a l, 2000; Prakash et a l, 1996), Bacillus (Kadiyala et a l ,
1998), Pseudomonas (Munnecke and Hsieh, 1976), Ralstonia (Bhushan et a l , 2000) and
Momzg/Za (Spain and Gibson, 1991).
Recently, biofilm research has received more attention in both environmental and
medical science because most microorganisms exist commonly in a sessile state in the
environment (Costerton, 1987). Studies have also shown that biofilms have significant
relevance to medical, industrial and environmental settings because o f their increased
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survival or tolerance to antimicrobials and antibiotics (Brown and Gilbert, 1993; Mah and
O'Toole, 2001; Stewart and Costerton, 2001).
Several factors are thought to contribute to the increased survival o f biofilm cells.
The four major hypotheses for the increased resistance o f biofilm cells to antibiotics and
antimicrobials include poor penetration o f biocides through the biofilm, expression o f
adaptive stress responses, physiological heterogeneity within the biofilm community, and
the presence o f persister cells or high variance in the pheonotypes o f some cells (Brown
et al., 1988; Davies et al., 2003; Lewis et al., 2001; Stewart et al., 2002).
Pseudomonas putida is a Gram negative, rod shaped, soil bacterium. The strain
used in this study has the unique ability to degrade p-nitrophenol (Spain and Gibson,
1991) and can be a potential bioremediation agent. P. putida is also capable o f producing
biofilms in concert with other bacterial species in river water, but may also be found in
river water environments occurring in planktonic form. In a river water environment,
there is a limitation o f nutrients, competition from other microbial species and cells must
adapt to a constantly changing environment as temperatures, pH, and osmolarity fluctuate
(Van Veen et a l , 1997). Little known about how the concentration o f pollutants may
affect the bacteria’s ability to degrade them. B y comparing the survivability and PNPdegradative abilities o f these two forms, at various PNP concentrations, one may be able
to maximize the efficiency with which P. putida can degrade PNP.
Here, the survival and PNP-degradation o f planktonic and biofilm phase o f a P.
putida strain are compared in both buffer and river water settings. Also, the toxic effect
o f PNP on P. putida biofilm cells is examined using propidium iodide viability staining
procedure.
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2.2. Materials and Methods

2.2.1. Bacterial strain
The P. putida strain used in this study (formerly identified as a M oraxella species)
was isolated from an activated sludge sample and has the unique ability to degrade p nitrophenol (PNP) (Spain and Gibson, 1991). The 16S rDNA sequence o f this bacterium
is more than 99% hom ology to known P. putida 16S rDNA sequences in GenBank
(Talion and Leung, 2005). API 20E test were used (Biomerieux, St. Laurent, Quebec)
which resulted in a good-likelihood selection for P. putida. Further confirmative
biochemical tests verified that the strain was in fact a P. putida, included positive test
results for catalase, oxidase, fermentation and motility (Holt et al., 1994). The P. putida
strain is grown optimally in Trypticase Soy Broth (TSB; Becton Dickinson and Co.,
Sparks, MD) medium at 30°C and was stored in sterile 25% glycerol at -80°C before
used. Biofilm cells were grown on the surface o f sterile glass wool submerged in half
strength TSB.
A gfp (green fluorescent protein gene) labeled version o f the PNP-degrading P.
putida strain was constructed by a m in i-T n 5 -^ transposon system for direct
visualization o f the bacteria in biofilm conditions (Moore et al., 2005). This gfp labeled
P. putida strain has the same PNP-degrading ability and growth rate as its wild-type
parent strain.

2.2.2. Survival o f planktonic cells in buffer
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The planktonic cells were grown in TSB in a 30°C shaking incubator (200 rpm) to
an optical density (OD^oonm) o f 0.5. The cell suspension (4x150 mL) was harvested by
centrifugation at 5000 x g for 15 minutes, washed twice in 150 mL sterile 0.85% saline
solution and resuspended in a minimal salts medium (MSM; 1.249 mM KH 2 PO 4, 3.73
mM K2 HPO 4 , 0.4 mM MgS 0 4 .7 H 2 0 , 0.02 mM FeS 0 4 .7 H2 0 , 1.4 mM NH 4 CI, pH 7) to an
ODôoonm o f 0.5. Thirty mL o f the cell suspension was aliquoted into each o f 15 sterile
250 mL centrifuge bottles. Appropriate volumes o f a filter sterilized 3 M PNP stock
solution were added to the cell suspension samples to achieve a final PNP concentration
o f 0, 1500, 2600, 3000 or 40(K) pM. The planktonic cell suspension samples were placed
in a 22°C shaking incubator (200 rpm) and viable plate counts were determined for each
sample at day 0, 1 , 3 , 7 and 17. All cell counts in buffer solution were obtained by
plating sample dilutions on TSA plates using the spiral plating method (Gilchrist et a i ,
1973).

2.2.3. Determining optimum biofilm growth
Before beginning the biofilm buffer experiment, initial biofilm cultures were
grown for 24, 48 and 72 hours to determine which cultures had the highest cell counts.
Planktonic cells were grown to an ODeoonm o f 0.5 in TSB in a 30°C shaking incubator
(200 rpm). The cell suspension was then centrifuged at 5000 xg for 5 minutes to harvest
the planktonic cells. The cells were washed twice in sterile phosphate buffered saline
(PBS; NaCl, 137 mM, KCl, 2.7 mM, KH2PO4, 1.8 mM, Na 2,HP0 4 , 10 mM, pH 7.4). The
pellet was then suspended in half strength TSB; 100 pL o f the cell suspension was added
to each o f 9 test tubes which contained

8

mL o f half strength sterile TSB as w ell as 0.1 g

o f sterile glass wool. The tubes were placed in a 30°C shaking incubator (70 rpm). After
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24 hours three tubes were removed to determine the biofilm cell count. The same was
done after 48 and 72 h.

In order to obtain a biofilm cell count, the tubes were first washed three times
with sterile PBS. Cell density in each o f three washes was determined by plate counting.
The cell density in the washes stabilized after three washes. To release the biofilm cells
from the glass wool,

8

mL o f sterile PBS and 5 g o f glass beads (420-600pm ) were added

to the washed biofilm samples, then vortexed for two min at maximum setting.
Following vortexing, the samples were sonicated in a sonication bath at 105 watts (Sonic
Dismembrator model 100, Fisher Scientific, Ottawa, Ontario Canada) for 60 s. The
biofilm cells, now removed from the glass wool, were plate counted using the same
method as previously described for the planktonic cells.

2.2.4. Survival o f biofilm cells in buffer
To grow biofilm cultures, planktonic Pseudomonas putida cells were first grown
to an ODeoonm o f 0.5 in TSB in a 30°C shaking incubator (200 rpm). The cell suspension
( 4 x 2 mL) was then centrifuged at 5000 xg for 5 minutes to harvest the planktonic cells.
The cells were washed twice in sterile PBS, and then suspended in sterile half strength
TSB.

Sixty-three sterile test tubes containing

8

mL o f sterile half strength TSB and 0. Ig

o f glass wool were each inoculated with 100 pL o f cell suspension. The test tubes were
placed in a 30°C shaking incubator (70 rpm) for 24 hours. After 24 h, the tubes were
removed from the incubator and the liquid portion was removed from each sample. The
sample tubes were then washed three times with 8 mL o f sterile PBS.
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Three o f the tubes were set aside for day 0 biofilm cell count using the method
previously described. The remaining 60 tubes were filled with

8

mL o f sterile MSM and

PNP concentrations equal to those used in the planktonic experiment (12 x 0 pM, 12 x
1500 pM, 12 X 2600 pM, 12 x 3000 pM, 12 x 4000 pM). Cell counts were determined
at each PNP concentration at day 0, 1, 3, 7 and 17 using the biofilm counting method
previously described.

