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Abstract
Pseudomonas stutzeri is evaluated in this thesis for its ability to form a coral, corrugated
biofilm. It begins with an overview of biofilm formation in other species, then offers a more
concentrated view on the pseudomonad group, to give context for this topic. The three
experiments performed were a nitrate experiment to test if a lack of access to nitrate influenced
the coral biofilm formation, a passage experiment to show how colony morphology changed in
pellicle formation in liquid media over time, and a transposon mutagenesis experiment to insert a
transposon into the gene(s) involved in coral biofilm formation to knockout the ability. The
nitrate experiment showed no difference between colony morphology on plates with and without
nitrate added. The passage experiment showed coral biofilm formation ability being lost in some
colonies as early as one week after inoculation and a great diversity of morphologic
characteristics appeared over time. Pellicle formation also lost robustness over time with some
colonies becoming more motile and other hyper-biofilm forming. The transposon mutagenesis
experiment did not come to completion due to colonies losing coral biofilm formation ability on
their own without necessarily being caused by the transposon. Sequence data is still currently
being processed.

Introduction
Pseudomonas stutzeri is the species name of a bacterium belonging to the phylum of
proteobacteria in the subgroup of stutzeri which also includes P. balearica and P. luteola. P.
stutzeri was first characterized as early as 1895 and yet even today there is much we do not know

about this bacteria (1). P. stutzeri is defined by some shared characteristics however the many
strains attributed to P. stutzeri are incredibly phenotypically diverse and, using certain criteria for
what a species is, P. stutzeri could be further split into at least 17 different species (1). One of the
first samples isolated of P. stutzeri was a clinical sample however P. stutzeri has since been
found in a huge number of different environments and is considered fairly ubiquitous (1). P.
stutzeri is considered an opportunistic human pathogen although a relatively rare one (1). Most
people who have a P. stutzeri infection have accompanying risk factors including an underlying
illness, previous surgery, trauma or skin infection, and/or are immunocompromised (1). P.
stutzeri has many intriguing qualities that make it a fascinating bacteria to work with. Most P.
stutzeri strains are competent for natural transformation, meaning they easily take up DNA from
the surrounding environment, although not all do (1). Some P. stutzeri have long been known to
be competent denitrifiers with others being diazotrophs and still others who are neither (1).
Denitrifiers break down more complicated nitrogen molecules such as nitrate (NO3-) and
produce simpler nitrogen gas (N2) while diazotrophs fix nitrogen gas from the atmosphere into
more complicated nitrogen molecules. P. stutzeri also has diverse metabolic processes among
strains and some can use a wide variety of carbon compounds such as starch, maltose, and
ethylene glycol which other pseudomonads cannot use (1). Different P. stutzeri strains have also
been found to be resistant to almost every antibiotic family with the major exception that no
resistant strains have been found to fluoroquinolones (1). One of the only commonalities
between all strains of P. stutzeri is that none can survive in acidic conditions below a pH of 4.5
(1).
With so much diversity just among P. stutzeri strains themselves, not to mention the
many differences between other species of pseudomonads, it is a wonder that so little is known

about its genes and their functions. In this thesis one specific morphologic characteristic of P.
stutzeri is studied to hopefully find the genetic basis for. This characteristic is the biofilm
formation found in P. stutzeri. Biofilms have recently become a serious object of study (2).
Biofilms have been correlated with pathogenicity (3) and have been correlated with higher
virulence in pathogenic bacteria (2). Biofilms have also been shown to be “tissue-like”
sometimes with qualities similar to multicellular eukaryotic tissues (3, 4). Many biofilms have
been shown to produce an extracellular matrix made up of extracellular DNA, lipids,
exopolysaccharides, and extracellular proteins (many which are amyloid-like) (2). With the
importance of bacterial biofilms becoming clear in both clinical settings and in the environment,
discovering how different species create their own biofilms is a hot research topic. The biofilm
produced by P. stutzeri strains DBL969 and DBL878 appears to the naked eye almost like coral
from the ocean with the biofilms corrugated structure. These ridges can grow vertically from the
plate to incredible heights considering the small size of one bacterium. The two strains DBL969
and DBL878 shown in Figure 1 were selected to be resistant to the antibiotic rifampicin.
DBL878 was originally isolated from soil samples in Israel while DBL969 was isolated from a
diseased pepper plant in Bisbee, Arizona. To our knowledge P. stutzeri has yet to be researched
for the genetic basis of this biofilm formation, even though other species and even other
pseudomonads have been extensively researched.

