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biofilms with 1 mM SNP at the start of biofilm formation and then examined
biofilms after 48 hours of growth using confocal microscopy. We found that 1
mM SNP completely prevented biofilm formation in N. gonorrhoeae, as no cells
were associated with the glass surface in continuous-flow chambers. This was
an unexpected result, because N. gonorrhoeae is thought to be inherently
resistant to NO, at least more so than P. aeruginosa (Seib et al., 2004, Seib et
al., 2006). To eliminate the possibility that the presence of SNP was interfering
with the initial adherence of biofilm cells, we used media without SNP to
inoculate flow chambers. We administered SNP to these biofilms when the flow
was initiated through the addition of SNP to the medium reservoir. However, this
did not significantly improve biofilm formation. We then tested lower
concentrations of SNP (500, 250, 50 and 20 uM), but all concentrations
completely prevented biofilm formation. SNP is a rapid release NO donor.
Therefore, high concentrations of SNP administered at the start of biofilm may
overwhelm the NO defenses of the gonococcus, prior to the initiation of
anaerobic respiration. Expression of norB is induced under anaerobic conditions,
and the norB transcript is virtually undetectable under aerobic growth conditions
(Householder et al., 2000). This expression pattern is similar to that of aniA
(Householder et al., 1999). To assess the induction of anaerobic respiration in
gonococcal biofilms, we used confocal microscopy to examine GFP expression
in N. gonorrhoeae strain 1291 aniA’-'gfp in overnight plate cultures, the biofilm
inoculum, and after 24 hours of biofilm growth. GFP expression could not be

detected in cells from overnight plate cultures or the biofilm inoculum, after
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spotting these cells on glass slides. However, GFP could be detected in biofilms
grown for 24 hours in the presence of nitrite (data not shown). Therefore, we
elected to examine the effect of SNP on biofilms that were first grown for 24
hours in the presence of nitrite. Biofilms that were transitioned to media with 20
MM SNP and no nitrite, formed biofilms with significantly increased biomasses
and average thicknesses compared to biofilms that were transitioned to media
without SNP or nitrite (Figure 16). Biofilms grown in the presence of SNP for the
final 24 hours of growth formed biofilms similar to the biofilms grown for 48 hours
in the presence of nitrite, as described in an earlier publication (Falsetta et al.,
2009). This suggests that NO may be able to enhance growth in biofilms
undergoing anaerobic respiration, similar to nitrite, which enhances but is not

required for biofilm formation (Falsetta et al., 2009).

The Effect of DETA/NO on Biofilm Formation

We decided to examine the effect of NO treatment on biofilms that were
not previously treated with nitrite, because SNP treatment enhanced biofilm
formation after nitrite was removed from the media. Our aim was to determine if
NO could be substituted for nitrite, as nitrite and NO are both consumed during
anaerobic respiration. This line of study was of interest because anaerobic
respiration plays an important role in biofilm formation (Falsetta et al., 2009). To
test this, we treated biofilms with DETA/NO, a more stable, slow-release NO

donor. SNP proved unsuitable for these experiments, as treatment with
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Figure 16. NO enhances biofilm formation in biofilms that are undergoing
anaerobic respiration. Panel A shows the biofilm mass over 2 days of growth for
wild-type N. gonorrhoeae strain 1291 in the absence of nitrite (1) and the
presence of 20 uM SNP (2). Biofilms were grown for 24 hours in the presence of
nitrite and then transitioned to media without nitrite that either did or did not
contain SNP. Experiments were performed a minimum of two times and a
representative result is depicted in panel A. N. gonorrhoeae was visualized by
GFP expression, and these images are three-dimensional reconstructions of
stacked z series taken at a magnification of x200 and rendered by Volocity.
Panel B shows graphs of the COMSTAT analysis of biomass and the average
thickness. There was a significant difference between biofilms with and those

without nitrite, as determined by Student’s t test (P < of 0.001).
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concentrations of 20 uM or greater at the start of biofilm completely blocked
biofilm formation. Therefore, we treated biofilms with 20 uM DETA/NO and
compared this to biofilms grown in the absence of nitrite. We found that biofilm
formation was enhanced when wild-type N. gonorrhoeae strain 1291 biofilms
were grown in the presence of DETA/NO for 48 hours. Biofilms treated with 20
MM DETA/NO at the start of and throughout biofilm growth formed thicker biofilms
with significantly more biomass than biofilms grown in the absence of nitrite and
NO (Figure 17). Biofilms grown with DETA/NO also formed biofilms with
biomasses and average thicknesses that were similar to wild type biofilms grown

in the presence of nitrite (Falsetta et al., 2009).

The Effect of DETA/NO on
aniA::kan Insertion Mutant Biofilms

NO can be reduced by NorB, or it may be sufficient to regenerate nitrite
(Rodionov et al., 2005). If nitrite was regenerated, AniA could then use it as a
substrate for anaerobic/microaerobic growth. Therefore, we elected to examine
the effect of DETA/NO treatment on an aniA::kan insertion mutant, because this
mutant cannot reduce nitrite. Biofilm formation was enhanced in N. gonorrhoeae
1291 aniA::kan after treatment with 20 yM DETA/NO in the absence of nitrite.
Biofilms grown in the presence of DETA/NO had significantly increased
biomasses and average thicknesses compared to aniA::kan biofilms grown in the

absence of NO or nitrite (Figure 18).
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Figure 17. DETA/NO enhances biofilm formation in biofilms without nitrite.
Panel A shows the biofilm mass over 2 days of growth for wild-type N.
gonorrhoeae strain 1291 in the absence of nitrite (1) and the presence of 20 yM
DETA/NO (2). Experiments were performed a minimum of three times and a
representative result is depicted in panel A. N. gonorrhoeae was visualized by
GFP expression, and these images are three-dimensional reconstructions of
stacked z series taken at a magnification of x200 and rendered by Volocity.
Panel B shows graphs of the COMSTAT analysis of biomass and the average
and maximum thickness. Statistical differences between biofilms with and

without nitrite were determined via Student’s t test (P < of 0.001).
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Figure 18. Biofilm formation by the aniA::kan mutant is enhanced in the
presence of DETA/NO. Panel A shows the biofilm mass over 2 days of growth
for N. gonorrhoeae strain 1291 aniA::kan in the absence of nitrite (1) and in the
presence of 20 uM DETA/NO (2). Experiments were performed a minimum of
three times and a representative result is depicted in panel A. N. gonorrhoeae
was visualized by GFP expression, and these images are three-dimensional
reconstructions of stacked z series taken at a magnification of x200 and rendered
by Volocity. Panel B shows graphs of the COMSTAT analysis of biomass and
the average thickness. Statistical differences between biofilms with and without

nitrite were determined via Student’s t test (P < of 0.001).
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also be inhibited by NO when it is present at sublethal concentrations within the
biofilm, even when nitrite is available (Falsetta et al., 2009). This suggests that
the gonococcus is capable of sensing and responding to the concentration of NO
in the surrounding media, as well as the availability of nitrite.

The gonococcus was initially considered to be incapable of anaerobic
growth (James-Holmquest et al., 1973), although N. gonorrhoeae was often
isolated in the presence of obligate anaerobes (Smith, 1975). It was
subsequently determined that nitrite is required for the anaerobic growth of N.
gonorrhoeae on plates (Knapp & Clark, 1984). AniA (nitrite reductase) reduces
nitrite to NO (Mellies et al., 1997), which is then reduced to N>O by NorB (NO
reductase) (Householder et al., 2000). N. gonorrhoeae does not evolve nitrogen
gas, as there is a frameshift mutation in the nos genes that would normally
encode proteins that reduce N,O (Overton et al., 2006). Therefore, nitrite and
NO could be reduced during anaerobic growth, both of which are present at the
site of infection in women (Ledingham et al., 2000, Tschugguel et al., 1999,
Vaisanen-Tommiska et al., 2003). Previous studies demonstrated that an
aniA::kan insertion mutant cannot respire anaerobically, but can survive
incubation under anaerobic conditions (Householder et al., 1999). However, NO
was not present under these growth conditions. We found that exogenously-
supplied NO can partially rescue biofilm formation in an aniA::kan mutant. This
suggests that strains with an impaired aniA function may be capable of anaerobic

respiration in the presence of NO, if it is present at concentrations that enhance
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biofilm formation. Naturally, this may be difficult to achieve outside of a biofilm or
other chemostatic system.