2.2.5. Survival o f planktonic P. putida cells in river water
The river water samples were obtained from the Kaministiqua River in Thunder
Bay, O N, Canada. This site was chosen because it is downstream o f a pulp and paper
mill and from agricultural sources. The chemical composition o f the water sample was
analysed by the Lakehead University Centre for Analytical Services. The data, averages
o f four separate samples collected at the same location and at the same time, are
presented as follows in mg/L: dissolved organic carbon, 18.4; NO3, 0.14; PO4, <0.001;
SO4, 13.4; Cl, 18.6; Al, 0.09; Ca, 11.6; Fe, 0.25; K, 1.0; Mg, 3.5; Na, 7.0; Cr, Cu and N i

<0.002; Cd and Zn <0.001; Co <0.01 ; pH 6 .8 . The background indigenous heterotrophic
cell density for TSA is about 5 log CFU/mL.
Survival o f the P. putida was monitored in the river water containing 0, 1500,
2600, 3000 and 4000 pM PNP. The experiment conditions were repeated as previously
described in the buffer system. The most probable number (MPN) method was used to
examine the P. putida density because selective growth medium for the P. putida was not
available.
The MPN assay was performed in microtiter plates (96 wells Polystyrene, Costar,
Fisher Scientific) filled with 180 pL (per well) o f MSM supplemented with 0.02% yeast
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extract, 100 pg/mL ampicillin (the P. putida is naturally resistant to ampicillin) and 2(X)
pM PNP. Twenty pL o f each cell sample was added to the first well o f its corresponding
row; lOx serial dilutions were then made up to the eleventh well. The last w ell was left
with just M SM medium to ensure the PNP was not degraded in the absence o f the P.
putida. One row was also inoculated with non-sterile river water to ensure that PNP
degradation was not due to background microflora naturally present in the river water.
Once all samples were added to the wells, the plates were covered and sealed in
parafilm and then placed in sealed containers containing moist paper towel. The
containers were then placed in a 30°C shaking incubator (100 rpm). After 5 days, the
plates were removed and a positive result in a well was indicated by the degradation o f
PNP measured at an absorbance o f 420 nm, using a spectrophotometer. Prior to checking
absorbance, an equal volume o f 0.5M NaOH was added to each well to ensure that colour
change was not due to a change in pH. MPN cell counts were then determined using a
MPN table (Woomer, 1994).
In order to ensure that numbers obtained using the MPN method were similar to
those using the spiral plating method, a comparison between the two was performed. To
compare, 20 mL o f planktonic cell culture was grown using the same method as that used
in the planktonic buffer experiment. Half o f the washed cells were suspended in MSM
and the other half were suspended in non-sterile river water. A portion o f the cells in
MSM was used to perform a viable cell count assay using the spiral plate method. Sixty
pL o f the remaining MSM solution was used to inoculate the MPN plate. Twenty pL
was added to the first well o f the first three rows. Ten times dilutions were then made in
the same method as described above. The same was done using the cells suspended in
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non-sterile river water. Data from the comparison showed that the MPN counts were not
different from the spiral plate counts significantly (data not shown).

2.2.6. Survival o f biofilm cells in river water
The experimental parameters in monitoring the survival o f biofilm cells in river
water were similar to the buffer system. The difference was that the biofilm cells were
exposed to non-sterile river water containing PNP as opposed to being in MSM. The
viable cell counts were determined using the MPN method described previously.

2.2.7. PNP-degradation by planktonic and biofilm cells in buffer and river water
Both planktonic and biofilm samples were prepared in the same manner as
described previously. The concentrations o f PNP added to each sample were 1500, 2600,
3000 and 4000 pM PNP. To monitor the dynamics o f PNP-degradation, 1 mL aliquots o f
supernatant from both biofilm and planktonic samples were removed in triplicate at day
0, 3 , 6 , 9, 12, 15 and 18. The PNP mineralization o f the 1 mL aliquots was determined
using a spectrophotometer and reading at an absorbance o f 420 nm.

2.2.8. Effect o f PNP on biofilm cells
Biofilm samples were prepared as described for the survival experiments.
However, a g^-labeled strain o f the PNP-degrading P. putida was used to aid the
visualization o f the biofilm structure. At day 0 and 3, samples treated with both 0 pM
and 4000 pM PNP were washed 3x with sterile MSM. Then, the samples were exposed
to 1.5 pM propidium iodide for 15 minutes in the dark, to stain. Propidium iodide was
used because it stains those cells that are injured/dead or the membrane has been
compromised. After staining, samples were washed twice with sterile M SM and then wet
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mounted using a depression slide, to view under a confocal scanning laser microscope
(CSLM, Olympus Fluoview FV300/BX51 Markham, Ontario Canada). The images were
obtained with a 60x PlanApo NA1.4 oil immersion lens, using sequential scanning. An
argon laser (10 mW, force air cooled), emitting blue light with at 488 nm, was used to
excite the green fluorescence. While, the red fluorescence was excited using a heliumneon laser ( 1 mW) which emitted green light at 543 nm. Band pass em ission was FVXBA 510-530. Using CSLM, 3-D images were taken by performing z-slices (15 slices per
image stack) and compiling each stack o f z-slices using an ImagePro program (Media
Cybernetics, Inc. Bethesda, Maryland USA). Cells that fluoresce red, represent those
cells that are injured or dead, and cells that fluoresce green are the viable gfp-P. putida
cells.

2.3. Results

2.3.1. Planktonic and biofilm survival in buffer
Survival patterns o f the planktonic and biofilm P. putida cells were substantially
different when exposed to high concentration o f PNP in a sterile buffer system (Figure 1).
For the 3000 or 4000 pM PNP treatment, the planktonic cell sample densities dropped
from 8.25 to 5.7 and 5.0 log (CFU/mL) in 17 d, respectively. By contrast, when the
biofilm samples were treated with 3000 and 4000 pM PNP for 17 days, their cell density
dropped from 10.2 to 8.7 and 9 log (CFU/g glass wool), respectively (Figure IB). Both
the planktonic and biofilm P. putida cells survived well at 0 and 1500 pM PNP, with the
planktonic cells maintaining a cell density o f about 6.5 log (CFU/mL), while the biofilm
cells maintained a cell density greater than 9 log (CFU/ g glass wool) at day 17.
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Survival fractions were calculated by dividing biofilm and planktonic cell survival
densities by their respective initial cell densities. B y comparing the survival fraction o f
planktonic P. putida cells with the survival o f biofilm P. putida cells in buffer, the
survival rate o f the biofilm cells was approximately

1 0 0 -fold

greater than that o f the

planktonic cells when subjected to 3000 or 4000 pM PNP for 17 days (Figure 2). In
addition, when both planktonic and biofilm cells were treated with 1500 pM PNP,
survival o f P. putida biofilms was approximately 10-fold greater than that o f planktonic
cells after 17 days.
These results indicate that P. putida biofilm cells feature greater survival than
their planktonic counterparts within a buffer system when treated with various
concentrations o f PNP.

2.3.2. Planktonic and biofilm survival in river water
The differences between the survival o f P. putida planktonic and biofilm cells in
river water samples were bigger than that o f the buffer system containing the same level
of PNP (Figure 3). By day 7, the planktonic P. putida sample densities decreased from
9.4 to 2.0 log (MPN/mL) when treated with 3000 and 4000 pM PNP. Also, when
planktonic P. putida was treated with 0 or 1500 pM PNP for 7 days, there was a decrease
in cell density from 9.4 to 5.0 and 6.4 log (MPN/mL), respectively. Additionally, after
17 days o f treatment with 1500, 3000 or 4000 pM PNP, planktonic P. putida cell density
had decreased from 9.4 log (MPN/ml) to approximately 3 log (MPN/mL).
B y contrast, at day 7 the cell densities o f the biofilm P. putida cells in the river
water decreased from 10.3 to 9.4, 10.0, 9.5 and 10.0 log (MPN/ g glass w ool) for 0, 15(X),
3000 and 4000 pM PNP treatments, respectively (Figure 3B). After 17 days o f treatment
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with 1500, 3000 and 4000 (iM PNP, the cell densities had dropped to 6 .8 , 8.0 and 8.9 log
(MPN/g glass wool), respectively.
The survival fractions for P. putida planktonic and biofilm samples feature
substantial differences in river water. At high PNP concentrations (3000 and 4000 frM),
the biofilm cells exhibited approximately 350- and 450-fold greater survival than the
planktonic cells at day 17, respectively. However, at lower PNP concentrations (1500
[tM), biofilm cell survival was only about

1 0 0 -fold

greater than that o f planktonic cell

samples after 17 days (Figure 4).
In summary, planktonic P. putida cells did not survive well in river water treated
with PNP, whereas biofilm P. putida cell survival was significantly better (based on a
95% level o f confidence).