DBL878

DBL969

Figure 1. DBL878 on the left. DBL969 on the right
Escherichia coli
E. coli has long been a “model organism” for bacteria and has been extensively studied in
many areas including biofilm formation. E. coli strains that form biofilms can colonize a variety
of surfaces including plastic and glass that is submerged, agar plates, and floating pellicles

formed at the air-liquid interface (2). Some of the building blocks to creating the scaffolding for
the biofilm include autotransporter adhesions such as antigen 43, proteinaceous curli fibers,
cellulose, and flagella (2). E. coli also partitions different cells to produce different parts of this
extracellular matrix (2). Cellulose in particular helps E. coli communities resist desiccation (2).
Cellulose also allows elasticity and cohesion in the biofilm along with the curli fibers and allows
the formation of long and high ridges and elaborate wrinkles (4). Experiments on colonies
without cellulose production led to very brittle biofilm structures that broke into a pattern of
concentric dome-shaped rings with deep crevices that lost the high ridges (4). A secondary
messenger called cyclic-di-GMP seems to increase the levels of curli fiber production when it is
increased which leads to assumptions it plays roles in forming the biofilm (2, 4). In biofilms
created at the air-liquid interface, also known as pellicles, flagella was found to be important in
forming those pellicles (2). Experiments that remove Antigen 43 have shown that it plays an
important role in the formation of biofilms in E. coli and Pseudomonas fluorescens as well (2).
Many of the challenges E. coli faces in producing a biofilm are common to other species who
may have solved the same problems in similar or very different ways (2).
Vibrio cholera
V. cholera is another well studied bacteria for biofilm formation since it is the causative
agent of the diarrheal disease cholera and biofilm formation is linked to its increased virulence
(2). V. cholera does not use cellulose in its biofilm formation like E. coli but instead uses
carbohydrates called Vibrio exopolysaccharides (VPS) (2). In mutants without the capacity to
make VPS, biofilms can be formed in the presence of high concentrations of Ca2+ such as in
seawater (2). The genes for making VPS are known (2). The extracellular proteins, also produced

and excreted into the extracellular matrix, are also known to contribute to V. cholera’s biofilm
structure and integrity (2).
Bacillus subtilis
B. subtilis is known commercially as a plant growth promoting bacteria since it can
protect plants from other pathogenic microorganisms due to its ability to form a biofilm (2). The
extracellular matrix that B. subtilis creates is required for not only the projection of its spores on
the surface of the biofilm but also wrinkle and internal channel formation, complex colony
spreading, extreme hydrophobicity, and mechanical stiffness (2). The matrix is made up of a
large molecular weight soluble exopolysaccharide (currently unknown), extracellular proteins, a
“biofilm raincoat” which causes its hydrophobicity due to a molecule called BslA which is a
hydrophobin, and amyloid-like fibers (like TasA) (2). Studies have shown that BslA can be
shared by cells that produce the protein to those that do not in a mixed culture biofilm indicating
that B. subtilis biofilms are social, cooperative, bacterial communities (2). While being cultured
in the lab and after many passages (where repeated sampling of the previous culture inoculates a
fresh medium) many colonies lost their ability to form rugose biofilms and in general diversified
greatly, known as colonial dissociation (2). Another lab was able to phenocopy or partially
phenocopy the same phenotypes as the evolved biofilm phenotypes by inducing different
mutations in the biofilm-regulatory gene sinR (5). This evidence further supported other
indications that the known operons for biofilm formation are tightly controlled in the ancestral
strain (2, 5). This lab also discovered that regulation of rugose biofilm formation happened in a
nutrient-dependent manner where in rich media biofilm was weakened (or in some cases
strengthened) compared to nutrient-poor conditions where it was unchanged (5). Some of the
hyper-matrix-producing mutants had analogs in Pseudomonas fluorescens mutants suggesting

that this could be a common adaptation to allow bacteria to utilize the ecological niche of the airmedium interface (5). Experiments on the redox state of B. subtilis, by varying the amount of
atmospheric oxygen, have pointed to the wrinkle formation of the biofilm as enhancing access to
oxygen and thereby maintaining redox homeostasis for the bacteria inside the biofilms (6).
Nitrate reduction also plays a role in continuing redox reactions in the absence of enough oxygen
(6). Along with this, the biofilm formation of wrinkles increases the surface area of the biofilm to
support redox balancing (6).
Staphylococcus aureus
The S. aureus bacterium causes disease in both humans and livestock with biofilm
producing strains being linked to infectious endocarditis, implant-associated infection, and death
(2). Molecules of biofilm formation in S. aureus happen to be extremely strain specific and the
mechanisms for creating them are largely unknown (2). The molecules also vary notably
between methicillin-resistant (MRSA) and methicillin-sensitive (MSSA) strains (2). The biofilm
production of S. aureus can be largely viewed as ica-dependent, a polysaccharide intercellular
adhesion product produced partly by the icaADBC operon, or ica-independent process (2). The
process of forming the biofilm, however, has been well-researched including the steps to end up
with a matrix made up of PSM amyloid fibers, extracellular DNA, recycled cytoplasmic proteins,
cell wall anchored proteins, and phenol soluble modulins (2).
Pseudomonas aeruginosa
80% of people diagnosed with cystic fibrosis will develop chronic infections due to P.
aeruginosa and its biofilm formation by late adolescence (7). P. aeruginosa infects the lungs of
these patients along with patients with indwelling devices and implanted medical devices (2).