NorB establishes a NO steady-state that rapidly reduces NO from
proinflammatory (1uM) to anti-inflammatory levels (100 nM) (Cardinale & Clark,
2005). This indicates that NorB is efficient at reducing endogenously- and
exogenously-produced NO, which is produced by PMNs (Carreras et al., 1994,
Fang, 1997, MacMicking et al., 1997, McCall et al., 1989) and cervical
endothelial and epithelial cells in the host (Tschugguel et al., 1999, Ledingham et
al., 2000). This poses a potentially serious threat to the survival of bacterial cells
that cannot reduce NO. NorB plays an important role in the tolerance of reactive
nitrogen species, and it is important for gonococcal survival in the cervical
environment (Seib et al., 2004, Seib et al., 2006). NorB not only reduces
nitrosative stress, but it also participates in anaerobic respiration (Householder et
al., 2000). We previously demonstrated that normal biofilm formation in N.
gonorrhoeae is dependent on the ability to grow anaerobically (Falsetta et al.,
2009). In this study, we determined that NO can partially restore biofilm
formation in an aniA::kan mutant that is incapable of anaerobic growth using
nitrite (Householder et al., 1999). Therefore, our results suggest that NorB may
be sufficient to support anaerobic growth when NO is present at concentrations
that enhance biofilm formation. Thus, reducing the oxidative state of
endogenous NO may contribute to anaerobic respiration, especially if nitrite is
unavailable or the function of AniA is impaired. It has been demonstrated that N.

meningitidis can respire anaerobically (Deeudom et al., 2006, Rock et al., 2005,
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Rock & Moir, 2005, Rock et al., 2007). However, AniA is only functional in a few
strains of N. meningitidis, and it is not required for pathogenesis (Stefanelli et al.,
2008). If an aniA::kan insertion mutant can respire anaerobically through the
NorB-mediated reduction of NO, this may also help to explain why biofilm
formation is more severely attenuated in the norB::kan mutant (Falsetta et al.,
2009). Although unlikely, we acknowledge that NO could enhance biofilm
formation through a novel mechanism, which is independent of anaerobic
respiration. We considered the construction of a norB’-‘gfp transcriptional fusion,
which we might use to examine anaerobic respiration in an aniA::kan
background, as norB is also repressed under aerobic conditions (Householder et
al., 2000). However, transcription of norB is induced in the presence of NO via
derepression of NsrR-dependent inhibition of transcription (Isabella et al., 2009,
Overton et al., 2006). Thus, treatment with DETA/NO could induce expression of
norB irrespective of oxygen availability.

NorB is the simplest form of a respiratory nitric oxide reductase. It uses
ubiquinol as electron donor and reduces NO at the outer face of the cytoplasmic
membrane (de Vries & Schroder, 2002). As a consequence, this enzyme does
not conserve energy. In some cases its sole functional role appears to be to
detoxify NO, as in the cyanobacterium Synechocystis (Busch et al., 2002).
However, provided that NO respiration was coupled to the activity of proton-
translocating NADH dehydrogenase, the respiratory pathway to NO would
generate a proton motive force. The AniA nitrite reductase is located in the outer

membrane of N. gonorrhoeae (Clark et al., 1987). Although the respiratory
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proteins that shuttle electrons across the periplasm to AniA have not been
definitively identified, the sensitivity of nitrite respiration to the inhibitor
myxothiazol is a clear indication that the cytochrome bcs complex is involved
(Deeudom et al., 2006). This means that electron transfer from NADH to nitrite
involves two energy-conserving steps. This may explain why nitrite is a superior
electron acceptor for respiration compared to NO. Neisseria species possess a
single electrogenic cytochrome oxidase (cytochrome cbbs). Thus, respiration
from NADH to oxygen involves three energy-conserving steps. It is notable that
cytochrome cbbs has a very high affinity for oxygen, with a K, in the nM range
(Pitcher & Watmough, 2004). This means that oxygen consumption and energy
conservation via aerobic respiration probably takes place under very low
concentrations of oxygen, which would induce expression of aniA and norB.
Under these conditions, NorB may have an additional role in detoxification. It
has been established that NADH dehydrogenase is susceptible to inhibition by
NO, and thus NorB may play a key role in preventing inhibition of this key
energy-conserving enzyme.

We determined that N. gonorrhoeae uses a combination of aerobic and
anaerobic/microaerobic metabolism to support its growth as a biofilm. This
agrees with our previous findings that biofilm formation is impaired, but not
prevented entirely in the aniA::kan and norB::kan insertion mutants (Falsetta et
al., 2009). P. aeruginosa, the paradigm organism for the study of biofilm
formation, also undergoes a combination of anaerobic and aerobic respiration

during growth as a biofilm. However, anaerobic respiration is believed to be the
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primary mode of respiration during cystic fibrosis infection (Filiatrault et al., 2006,
Hassett et al., 2002, Van Alst et al., 2007, Yoon et al., 2002). This appears to be
similar for N. gonorrhoeae, as a large proportion of the biofilm expresses aniA,
although many of these cells are concentrated in the substratum of the biofilm.
Normal biofilm formation is dependent on expression of anaerobic respiratory
genes in P. aeruginosa (Yoon et al., 2002), which is similar for N. gonorrhoeae
(Falsetta et al., 2009). We found that anaerobic respiration occurs most
prevalently in the substratum of N. gonorrhoeae biofilms. Our images also
demonstrate that anaerobic respiration does not occur in the upper portions of
the biofilm, which are directly exposed to the fluid flow. Oxygen can penetrate
approximately the first 50 uM of P. aeruginosa biofilms, while the first 30-60 uM
of these biofilms contain actively respiring cells that synthesize protein (Rani et
al., 2007, Werner et al., 2004). Overall, oxygen and nutrients become limited
near the surface of attachment in biofilms, and this portion of the biofilm largely
contains metabolically inactive cells (Rani et al., 2007, Werner et al., 2004,
Roberts & Stewart, 2004). Metabolically inactive or slow-growing cells are less
susceptible to antibiotics, which appears to contribute to the inherent
antimicrobial resistance of biofilms (Duguid et al., 1992, Evans et al., 19903,
Evans et al., 1990b). This suggests that anaerobic respiration could have some
relationship to antibiotic resistance and persistence during gonococcal infection
of cervical tissues.

N. gonorrhoeae biofilms do not immediately catalyze anaerobic

respiration. Overnight plate cultures and biofilm inocula do not produce
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detectable levels of GFP in the N. gonorrhoeae 1291 aniA’-’gfp transcriptional
fusion strain. However, GFP can be detected after 24 hours of growth as a
biofilm, which indicates that N. gonorrhoeae biofilms do become
anaerobic/microaerobic over time. This likely explains why high doses of SNP
prevent biofilm formation when administered at the start of biofilm, but can
enhance growth in biofilms that have been primed for anaerobic respiration by
growing for 24 hours in the presence of nitrite. Biofilms undergoing anaerobic
respiration can reduce NO, which contributes to nitrosative stress tolerance and
anaerobic respiration in the gonococcus. However, nitrite appears to be the
preferred substrate for anaerobic metabolism in N. gonorrhoeae. DETA/NO-
treated biofilms are indistinguishable from nitrite-treated biofilms, while those
grown in the absence of nitrite and NO are severely attenuated. DETA/NO
partially restores biofilm formation in the aniA::kan mutant, but these biofilms do
not achieve the same level of biofilm production as wild type biofilms grown in the
presence of nitrite. Thus, wild type biofilms that can utilize both NO and nitrite
would have a distinct advantage over aniA::kan biofilms that can only use NO.
Respiration is heterogeneous in N. gonorrhoeae biofilms, which employ a
combination of aerobic and anaerobic or microaerobic metabolism. Aerobic
respiration likely plays an important role during initial biofilm formation, which
allows time for these biofilms to induce transcription of genes in the anaerobic
respiratory chain.

N. gonorrhoeae is an obligate human pathogen (Hansfield, 2005, Hook,

1999c, Hook, 1999a). Therefore, it is essential to study N. gonorrhoeae in the
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context of human infection. We found that low doses of SNP prevent biofilm
formation over human cervical cells in vitro, which is similar to the effect of low
doses of SNP on biofilms over glass (Falsetta et al., 2009). We observed that
higher doses of SNP were required to elicit a response over cervical cells (1 uM
versus 500 nM over glass), which was not entirely surprising. The need for
higher doses of SNP, indicates that growth over cervical cells may offer added
protection against NO-toxicity or the NO-mediated dispersal of gonococcal
biofilm. We found that viability of the cervical cells was not affected by SNP
treatment, which suggests that these cells have a mechanism(s) for coping with
or reducing NO. If THCEC reduce NO, this could allow N. gonorrhoeae to
withstand higher concentrations of NO during an infection. High doses of NO,
donated from SNP or DETA/NO, appear to enhance biofilm formation in the
absence of nitrite. Inherent protection from NO by human cervical cells could
promote gonococcal association with the cervical epithelium when NO levels are
high, in turn stimulating biofilm formation. Biofilm growth also induces expression
of several factors involved in anaerobic respiration and oxidative stress
tolerance, which would convey protection against NO (Falsetta et al., 2009). The
gonococcus can adhere to and/or invade human cervical cells (Edwards &
Apicella, 2002, Edwards & Apicella, 2004, Edwards et al., 2001, Edwards et al.,
2002), although it is not clear what regulates the transition between adherent and
invasive growth. The ability to sense the concentration of NO in the surrounding

media appears to influence biofilm formation, which in turn may regulate the
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Figure 20. One possible model for the role of nitric oxide in biofilm formation.
During step 1, N. gonorrhoeae cells (depicted in pink) recognize high levels of
NO and bind to the surface of the cervical cells (depicted in red). During step 2,
these cells differentiate into a biofilm, producing a biofilm matrix. In step 3 biofilm
formation turns on transcription of aniA and norB, which reduces the
concentration of NO in the surrounding media. In step 4, low levels of NO signal
dispersal of the biofilm, which likely occurs through degradation of the biofilm
matrix (step 5). In step 6, cells that are released from the biofilm may be swept
away in bodily secretions, allowing these cells to potentially colonize new areas

of cervical tissue.
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gonococcal lifestyle, governing the switch between attached and intracellular
modes of growth. See Figure 20 for our proposed model, which illustrates the
potential role of NO in biofilm formation and detachment. We acknowledge that
further investigation is necessary to support or refute this model.
N. gonorrhoeae biofilms use a combination of aerobic and anaerobic respiration.
Although aerobic respiration may largely support the initial growth of
biofilms, anaerobic respiration uniquely confers protection against the oxidative
stresses that are present in the natural cervical environment. The ability to sense
and respond to NO also appears to be critical for biofilm formation by N.
gonorrhoeae, as NO may contribute to anaerobic metabolism as well as

influence the mechanisms that govern biofilm detachment and formation.
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CHAPTER IV
THE ABILITY TO TOLERATE OXIDATIVE STRESS IS CRITICAL FOR
GONOCOCCAL BIOFILM FORMATION