2.3.3. PNP degradation by planktonic and biofilm cells in buffer versus river
water
Within the buffer system, the planktonic and biofilm cells showed similar patterns
o f PNP degradation (Figure 5A, B). Planktonic P. putida samples in the buffer system
completely degraded the lowest PNP concentration o f 1500 pM PNP by day 6 . After 18
days, the planktonic cells degraded 2600 and 3000 pM PNP by 60% and 50%,
respectively. The planktonic P. putida cells were did not degrade the PNP at 4000 pM
(Figure 5 A).
The biofilm P. putida samples in buffer degraded 1500 pM as w ell as 2600 pM
PNP within

6

and 18 days, respectively. As well, biofilm cells degraded 3000 pM PNP

by 55% after 18 days. However, similar to the planktonic cells, biofilm P. putida cell
samples were unable to degrade 4000 pM PNP (Figure 5B).
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Importantly, in contrast to the buffer system findings, the P. putida planktonic
cells did not degrade PNP in the river water samples regardless o f the PNP concentration
used in the study (Figure 5C). The P. putida biofilm cells in the river water system,
however, displayed the ability to com pletely degrade PNP at 1500 pM while not
significantly degrading any o f the 2600 pM, 3000 pM or 4000 pM PNP river water
samples by day 18 (Figure 5D).
Overall, in both the buffer and river water systems, biofilm P. putida cells could
degrade more PNP than planktonic P. putida. Nonetheless, neither planktonic or biofilm
P. putida cells could degrade much PNP in the river water system compared to the buffer
system.

2.3.4. The Effect o f PNP on Biofilm Cells
Confocal laser scanning microscopy (CLSM) analysis indicates that P. putida
biofilms in buffer at day 0, not treated with PNP had few cells stained red by the
propidium iodide (PI)- Since the PI enters cells through their compromised cell
membranes, our results inferred that the majority o f the biofilm cells were intact with
little membrane damage at time 0. Similar results were observed after 3 days incubation
for biofilms not treated with PNP. Again the majority o f cells were intact, though a larger
proportion did stain red indicating an increase in damaged cells relative to day

0

biofilms.

When biofilm cells were treated with 4000 pM PNP there was a substantially greater
amount o f injured cells (red/stained). Those cells that were injured were mostly found on
the outer layer o f the biofilms. The gfp-P- putida cells in the interior o f the biofilm
samples remained green, indicating that the interior cells were not affected by the high
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PNP concentration in the surrounding. This is clearly shown in the cross-section o f the
biofilm in Figure 6 (C) (indicated by the white arrow).
In Figure 7A and B, very few injured cells were observed on the gfp-P. putida
biofilms in river water without the PNP treatment. However, the biofilm treated with
4000 pM PNP appeared to have stained almost entirely red. A very small proportion o f
viable (green) gfp-P. putida cells remained in the interior o f the biofilm. A lso to be
considered, injured or dead (red) indigenous microorganisms could not be distinguished
from injured (red) gfp-P. putida cells in the river water system.
Overall, in both buffer and river water systems, PNP injured gfp-P. putida cells
and /or indigenous river water species, primarily on the outer layer o f the biofilms; while,
the interior cells (green) were shown to be protected from the PNP. Also, the effect o f
PNP injuring cells was greater for biofilms in the river water system.

2.4. Discussion
Recently, research has shown that bacteria occurring in the environment are more
frequently associated with other bacterial species in surface-associated biofilms, as
opposed to living freely as planktonic cells (Costerton, 1987). This knowledge has
guided the use o f biofilms in bioreactors for the removal o f toxic organic compounds,
such as the accumulation o f phenols in wastewater treatment plants (Arvin et a l , 1991;
Israni et a i , 2002).
Several studies explore how biofilms in the bioreactors can be improved to
increase the survival and degradation o f phenols in wastewater treatment plants. One
particular study, performed using a P. putida strain, showed that biodégradation
efficiency for biofilms in a trickling bed reactor could be improved by determining
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optimal temperature, monitoring biofilm thickness and biomass, and biological activity
via oxygen consumption (Sa and Boaventura, 2001). However, planktonic or free-living
cells are often used in the production o f bioreactors to predict the degradation rate and
tolerance o f biofilm cells to organic compounds. The use of planktonic cells in this
manner is being questioned (Mirpuri et a i , 1996).
In regard to these findings, biofilm P. putida cells in this study displayed better
ability in survival and PNP degradation in high concentrations o f PNP in comparison to
planktonic cells in buffer; and, o f utmost importance, in a natural aquatic environment,
such as river water.
The results o f the biofilm and planktonic P.putida survival in both buffer and
river water suggest that the P. putida biofilm s act to protect cells from exposure to PNP.
The observations in the river water system are o f particular interest because not only did
the biofilm and planktonic P. putida cells need to survive under the stress o f exposure to
high levels o f PNP, they also had to compete with the indigenous microbial populations
in the river water samples. It is likely that the added stress o f competition resulted in the
poor survival o f the planktonic P. putida in river water at all concentrations o f PNP, after
17 days (Figure 3). However, the biofilm P. putida may be sheltering viable cells not
only from the PNP but may also be from competition of other microbial species in the
river water allowing biofilm samples to maintain a high cell density (Watterworth e t al.
2006).
The P. putida biofilm cells had much higher survival ability than the planktonic
cells for both buffer and river water systems, this in turn, allowed the biofilms to degrade
substantially more PNP than planktonic cells for both experiments. However, relatively
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speaking, despite biofilm P. putida cells maintaining a high cell density (on average 7.6
log (MPN/g o f glass wool)) after 17 days in river water, they only degraded 1500 pM
PNP after 17 days. Werner et al. (2004) showed that biofilms o f Pseudomonas
aeruginosa were primarily made up o f metabolically inactive cells because oxygen only
penetrated about 50 pm into the biofilm. They demonstrated that there was a small layer
o f cells (about 30 pm wide) at the periphery o f the P. aeruginosa biofilms where there
were actively growing cells. Therefore, if our PNP-degrading P. putida cells on the
upper surface o f the biofilm structure were not actively growing for some reason, PNP
degradation would not be observed. As mentioned earlier, the biofilm P. putida cells in
river water are stressed by both the toxicity o f PNP and most likely by competition of
indigenous river water microorganisms. The added stress may cause an increase o f
damage to the narrow layer o f P. putdia cells that were located on the upper surface o f
the biofilm. This could account for the low level o f PNP-degradation seen for P. putida
biofilms in river water compared to the buffer system.
Additionally, not only is there a limitation o f oxygen within biofilms but also a
limitation o f nutrients (Chambless et a i , 2005). Starvation o f interior biofilm cells
causes the induction o f adaptive stress response genes, such as the stationary phase sigma
factor gene (rpoS). This triggers the biofilm cells to be more resistant to toxic
compounds (Walters et a i , 2003; Xu et a i , 1998). This may explain why there were a
high number o f viable P. putida biofilm cells in the river water, despite a low PNP
degradation capacity.
The CLSM images o f the PNP-treated 3-day old P. putida biofilms (Figure 6 )
support our hypothesis that the actively growing cells at the periphery o f the P. putida
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biofilm were injured by the stress o f PNP and likely by competition o f indigenous
species. Both the buffer and river water systems show that cells on the outer layer o f the
P. putida biofilms were damaged by the increased stress. Some organic pollutants cause
membrane damage to bacterial cells by making their membrane more fluid and
permeable. It is believed that they preferentially partition in membranes (Heipieper et a i ,
1991; Heipieper and DeBont, 1994).
Chambless et al. (2005), produced a 3-D computer model to show how four
possible mechanisms act together to protect biofilms from antimicrobials. This computer
model suggests that ( 1 ) there is slow penetration o f the antimicrobials through the
biofilm; (2) some biofilm cells express adaptive stress response genes; (3) an altered
microenvironment is created, and (4) the persister cells exist within biofilms to allow the
bacteria to survive well in response to toxic compounds. These hypothetical mechanisms
may also be applied to explain the survival o f the PNP-degrading P. putida biofilm cells
when exposed to high concentrations o f PNP, and competition from indigenous species.
Overall, Pseudomonas putida biofilms are a better choice than planktonic P.
putida cells for the bioremediation o f p-nitrophenols in the environment. However, even
biofilm cells can only exhibit a limited ability to biodegradate organic contaminants
under natural environments. Therefore, further research is required to optimize the
degradation capabilities o f P. putida biofilms in the environment.
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Figure Legend
Figure 1. Survival o f (A) biofilm and (B) planktonic, P. putida cells in MSM buffer when 0
pM • , 1500 pM o, 3000 pM ▼ and 4000 pM V PNP is added.