Like all the other species mentioned, P. aeruginosa strains that produce biofilms face the issue of
electron acceptor limitation due to the fact that they exist in an encased, self-produced matrix (6).
And although all biofilms must solve this issue only P. aeruginosa and B. subtilis, of those
previously stated, have been studied in the context of the redox state (6, 8). Just like B. subtilis,
P. aeruginosa also seems to have enhanced access to oxygen and ability to perform redox
reactions when in a wrinkled biofilm formation (6, 8). P. aeruginosa has three methods to
overcome the oxygen gradient that occurs due to biofilm formation; electron shuttling with
phenazines, nitrate reduction, and increasing its surface area by inducing the wrinkly biofilm
formation (6, 8). P. aeruginosa does not always produce a wrinkly biofilm phenotype and this
wrinkly phenotype emerges only when phenazines are not produced (6, 8). In order for the
colony to induce wrinkling, Pel polysaccharide is needed (6). P. aeruginosa is unique in the
pseudomonads in that alginate expression is essential in mucoidal biofilm formation, like the
strains that affect cystic fibrosis patients, and isn’t seen in these other wrinkly biofilms (9).
However, other pseudomonads do use alginate in their wrinkly biofilms (9). In experiments with
P. aeruginosa, decreased oxygen in the atmosphere was shown to be deleterious to pellicle
formation (10). It was also observed that strains of P. aeruginosa that were unable to form
flagella also failed to produce a normal structured biofilm, and the biofilm formation was
delayed, under the same conditions as flagella producing strains (11). However strains unable to
produce pili and strains unable to produce flagella or pili formed proper pellicles (11).
Pseudomonads as a Group
Several people have researched biofilm formation in a kind of sweeping overview of
many different species of the Pseudomonas genus. In one study 70% of the Pseudomonas strains
used were able to form a biofilm within 2-15 days (9). In another paper 76% of the strains used

produced a biofilm at the air–liquid (A–L) interface within 15 days (10). P. aeruginosa, P.
fluorescens, P. putida and P. syringae were examples of species that are known to synthesize
exopolysaccharides and readily form biofilms (9). For P. syringae in particular the biofilm
formation relates to resistance to desiccation (9). Across many species cellulose or some
cellulose-like product is used in biofilm formation; including the species P. asplenii, P.
corrugata, P. fluorescens, P. marginalis , P. putida, P. savastanoi, P. syringae, and importantly
P. stutzeri isolates (9, 10). P. fluorescens experiments show an isolate can use partiallyacetylated cellulose in biofilm matrix formation along with at least 26 isolates that were shown
to produce cellulose (9). P. syringae and P. putida strains have shown wss cellulose producing
gene homologs to the wss operon that makes cellulose in P. fluorescens (9). The cyclic-di-GMP
signaling molecule, also shown to affect biofilm formation in E. coli, P. aeruginosa, Vibrio
cholera, and some species of Salmonella (2,4, 6), appears to effect many other pseudomonads’
biofilm production (9, 10). GGDEF containing response regulators, WspR in particular, were
also shown to have an effect in regulating biofilm formation in several pseudomonads (10).
Pseudomonas stutzeri
While P. stutzeri was included in one of these studies, no analysis into the genes required
for biofilm formation was performed. The sample used in this paper was a clinical sample that
produced this coral biofilm while our strains, DBL878 and DBL969, were environmental
samples (10). While many pseudomonads were shown to eventually grow a biofilm in static
liquid cultures, P. stutzeri strains appear to always initially form a rugose pellicle without any
passages needed. Other peculiarities included the change in pellicle formation over time, the
incredible diversification of colonies over time, and the formation of corrugated biofilm under
normal atmospheric conditions. Both flagella and type IV pili seem to have an effect of biofilm

formation of P. stutzeri (1). We hypothesized that P. stutzeri would have some gene, that perhaps
looked like the wss operon, that produced a cellulose or cellulose-like molecule for biofilm
formation. Another hypothesis was that mutations in flagella or pili formation would be found in
colonies that lost the ability to form strong pellicles. Our last hypothesis was that perhaps adding
a nitrate source to the medium would decrease biofilm formation due to the redox state and
allowing nitrate reduction to occur.

Methods and Materials
Nitrate Experiment
In order to test if adding a nitrate source to the media affected the formation of the
biofilm we made up rich King’s B (KB) media with potassium nitrate added. The media was
made of agar 10 g/L, dipotassium hydrogen phosphate 1.5 g/L, magnesium sulfate 1.5 g/L,
peptone 20 g/L, nanopure water 1L, and 2.0221 g of potassium nitrate to make the solution 40
mM of KNO3. We also made up regular KB as a control. The media was then autoclaved at 121
°C for 60 minutes then cooled to 60 °C. At 60 °C the antibiotic rifampicin was added and then
the liquid media poured into sterile petri dishes in a hood until solid. Samples of both DBL878
and DBL969 from the stock cultures stored at -80 °C were then streaked to single colonies on the
dishes and allowed to grow at 27 °C.
Passage Experiment
To observe changes to colony morphology and phenotypes in pellicle formation over
time, a series of passages was performed. We began by streaking the original strains from -80 °C
onto petri dishes of plain KB for single colonies and allowed them to grow at 27 °C. Once