Introduction

During colonization of the cervical epithelium, N. gonorrhoeae is
continuously exposed to oxidative stress. In the host, oxidants are produced as
a by-product of gonococcal metabolism, by the human immune system, and by
other inhabitants of the human mucosa (Seib et al., 2006). Oxidative stress can
cause damage to DNA, proteins, and the cellular membrane (Imlay, 2003).
Mechanisms used to avoid and/or cope with the oxidative stresses present in the
human body are abundant in human pathogens and are increasingly being
recognized as important virulence factors (Hassett & Cohen, 1989, Janssen et
al., 2003, Seib et al., 2006).

There are several regulons in N. gonorrhoeae that govern the response to
the oxidative stresses present in the mucosal milieu. The gonococcus has
redundant mechanisms to cope with reactive oxygen and nitrogen species (Seib
et al., 2004, Seib et al., 2006). The peroxide stress response in N. gonorrhoeae
is regulated by OxyR and PerR (Seib et al., 2006). OxyR is common in other
Gram-negative bacteria, and regulates three genes in N. gonorrhoeae: gor
(glutathione), prx (peroxiredoxin), and katA (catalase) (Seib et al., 2006).
Transcription of these genes is enhanced when the gonococcus is exposed to
peroxide stress (Seib et al., 2006, Stohl et al., 2005). PerR is a Fur paralogue
that regulates expression of 12 genes (Seib et al., 2006, Wu et al., 2006).
Among these genes, PerR regulates the mntABC operon, which encodes the
Mn?* MntABC transporter (Seib et al., 2006, Tseng et al., 2001). Mn** acts as
an intracellular antioxidant and can protect N. gonorrhoeae from H,O (Seib et

al., 2004). NmIR, or the Neissieria mer-like regulator, is another transcriptional
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regulator that plays an important role in oxidative stress tolerance in N.
gonorrhoeae (Kidd et al., 2005). NmIR regulates transcription of five genes:
nmIR (autoregulation), trxB (thioredoxin), copA (CPx-type ATPase), estD
(esterase D), and adhC (alcohol dehydrogenase) (Kidd et al., 2005, Potter et al.,
2009a, Potter et al., 2007). An nmIR mutant is slightly less able to grow under
microaerobic conditions and is more susceptible to killing by cumene

hydroperoxide and diamide than the wild type (Kidd et al., 2005).

Anaerobic respiration also contributes to the oxidative stress response in
the gonococcus, as NorB, a major anaerobically-induced protein, reduces the
reactive oxygen species NO (Householder et al., 2000). Although it is not
involved in anaerobic respiration, cytochrome ¢ peroxidase (Ccp) is also induced
under anaerobic conditions and plays a role in oxidative stress defense by
reducing H2O2 (Turner et al., 2003). Expression of both norB and ccp is critical
for normal gonococcal biofilm, which indicates that both anaerobic respiration
and oxidative stress tolerance mechanisms are important for biofilm formation
(Falsetta et al., 2009). Thus, we elected to examine the importance of other
oxidative stress tolerance mechanisms in biofilm formation by N. gonorrhoeae.
We determined that members of the OxyR, PerR, and NmIR regulons are
required for normal biofilm formation over transformed human cervical cells

and/or glass surfaces.

Experimental Procedures

Bacteria
N. gonorrhoeae strain 1291, a piliated clinical isolate that expresses Opa
proteins, was used in this study. This strain was reconstituted from frozen stock
cultures and propagated at 37°C with 5% CO, on GC agar (Becton Dickinson,
Franklin Lakes, NJ) supplemented with 1% IsoVitaleX (Becton Dickinson). The
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following insertion mutation strains were also used: oxyR::kan (Tseng et al.,
2003), prx::kan (Seib et al., 2007), gor::kan (Seib et al., 2007), mntAB::kan (Wu
et al., 2006), mntC::kan (Tseng et al., 2001), trxB::kan (Potter et al., 2009b), and
estD::kan (Potter et al., 2009a).

Biofilm Growth in Continuous-Flow Chambers
Over Glass
N. gonorrhoeae strain 1291 wild-type and the oxyR::kan, prx::kan,
gor::kan, mntAB::kan, mntC::kan, trxB::kan, and estD::kan insertional mutants
were assayed for the ability to form biofilms. Strains were propagated from
frozen stock cultures on GC agar with 1% IsoVitaleX (Becton Dickinson) and
incubated at 37°C and 5% CO,. Overnight plate cultures were used to create cell
suspensions for inoculation of biofilm flow chambers. N. gonorrhoeae was grown
in continuous-flow chambers over glass as previously described (Falsetta et al.,
2009). Chloramphenicol was added to the medium at a final concentration of 5
Mg/ul to maintain pGFP. After 48 h, the biofilm effluent was cultured to assure

culture purity, and biofilm formation was assessed via confocal microscopy.

Confocal Microscopy of Continuous-Flow Chambers

z-Series photomicrographs of flow chamber biofilms were taken with a
Nikon PCM-2000 confocal microscope scanning system using a modified stage
for flow cell microscopy. GFP was excited at 450 to 490 nm and Cell Tracker
Orange dye (Molecular Probes) was excited at 540 to 580 nm for biofilm imaging.
Three-dimensional images of the biofilms were created from each z series, using
Volocity high-performance three-dimensional imaging software (Improvision Inc.).
The images were adjusted to incorporate the pixel sizes for the x, y, and z axes

of each image stack.
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THCEC Culture and Biofilms over THCEC
THCEC were cultured in 100-mm tissue culture plates in K-SFM
supplemented with 12.5 mg bovine pituitary extract, 0.08 ug epidermal growth
factor per 500-ml bottle, and a final concentration of 1% penicillin-streptomycin
(Gibco Cell Culture) at 37°C and 5% CO,. THCEC were split to bovine collagen
coated coverslips and run in biofilm assays, as previously described (Falsetta et

al., 2009).

COMSTAT Analysis of Confocal z-Series

Quantitative analysis of each z series was performed using COMSTAT
(Heydorn et al., 2000), available from http://www.im.dtu.dk/comstat/. COMSTAT
is a mathematical script written for MATLAB 5.3 (The Mathworks, Inc.) that
quantifies three-dimensional biofilm structures by evaluating confocal image
stacks so that pixels may be converted to relevant measurements of biofilm,
including total biomass and average thickness. To complete COMSTAT analysis,
an information file was created for each z series to adjust for the pixel sizes of the
X, Y, and z axes and the number ofimages in each z series. COMSTAT was then
used to obtain threshold images to reduce the background. Biomass and the
average and maximum thicknesses in each z series were calculated by

COMSTAT, using the threshold images.

Statistical Analysis of COMSTAT Results
Statistical analysis was performed with Prism 4 software (GraphPad
Software, Inc.). Student’s t tests and were used to compare the biomass and

average thicknesses of oxidative stress response mutant biofilms to the wild
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type. Values that met a P value cutoff of 0.05 were considered statistically

different.

Results
Biofilm Formation by the OxyR Regulon Mutants
oxyR::kan, prx::kan, and gor::kan
We determined that the oxyR::kan, prx::kan, and gor::kan insertion
mutants were attenuated for biofilm formation over glass. All three mutants
formed biofilms with reduced biomasses and lower average thicknesses than the
wild type, which was not due to a general defect in the growth of this strains (data
not shown). These mutant biofilms had less than 10 percent of the biomass of
wild type biofilms. Overall, the mutant biofilms were very thin, lacked secondary
structure, and consisted of small clusters of cells sparsely distributed over the
surface of the glass coverslip. This is in stark contrast to the wild type, which
formed thick robust biofilms with almost no gaps between biofilm clusters. See

Figure 21.