Figure 2. Fraction o f surviving biofilm and planktonic cells survival in MSM buffer when 0
pM, 1500 pM, 3000 pM and 4000 pM PNP is added.

Figure 3. Survival o f biofilm and planktonic P. putida cells in river water when 0 pM #,
1500 pM o, 3000 pM ▼and 4000 pM V PNP is added.

Figure 4. Fraction o f surviving biofilm and planktonic cells survival in river water, when 0
pM, 1500 pM, 2600 pM and 3000 pM PNP is added.

Figure 5. Amount o f varying concentrations o f PNP degraded by planktonic and biofilm P.
putida cells in buffer and river water, when 1500 pM #, 2600 pM o, 3000 pM T and 4000
pM, V PN P are added.
Figure 6 , Confocal microscopy pictures o f biofilms in MSM buffer for day 0 and 3 when
treated with 0 pM and 4000 pM PNP, respectively. Scale = 20 microns.

Figure 7. Confocal microscopy pictures o f biofilms in river water for day 0 and 3 when
treated with 0 pM and 4000 pM PNP. Scale bar = 20 microns.
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Chapter 3: The role of rpoS on the survival of ap-nltropheol degrading
Pseudomonas putida strain in planktonic and biofilm phases

Abstract
The expression o f the stationary phase sigma factor gene {rpoS) and biofilm
formation are important bacterial stress-survival strategies. To further explore the
relationship between these two factors, the survival and competitiveness o f the PNPdegrading P. putida strain as well as its rpoS' mutant were examined in both planktonic
and biofilm phases. To distinguish wild-type (WT) and knock-out (KO) strains in mixed
samples, they were labeled with a red fluorescent protein-gentamycin resistant and a
green fluorescent protein-gentamycin resistant gene cassette via a Tn7 transposon system,
respectively. In single cultures, the YJd-gfp biofilm featured a greater than 4-fold
increase in biovolume than the W T -r^. However, mixed biofilm biovolume revealed
that YJd-gfp was reduced by 75.6% compared to the single culture YJA-gfp biofilm
biovolume, suggesting that the 'WT-rfp suppressed K O -g^ biofilm formation.
Competitiveness studies showed that carbon-starved planktonic W l-r fp single cultures
achieved a 3.5-fold greater survival rate in 0.85% saline than their K O -g^ counterparts,
and out-competed them by more than 13-fold in m ixed culture samples. Conversely,
there were no significant survival differences between the K O -g^ and W T -r^ strains in
biofilm samples. Finally, differences in cellular cohesiveness were evident, after 60 min
washing with 0.2% SDS resulted in 32 and 89% cells detached from the KO and WT
samples, respectively. These results indicate that although the KO produced more
biofilm than the WT, it may in fact not confer an advantage in survival because the KO
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biofilm has a lower percentage o f surviving cells and cannot readily detach to colonize
new habitats. Overall, these findings provide new perspectives towards a more complete
understanding o f the role o f rpoS in biofilm formation.

3.1. Introduction
In many natural environments, microorganisms are often found living in the form
o f com plex multicellular biofilm structures adhering to surfaces. The advantage of
biofilm formation is that it provides a protective extent o f homeostasis and stability in
continuously changing environments (Hall-Stoodley and Stoodley, 2005). Biofilms have
significant relevance to medical, industrial and environment^ settings because o f their
increased survival or tolerance to compounds such as antimicrobials and antibiotics
(Brown and Gilbert, 1993). Biofilm s have also been shown to have an increased access
to nutrients adhered to surfaces (Flemming 1993; Geesey et a i , 1992).
It has been shown that formation o f a bacterial biofilm is through a series of
developmental stages, including attachment, formation o f microcolonies, proliferation
and production o f exopolymeric substances (EPS), maturation o f the biofilm and finally
detachment or dispersal o f bacterial cells from the biofilm structure. Detachment is
considered as one o f the crucial steps o f biofilm development because it is important for
bacteria to colonize new surfaces as nutrients are exhausted by a mature biofilm (Allison
et a i , 1990; B estei et al., 2005).
The stationary phase sigma factor (RpoS) in Escherichia coli, coded for by the
rpoS gene, is known to be the central regulator for the expression of more than 50 genes
for cells in stationary phase (Hengge-Aronis, 2002a, b; Kolter et a i , 1993). In
Pseudomonas aeruginosa, RpoS level is known to increase upon entering stationary
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phase and is similar in many other gram negative bacteria (Fujita et a l , 1994). For
planktonic cells, such as the p-nitrophenol (PNP)-degrading M oraxella strain (re
classified as Pseudomonas putida in this study) and the Pseudomonas fluorescens Pf-5, it
has been shown that carbon starvation triggers an increase in cellular resistance to
oxidation, high temperature shock, osmotic stresses and many other environmental
stresses (Moore e t a l , 2005; Stockwell and Loper, 2005). During glucose starvation
there w ill be an increase in RpoS levels, and the RpoS-RNA polymerase com plex w ill be
able to transcribe greater than 50 genes related to stress response and protection (HenggeAronis, 2002a,b). Knocking out rpoS has been shown to affect the stress responses as
well as the expression o f virulence factors in Pseudomonas aeruginosa (Suh et a l , 1999).
However, there are contradicting observations in the role o f RpoS with respect to biofilm
development.
Observations in a study o f Escherichia coli have shown that the rpoS knockout
mutant produces a considerably smaller biofilm compared to the wild-type (Adams and
McLean, 1999). Similarily, it has also been shown that rpoS' strains are incapable o f
attachment to surfaces (Prigent-Combaret et a l , 2001; Schembri et a l , 2003). In contrast
to these observations, recent studies on an rpoS' o f E. coli and Pseudomonas aeruginosa
have shown better biofilm formation for the rpoS' mutants than the their wildtype
counterparts (Corona-Izquierdo and Membrillo-Hemandez, 2002; W hiteley et a l 2001).
As well, a study by Corona-Izquierdo and Membrillo-Hemandez (2002) suggested that
rpoS' E.coli secretes a chemical signal that causes an increase in biofilm production o f
the wildtype bacteria (Corona-Izquierdo and Membrillo-Hemandez, 2002).
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The formation o f biofilms and the expression o f rpoS have been shown to
increase survival o f bacteria in the environment (Brown et a i, 1988; Lange and
Henggearonis, 1991; Mah and O'Toole, 2001; Stewart and Costerton, 2001). These
factors are important for survival o f microorganisms including those related to
remediation o f organic pollutants in the environment. p-Nitrophenol is found extensively
in the environment as it is a precursor o f pharmaceuticals, a breakdown product of
insecticides and a waste product in diesel fuel exhaust (Spain, 1995). Because o f the
widespread nature o f p-nitrophenol and other nitrophenolic compounds, they are
considered a major group o f pollutants by the USEPA (1976). In our previous studies,
we have shown that a Pseudomonas putida strain (formerly classified as a M oraxella
strain) is able to remove PNP from environmental samples (Moore et a i , 2005) and
survives significantly better in biofilm phase (Maki et a i , 2005). However, little is
known about the role of rpoS on the survival o f pollutant-degrading bacteria in biofilm
settings.
In this study, the p-nitrophenol-degrading Pseudomonas putida strain and its
rpoS' mutant are used to examine the role o f rpoS in biofilm development, specifically
their competitiveness in both the planktonic and biofilm phases. In addition, the biofilm
cohesiveness o f both the P. putida wild-type and the rp o S mutant is also compared.