clearly delineated single coral colonies appeared we began the passages. We took eight 25 mL
culture tubes and filled them with 5 mL of KB liquid medium (same recipe as above except for
the agar and KNO3) with rifampicin added. We inoculated the each culture tube with part of a
single coral colony of DBL878 or DBL969 for a total of 4 878s and 4 969s. We capped the tubes
and left them on a shelf to grow overnight. We repeated this with another 8 tubes starting with
the other half of the same 8 original colonies to grow statically for a week undisturbed. The next
day the overnight tubes were vortexed thoroughly to break up the pellicle and a serial dilution
was performed. A well plate was created to do serial dilutions. The solution in each used well
was 10 mM MgCl2 instead of plain nanopure water so the cells wouldn’t rupture do to osmosis.
In this plate 2 µL of the first 878 culture was added the first well filled with 198 µL of 10 mM
MgCl2 in row A. 2 µL of that was added to the next well of 198 µL of 10 mM MgCl2. 20 µL of
that was then added to 180 µL of 10 mM MgCl2. 20 µL of that was then added to 180 µL of 10
mM MgCl2. 20 µL of that was then added to 180 µL of 10 mM MgCl2. 20 µL of that was then
added to 180 µL of 10 mM MgCl2 for a total number of wells in the serial dilution of 878 #1
being 6. This same process was repeated for 878 #2 in row C, 878 #3 in row E, and 878 #4 in
row G. The exact same process was mirrored on the other side of the plate with 969 #1 in row B,
969 #2 in row D, 969 #3 in row F, and 969 #4 in row H. Each time liquid was added with a pipet
it would be mixed with the 10 mM MgCl2 to create a homogenous solution. Figure 2 shows this
with the smaller amounts above the rows indicating the amount added to that well from the
previous well (or culture for the first wells).

Figure 2. DBL878 in the wells on the left side. DBL969 in wells on the right side.

From this set of serial dilutions 10 µL from each used well was taken and gently dropped
in a small droplet on large petri dishes of solid KB media with rifampicin. All of the steps were
performed in a hood and the droplets were allowed to dry before the large petri dishes were
allowed to grow at 27 °C for two days. After two days the plates were counted for single
colonies that I could observe and divided into groups based on morphology then a picture was
taken.
This same technique for serial dilutions was used for the other tubes left for a week. After
a week the 8 tubes were also passaged. This was done by vortexing the tubes to break up the
pellicles and then 50 µL of the original culture was added to a brand new 25 mL tube filled with

5 mL of KB liquid media with rifampicin. The tubes were then capped and left to grow for a
week. This process continued for a total of 10 passages. Figure 3 is an example of this pellicle
growth in the passage experiment left stationary for one week.

Figure 3. This is an example of the 8 tubes of DBL878 and DBL969 growing on the shelf. This
was the first passage after a few days with DBL878 in the front and DBL969 behind.
After the first week goopy colony morphologies appeared in the serial dilution plates and
an additional four tubes of 878 #1-4 Goopy were created and passaged for a total of 10 passages.
Anytime a new or strange looking colony appeared it would be grown up separately for one day
in new liquid media then stored. This was done by adding 750 µL of the culture to 750 µL of
80% glycerol in a cryotube, vortexing it until homogenous, and freezing at -80 °C.

Transposon Mutagenesis Experiment
In order to evaluate the genes involved in coral biofilm formation, an experiment was
devised. Beginning with the idea to use a transposon mutagenesis experiment to insert a
transposon into the gene for biofilm formation and therefore knocking it out. Then a screen for
those that have both the transposon and have lost coral biofilm formation, growing up those
mutants, isolating their DNA, and then sequencing the DNA. After the sequencing we would
look for the section that matched the DNA of the transposon which would hopefully have landed
somewhere in the gene, or genes, for coral biofilm formation. The original strains would also be
sequenced along with goopy mutants found in the passage experiment.
Transposons are a naturally occurring gene section that is able to jump in and out of
different sections of the genome (12). This phenomenon is found in many species and kingdoms
and is the reason for corn kernels to be different colors on the same ear of corn (13). One such
transposon has been engineered on a plasmid so once it jumps into the DNA of the recipient it
cannot keep jumping. Plasmids are circular rings of extracellular DNA that are often able to enter
completely different species of bacteria through a horizontal transfer or a mating event. Many
naturally occurring antibiotic resistances in bacteria are found on plasmids and explains why
they can seem to easily transfer to new species. The transposon used was a modified Tn5
transposon found on plasmid pRL27 that contains an oriR6K origin of replication and confers
kanamycin resistance. This plasmid was cultured in the E. coli strain DBL330.
In order to get the plasmid into the strains of P. stutzeri DBL878 and DBL969 we
performed a mating event. This was done by first growing up 2 mL cultures of liquid media of
each strain of P. stutzeri and E. coli. DBL330 was grown in LB liquid media overnight at 37 °C.
LB media is made by adding 10 g tryptone, 5 g yeast extract, and 10 g NaCl to one liter of

