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The way that gaseous metabolite production changes along with biofilm architecture development is poorly
understood. To address this question, we developed a novel flow reactor biofilm culture method that allows for
simultaneous assessment of gaseous metabolite production and architecture visualization. In this report, we
establish the utility of this method using denitrification by Pseudomonas aeruginosa biofilms as a model system.
Using this method, we were able to collect and analyze gaseous metabolites produced by denitrification and also
visualize biofilm architecture in a nondestructive manner. Thus, we propose that this novel method is a
powerful tool to investigate potential relationships between biofilm architecture and the gas-producing met-
abolic activity of biofilms, providing new insights into biofilm ecology.

It is known that environmental biofilms often produce gas-
eous metabolites. For example, natural lake reed biofilms are
reported to produce N2 or N2O (28). Furthermore, microbial
biofilms are utilized in wastewater treatment and other indus-
trial processes to convert soluble material into gaseous mate-
rial, such as the conversion of nitrate into N2 or N2O by
denitrification (2, 21, 30). Previous studies of biofilm architec-
ture have reported correlations between metabolic substrates
and biofilm architecture (11, 24, 27), and another study showed
the importance of biofilm structures in the distribution of dis-
solved gases (4). However, such correlations between biofilm
architecture and gaseous metabolite production remain poorly
understood.

If one were able to show simultaneously occurring changes
in architecture and gaseous metabolite production, the exis-
tence of a correlation between biofilm architecture and gas-
eous metabolite production would be indicated. To date, the
analysis of gaseous metabolite production by biofilms has
mainly been performed using test tubes or flasks sealed with
butyl rubber stoppers (28). These airtight containers allow for
collection of gaseous metabolites and are suitable for batch
culture experiments. However, there are currently no nonde-
structive methods to simultaneously allow for both biofilm
visualization and gaseous metabolite analysis. Such a method
would provide information on how gaseous metabolite produc-
tion activity changes along with biofilm development.

The flow reactor method (15, 18), combined with confocal
laser scanning microscopy (CLSM), is preferred in studies of
biofilm architecture and development. Both electron micros-
copy and CLSM are often used in visualizing biofilms (12);
however, electron microscopy requires dehydration (and
therefore termination of biofilm growth), which in some cases

distorts or damages bacterial cells (7). In contrast, CLSM can
be used to visualize the three-dimensional architecture of liv-
ing biofilms and can be applied to the flow reactor method
while maintaining continuous culture (15, 18). If collection of
gaseous metabolites is achieved in a flow reactor system, both
biofilm visualization and gaseous metabolite analysis can be
performed without destruction of the biofilm. To accommo-
date this need, we developed a novel airtight flow reactor that
allows for collection of gaseous metabolites. This novel reactor
was termed AFGAS (for airtight flow reactor for nondestruc-
tive gaseous metabolite analysis and structure visualization),
and a novel biofilm analysis method using the AFGAS was
termed the AFGAS method. In order to assess the utility of the
AFGAS method, we utilized Pseudomonas aeruginosa as a
model organism. P. aeruginosa is a gram-negative ubiquitous
bacterium that is well-established as a model for biofilm for-
mation (5, 27) and also possesses a functional denitrification
pathway (3, 9, 29). Denitrification is an anaerobic respiration
process that utilizes N oxides instead of oxygen as terminal
electron acceptors in the respiratory chain (31). In denitrifica-
tion, concomitant with energy production, nitrate (NO3

�) and
nitrite (NO2

�) are reduced to gaseous nitrous oxide (N2O) and
gaseous nitrogen (N2) (31).

The main purpose of this study was to introduce a novel
method and establish its utility. Here, we report that denitri-
fying conditions are achievable with the AFGAS method. We
further establish that the AFGAS method can be used to
collect and analyze gaseous denitrification metabolites, and
finally, we demonstrate that P. aeruginosa biofilms grown with
the AFGAS method can be nondestructively visualized. Ac-
cording to these results, we conclude that the AFGAS method
is a biofilm culture method suitable for both nondestructive
gaseous metabolite analysis and nondestructive biofilm visual-
ization.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plasmids
used in this study are listed in Table 1. For routine culture, bacterial strains were
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grown in LB medium or on LB agar plates. When necessary, gentamicin was
added at a concentration of 15 �g/ml for Escherichia coli DH5� (TaKaRa Shuzo,
Osaka, Japan) and S17-1 (23) and at 100 �g/ml for P. aeruginosa. For biofilm
experiments, stationary-phase cultures were diluted to an optical density at 660
nm of 0.1 with LB or LB25N medium (LB medium supplemented with 25 mM
KNO3), and 300 �l of the cell suspension was injected into a flow cell (Stovall
Life Science, Greensboro, NC) with channel dimensions of 1 by 4 by 40 mm
(height by width by length). After being held static for 1 h, the flow of LB or
LB25N medium was initiated at the rate of 0.015 ml/min. Biofilms were grown at
37°C for 24 h. A multichannel peristaltic pump (model IPC; Ismatec, Glattbrug,
Switzerland) was employed to continuously irrigate the flow cell with liquid
medium.