3.2. Materials and Methods
3.2.1 Bacterial strains
Bacterial strains and plasmids used in this study are listed in Table 1. The P.
putida strain (WT) used in this study (formerly identified as a M oraxella species) was
isolated from an activated sludge sample and has the ability to degrade p-nitrophenol
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(PNP) (Spain and Gibson, 1991). The 16S rDNA sequence o f this bacterium shows more
than 99% homology to known Pseudomonas putida 16S rDNA sequences in the
GenBank (Talion and Leung, 2005). API 20E test was used (Biomerieux, St. Laurent,
Quebec) which resulted in a good-likelihood selection for Pseudomonas putida. Further
confirmative biochemical tests verified that the strain was in fact a Pseudomonas pu tida,
included positive test results for catalase, oxidase, fermentation and motility (Holt et al.,
1994). The P. putida strain is grown optimally in Trypticase Soy Broth (TSB; Becton
Dickinson and Co., Sparks, MD) medium at 30°C and was stored in sterile 25% glycerol
at -80°C before use.
An rpoS' mutant strain (KO) was also used. The rpoS gene o f the KG mutant was
disrupted by a kanamycin resistant gene inserted to a Sail site located near the middle o f
the rpoS gene (Talion and Leung, 2005). This strain is also grown optimally at 30°C in
TSB medium with the addition o f kanamycin (Km 50 [xg mL/^).
Escherichia coli S17-11 containing the transposon plasmid
pMiniTn7(Gm)PpAi/04/03g^-« or the TpM mïïnl{Gm)?PAllQ4IO'iDsRedExpress-a was
grown in Luria-Bertani medium (LB, Fischer Scientific, Fair Lawn, New Jersey) with 10
|xg itlL ' gentamycin at 37°C. Also, another E. coli S 17-11 containing the pUX-BF13
helper plasmid was grown in LB with 100 [xg mL ' ampicillin (Sigma-Aldrich, address)
(Lambertsen et al., 2004). An E. coli M M 294 containing the delivery/conjugation
plasmid pRK2013 was grown in LB medium with 50 |xg mL^ kanamycin (Moore et al,
2005).
The two genotypes o f the PNP-degrading P. putida strain used in this study are
the wild-type strain labeled chromosomally with the rfp (W T-rfp) and the rpoS^ knockout
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mutant strain labeled chromosomally with the gfp (KO-gfp). These strains were grown at
30°C in Trypticase Soy Broth (TSB; Becton Dickinson and Co., Sparks, MD) medium.
The W T-rfp was grown in TSB with gentamycin (Gm 10 pg m U ') and the K O -g^ with
gentamycin (Gm 10 pg mL'*) and kanamycin (Km 50 pg m l/*).

3.2.2. gfp and rfp labeling
The WT and the KO strains were chromosomally labeled with the rfp and gfp,
respectively, using a mini-Tn7 insertion system (Lambertson et a i , 2004). To perform
the labeling protocol, tetraparental conjugation was used with a protocol adopted from De
Bruijn and Rossbach (1994). Before conjugation, spontaneous rifampicin resistant (Rif^)
WT and KO strains were produced from the WT and KO paient P. pu tida strains,
respectively (Ramirez et a l , 1998). This allowed for selection o f the P. putida
transconjugants against the E. coli strains. Both the W T-R if and the KO-Rif^ P. pu tida
strains tested positive for PNP-degradation. The biodégradation was determined by
measuring the disappearance o f PNP using spectrophotometry at OD 420nm(Moore e t a l.,
2005). The W T -R if and the KO-R if were recipients o f the MiniTn7
{Gm)?Ph.\IOAI03DsRedExpress-a, and pMiniTn7(Gm)PpAi/04/03g^-«, respectively. The
helper plasmid (pUX-BF13) consists o f the transposase genes required for transposition
o f gfp and rfp in the W T -R if and the K O -R if recipients, respectively. A delivery
plasmid (pRK2013) which induced conjugation between the P. putida strains and the E.
coli strains containing the appropriate MiniTn7 and helper plasmids. E. coli cell cultures
containing the plasmids: pMiniTn7(Gm)PpAi/04/03g^-<3,
pMiniTn7(Gm)PPAl/04/03D5'Pe<i£'x/?re5'5'-a, pUX-BF13, and pRK2013 were grown in
30 mL o f LB containing appropriate antibiotics (refer to table 1) to an ODeoonm L Cells
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were then harvested using 10 mM sterile MgSO^ solution and resuspended to an ODgoonm
o f 1 in 10 mM MgS 0 4 . The donors and recipients were mixed in a 1:1:1:1 ratio.
Proceeding, 50 |xL o f cell mixture was added to a sterile polycarbonate membrane filter
(2 |xm pore size) placed on a TSA plate. The samples were incubated at 30°C overnight.
The filters were then removed and vortexed in 5 mL sterile 10 mM M gS 0 4 . After
resuspension, the cell suspension was serially diluted and plated on Tryptic Soy Agar
(TSA; Difco Detroit, Michigan) with appropriate antibiotics (refer to Table 1), to select
for W T -r^ and K O -g^ P. putida transconjugants. Colonies grown were viewed using a
4x objective lens with an Olympus Fluoview FV300/BX51 confocal scanning laser
microscope (CSLM). Colonies that exhibited the brightest red or green fluorescence for
the W T -r^ or the K O -g^ were selected, respectively, for further study.
The W T -r^ and the YiO-gfp P. pu tida strains were also tested for PNPdegradation using spectrophotometry described previously. As well, both the W T-r^
and the K O -g^ were tested for biochemical similarity to their parent strains (WT and
KG) using API 20E test strips (Biomerieux, St. Lawrent, Quebec, Canada). Furthermore,
growth curves for the W T -r^ and KO-gfp and, mixed W T-rfp and K O -g^, were
determined and were used to compare to the growth rate o f the WT and KG P. putida
strains, respectively. The W T-r^, KO-gfp, WT and KG parent strains were inoculated
into sterile TSB to an initial cell density o f GDeoonm 0.5, incubated at 30°C and shaken at
150 rpm. To examine whether the W T-rfp and K G -g^ would compete with each other in
a mixed culture condition, mixed W T -r^:K G -g^ samples were created by inoculating
sterile TSB with a 1:1 ratio o f W T-rfp and K G -g^ until an initial cell density o f GD^oonm
0.5 was reached. Every two hours, 1 mL from each o f the 4 samples was removed.
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serially diluted, and plated on TSA containing appropriate antibiotics (refer to Table 1).
Cell densities (CFU/mL) were determined from colony counts.
Finally, to ensure the correct insertion o f both the rfp and gfp labels into the
atfYrO intergenic region, which is about 25 bp downstream o f the glmS gene in P. pu tida,
a PGR assay was adapted to validate correct insertion o f the marker genes (Lambertsen et
al., 2004). The glmS primer ( 5 ATTCTGGCCAAGTCGGTGAC-3') anneals to a target
sequence that is about 30 bases from the 3' end o f the glmS gene, while the Tn7R109
primer (5'-CAGCATACCTGGACTGATTT-3') binds to the 109* nucleotide o f the miniTn7. Correct amplification will give a D N A fragment o f about 160-200 bp. For PCR
parameters, the initial denaturing temperature was held for 2 min at 94°C followed by 30
cycles o f 1 min denaturing at 94°C, 30 s annealing at 55°C and 30 s extension at 72°C.
Completion o f these cycles was followed by a final extension at 72°C for 5 min.
Following electrophoresis, the PCR products were purified and sequenced (MOBIX,
Hamilton, Ontario, Canada). The sequencing results were evaluated using the GenBank
database to verify the incorporation o f the fluorescent genes at the intergenic region o f
the Pseudomonas strains.