nanopure water. It is then autoclaved at 121°C for 60 minutes. DBL878 and DBL969 were
grown in KB liquid media overnight at 27 °C. All three cultures were then transferred to
centrifuge tubes and centrifuged at 6000 rpm for 3 minutes. The supernatant was disposed of and
1 mL of 10 mM MgCl2 was added. This was then vortexed to resuspend the cells and then
centrifuged again for 3 mins at 6000 rpm. From disposing of supernatant to resuspension was
repeated three times to fully wash the cells of their media. The last time they were resuspended
in 750 µL of 10 mM MgCl2 and then 50 µL of DBL330 was added to both DBL878 and
DBL969. This was repeated three times. Then a total of 6 drops of 100 µL of combined strains
was placed on a plain petri dish of solid LB media (same procedure as above with 10 g of agar
added) under a hood and allowed to dry. These dishes were then incubated at 27 °C overnight to
allow the bacteria to mate with one another. The next day the bacteria on the plate was scraped
off the media and resuspended in 1 mL of 10 mM MgCl2. A 1:100 dilution was made and then
100-150 µL was plated onto a petri dish with KB solid media with both rifampicin and
kanamycin on it. The solution was then spread on the petri dish with a sterile spatula, allowed to
dry in a hood, and then incubated at 27 °C.
After a couple of days single colonies that had the kanamycin transposon in the P.
stutzeri bacteria would appear to the naked eye and were screened for colonies that did not have
the coral biofilm. None of the E. coli would grow since the DBL330 was not resistant to
rifampicin. The non-coral colonies would then be picked to new petri dishes of solid KB with
rifampicin and kanamycin and allowed to grow for a few more days to ensure they were not
coral. Once true non-coral colonies of DBL878 and DBL969 were found they were grown up
and then frozen down using the same procedure stated earlier to store cultures.

In order to isolate DNA from natural non-coral (goopy) mutants, transposon goopy
mutants, or the original strains we used the Wizard® Genomic DNA Purification Kit from
Promega. After DNA was isolated from DBL878, DBL969, and the first four goopy mutants of
878 from the passage experiment the DNA was sent to a lab for sequencing.
For the goopy mutants from the transposon mutagenesis that were isolated for their DNA
we took a few more steps. 7 µL of the purified genomic DNA was added to 18 µL of nanopure
water, 2 µL of the restriction enzyme BamHI, and 3 µL of Buffer 4. The DNA would be cut up
for about an hour in the 37 °C shaking incubator. The DNA would be digested since the
restriction enzyme would cut DNA wherever it saw a 5'-GGATCC-3' sequence and cut right
after the 5’ guanine. This would produce sticky ends where one side of the complimentary DNA
strand was longer than the other. After that one hour the digestion was purified using the buffer
PB. By adding 150 µL of the PB buffer the DNA would come out of the solution and a column
was used to separate the DNA from the digestion products. The column was washed with 750 µL
of PE (made with ethanol which doesn’t dissolve DNA) to remove the rest of the PB solution.
The columns were centrifuged at 15,000 rpm for a minute three times, each time pouring out the
bottom of the column. Then 30 µL of nanopure water was added to the column top, which was
then placed into a new centrifuge tube and spun at 15,000 rpm for one minute to collect the DNA
(since DNA dissolves in water). The digestions were then run through a gel to make sure they
worked. This was an electrophoresis gel that ran DNA with the smallest sections going fastest,
larger ones slower. Next to a ladder of precisely sized DNA to show were bands of the same size
would show up, correctly digested samples would appear like a smear down the gel next to the
nice clear bands of the ladder.

The digested pieces of DNA were then ligated back together to form plasmids by using a
ligase enzyme. A stock solution for 5 different mutants at a time was made of 1 µL Ligase
enzyme, 10 µL of Ligase Buffer, 20 µL of 25 % PEG, and 9 µL of nanopure water. 12 µL of the
purified ligations was added to 9 µL of the stock solution in a small centrifuge tube and allowed
to ligate back together at 16 °C overnight. The ligase enzyme would find the sticky ends created
by the digestion and stick them back together fairly randomly. This would create a great number
of circular DNA plasmids. Once the ligation was done the ligations would be purified the same
way the digestions were.
The ligated plasmids were then electroporated into S17 strains of E. coli that were
electrocompetent, when shocked with electricity they were transformable by extracellular DNA.
This was done by shocking 100 µL of the S17 E. coli with 2100 volts of electricity. This would
allow some of the plasmids from the 15 µL ligations to be taken up by the S17. The resulting
cells were plated on petri dishes of LB solid media with kanamycin. Since S17 is not naturally
resistant to kanamycin, only cells that took up a plasmid that had the transposon with the
kanamycin resistance gene on it would grow. Once a colony had grown up it would be mated to
the original strain of DBL878 or DBL969 to see if the strain would lose its coral biofilm ability.