Construction of plasmids and a P. aeruginosa mutant. DNA manipulations
followed standard procedures (22). A narG deletion vector pG19-delnar was
constructed by overlap extension PCR (22). DNA fragments of 874 bp and 1,033
bp of PAO1 chromosome were amplified with NarGF1(CGGGATCCCGTGC
TTCTCGTACAGCTCGCG) and NarGR1 (CGGAACAGTTCGGCATGGTG
CTGAACCTCG) PCR primers and with NarGF2 (CCATGCCGATCTGTGC
CGGGCGTTACAACG) and NarGR2 (CCCAAGCTTGGGACTTCGCCTCG

AGCATGTCC) PCR primers, respectively. The two DNA fragments of 874 bp
and 1,033 bp were used in overlap extension PCR to amplify an 1,886-bp DNA
fragment with the narG deletion. The amplified 1,886-bp DNA fragment was
subcloned into a BamHI-HindIII site in a multicloning site of pG19II, yielding
pG19-delnarG. To construct a narG mutant (PS1700), the pG19-delnar plasmid
was transferred into P. aeruginosa PAO1 by conjugation, followed by homolo-
gous recombination (14). The deletions of narG in P. aeruginosa PAO1 were
confirmed by PCR analyses and by the phenotypes of the mutants (data not
shown).

Hungate tube planktonic bacterial culture method. The Hungate tube plank-
tonic culture experiment was performed as previously described (26). Briefly, P.
aeruginosa cells were grown aerobically in 24-ml test tubes containing 4 ml of LB
medium. For planktonic anaerobic culture, 10 �l of a cell suspension was
inoculated into a 17-ml Hungate tube containing 5 ml of LB100N medium
(LB medium supplemented with 100 mM KNO3) or LB medium, and argon
gas was flashed for 5 min. The Hungate tubes were incubated at 37°C with
shaking at 200 rpm.

Gas replacement and inoculation for biofilm culture under low-oxygen partial
pressure conditions. Prior to inoculation, an entire flow cell system including 100
ml of LB25N medium in a medium bottle was degassed by vacuum for 10 min
and then purged with argon gas for 10 min. The degassing-purging process was
repeated twice. Inoculation was performed as follows: 5 ml of the cell suspen-
sions from LB-grown overnight cultures were transferred to 17-ml Hungate
tubes. The Hungate tubes were then sealed with butyl rubber stoppers, and argon
gas was flashed through a needle for 5 min. A 300-�l aliquot of the cell suspen-
sion was injected into a flow cell from an inoculation port, with argon gas flashed
around the inoculation port. For aerobic cultures, argon gas flashing was not
performed.

Gaseous metabolite sampling and analysis. The atmosphere in the gas col-
lector (Fig. 1D) or Hungate tube was sampled with a gas-tight sampling syringe
(Shimadzu, Tokyo, Japan) and subjected to gas chromatography. N2O and N2

concentrations were measured with a gas chromatograph (model GC-8AIT;
Shimadzu, Tokyo, Japan) equipped with a gas thermal conductivity detector.
Helium was used as the carrier gas. Shincarbon ST or PropackQ columns (Shi-
madzu, Tokyo, Japan), operated at 200°C or 50°C, were used for the detection of
N2O or N2, respectively.

Biofilm effluent sampling and analysis. A 300-�l aliquot of biofilm effluent was
sampled from the effluent sampling port (Fig. 1A). NO3

� concentrations were
determined by the brucine-sulfanic acid method (16). NO2

� concentrations were
determined by the sulfanilamide-naphthylethylene diamine method (16). Since
the volume of the medium that exists between the inoculation port and the gas