3.2.3. Survival o f planktonic WT-rfp and KO-gfp
Overnight cultures o f each W T-rfp and KO-gfp Pseudomonas putida strains was
used to inoculate three flasks containing 150 mL o f sterile TSB to an ODeoonm 0.2. The
cells were grown for approximately 2.5 hours to ODeoonm 0.5, harvested by centrifugation
(3000 X g for 10 min), and re-suspended in same volume o f sterile distilled water. The
cells were washed three times and re-suspended in 0.85% sterile saline to an optical
density o f 0.5 at 600 nm. W T-rfp and KO -gfp planktonic samples were prepared by

75

aliquoting 30 mL o f the cell suspension in sterile 250 mL Nalgene centrifuge bottles.
M ixed culture (W T-rfp and K O - ^ ) samples were prepared by placing 15 mL o f each
cell suspension into the same bottles. The samples were then placed in a 2 2 “C shaking
incubator at 150 rpm. The W T-rfp, KO -gfp and mixed samples were sampled on days 0,
3,

6

and 13. The experiment was done in triplicate.
To prepare the carbon-starved W T-rfp and K O -g^ samples for the survival study,

W T-rfp and K O -g^ cell suspensions were prepared as described earlier. However, the
cell cultures were harvested at mid-log phase (ODeoonm o f 0.5-0.7) and resuspended to an
ODeoonm 0.5 in minimal salt medium (MSM; 1.294 mmol/L KH 2 PO 4 , 3.73 mmol/L

K 2 PO 4 , 0.4 mmol/L M gS 0 4 . 7 H 2 O, 0.02 mmol/L FeS 0 4 , 1.4 mmol/L NH 4 CI, pH7). The
resuspended samples were then placed in a 30°C shaking incubator (150 rpm) and
harvested after 2-day carbon starvation (Moore et a i , 2005).
Carbon-starved and non-starved planktonic cell survival was determined based on
a culturing assay. This was accomplished by sampling 1 mL from each sample, serially
diluting in sterile phosphate buffered saline (PBS,

8

g NaCl, 0.2 g KCl, 1.44 g N a 2 HP 0 4 ,

0.24 g KH2PO4 and pH 7.4 in 1 L o f double distilled H2O) and drop plating on TSA
plates containing appropriate antibiotics (refer to Table 1). The plates were incubated for
24 h at 30°C and cell survival was calculated from the CFU counts.

3.2,4. Biofilm growth, characterization and analysis
Separate W T-rfp and a K O -g^ biofilms were prepared by diluting appropriate
overnight cultures, to an ODgoonm o f 0.5 in sterile deionized water. 200 pL o f the diluted
cultures were used to inoculate 25 mL o f sterile TSB in sterile disposable, polystyrene
Petri dish (100 x 15 mm, Fisher Scientific) containing a sterile 22 x 22 mm (Fisher
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Scientific) glass coverslip. The mixed culture (W T-r^ and KO -gfp) biofilms were
prepared by inoculation 100 pL o f each o f the diluted W T-rfp and KO-gfp cultures to the
same coverslip-Petri dish system. Prior to use, the coverslips were acid-washed in 70%
nitric acid for 15 min, then aseptically washed 3 times in sterile double deionized water
and finally rinsed with 100% methanol. The coverslips were then autoclaved before used
as a substratum for the W T-rfp, KO-gfp or mixed biofilm samples.
B iofilm s were grown at 30°C, shaking at 25 rpm and the growth medium was
changed at 24 h intervals to ensure a continuous supply o f nutrients. The biofilm samples
were analyzed at 3, 9, 24, 48 and 72 h. Triplicate biofilm samples with a total o f 10
images were analyzed for each treatment at each time point and the experiment was
repeated in three separate trials. The W T-rfp, K O -g^ and mixed biofilm coverslip
samples were removed using sterile forceps and washed once (by slow ly dipping in a
container o f sterile double de-ionized water). Each washed biofilm coverslip sample was
placed on a concave microscope slide with the biofilm facing downward in the well o f
the microscope slide. The biofilm samples were kept hydrated in sterile water held in the
concave w ell o f the slide and the coverslip samples on the slides were sealed with nail
polish.
B iofilm s were immediately viewed using an Olympus FV 300 Confocal Scanning
Laser Microscope (CSLM). The images were obtained with a 60x PlanApo N A 1.4 oil
immersion lens, using sequential scanning. An argon laser (10 mW, force air cooled),
emitting blue light with at 488nm, was used to excite the green fluorescence o f the KOgfp. While, the red fluorescent protein o f the W T-rfp was excited using a helium-neon
laser (1 mW) which emitted green light at 543nm. Images were then analyzed for total
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biovolume using a biofilm image analysis program called PHLIP (Phobia Laser Imaging
Processor; Xavier et a l, 2003). Biovolume data points for each strain were obtained
from 7 images per 3 repetitions.

3.2.5. Survival o f biofilm cells
W T-r^, KO-gfp and mixed (W T-rfp and K O -g^) biofilms were grown on glass
coverslips for 48h at 30°C as described previously. The glass coverslips used were 24 x
60 mm, (Fisher Scientific) and a black line was drawn (with a wash and heat resistant
marker, Fisher Scientific) to section-off a 24 x 24 mm area where biofilm cells would be
removed for enumeration by drop plating. After 48 h o f growth, the biofilms were
washed once by dipping in sterile distilled water and submerged in 25 mL o f 0.85%
sterile saline. The biofilm samples were then placed in a 22°C shaking incubator at 25
rpm. The coverslips were sampled at days 0, 3, 6 , and 13 for cell survival study.
Biofilm cell survival was determined based on cultivation method. This was
accomplished by washing the biofilm samples once, by gently dipping the coverslip in
200 mL o f sterile double distilled water. Then, the biofilm cells were removed from the
24 X 24 mm sectioned-off area by scrubbing with a sterile toothbrush (Nandakumar et a i ,
2004). To do so, the coverslip was held on an angle in a sterile plastic Petri dish and 1
mL aliquot o f sterile distilled water was placed at the base o f the coverslip. Using a
sterile toothbrush, the water was scrubbed over the 24 x 24 mm area to remove biofilm
cells from the surface o f the coverslip. The cells would then be collected at the base o f
the coverslip in a sterile plastic Petri dish. After discarding the used coverslip, the
toothbrush was then rinsed with 1 mL o f sterile distilled water into the Petri dish, to
remove any cells adhering to the bristles. The two mL o f distilled water were collected
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and serially diluted with a sterile PBS. Drop plating was performed on TSA containing
10 pg/mL o f gentamycin for the W T-rfp and 10 pg/mL gentamycin and 50 pg/mL
kanamycin for the K O -g^. The plates incubated for 24 h at 30°C before counting
colonies to calculate biofilm cell survival.

3.2.6. Cohesiveness o f WT-rfp and KO-gfp biofilms
The cohesiveness o f the W T-rfp and the K O -g^ P. putida biofilms were
examined under flow cell conditions. A flat plate flow cell consisted o f a polycarbonate
base with an acid-washed rectangular glass coverslip top (24 x 60 mm) was constructed.
The size o f the flow cell chamber was 40.0 x 10.0 x 3.2 mm. A continuous flow system
was set up using a Watson Marlow 205S peristaltic pump (Watson Marlow, Cornwall,
England). Medium samples were directed into and out o f the flow cell through silicon
tubing (ID 1.6 mm and OD 3.2 mm, Cole-Parmer, Anjou, Quebec, Canada). The flow
system was sealed with a non-corrosive silicone sealant (Dow Coming 3140 RTV
Coating, World Precision Instruments Inc., Sarasota, Florida, U.S.A.) to prevent any
leakage. The flow cells were sterilized by submerging in a 10% Clorox bleach for one
hour and rinsed thoroughly with sterile deionized water for three times. The silicone
tubing and polypropylene fittings were autoclaved at 121°C and 15 psi for 15 min.
To establish a bacterial biofilm (either the W T-rfp or K O -g^ strain) on the
coverslip o f the flow cell, two mL o f an overnight W T -r^ or K O -g^ culture were
transferred to 200 mL o f sterile TSB medium with an appropriate antibiotic (Table 1) and
the diluted cell suspension was pumped through the sterile flow cell system at 0.25
mL/min for two hours. After the cell attachment process, the cell suspension was
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replaced by a sterile TSB medium and the TSB was continuously pumped through the
flow cell at 0.25 mL/min for 24 h. The flow cell system was operated at 22°C.
To determined the cohesiveness o f the 24-h W T-rfp and K O -g^ biofilm s, a sterile
0.2 % sodium dodecyl sulphate (SDS) solution was pumped through either the W T -tfp or
K O -g^ flow cell at 9.5 mL/min and detachment o f biofilm cells was examined by a
Confocal Scanning Laser Microscope that was set with a 60X objective and interfaced
with a CCD imaging system (Davies et al., 1998). Because the SDS washing solution
reduced the fluorescent intensity o f the bacteria, a D N A fluorescent dye (Syto 9 for tbe
KO-gfp and Syto 85 for the W T -tfp) was injected into the flow cell system prior to the
CSLM analysis to enhance the fluorescent intensity o f the biofilm samples. The areas
covered by the W T-r^ and K O -g^ biofilms were analyzed by an image analysis
program (Scion Image 1.62, Scion Corporation, Frederick, Maryland, U SA ) before
exposure to the SDS solution, and at 10 and 60 min washing by tbe detergent. Ten
biofilm images around the middle o f the flow cell were randomly chosen and recorded at
each time point. The average area covered by tbe biofilm samples at each time point was
calculated. The cohesiveness experiment was repeated in three separate trials. An
ANOVA was used to compare the cohesiveness o f the W T-r^ and K O -g^ biofilms.