Results
Nitrate Experiment
The results of the nitrate experiment were very clear since there was no discernable
difference in coral biofilm formation between the plates with and the plates without added
potassium nitrate. Figure 4 and 5 show these results.

Figure 4. Both were DBL878. The left picture has KNO3 in the media, the right does not.

Figure 5. Both were DBL969. The left picture has KNO3 in the media, the right does not.

Passage Experiment
The passages were a great tool in learning how quickly and incredibly P. stutzeri can
diversity in its morphology by just letting the pellicles grow and seeing what happens.
DBL7878 10 Passages
Figure 6 was the serial dilution plate from the single coral colony grown in liquid media
overnight. This showed that after about 24 hours of growth in liquid media, then two days for
colonies to grow up on solid media, all the colonies were still coral. Figure 7 through Figure 16
are the serial dilution plates from the ten passages from one original coral colony, passaged by
transferring 50 µL of the old liquid culture to the new fresh media after one week of pellicle
growth. Figure 7 shows that after only just one week of growth in liquid media the P. stutzeri
cells begin to diversify and some lost the ability to form a coral biofilm. When counting colonies
only three types of groupings were used; goopy which looked like a dot of a smooth and wet
colony, coral which had the corrugated biofilm structure, and spread goopy which lacked the
ridges and spread out to a further diameter on the plate than the goopy type. However there were
many subdivisions including colonies that had mucoidal and coral areas in the same colony,
varying levels of motility and motility in multiple groups (ex: coral and motile/spread), and
differences in colony color. Only colonies that could be differentiated from one another were
counted sometimes leading to none of one group being counted even though their morphology
could be seen in the more concentrated samples. The pellicles over time (not shown) appeared to
become less robust. The pellicles seemed to decrease in thickness, while the liquid became more
turbid, while the pellicles also became less delineated with sequential passaging. It also became
easier to vortex into more homogeneous cultures, with sometimes the pellicle falling down all on
its own.

Figure 6. Serial dilution plate after pellicle formation of DBL878, overnight culture. 31 colonies
were counted and they were all coral.

Figure 7. Serial dilution plate after pellicle formation of DBL878, after one week. Of the 34
colonies counted, 14 were coral and 20 were goopy.

Figure 8. Serial dilution plate after pellicle formation of DBL878, 2nd passage. Of the 81
colonies counted, 4 were coral and the rest were goopy. Colonies appeared fuzzier due to
increased motility.

Figure 9. Serial dilution plate after pellicle formation of DBL878, 3rd passage. Of the 84
colonies counted, 30 were small and goopy and 54 were goopy and spread.

Figure 10. Serial dilution plate after pellicle formation of DBL878, 4th passage. Of the 55
colonies counted, 37 were spread and goopy and 4 were coral.

Figure 11. Serial dilution plate after pellicle formation of DBL878, 5th passage. Of the 73
colonies counted; 30 were spread and goopy, 30 were goopy, and 11 were coral.

Figure 12. Serial dilution plate after pellicle formation of DBL878, 6th passage. Of the 102
colonies counted; 4 were spread and goopy, 91 were goopy, and 7 were coral.

Figure 13. Serial dilution plate after pellicle formation of DBL878, 7th passage. Of the 62
colonies counted; 29 were spread and goopy, 30 were goopy, and 3 were coral.

Figure 14. Serial dilution plate after pellicle formation of DBL878, 8th passage. Of the 105
colonies counted; 44 were spread and goopy, 60 were goopy, and 1 was coral.

Figure 15. Serial dilution plate after pellicle formation of DBL878, 9th passage. Of the 62
colonies counted; 15 were spread and goopy, 42 were goopy, and 5 was coral.

Figure 16. Serial dilution plate after pellicle formation of DBL878, 10th passage. Of the 99
colonies counted, 25 were spread and goopy and 74 were goopy.

DBL878 Goopy Mutants #1-4
Figure 18 through Figure 27 show the serial dilution plates from the ten passages from
liquid culture for the 4 goopy mutants of DBL878 found after the first passage from DBL878
shown in Figure 7. Starting with single goopy colonies of DBL878 in liquid media only DBL878
Goopy Mutant #1 formed a pellicle (Figure 17). Even so, it was much less robust than the
original coral DBL878 pellicles. There appears to be a trend of increased motility in colonies
with passages. Goopy mutants #2 and #4 had the smallest if any occurrence of coral colonies and
#3 and #1 appear to fluctuate between having more goopy colonies or coral colonies proliferate.

Figure 17. The four initial goopy colonies of DBL878 after two days of growth in liquid media.
Only #1 on the far left formed a pellicle.

Figure 18. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 1st
passage. 37 total colonies with 878 goopy #4 and 878 #2 showing no coral colonies. #1 and #3
seem to show some coral colonies at low frequencies.