Biofilm Formation by the PerR Regulon Mutants
mntAB::kan and mntC::kan
We determined that the mntAB::kan and mntC::kan mutant strains were
also deficient in biofilm formation over glass. COMSTAT analysis showed that
both the mntAB::kan and mntC::kan mutants have reduced biomasses and
average thicknesses compared to the wild type strain (P< 0.0001). Specifically,
the mntAB::kan mutant had 20 percent of the biomass of the wild type, while the

mntC::kan mutant had 7 percent of the biomass of the wild type.
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Figure 21. Biofilm formation by wild-type N. gonorrhoeae strain 1291 and the
oxyR::kan, prx::kan, and gor::kan mutant derivatives. Panel A shows the biofilm
mass over 2 days of growth for the N. gonorrhoeae 1291 parent strain (1), and
the oxyR::kan (2), prx::kan (3), and gor::kan (4) mutant strains. These images
are three-dimensional reconstructions of representative stacked z series taken at
a magnification of x200 and rendered by Volocity. Panel B shows a COMSTAT
analysis of the stack biofilm, analyzing the sections for biomass and the average
thickness of the biofilm. The error bars represent 1 standard deviation from the
mean. These experiments were performed in duplicate on two different
occasions. There is a statistically significant difference in the mean biomass of
the oxyR::kan, prx::kan, and gor::kan mutant strains relative to the wild-type
strain (P < 0.05). There is also a statistically significant difference in the average
thickness of the biofilm of the oxyR::kan, prx::kan, and gor::kan mutant strains

relative to wild-type strain (P < 0.05).
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The mntAB::kan and mntC::kan mutants possessed 10 percent and 12 percent
the average thickness of the wild-type, respectively. Three-dimensional images
of these biofilms show that overall both mutants form thinner and more diffuse
biofilms with large gaps between biofilm clusters compared to wild type. See

Figure 22.

Biofilm Formation Over Glass by the NmIR
Regulon Mutants trxB::kan and estD::kan
The trxB::kan mutant was deficient in biofilm formation compared to the

wild-type strain after 48 hours of biofilm growth over glass. Surprisingly, the
estD::kan mutant formed biofilm equally as well as wild type under these growth
conditions. Three dimensional images of the biofilms indicated that the trxB::kan
mutant formed diffuse biofilms over glass with large gaps between biofilm
clusters, while the estD::kan and wild-type strains formed robust biofilms with few
gaps between clusters. See Figure 23. COMSTAT analysis of stacked z series
indicated that the trxB::kan mutant formed biofilms with significantly less biomass
and lower average thicknesses than the wild-type strain. However, the estD::kan
mutant, as indicated by the appearance of the biofilms images, showed no
difference in biomass or average thickness compared to the wild-type. See

Figure 24.

Biofilm Formation Over THCEC by the NmIR
Regulon Mutants trxB::kan and estD::kan
There was no difference in biofilm formation between the wild type and
estD::kan mutant when these strains were grown as biofilms over glass.
Therefore we elected to examine biofilm formation over THCEC, as N.

gonorrhoeae is an obligate pathogen and this is a more relevant model system.
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Figure 22. Biofilm formation by wild-type N. gonorrhoeae 1291 and the
mntAB::kan and mntC::kan mutants. Panel A shows the biofilm mass over 2
days of growth for N. gonorrhoeae 1291 wild-type (1) and the mntAB::kan (2) and
mntC::kan (3) mutants. These images are three-dimensional reconstructions of
representative stacked z series taken at a magnification of x200 and rendered by
Volocity. Panel B shows a COMSTAT analysis of the stack biofilm, analyzing the
sections for biomass and the average thickness of the biofilm. The error bars
represent 1 standard deviation from the mean. Asterisks denote statistically
significant differences in biomass and average thickness compared to the wild
type. These experiments were repeated on three different occasions, and a
representative result is shown. There is a statistically significant difference in the
mean biomasses of the mntAB::kan and mntC::kan mutants relative to wild type
(P <0.0001). There is also a statistically significant difference in the average
thicknesses of the biofilm of the mntAB::kan and mntC::kan mutants relative to

wild type (P < 0.0001).
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Figure 23. Biofilm formation by wild-type N. gonorrhoeae 1291 and the trxB::kan
and estD::kan mutants over glass. Biofilm masses over 2 days of growth for
wild-type N. gonorrhoeae strain 1291 (1) and the trxB::kan (2) and estD::kan (3)
insertion mutants. All three strains were visualized by GFP plasmid expression.
The images are three-dimensional reconstructions of stacked z series taken at a
magnification of x200 and rendered by Volocity. These experiments were

performed a minimum of three times, and representative results are shown.
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Figure 24. COMSTAT analysis of biofilm formation over glass by wild-type N.
gonorrhoeae 1291 and the trxB::kan and estD::kan mutants. COMSTAT and
statistical analyses of biomass (A) and average thickness (B) for wild type (black
bars), trxB::kan (white bars), and estD::kan (gray bars) insertion mutant biofilms
grown over glass for 2 days. Representative images of these biofilms are
depicted in Figure 23. All strains were run in duplicate in a minimum of three
experiments, and at least four images of each biofilm chamber were used for
COMSTAT analysis. The error bars represent 1 standard deviation from the
mean. Statistical differences between mutants and the wild-type, determined by
Student's t test, are denoted by asterisks above the error bars. *, P value of 0.05

or less.
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Previous studies indicated that biofilm-deficient phenotypes may be
equally or more pronounced over THCEC compared to phenotypes over glass
surfaces (Falsetta et al., 2009). The gaps present between biofilm clusters in the
trxB::kan mutant appeared to be larger when the biofilm was grown over THCEC
(Figure 23), suggesting that this mutant is more severely attenuated for biofilm
formation over host cells. Accordingly, the estD::kan showed a defect in biofilm
formation that was not detected when these biofilms were grown over glass. The
estD::kan mutant formed very little biofilm over THCEC with large gaps between
sparsely- populated biofilm clusters. The estD::kan and trxB::kan mutant biofilms
were indistinguishable in their rendered three-dimensional images over THCEC.
However, the wild-type strain formed biofilms equally well on glass and THCEC.
Overall, the wild type formed compact biofilms with almost no gaps between
biofilm clusters, while the mutants formed sparse patches of loosely packed
biofilm. See Figure 25. COMSTAT analysis of stacked z series indicated that
the trxB::kan and estD::kan mutants formed biofilms with significantly less

biomass and lower average thicknesses than wild type. See Figure 26.

Discussion

We determined that members of the OxyR, PerR, and NmIR regulons are
required for normal biofilm formation, as interruptions in the oxyR, gor, prx,
mntAB, mntC, trxB, and estD genes resulted in strains that were unable to form
biofilms as well as the wild type in at least one growth condition tested. We also
determined that some phenotypes were only apparent or were more pronounced
when these strains were grown over THCEC (e.g. estD::kan). This suggests that
the ability to tolerate oxidative stress is important for normal biofilm formation,

particularly in the presence of host cells, which may produce oxidants in
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Figure 25. Biofilm formation by wild-type N. gonorrhoeae 1291 and the trxB::kan
and estD::kan mutants over THCEC. Biofilm masses over 2 days of growth for
wild-type N. gonorrhoeae strain 1291 (1) and the trxB::kan (2) and estD::kan (3)
insertion mutants. All three strains were visualized by GFP plasmid expression,
while THCEC were visualized by Cell Tracker Orange (Molecular Probes,
Invitrogen Corp., Carlsbad, CA) staining. The images are three-dimensional
reconstructions of stacked z series taken at a magnification of x200 and rendered
by Volocity. These experiments were performed a minimum of three times, and

representative results are shown.
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Figure 26. COMSTAT analysis of biofilm formation over THCEC by wild-type N.
gonorrhoeae 1291 and the trxB::kan and estD::kan mutants. COMSTAT and
statistical analyses of biomass (A) and average thickness (B) for the wild-type
(black bars), trxB::kan (white bars), and estD::kan (gray bars) insertion mutant
biofilms grown over THCEC for 2 days. Representative images of these biofilms
are depicted in Figure 25. All strains were run in duplicate in a minimum of three
experiments, and at least four images of each biofilm chamber were used for
COMSTAT analysis. The error bars represent 1 standard deviation from the
mean. Statistical differences between mutants and the wild type, determined by
Student's t test, are denoted by asterisks above the error bars. *, P value of

0.0001 or less.



146

estD::kan

*

trxB::kan

wild type

1
1

i) (=] w0
P Y o~
[11] {wir) ssauyoiy] abelaay

.
H

estD::kan

* 5

trxB: kan

wild type

L}
(=] el (=] w0 (=]
o~ - -

<L (;wr;wrl) ssewolg



147

response to infection (Ledingham et al., 2000, Tschugguel et al., 1999,
Vaisanen-Tommiska et al., 2003). There is precedence for these findings, as
genes involved in anaerobic respiration are also required for normal biofilm
formation (Falsetta et al., 2009). AniA and NorB, members of the anaerobic
respiratory pathway in N. gonorrhoeae, must be functional to achieve wild type
levels of biofilm formation. AniA and NorB contribute to oxidative stress
tolerance by reducing nitrite and NO, respectively (Householder et al., 1999,
Householder et al., 2000). A norB::kan insertion mutant is more severely
attenuated for biofilm formation than an aniA::kan mutant, which likely
corresponds to NO accumulation in a norB::kan mutant, as this mutant cannot
reduce AniA-generated NO (Falsetta et al., 2009). This strongly suggests that
oxidative stress tolerance is critical for biofilm formation.