3.3. Results
3.3. L Labeling o f the WT and KO parent strains
The W T -R if and K O -R if were successfully labeled with the rfp and gfp by tbe
Tn7 transposon system, respectively. Using confocal scanning laser microscopy, the
W T-r^ fluoresced red when excited with the HeNe Green (Im W , 543nm) laser and the
KO-gfp fluoresced green when excited by the Argon (lOmW, force air cooled, blue
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488nm) laser with FVX-BA 510-530 band pass emission (Figure 1). A PCR assay using
the glmS and Tn7R109 primers showed that the W T-rfp and KO-gfp produced an
amplicon between 160-200 bp (Figure 2), indicating that the fluorescent genes were
inserted downstream o f the glmS gene o f the bacteria. Sequence analysis o f both the WTrfp and KO-gfp amplicons using the Tn7R109 primer further confirmed that the Tn7-gfp
insertion was indeed at the a ttT n l intergenic region downstream o f the glm S gene.

3.3.2. Characterization ofrpoS mutant in planktonic and biofilm phases
The growth patterns o f WT, KO, W T-rfp and KO-gfp were similar to each other
in TSB (Figure 3). When the WT, KO, W T-rfp and KO -gfp were cultured individually,
their generation times were, 2.5 h, 2.0 h, 2.38 h and 2.25 h, respectively, and all four
strains reached an early stationary phase at approximately 2 x 10^ CFU/mL. Even in the
mixed W T-rfp and K O -g^ culture, the growth rate o f the two genotypes remained similar
(2.56 h/generation and 2.61 h/generation, respectively) and neither o f the genotypes could
out-compete the other. However, a completely different growth pattern was observed in
the biofilm phase o f the W T -r^ and KO-gfp P. putida (Figure 1).
CSLM images in Figure 1 show that the W T-rfp formed considerably less biofilm
than its KO-gfp counterpart at 9, 24, 48 and 72 h o f growth. Upon mixing the W T-rfp
and K O -g^ in the growth medium, the resulting mixed culture biofilm produced was
much smaller than that o f the biofilm produced by the KO-gfp single culture. Using the
PHLIP image analysis program, the biofilm biovolumes for each o f the W T-rfp, KO -gfp
and mixed biofilms were analyzed (Figure 4). The KO-gfp biofilm grew continuously for
48 h before reaching a plateau at 12900 pm^/mm^. On the other hand, the growth o f the
W T-rfp biofilm was substantially slower than that o f the K O -g^ and did not reach its
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plateau at in 72 h. After 2 days o f incubation, the biovolume o f the K O -g^ biofilm was
6.5 times greater than that o f the W T -r^. The total biovolume o f the mixed culture
biofilm (W T-r^ + K O -g^ ) was similar to that o f the W T-rfp pure culture biofilm
throughout the experiment and the final biovolume o f the mixed culture biofilm was
substantially smaller (about

6

times smaller) than the KO-gfp pure culture biofilm at 72 h.

In the mixed culture biofilm , the presence o f the W T-rfp decreased the growth o f the KOgfp biofilm substantially. However, the KO -gfp strain still out-competed the W T-rfp in a
ratio o f 3:1 ratio at the end o f 72 h, with the biovolumes o f the W T -r^ and the K O -g^ at
93.0 and 314 pmVmm^ in the mixed biofilm, respectively.

3.3.3. Planktonic and biofilm survival
The survivability o f the non-starved (i.e. bacterial cells were harvested at log
phase) W T -r^ and K O -g^ were compared in a nutrient depleted 0.85% saline.
Regardless o f the experimental treatment, single W T -r^ or K O -g^ culture or mixed
W T -r^ and K O -g^ culture, the declines o f the two non-carbon starved P. putida
genotypes were not substantially different from each other (Figure 5A). This is
reasonable that under exponential growth (i.e. log phase) conditions, the amount RpoS
would be low in either the W T -r^ or K O -g^ genotypes. However, when the carbonstarved W T-rfp and K O -gfp cells were incubated separately in sterile 0.85% saline, there
was a higher decline in cell viability on the C-starved K O -g^ than the C-starved WT-rfp.
After 13-d incubation, the W T-rfp survived about 4.8 times better than the KO-g^. In the
1:1 mixed culture o f the W T-rfp and K O -g^, the W T-rfp survived substantially better
than the K O -g^ in the 0.85% sterile saline and out-competed the K O -g^ mutant by 13.2
times in 13 d (Figure 5B). In the biofilm samples, the survival o f both W T-rfp and KO-
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gfp, either in single or mixed culture, were not substantially different from each other
(Figure 6). The samples had an approximately 2 log reduction in cell density in the first 6
days’ o f incubation. After the initial decrease, the biofilm cell densities o f the samples
remained steady between 3 x 10^ and 1 x 10^ cfu/cm^.

3.3.4. Biofilm cohesiveness
The percentage area coverages by the W T-rfp and KO-gfp on the glass coverslips
o f the flow cells were 12.1 and 16.1 %, respectively, after 24 hours o f growth.
Cohesiveness o f the 24-h biofilms o f two genotypes was determined by monitoring the
percentage attachment o f the bacteria relative to the initial area covered by the 24-h
biofilms. The area covered by the W T -r^ biofilms decreased significantly to 44.8 and
11.4 % o f the initial biofilm after washed by a 0.2% SDS solution for 10 and 60 min,
respectively (Figure 7). For the K O -gfp biofilm, detachment o f the bacteria was not
significantly different from that o f the W T-rfp in the first 10 min, but a significant
decrease in attachment (61.2%) was observed after 60 min o f washing. An ANOVA test
shows that the detachment o f the W T-rfp was significantly higher than that o f the KO -gfp
at p<0.05.