Figure 19. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 2nd
passage. 103 colonies were counted and all those counted were goopy and spread.

Figure 20. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 3rd
passage. 53 colonies were counted, one was coral and 52 were goopy and spread.

Figure 21. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 4th
passage. 116 colonies were counted; 104 were goopy and spread, 8 were goopy, and 4 were
coral.

Figure 22. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 5th
passage. 15 colonies were counted; 13 were goopy and spread, 2 were goopy, and the plate
shows coral colonies in #1 and #3.

Figure 23. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 6th
passage. 24 colonies were counted, 19 were goopy and spread and 5 were goopy.

Figure 24. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 7th
passage. Due to unforeseen illness no individual colonies were counted after two days.

Figure 25. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 8th
passage. 98 colonies were counted, 89 were goopy and spread and 9 were goopy.

Figure 26. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 9th
passage. 69 colonies were counted, 56 were goopy and spread and 13 were goopy.

Figure 27. Serial dilution plate after pellicle formation of goopy mutants DBL878 #1-4, 10th
passage. 44 colonies were counted, 36 were goopy and spread and 8 were goopy.

DBL969 10 Passages
Figure 28 shows the serial dilution plate after one day of growth in liquid media. All the
colonies are producing a coral biofilm after one overnight culture forming a biofilm. Figure 29
through Figure 39 (excluding Figure 35) are the serial dilution plates from the pellicle formation
of DBL969 over ten passages. Like DBL878 the pellicles became less robust with time although
DBL969 started even more robust than them to the point where you could nearly tip them upside
down without losing the integrity of the biofilm. Figure 35 is an example of some of the strange

colonies we stored, like the “fried egg” looking colony, and also shows the colonies after more
growth to show the diversity present.

Figure 28. Serial dilution plate after pellicle formation of DBL969, overnight culture. 116
colonies were counted and they were all coral.

Figure 29. Serial dilution plate after pellicle formation of DBL969, after one week. Of the 39
colonies counted, 11 were coral but spread out and 16 were goopy.

Figure 30. Serial dilution plate after pellicle formation of DBL969, 2nd passage. Of the 45
colonies counted, 20 were goopy and 24 were coral.

Figure 31. Serial dilution plate after pellicle formation of DBL969, 3rd passage. Of the 64
colonies counted, 5 were coral and 59 were goopy.

Figure 32. Serial dilution plate after pellicle formation of DBL969, 4th passage. Of the 79
colonies counted, 75 were goopy and 4 were coral.

Figure 33. Serial dilution plate after pellicle formation of DBL969, 5th passage. Of the 64
colonies counted, 62 were goopy and 2 were coral.

Figure 34. Serial dilution plate after pellicle formation of DBL969, 6th passage. Of the 66
colonies counted, 63 were goopy and 3 were coral.

Incredibly
tall colony
Goopy colony

Weakly coral and goopy
colony
Coral and goopy
colony

“Fried egg” like colony

Figure 35. Serial dilution plate from the 6th passage allowed to grow for a week. Example of the
amount of diversity shown enlarged.

Figure 36. Serial dilution plate after pellicle formation of DBL969, 7th passage. Of the 87
colonies counted all were goopy.

Figure 37. Serial dilution plate after pellicle formation of DBL969, 8th passage. Of the 85
colonies counted, 82 were goopy and 3 were spread and goopy.

Figure 38. Serial dilution plate after pellicle formation of DBL969, 9th passage. Of the 171
colonies counted; 161 were goopy, 6 were spread and goopy, and 4 were coral.

Figure 39. Serial dilution plate after pellicle formation of DBL969, 10th passage. Of the 150
colonies counted; 113 were goopy, 12 were spread and goopy, and 23 were goopy but with
ridges so were called coral-ish.

Transposon Mutagenesis
As seen in the dilution plates from pellicle formation, within one week naturally
occurring goopy mutants were present in a fairly high abundance. Because of the number of days
DBL969 and DBL878 are growing after being revived from frozen until being screened for
goopy colonies, mutants found through transposon mutagenesis couldn’t be trusted. Although the
antibiotic plates the screens are grown on ensure that only P. stutzeri colonies grow that have the
transposon in their DNA, because of how quickly they are shown to mutate to the goopy
morphology it could possibly be not due to the transposon interrupting the gene for coral biofilm

formation. To date we have yet to be able to introduce a ligated plasmid from a goopy colony’s
DNA with the transposon in it into a S17 cell. Also, we have been unable to transform the
original strain with a ligated plasmid either.
The purified DNA is currently at a different lab for sequencing. We have yet to receive
the sequence data from the original DBL878 and DBL969 strains or the four goopy mutants of
DBL878 used for the delayed pellicle experiment of the Goopy Mutants #1-4.