By definition biofilms are inherently resistant to a variety of biological and
environmental stresses including antimicrobials, UV light, acids, metals,
dehydration, salinity, and phagocytosis (Hall-Stoodley et al., 2004). Thus, itis
logical that biofilms would possess mechanisms necessary for the tolerance of
oxidative stresses, which abound in the environment and the human host (Seib
et al., 2006). N. gonorrhoeae biofilms up-regulate transcript levels of the
anaerobic respiratory/oxidative stress tolerance genes aniA, norB, and ccp, as
compared to planktonic or batch culture cells (Falsetta et al., 2009). N.
gonorrhoeae forms biofilms over cervical tissue in vivo (Steichen, 2008), which
indicates that biofilm formation is a physiologically relevant occurrence that could
contribute to the ability of the gonococcus to resist the myriad of oxidative
stresses present in the human genitourinary tract. We determined that other
members of the major oxidative stress tolerance regulons are also required for
biofilm formation, in addition to AniA, Ccp, and NorB. These findings support the

hypothesis that biofilm contributes to the ability of the gonococcus to resist
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oxidative stress in vivo. Although antibiotic resistance has increased in this
organism, N. gonorrhoeae has not been shown to be recalcitrant to antibiotic
treatment like other biofilm-forming organisms (2007, Centers for Disease
Control and Prevention, 2007). Perhaps then, the main function of biofilm
formation in N. gonorrhoeae is to convey resistance to oxidants, not
antimicrobials. Women can become chronically infected with N. gonorrhoeae,
which is often the result of asymptomatic infection (Hansfield, 2005, Hook,
1999c, Hook, 1999b). Thus, women may not receive immediate medical
treatment that typically employs the use of antimicrobials. However, the
gonococcus is exposed to oxidative stress immediately upon infection of the
cervical epithelium (Seib et al., 2004, Seib et al., 2006). Genes involved in
antibiotic efflux, which can be up-regulated during biofilm formation in other
species, have not been detected as differentially expressed in N. gonorrheoae
biofilm. However, genes involved in oxidative stress tolerance are significantly
up-regulated (Falsetta et al., 2009). Thus, the need to combat oxidative stress is
likely more immediate. If this is true, biofilm formation may represent an

adaptation for coping with the oxidative stresses that arise in vivo.

OxyR is a member of the LysR family of DNA-binding transcriptional
regulators (Zheng et al., 1998), which regulates expression of gor, prx, and katA
in N. gonorrhoeae (Seib et al., 2006). OxyR inhibits katA (catalase) expression
when the H,O, concentration is low and activates gor and prx expression when
the H,O2 concentration is high (Seib et al., 2006). Prx catalyses reduction of
alkyl hydroperoxidases (Poole, 2005), while Gor maintains a reduced pool of
GSH in the cell (Carmel-Harel & Storz, 2000). The function of Gor is critical,
because GSH is one of the first lines of defense against oxidative stress in the
cell (Pomposiello & Demple, 2001). Interruption of the gor and prx genes

resulted in strains that were severely attenuated for biofilm formation. These
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phenotypes were indistinguishable from the phenotype of the oxyR::kan mutant,
which cannot induce transcription of gor or prx. This suggests that a mutation in
either of these genes is sufficient to cause the oxyR::kan phenotype, and that the
effect of these mutations is not cumulative. Either mutation is sufficient to impair
biofilm formation. All three mutations nearly abolish biofilm formation, which
indicates that OxyR and members of its regulon (gor and prx) are likely equally
important for normal biofilm formation. We did not examine the effect of a
katA::kan mutation on biofilm formation, because the function of catalase is
redundant in N. gonorrhoeae (Seib et al., 2006). We previously demonstrated
that a ccp::kan mutant is also deficient in biofim formation (Falsetta et al., 2009).
Like catalase, Ccp reduces H,O5 in the gonococcus (Seib et al., 2004, Seib et al.,
2006).

PerR is a Fur paralogue that regulates transcription of 12 genes (Seib et
al., 2006, Wu et al., 2006). Of these, the mntABC operon is one of a few genes
in this regulon that have identified functions (Seib et al., 2006). The mntABC
operon encodes the MntABC transporter, which imports Mn?* into the cells
(Tseng et al., 2001, Seib et al., 2006). Mn?* acts as an intracellular antioxidant
and can also protect N. gonorrhoeae from H2O; in strains lacking catalase activity
(Seib et al., 2004). In addition, Mn?* protects N. gonorrhoeae from Oy (Tseng et
al., 2001). A mntC mutant lacking the periplasmic binding component of the
Mn?* transporter accumulates less Mn?** and is sensitive to H,O, (Wu et al.,
2006). The mntAB::kan and mntC::kan mutants are both severely attenuated for
biofilm formation over glass compared to the wild type, and there is no
appreciable difference in the ability of these mutants to form biofilm. This
indicates that the accumulation of Mn?* is critical for biofilm formation. Although it

has not been directly demonstrated, these results suggest that the mntAB::kan
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mutant is equally impaired in its ability to accumulate Mn?*, as both form poor
biofilms with similar phenotypes.

NmIR shares homology with the MerR family of prokaryotic transcriptional
regulators (Kidd et al., 2005). MerR senses the mercuric ion and regulates
genes that confer resistance to mercury (Hobman et al., 2005). In N.
gonorrhoeae NmIR regulates five genes: nmIR, trxB, copA, estD, and adhC
(Kidd et al., 2005, Potter et al., 2009a). An nmIR mutant is more susceptible to
killing by cumene hydroperoxide and diamide than the wild type and is somewhat
impaired in its ability to grow anaerobically (Kidd et al., 2005). Transcription of
the NmIR operon is normally repressed by NmIR, but is induced in the presence
of disulfide stress (Kidd et al., 2005). The function of copA is not known at this
time, although CopA is tentatively annotated as a copper transport protein CopA
(Kidd et al., 2005). Thus, we did examine the effect of a copA mutation on
biofilm formation. adhC encodes a class Ill alcohol dehydrogenase, but this
gene contains a premature stop codon in all N. gonorrhoeae strains and does not
encode a functional protein (Kidd et al., 2005, Potter et al., 2007). Therefore, we
did not pursue study of this gene either. We did examine biofilm formation in an
estD::kan mutant, as estD encodes the esterase D protein, which protects
gonococcal cells from GSNO toxicity (Potter et al., 2009a). We also examined
the role of TrxB in biofilm. TrxB is a thioredoxin reductase that contributes to
oxidative stress tolerance by enhancing NO resistance in N. gonorrhoeae (Potter
et al., 2009b). TrxB may also contribute to NO resistance in the gonococcus by
affecting regulation of the aniA and norB denitrification genes, as a trxB mutant is
defective in expression of these transcripts (Potter et al., 2009b).

We found that an estD::kan mutant is not defective in its ability to form
biofim over glass, yet it is severely attenuated in its ability to form biofilm over

THCEC. This suggests that GSNO may be more abundant during infection.
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Cervical epithelial and endothelial cells produce NO (Ledingham et al., 2000,
Tschugguel et al., 1999), which is reduced to GSNO in the gonococcus (Seib et
al., 2006). Thus, a greater abundance of NO in our THCEC culture system may
explain why an estD::kan is severely attenuated over cells, but not attenuated
over glass. In our glass flow cell system, the most abundant source of NO would
be anaerobic metabolism in the gonococcus (Seib et al., 2006). It has been
demonstrated that N. gonorrhoeae rapidly achieves a NO steady-state under
anaerobic growth conditions (Cardinale & Clark, 2005). Thus, anaerobic
respiration is likely not an abundant source of NO. A trxB::kan mutant is
attenuated for biofilm formation over glass and THCEC. Attenuation appears to
be more severe over cervical cells, although trxB::kan forms biofilms with
significantly less biomass and lower average thickness than wild type under both
growth conditions. At first glance these findings appear to conflict, as TrxB is
also involved in NO tolerance. Thus, one would expect that the trxB::kan mutant
would also be attenuated over THCEC, but not glass. However, a trxB::kan
mutant is impaired in its ability to undergo anaerobic respiration, and transcription
of both aniA and norB is reduced in this mutant compared to wild type (Potter et
al., 2009b). We previously demonstrated that AniA and NorB are required for
wild type levels of biofilm formation (Falsetta et al., 2009). Thus, the deficit in
biofilm formation over glass is likely attributable to the reduced expression of
aniA and norB in the trxB::kan mutant. This phenotype may be more severe over
cervical cells, because the concentration of NO is likely higher under these
conditions, and trxB::kan lacks the ability to efficiently reduce NO when norB
transcription is impaired.