3.4. Discussion
Despite the fact that the rpoS did not have any impact on the growth o f the PNPdegrading Pseudomonas strain in liquid nutrient medium, it had a significant impact on
the biofilm development o f the bacteria. The volume o f the K O -g^ biofilm was about 7
times larger than its wild-type (W T-rfp) counterpart. In a mixed biofilm condition, the
growth o f the W T -r^ was not enhanced by the KO-gfp. Instead, the W T-rfp suppressed
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the development o f KO -gfp biofilm substantially. This contradicts to the findings o f
Corona-Izquierdo and Membrillo-Hemandez (2002) that the spent medium o f an E. coli
rpoS knockout mutant increased biofilm formation o f its wild-type parent. Our
observations suggest that the rpoS o f the PNP-degrading P. putida strain is related to the
down regulation o f biofilm production by the bacteria.
Based on studies o f the Pseudomonas aeruginosa PA O l strain, there is a com plex
relationship between the rpoS and the quorum sensing (QS) régulons (Schuster et al.,
2004). This is partly because o f the inconsistent observations on the effect o f rpoS on the
two QS régulons (i.e. lasR-lasI and rhlR-rhll systems) (Schuster et al., 2004; Schuster et
al., 2003; W hiteley et a i , 2000) and due to the lack o f data on the direct effect o f rpoS on
biofilm synthesis gene(s) (Sakuragi and Kolter, 2007). As a result, the genetic
mechanism that links rpoS to biofilm formation is not clear. Nevertheless, the P.
aeruginosa PA O l rpoS knockout mutant develops a significantly larger biofilm matrix
than its wild-type strain and it is consistent to our observations on the PNP-degrading P.
putida. Another study by W hiteley et al. (2000) showed that the PA O l rpoS mutant had
a significant increase in r/i/7expression in comparison to its PA O l wildtype strain. Since
rhll encodes for N-butyryl-homoserine lactone (C4-HSL), an increase in rhll expression
may explain the increase in biofilm formation by the PA O l rpoS' mutant. Furthermore,
the study also showed that neither the rhlR nor the lasR-lasI system was affected by the
mutation o f the rpoS. In this study, the fact that the W T-rfp suppressed biofilm
development o f the K O -g^ in the mixed culture biofilm suggests that the rpoS may
induce the production o f a diffusible molecular signal molecule that suppresses the
expression o f the rhll o f the bacteria and this in turn limits the size o f the W T-r^ single
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biofilm and W T -i^ /K O -g ^ mixed biofilm structures. It may be a survival strategy o f
the bacteria to optimize nutrient uptake o f the biofilm matrix by limiting the size o f the
biofilm structure. Plate count assay on the 2-d old biofilm samples showed that the
CFU/cm^ o f the KO-gfp and W T -ijp were similar while the biovolume o f the K O -g^ was
about 7 times higher than that o f the W T-r^ strain. This infers that a high percentage of
the larger KO-gfp biofilm population is unculturable in standard growth medium as
compared to the smaller W T-r^ biofilm samples. This further supports our theory that
the larger biofilm structure o f rpoS knockout mutants may not be optimal for the survival
of the bacteria.
Our previous study has shown that pre-exposing the PNP-degrading P. putida to
carbon starvation increased the viability and PNP-degrading ability o f the bacteria in
artificial and environmental water samples (Moore et a l , 2005). This study shows that
the rpoS o f the PNP-degrading Pseudomonas is important for the survival o f the Cstarved Pseudomonas (in planktonic phase) in nutrient limiting conditions. Although
ipo5-dependent stress survival responses are seen in other Gram-negative bacteria such
as E. coli, P.fluorescens, and P. aeruginosa (Jorgensen et a i, 1999; Lange and Henggearonis, 1991; Murakami et a i, 2005; Stockwell and Loper, 2005), we show that the
difference between the survivability o f a rpoS' mutant and its wild-type counterpart w ill
widen in a mixed culture sample compared to a single culture rpoS' mutant or wild-type
(Figure 5 A). This indicates that not only does the rpoS protect the bacteria from
physicochemical stresses, it is also important for the competitiveness o f the bacteria
under planktonic conditions.
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Both in this and other studies, it is shown that knockout rpoS bacterial mutants
survive poorly in nutrient limited or stressful planktonic environments (Jorgensen et al.,
1999; Murakami et al., 2005; Stockwell and Loper, 2005). However, little is known
about the survival o f the rpoS mutants in biofilm conditions. When it was monitored by
plate counting, survival (or rate of decline) o f the sessile W T-rfp and KO -gfp, either in
single or mixed biofilm cultures, were not substantially different from each other. This
suggests that survival behaviors o f rpoS' mutant are different in biofilm and planktonic
conditions.
Also important to survival o f microorganisms in the environment, is the role o f
detachment. The cohesion o f biofilms can be directly correlated to how w ell the biofilm
cells detach. This study shows that cohesiveness o f the P. putida biofilm increased when
the rpoS gene was mutated. This indicates that RpoS up-regulates detachment o f the
bacteria. Through the use o f computer modeling. Hunt gt al. (2004) showed that nutrient
starvation in biofilms o f P. aeruginosa triggers detachment o f biofilm cells. Considering
the fact that nutrient starvation will up-regulate rpoS expression, these findings suggest
that rpoS plays a role in detachment. Studies perfomed on Vibrio cholerae also show that
rpoS plays a key role in the detachment o f biofilm cells from biotic and abiotic surfaces,
allowing the dispersal and colonization o f new hosts or habitats (Müller et a l , 2007;
Nielson et a l , 2006). These findings further support our observations that rpoS has a key
role in the dispersal o f P. putida biofilm cells.
In conclusion, our findings suggest that not only is the RpoS important to the
stress survival responses o f planktonic bacterial cells, it also has an important role in
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optimizing the fitness o f biofilm bacteria by regulating tbe size and the cohesiveness o f
biofilm structure.
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Table 1. Bacteria strains or plasmids used in this study with relevant characteristics for growth.
Strain or plasm id
Pseudomonas putida strains
WT

Relevant characteristics

Reference

Indigenous

KO

r/?o5::Tn5Km'^50 pg mL *

WT- R if
KO- R if
W T-rfp
K O -g ^

Spontaneous R if 50 pg mL '
Spontaneous R if 50 pg mL Km%50 pg mL"'
rfp, Gm"^ 10 pg mL"'
gfp, Gm^ 10 pg mL ', Km^ 50 pg mL"'

Spain and
Gibson
(1991)
Talion and
Leung
(2005)
This study
This study
This study
This study

Escherichia coli plasmids
pMiniT n7(Gm)PpAi/04/03g^-«

Gm% gfp

pMimTnl{Gm)PçMiQ^iQ^DsRedExpress-a

Gm% DsRedExpress

pUX-BF13

Helper plasmid carrying transposase genes, Ap"^
100 pg mL '
Helper plasmid for mobilization, Km"^ 50 pg
mL '

pRK2013
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Lambertson
et al. (2004)
Lambertson
et al. (2004)
Lambertson
e t al. (2004)
Moore et al.
(2005)

Figure Legend
Figure 1. Confocal images o f hydrated, W T-r^, KO -g^, and mixed W T -r^ and KOgfp biofilms at 3, 9, 24, 48 and 72 hour incubations. Scale bar = 20 microns.

Figure 2. (A) The structure o f the pMiniTn7(Gm)PpAi/04/03g^-<3 transposon plasmids,
similar to the pMiniTn7(Gm)ppAi/04/03f)’S'i^^4£'jc/7re55-a (not shown here) (Dr. Spren
Molin, Technical University o f Denmark, Lyngby) that was introduced into P. putida.
The transposon contains a gentamycin resistance gene, Gm R; the gfp-a, is a green
fluorescent protein which is constitutively expressed by PpAi/04/03 promoter; termination
sequence, ToCmRTi; on the outside two transposon flanking sequences, Tn7R and Tn7L.
(B) 25 bp downstream from the glmS. The PCR primers used to verify correct insertion
are shown as Tn7R109 and Tn7GlmS. (C) A 1% agarose gel shows the presence o f a 164
bp PCR product for the W T-r^ and the K O -g^, and the absence o f the product in the
parent WT and KO strains. Marker = 100 kb ladder.

Figure 3. Growth curves for the transformed Pseudomonas putida strains o f uniculture
W T -f^ • and KO-gfp o, mixed W T-r^ T and K O -g fp ^ and, WT ■ and KO o.

Figure 4. PHLIP analysis o f the biovolume (pmVpm^) o f a W T -r^ *, K O -g^ o, m ixed V ,
mixed W T -r^ ^ a n d mixed KO-gfp ■, Pseudomonas putida biofilms. Values given
represent the mean o f 25 z-slice confocal images from 3 separate trials.

Figure 5a. Survival o f non-starved, W T-rfp *, K O -g^ o, and mixed W T -r^T and KOg ^ V , planktonic P. putida cells in 0.85% saline at 22°C.

Figure 5b. Survival o f carbon-starved, W T-rfp *, KO-g^ o, and mixed W T-r^ T and
KO-gfp Vplanktonic P. putida cells, in 0.85% saline at 22°C.

Figure 6. Survival o i W T-rfp • , KO-g^ o, and mixed W T-rfp T and KO-g^ V biofilm
P. putida cells, in 0.85% saline at 22°C.
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Figure 7. Confocal Scanning Laser Microscope images o f (A) KO -gfp and (B) W T -rfp P.
putida cells attached to glass coverslip after 0, 10 and 60mins washing in 0.2% SDS. (C)
Percentage o f K O -g^ • and W T-rfp o, P. putida cells attached to glass coverslip after 0,
10 and 60mins washing in 0.2% SDS.
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