Discussion
Due to the results from the nitrate experiment, it is highly unlikely that inability to
perform nitrate reduction is the cause of P. stutzeri’s coral biofilm formation. Although P.
aeruginosa and B. subtilis each use their rugose biofilm to balance their redox state in less than
ideal conditions, P. stutzeri doesn’t seem to form it’s biofilm in the absence of nitrate since
adding nitrate made no difference to the morphology. P. stutzeri may, like P. aeruginosa and B.
subtilis, still benefit from the ridges and crevices of the coral biofilm in allowing more surface
area to diffuse oxygen to it cells under normal conditions. Future research of these strains in
variable atmospheric conditions would be needed to give evidence to this theory. Since our
pellicle experiment showed colonies losing coral biofilm ability over time, conclusions that
oxygen accessibility has something to do with the coral biofilm is probably only a plate
phenomenon. In P. aeruginosa pellicle formation was shown to be due to recognizing the oxygen
at the air-liquid interface as a signal with strains who lost the ability to sense this signal unable to
form a pellicle (11). In B. subtilis and P. aeruginosa motility was shown to be a huge part of
pellicle formation as well (11). Our experiments with P. stutzeri showed increased motility with

further passages, some plates becoming nearly completely covered with motile colonies over a
few more days, access to oxygen may have driven motile colonies to abundance in pellicle
experiments. Colonies who evolved better motility may also have been more adapted to the
liquid media environment in later passages due to their ability to move to oxygen-rich areas of
the tube.
The incredible visual diversity of the colonies throughout the passages points to
diversification as a possible adaptation to living in a static liquid media. The pellicle formation
over time most likely allowed for different ecological niches for bacteria which could have
evolved a small scale adaptive radiation. For example the very motile, spread colonies observed
could be cells with mutations for better swimming via flagella and pili to utilize the nutrients
farther away from the air-liquid interface. Other cells could benefit from mutations for more
biofilm formation by sticking more firmly to the sides of the tube to have access to resources like
oxygen which could explain the hyper-biofilm forming colonies that appeared. Hyper-matrixproducing mutants were found in other species growing in pellicles as well which further
supports this idea of niche differentiating (5). Perhaps the diversification in P. stutzeri colony
formation seen in both DBL878 and DBL969 strains could be a result of this phenomenon.
Research into the possible mutations in genes or regulatory changes that exist in the diverse
colonies seen would be needed to show evidence for this theory. Also, devising a way to sample
different sections of the pellicle and areas in the culture tube, without homogenizing it, would let
us see if the different varieties are found in separate areas to indicate if they were utilizing
slightly different resources.
Due to the method in which passages occurred, vortexing for homogeneity, we may have
unintentionally added a selective pressure. The original coral colonies formed robust pellicles

that were difficult to break apart. Over multiple passages the pellicles became less robust and
easier to vortex with a corresponding increase in goopy varieties appearing in more abundance.
This may have been due to the vortexing acting like a selective agent for goopy colonies that
would more easily be able to be transferred to the next tube. The relatively small sample size of
50 µL transferred to each successive passage may have acted like a population bottleneck as
well. All of this could have had the unintentional impact of selecting for goopy individuals more
than coral ones. In order to test if the vortexing method had an impact, an experimental
procedure of perhaps cutting a section of the pellicle and transferring it to fresh liquid media
would be needed. If the results of this new passage experiment varied greatly with the vortexing
passage experiment this would give evidence that the method of passaging effected the results.
Although we grouped the colonies shown in the dilution plates into broad categories they
seemed to fit better into a spectrum. This observation of P. stutzeri’s great variety in natural
biofilm formation ability may indicate that these mutants are not due to mutations in the actual
genes for biofilm formation. Instead it could be due to mutations in regulatory genes, signaling
molecules, or even messenger proteins. Cyclic-di-GMP was heavily implicated in other species
of pseudomonads and possible effects P. stutzeri’s biofilm formation as well (2, 4, 6, 9, and 10).
Different levels of this second messenger protein could explain colonies that appeared inbetween the groups coral, goopy, spread goopy, etc. The goopy mutants in particular had a very
mucoidal appearance and may very well be due to alginate production in those colonies, like
several other pseudomonads produce (9). This could easily explain colonies that had both coral
biofilm production and this mucoidal goopy appearance.
Sequence analysis of the strains would help elucidate many questions brought up by this
thesis. Since cellulose was shown in one study to be found in P. stutzeri (9), a sequence analysis

comparing regions of the genome with known wss operons could show if the species use the
same pathway for creating cellulose or not. Analysis of the original strains to a variety of their
non-coral mutants produced by the passages could show common areas of mutations indicating a
region involved in creating or regulating coral biofilm formation. Sections of the genome
involved with pili and flagella formation and function would also be analyzed among the mutants
to see if they played a role in biofilm formation, perhaps like in P. aeruginosa and E. coli (2, 10).
The unique properties of P. stutzeri known and shown in observations indicate that the species
may very well be drastically different to not only different species but even compared to other
pseudomonads. The ways in which P. stutzeri utilizes certain functions or produces matrix
components may be unique and completely novel compared to other species where it is better
understood. Only more research into this incredible species can help answer these questions.
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