Overall, these findings suggest that the ability to tolerate oxidative stress
is critical for normal biofilm formation. Some genes involved in oxidative stress

tolerance are more highly expressed in biofilm (Falsetta et al., 2009), suggesting
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that biofilm may represent an adaptation that enhances oxidative stress tolerance

during infection of the human host.
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CHAPTER V
DISCUSSION

Human understanding of the behaviors of microorganisms has
significantly advanced since the 1670s when Antonie van Leeuwenhoek looked
through one of the first compound light microscopes and saw what he termed
“animalcules.” For centuries following this discovery, microorganisms were
viewed as free-floating or planktonic, unicellular organisms that acted
independently of each other. However, in the 1930s, researchers began to
recognize that bacteria, particularly marine or aquatic bacteria, had a tendency to
associate with one another in a microbial community (Zobell & Allen, 1935).
These communities were later termed biofilms, and have received significant
attention in the field of microbiology over the last 30 to 40 years (Costerton,
1999, Costerton et al., 1995, Costerton et al., 1999, Dunne, 2002, Stoodley et al.,
2002). Biofilms are ubiquitous (Costerton et al., 1978) and play significant roles
in various biological processes with both positive and negative outcomes.
Biofilms have received the most attention for the detrimental roles that they play
in human disease and other processes, such as biofouling (Costerton, 1999,
Costerton et al., 1995, Costerton et al., 1999, Dunne, 2002, Stoodley et al.,
2002). Biofilms significantly contribute to the morbidity and mortality of several
human diseases, including cystic fibrosis and nosocomial infections. Biofilms are
inherently resistant to antimicrobials and the human immune defenses, which
facilitates persistent infection by biofilm-forming organisms (Ceri et al., 1999).
Recently it has been postulated that nearly all pathogens that cause persistent
infection grow as biofilms (Costerton et al., 1999). Therefore, more organisms
are being evaluated for their ability to form a biofilm.

The mechanism of infection by N. gonorrhoeae differs in men and women

(Edwards & Apicella, 2004). Men typically suffer from acute infection with overt
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symptoms (Hansfield, 2005, Hook, 1999c), while up to 80 percent of infected
women exhibit no symptoms (Bozicevic et al., 2006, Pedersen & Bonin, 1971).
Therefore, infected males typically seek immediate medical attention, are treated
with antibiotics, and rapidly clear the infection (Hansfield, 2005, Hook, 1999c).
Women, however, can become chronically infected, leading to the potentially
serious complications of PID, infertility, ectopic pregnancy, and DGI (Hansfield,
2005, Hook, 1999c). Women frequently do not seek medical attention until there
is a complication that results in more severe and noticeable symptoms (Platt et
al., 1983). At this point, irreparable damage has often occurred, as PID can lead
to the chronic re-infection by a woman’s own normal flora (Hansfield, 2005,
Hook, 1999c). Gonorrhea rates declined in the United States once penicillin
therapy became popular (Fox et al., 1998), but later rose as the sexual behavior
patterns of Americans began to change in the 1960s (Zaidi et al., 1983).
Compulsory screening was implemented to detect asymptomatic infection in
women, which was initially largely successful (Zaidi et al., 1983). However, the
number of cases of gonorrhea has gradually increased over the last several
years in the United States, along with the rates of antibiotic resistance (Centers
for Disease Control and Prevention, 2007, 2007). Women in poor communities
without access to regular screening are more likely to develop complications from
gonorrhea infection. No single unifying explanation exists for the apparent
difference in the occurrence of symptoms in men and women.

The observation that women are susceptible to chronic gonococcal
infection prompted our laboratory to evaluate the ability of N. gonorrhoeae to
form biofilms over abiotic surfaces (glass), primary and immortalized cervical
tissues, and over cervical tissues in vivo (Steichen, 2008, Greiner et al., 2005).
N. gonorrhoeae readily forms biofilm in continuous-flow systems over glass and

cervical tissues (Greiner et al., 2005). Patient biopsies indicate that gonococcal
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biofilm structures are present during natural cervical infection (Steichen, 2008).
N. gonorrhoeae is a highly adapted human pathogen, which strongly suggests
that biofilm formation plays a role in infection in vivo and that biofilm formation is
not a novel occurrence. In contrast to women, the site of infection in men is
subject to periodic rapid fluid flow, and the incubation period is generally short.
Thus, the conditions in men are likely not conducive to biofilm formation, as are
the conditions in women.

Prior to the studies presented in this dissertation, little was understood
about the mechanisms that contribute to or govern biofilm formation in N.
gonorrhoeae. Much of the current biofilm literature suggests that biofilms exhibit
unique patterns of gene expression that dictate community behaviors, including
resistance to antimicrobials and host immune defenses (An & Parsek, 2007,
Beloin & Ghigo, 2005, Resch et al., 2005, Shemesh et al., 2007, Wagner et al.,
2003, Waite et al., 2006, Waite et al., 2005, Whiteley et al., 1999, Wu et al.,
2006). In order to better understand gonococcal biofilm, we used microarrays to
examine the transcriptional profiles of N. gonorrhoeae biofilms for comparison to
their planktonic counterparts (Chapter Il). We identified 83 genes that met our
criteria for differential expression (fold-change 2 2.0 and P < 0.05) when we
compared biofilms grown over glass to planktonic cells collected from the biofilm
effluent. The vast majority of these genes were hypothetical (57.8%), although
many of the proteins encoded by these genes could play important roles in
biofilm formation. We elected not to pursue these genes for the purposes of this
study, as a significant pattern of expression emerged in some of the genes with
identified functions. However, the hypothetical genes we identified could be
pursued in future investigations. We found that genes involved in anaerobic
respiration (aniA, ccp, and norB) were highly up-regulated during biofilm

formation, while genes involved in aerobic respiration were down-regulated (nuo
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operon). We used qRT-PCR to confirm expression of these genes over glass
and to examine expression in a more relevant model system (growth over
THCEC). We found that the pattern of regulation was similar over glass and over
THCEC. This finding indicates that expression of these genes is relevant to
infection. This data also suggests that our continuous-flow system for biofilm
growth over glass may be a suitable model for biofilm formation when the
experimental design does not permit the use of cervical cells. For example, this
system may be a useful tool for modeling biofilm behaviors during treatment with
compounds that are toxic to or impair the growth of cervical cells. However, we
prefer to use the tissue culture system to model biofilm growth when possible, as
N. gonorrhoeae is an obligate pathogen.

Transcripts of both aniA and norB are virtually undetectable under aerobic
growth conditions (Householder et al., 1999, Householder et al., 2000). Thus,
high levels of expression of aniA and norB during growth as a biofilm indicates
that anaerobic respiration occurs in gonococcal biofilms. N. gonorrhoeae is often
isolated in the presence of obligate anaerobes and the cervical environment is
presumed to be oxygen limited (Smith, 1975). Thus, anaerobic growth may be
important for survival in vivo. Anaerobic respiration also contributes to the ability
of the gonococcus to tolerate oxidative stress, as NorB can rapidly achieve a NO
steady-state that reduces proinflammatory concentrations of NO to
concentrations that are not inflammatory (Cardinale & Clark, 2005). Although
Ccp does not play a role in anaerobic respiration, expression of ccp is only
induced under anaerobic conditions (Turner et al., 2003). Like NorB, Ccp also
reduces oxidants present in the cervical environment. Ccp effectively reduces
the H,O, produced by host PMNs and the Lactobacillus species that also inhabit

the female genitourinary tract (Carreras et al., 1994, Eschenbach et al., 1989,
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Turner et al., 2003). Therefore, elevated expression of these genes in biofilm
indicates that biofilms may be suited for survival in the female host.

Sera from patients infected with N. gonorrhoeae exhibits a strong antibody
response to AniA (Clark et al., 1988), which is further evidence that anaerobic
respiration occurs in vivo. Biofilm formation can be detected in patient biopsies
and would likely confer distinct growth advantages through the enhanced
expression of oxidative stress tolerance genes (Steichen, 2008). Thus, it is
plausible that this is the preferred mode of growth in the cervical environment. In
the past, the development of a vaccine against N. gonorrhoeae has focused on
P.1l as a potential antigen (Hook, 1999c). However, the development of a
vaccine has been largely unsuccessful, as most gonococcal surface structures
are phase and/or antigenically variable (Hansfield, 2005, Hook, 1999c). Some
groups have proposed using AniA as a vaccine antigen, as AniA is a stably
expressed outer membrane protein that is likely directed outside the cell
(Boulanger & Murphy, 2002). AniA is highly expressed in biofilms grown over
cervical cells, which represents a greater than 20-fold induction versus planktonic
cells. Our data indicate that biofilms are the preferred mode of growth in vivo,
and it has not been established that an anti-AniA antibody could penetrate the full
depth of the biofilm to access AniA in the substratum of these biofilms.
Furthermore, the fact that patients with active disease display robust anti-AniA
antibody responses suggests that these antibodies are indeed not protective
against disease. For these reasons we suggest that AniA is not a good vaccine
target.

To further investigate the role of anaerobic respiratory/anaerobically-
induced genes in biofilm, we created or obtained strains with kanamycin
resistance cassette insertions in the coding sequences of the aniA, ccp, and norB

genes (Chapter Il). We found that all three mutant strains were attenuated in at
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least one aspect of biofilm formation over glass and over THCEC. We
determined that the aniA::kan and ccp::kan mutants formed biofilms with
equivalent biomasses over glass, but these biofilms were much more compact
and had significantly reduced average thicknesses compared to the wild type.
However, the norB::kan mutant formed very little biofilm, which was dramatically
reduced in both biomass and average thickness. To evaluate biofilm formation in
a more relevant system, we infected THCEC with our mutant and wild type
strains. We found that all three mutants had significantly reduced biomasses and
average thicknesses compared to the wild type when grown over THCEC for 48
hours. This suggests that the role of these genes is more critical in an infection
model, which better resembles the conditions present in the host environment.
The role of Ccp is redundant, as catalase also reduces H,O, (Seib et al.,
2006). If mutations are made in either the ccp or katA (catalase) gene, the
resulting strains become sensitive to H,O,-mediated killing (Seib et al., 2006).
However, a ccp/katA double mutant is more sensitive to H,O; than either single
mutant (Seib et al., 2006). This may help to account for the observation that the
ccp::kan mutant is only partially impaired in its ability to form biofilms over glass.
Thus, we would expect that a ccp/katA mutant may be further impaired in its
ability to form biofilm. This would be a reasonable objective for future studies.
However, the role of AniA is not functionally redundant and yet a similar
phenotype is observed in the aniA::kan mutant. Other organisms also catalyze
anaerobic respiration during growth as a biofilm (Filiatrault et al., 2006, Hassett et
al., 2002, Van Alst et al., 2007, Wang et al., 2007b, Yoon et al., 2002). It has
become increasingly evident that anaerobic respiration is critical for biofilm
formation in a number of organisms, including the biofilm paradigm organism; P.
aeruginosa. Evidence suggests that anaerobic respiration is the primary mode of

growth for P. aeruginosa during cystic fibrosis infection (Filiatrault et al., 2006,
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Hassett et al., 2002, Van Alst et al., 2007, Yoon et al., 2002). This mode of
growth may contribute to the antimicrobial resistance of P. aeruginosa biofilms,
as cells that undergo anaerobic respiration are concentrated near the biofilm
substratum, are less metabolically active, and are likely less susceptible to
antimicrobials that target active cellular processes (Rani et al., 2007, Werner et
al., 2004). Oxygen only penetrates approximately the first 50 uM of P.
aeruginosa biofilms (Werner et al., 2004), although these biofilms typically
achieve thicknesses of approximately 100 uM or more (Davies et al., 1998,
Sauer et al., 2002). This observation may help to explain why the aniA::kan
mutant forms biofilms with biomasses that are similar to wild type, yet these
biofilms are significantly thinner than wild type. If oxygen cannot penetrate the
entire depth of the biofilm, the thicknesses of the biofilm may be limited by the
availability of oxygen in mutants that cannot respire anaerobically. The thickness
of an aniA::kan mutant biofilm does exceed 60 uM, which appears to correlate
with the findings in P. aeruginosa.

Biofilm formation was more severely attenuated in the norB::kan mutant,
as this mutant had significantly less biomass and lower average thicknesses than
the wild type. This was initially puzzling, as norB and aniA are members of the
same metabolic pathway and previous studies demonstrated that mutations in
either norB or aniA resulted in strains that were unable to respire anaerobically
(Householder et al., 1999, Householder et al., 2000). However, there was one
obvious difference in these two mutant strains. AniA reduces nitrite to NO
(Mellies et al., 1997), which is often toxic to many bacterial species (Davis et al.,
2001, Fang, 1997, MacMicking et al., 1997, Zumft, 1997). NorB then reduces
NO to nitrous oxide (Householder et al., 2000), which is not generally considered
to be toxic (Seib et al., 2006). A mutation in norB would render the gonococcus

unable to reduce AniA-generated NO. We considered the possibility that the
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accumulation of NO may be toxic or could impair biofilm formation in the
norB::kan mutant through another mechanism, as NO is an important signaling
molecule in eukaryotes (Davis et al., 2001, Liaudet et al., 2000, MacMicking et
al., 1997, Ortega Mateo & Amaya Aleixandre de, 2000, Stefano et al., 2000,
Tschugguel et al., 1999). N. gonorrhoeae is presumed to be inherently resistant
to NO, and a norB::kan mutant survives incubation under anaerobic conditions,
which should result in the accumulation of AniA-generated NO (Householder et
al., 2000). Thus, we hypothesized that NO affected biofilm formation through
another mechanism. The current P. aeruginosa biofilm literature suggested that
sublethal concentrations of NO may prevent biofilm formation or facilitate biofilm
dispersal (Barraud et al., 2006). Therefore, we attempted to rescue biofilm
formation in the norB::kan mutant by treating these biofilms with an NO quencher
(Chapter Il). We found that treatment with PTIO improved biofilm formation in
this mutant. Although PTIO improved biofilm formation, biofilms were not
completely restored to wild type levels in the presence of PTIO. This result was
expected, as a norB::kan mutant cannot respire anaerobically (Householder et
al., 2000). We treated wild type biofilms with the NO donor SNP at the beginning
of biofilm formation and after 24 hours of biofilm formation to determine if NO
could also impair biofilm formation in the wild type. We found that treatment at
the start of biofilm impaired biofilm formation, but did not completely inhibit biofilm
formation. Treatment with SNP after 24 hours of biofilm formation resulted in
biofilms with less biomass and lower average thicknesses than untreated
biofilms. This indicates that the introduction of NO after 24 hours of biofilm either
halts biofilm development or causes the biofilm to disperse. We also considered
the possibility that NO could inhibit cytochrome oxidase, thus impairing aerobic

respiration in the norB::kan mutant. However, we found that there was no defect
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in the growth of the norB::kan mutant when it was cultured under oxygen tension
conditions that were similar to those present in our biofilm system.

Treatment with NO did not completely inhibit N. gonorrhoeae biofilm
formation. The effective dose of NO is likely considerably lower than the
concentration of NO donor supplied. Thus, a higher dose of NO may be required
to completely block biofilm formation and/or other mechanisms that govern
gonococcal biofilm formation and dispersal. Interestingly, higher concentrations
of NO appear to enhance biofilm formation in P. aeruginosa (Barraud et al.,
2006). Concentrations that were considerably higher than the typical lethal dose
increased the ratio of adherent to planktonic cells in one P. aeruginosa biofilm
study (Barraud et al., 2006). This suggests that NO may have a dynamic effect
on biofilm, encouraging detachment at low concentrations and encouraging
biofilm formation at high concentrations. Biofilms are inherently resistant to
antimicrobial treatment, UV light, salinity, host defenses, acid exposure,
dehydration, and metal toxicity (Hall-Stoodley et al., 2004). Thus, it is plausible
that biofilm formation may also convey resistance to oxidants, such as NO. This
may explain why P. aeruginosa biofilm formation is elevated in the presence of
lethal NO concentrations, as biofilm formation may enhance the ability of these
cells to tolerate NO. Subsequently, we elected to examine the affect of higher
doses of SNP on N. gonorrhoeae biofilm formation (Chapter Ill). We found that
treatment with 20 yM concentrations and higher (up to 1 mM) completely
prevented biofilm formation, if SNP was administered at the start of the biofilm.
Removing SNP from the media used to inoculate the biofilm chambers did not
improve biofilm formation. These findings indicate that higher concentrations of
NO could completely block biofilm formation in N. gonorrhoeae. However, P.
aeruginosa, which is inherently more sensitive to NO, can form better biofilms in

the presence of high concentrations of NO (Barraud et al., 2006). When we
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considered this, it occurred to us that anaerobic respiration would not be
immediately induced in gonococcal biofilms, as aniA and norB are repressed
under aerobic growth conditions (Barraud et al., 2006, Householder et al., 1999,
Householder et al., 2000). Thus, we constructed a fluorescent transcriptional
fusion to the aniA gene (aniA’-‘gfp) to monitor the induction of anaerobic
respiration in biofilms (Chapter Ill). We used light microscopy to monitor
induction in overnight plate cultures, the biofilm inoculum, and biofilms grown for
24 and 48 hours. We were unable to detect fluorescence in plate cultures or the
biofilm inoculum. However, we could readily detect GFP in biofilms grown for 24
and 48 hours. These data indicate that N. gonorrhoeae biofilms become
anaerobic over time, as aniA expression was induced between 0 and 24 hours of
biofilm formation. Gradual induction of anaerobic respiration in biofilms could
explain why immediate treatment with low concentrations of NO was partially
inhibitory, while high concentrations completely inhibited biofilm formation.
However, we observed that low doses of SNP halted biofilm formation in 24-hour
biofilms that were likely expressing aniA and undergoing anaerobic respiration.
This suggests that the effect of NO on N. gonorrhoeae biofilms is not dictated
solely by NO toxicity. This agrees with our data that indicates that the norB::kan
mutant is not impaired in its ability to grow under microaerophilic conditions.

We also used the aniA’-‘gfp fusion strain to evaluate the profile of
anaerobic metabolism in biofilm. P. aeruginosa biofilms are stratified and use a
combination of anaerobic and aerobic metabolism (Rani et al., 2007, Werner et
al., 2004). Protein synthesis occurs in the first 30-60 uym of biofilm, while
anaerobic/metabolically inactive cells comprise the majority of the biofilm and are
localized near the substratum (Werner et al., 2004). To determine if this was
similar for N. gonorrhoeae, we grew the aniA’-‘gfp fusion strain for 48 hours and

then stained the biofilm with 2C3 (H.8 antibody) to visualize all cells in the biofilm.
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We found that the maijority of the biofilm cells expressed aniA, and that cells
expressing aniA were located near the surface of attachment in the substratum of
biofilm. The uppermost region of the biofilm was almost entirely comprised of
cells that did not express aniA. This indicates that cells near the fluid flow
interface use aerobic metabolism. This pattern is similar to the patterns
observed in P. aeruginosa biofilms (Rani et al., 2007, Werner et al., 2004). aniA
expression also did not localize to areas where there were gaps in the biofilm,
indicating the presence of water channels. The expression of aniA and norB is
repressed when oxygen is abundant (Householder et al., 1999, Householder et
al., 2000, Whitehead et al., 2007), as it would be in the bulk fluid. In Chapter II,
we calculated the dissolved oxygen concentrations of media entering and exiting
the biofilm chamber and found that the concentration of oxygen was well above
anaerobic or microaerophilic concentrations. Although mutations in anaerobic
respiratory genes can cause severe impairment of biofilm formation, especially
when cultured in the presence of host cells, these mutations do not completely
prevent biofilm formation. This finding reflects the metabolic profile of N.
gonorrheoae biofilms, which catalyze both anaerobic and aerobic respiration.
Expression of aniA is not induced in the biofilm inoculum, which suggests that
biofilms may rely on aerobic respiration early during an infection, prior to the
establishment of a biofilm and transcription of the anaerobic respiratory genes.
To further examine the effect of NO on biofilm formation, we devised a
method to induce anaerobic respiration in biofilms before evaluating the effect of
NO. We grew biofilms for 24 hours in the presence of nitrite, then transitioned
these biofilms to media without nitrite, which either was or was not supplemented
with 20 uM SNP. We previously determined that growing biofilms in the
presence of nitrite for 24 hours induces expression of aniA (Chapter Ill). Biofilm

formation was enhanced by the addition of SNP under these conditions. It
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appears that treatment with high doses of SNP can enhance biofilm formation, if
anaerobic respiration has been initiated. Anaerobic respiration likely allows norB
to be transcribed at the levels necessary to effectively reduce NO to
concentrations that are not lethal to the gonococcus. This observation further
supports the hypothesis that N. gonorrhoeae biofilms are important for and
contribute to oxidative stress tolerance during infection. In our aim to develop a
better model for studying the impact of NO on biofilm, we selected another NO
donor for the treatment of biofiims. We chose to treat biofiims with DETA/NO, as
it is a slower release NO donor that may donate NO at a rate that is not
overwhelming during the initial stages of biofilm development. We found that 20
MM DETA/NO did not prevent biofilm formation, but rather enhanced biofilm
formation in the absence of nitrite. This finding suggests that DETA/NO donates
NO at a rate that is easily tolerated during the early stages of biofilm
development, before the induction of anaerobic respiration. Overall, it appears
that the concentration of NO, the rate at which it is donated, and the time at
which it is administered determines the effect on biofilm formation. Low
concentrations of NO prevent biofilm formation, even in the presence of nitrite,
while high concentrations enhance biofilm formation if a slow-release NO donor
is used or anaerobic respiration is occurring in biofilm. We have proposed a
model that illustrates the potential effects of NO on biofilm formation (Figure 20).
However, additional evidence is needed to either support or refute this model,
and it is not clear what protein(s) may be sensing the concentration of NO in
biofilm. We would propose that the NsrR regulator may play a role in sensing the
concentration of NO in biofilm, as NsrR takes its name from its sensitivity to NO
(NO-sensitive repressor) (Whitehead et al., 2007). When NO is present, NsrR is
unable to function as a negative regulator of aniA and norB, which results in the

de-repression of aniA and norB expression (Whitehead et al., 2007). It may be
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possible that NsrR regulates other previously unidentified targets that could play
arole in the NO response. Further study is warranted to investigate this
hypothesis. Microarrays could be used as tools to screen for genes that are
differentially regulated after treatment with SNP or DETA/NO. This may be
useful in the identification of genes involved the NO response. This screen might
also identify genes that are involved in biofilm detachment, which could represent
new therapeutic targets for the treatment of gonorrhea.

Biofilms treated with DETA/NO from the start of biofilm formation or
treated with SNP after 24 hours of growth resembled those grown in the
presence of nitrite for 48 hours. Prior to determining that N. gonorrhoeae biofilms
catalyze anaerobic respiration, we observed that nitrite enhanced biofilm
formation, although biofilms could form in the absence of nitrite (Greiner et al.,
2005). Biofilms grown in the absence of nitrite develop at slower rate than those
grown in the presence of nitrite. Thus, we began supplementing our biofilms with
nitrite, which allowed mature biofilms to form by 48 hours postinoculation. In light
of this observation, it was not surprising that N. gonorrhoeae utilizes anaerobic
respiration during growth as a biofilm. N. gonorrhoeae was initially considered to
be incapable of anaerobic growth, due to the inability to culture cells under
anaerobic conditions (James-Holmquest et al., 1973). This led to the finding that
N. gonorrhoeae is unique in that it uses nitrite as a terminal electron acceptor for
anaerobic growth, and it is incapable of using nitrate (Knapp & Clark, 1984).
However, we found that biofilm growth can be partially restored in an aniA::kan
mutant by adding NO to the biofilm media (Chapter Ill). This mutant cannot
reduce nitrite and similar mutants were considered incapable of anaerobic
growth. Previous mutants survived, but did not grow under anaerobic conditions
(Householder et al., 1999). However, our results suggest that this mutant may

be able to grow under anaerobic conditions using NO. NO was not used to
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supplement the culture media in earlier studies that concluded that an aniA
insertion mutant is unable to respire anaerobically (Householder et al., 1999).
Although oxygen is abundant in the media of our biofilm system, the majority of
the cells in these biofilms catalyze anaerobic respiration. Anaerobic respiration
occurs in more than two-thirds of the total thickness of N. gonorrhoeae biofilms,
as visualized by aniA expression. Thus, the partial restoration of biofilm
formation in the aniA::kan mutant strongly suggests that these biofilms are able
to undergo anaerobic respiration, as the thickness of these biofilm exceeds the
thickness of the aerobic portion of gonococcal biofilms. However,
supplementation with NO does not fully restore biofilm formation in the aniA::kan
mutant. This indicates that we may not have supplemented our media with the
optimal concentration of NO, or that nitrite may be the preferred substrate for
anaerobic metabolism. The ability to use both nitrite and NO to support
anaerobic growth would be of advantage to gonococcal biofilms. If this were the
case, NO could be used to support anaerobic growth if the function of AniA was
impaired. In support of this hypothesis, some N. meningitidis strains possess a
frameshift mutation in aniA, but are still able to respire anaerobically (Deeudom
et al., 2006, Rock et al., 2005, Rock & Moir, 2005, Rock et al., 2007, Stefanelli et
al., 2008). N. gonorrhoeae biofilms are metabolically heterogeneous and may be
able to use a variety of substrates to catalyze anaerobic and aerobic respiration.
Biofilm heterogeneity confers advantages for biofilm survival, including the ability
of metabolically inactive cells to resist antimicrobial treatment and the host
immune response (Barraud et al., 2006, Costerton et al., 1999, Werner et al.,
2004).

If oxygen is abundant in our biofilm system, why do N. gonorrhoeae
biofilms predominantly use anaerobic metabolism? The cbbs family of

cytochrome oxidases have a high affinity for oxygen (Pitcher et al., 2002), and it
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has been speculated that the oxygen concentration in vivo would have to be
considerably lower than the predicted concentration in order to hinder aerobic
growth of the gonococcus. Studies that examined the oxygen profiles of P.
aeruginosa biofilms determined that oxygen is limited in its ability to diffuse into
the biofilm (Barraud et al., 2006, Werner et al., 2004). This may be the simplest
explanation for the metabolic profile of N. gonorrhoeae biofilms, which catalyze
aerobic respiration at the fluid-flow interface and anaerobic respiration in the
depths of the biofilm. However, the matrix of N. gonorrhoeae biofilm is
dramatically different than P. aeruginosa biofilm, and it is not clear as to whether
the diffusion of oxygen is limited in gonococcal biofilms (Costerton, 1999,
Steichen, 2008). Our results suggest that diffusion of oxygen into N.
gonorrhoeae biofilms is limited, as aniA expression is typically repressed when
oxygen is abundant (Householder et al., 1999). We suggest that direct
measurement of the dissolved oxygen content at different depths of the biofilm
would be the best way to study the kinetics of oxygen diffusion in gonococcal

biofilms.

We also considered the possibility that the induction of anaerobic genes in
biofilm plays a more important role in oxidative stress tolerance. NorB functions
dually in anaerobic respiration and oxidative stress tolerance by reducing NO
(Mellies et al., 1997), while Ccp contributes to oxidative stress tolerance by
reducing H2O3 (Turner et al., 2003). Induction of these genes in biofilm suggests
that biofilm formation may enhance oxidative stress tolerance in N. gonorrhoeae.
Although we did not directly challenge gonococcal biofilms with oxidative
stressors (other than NO), we determined that a variety of oxidative stress
tolerance genes are required for biofilm formation including trxB, estD, mntABC,
oxyR, prx, and gor (Chapter IV). A reasonable future objective would be to

assess the ability of biofilm to withstand oxidative stress as compared to