TABLE 1. Strains and plasmids used in this study

Strain or
plasmid Relevant properties Reference

P. aeruginosa
strains

PAO1 Wild-type strain 13
PS1700 narG; 3,835 bp deleted from

PA3874-PA3876
This study

E. coli strains
DH5� E. coli strain for transformation TaKaRa Shuzo
S17-1 Mobilizer strain 23

Plasmids
pG19II pK19mobsac derivative carrying a

Gmr gene as a marker
14

pG19-delnar pG19II derivative carrying a
narG deletion fragment

This study

FIG. 1. (A) AFGAS setup for biofilm experiments. AFGAS was designed to perform a triplicate experiment. Gas sampling bags enclose both
ends and isolate the flow system from the external atmosphere. Three flow lanes are independently connected to the waste bottle in order to avoid
mixture of waste between lanes and to allow for effluent sampling from individual lanes. (B) Cross-section of the multilayer tubing. Tygon R-3063
tubing is reinforced with stainless steel pipes and epoxy resin. In order to maintain flexibility, the pump connections and the joints are composed
of only a monolayer of Tygon R-3063 tubing. (C) Cross-section of the oxygen probe flow cell. A dissolved oxygen probe is contained in a flow cell
made of butyl rubber. The butyl rubber flow cells are equipped with an inlet and an outlet. For dissolved oxygen measurements, the standard flow
cell was replaced with the oxygen probe flow cell. (D) Sectioned diagram of a gas collector. The duplicated pump connections, upstream of the
inlet and downstream of the outlet, prevent free spillage of gas from the gas collector and help to maintain a constant minimum volume of effluent
in the gas collector.
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collector is approximately 700 �l, the total CFU or total protein amount in 700
�l of biofilm effluent was assumed to be the total planktonic biomass. Cells in
biofilm effluent were homogenized using an ultrasonic processor (model UP50H;
Stahnsdorf, Germany), and protein concentrations of the homogenates were
determined by the Bradford method with serum albumin as the standard.

Calculation of conversion efficiency. We assessed the rate of conversion of
substrate to the gaseous metabolites collected by calculating the conversion
efficiency for these reactions. In this study, conversion efficiency was defined as
follows: E � {[2(P1 � P2)]/S} � 100, where E is the conversion efficiency (a
percentage), S is the total consumed NO3

� (in micromoles), P1 is the total N2 (in
micromoles) accumulated in the headspace, and P2 is the total N2O (in micro-
moles) accumulated in the headspace. For biofilm experiments, the integral of
the NO3

� concentration curve was assumed to be total consumed NO3
�.

Dissolved oxygen concentration measurement. For dissolved oxygen (DO)
measurements, a standard flow cell was replaced with a DO metering flow cell
(Fig. 1C). A DO metering flow cell contains an oxygen probe, and the oxygen
concentration in the flowing medium was measured using a Metler Toredo
(Greifensee, Switzerland) SG6 dissolved oxygen meter.

Biofilm quantification. For total protein quantification, a flow cell was re-
moved from the flow system, and each lane of the flow cell was washed with
Tris-HCl buffer. The chambers were then filled with 300 �l of Tris-HCl buffer,
and the inlet and outlet of the flow cell were tightly closed. The entire flow cell
was placed in an ultrasonic processing tank (Insonator 201 M; Kubota, Tokyo,
Japan) filled with water and processed by ultrasound at maximum power for 30
min. Buffers containing fragmented biofilm in each lane were separately col-
lected, and residual fragments were eluted with 700 �l of Tris-HCl buffer. The
two fractions of 300 �l and 700 �l were combined to make 1 ml of biofilm
fragment suspension, which was then homogenized using an ultrasonic processor
(model UP50H; Stahnsdorf, Germany). Protein concentrations of the homoge-
nates were quantified by the Bradford method with serum albumin as the stan-
dard. For measurement of the total CFU in the biofilm, cells were recovered
from the flow cell by weak sonication.

Biofilm visualization and image analysis. A Carl Zeiss Pascal laser scanning
microscope equipped with a 63�, 1.4 numerical aperture Plan-Apochromat
objective (Carl Zeiss, Jena, Germany) was used to acquire confocal microscopic
images. For destructive visualization of all cells in a biofilm, biofilms were stained
with Syto9 fluorescent dye (Molecular Probes, Eugene, OR). Syto9 fluorescent
dye was excited by an argon laser (514 nm) and detected with a 530-nm long-pass
filter. For biovolume quantification, images of Syto9-stained biofilms were ana-
lyzed using the COMSTAT computer program (10), which functions within the
MATLAB software (Mathworks, Natick, MA). The confocal reflection micros-
copy technique was employed as an independent nonfluorescence-based method
to nondestructively acquire three-dimensional images of biofilms (17). Biofilms
were illuminated with a 514-nm argon laser, and reflected light was collected
through a 505- to 530-nm band-pass filter.

RESULTS

Features of the AFGAS method. As shown in Fig. 1A, the
AFGAS is a flow system consisting of a medium bottle, a flow
cell, a gas collector, a waste bottle, and tubing that connects
these components. Since gaseous metabolites generated in the
flow cell are conveyed with effluent flow toward the lower
streams, analysis of gaseous metabolites necessitates a mech-
anism to separate and accumulate gaseous metabolites away
from the effluent flow. To accommodate this need, a gas col-
lector, which has a 12-ml inner volume and a conical bottom,
was placed downstream of the flow cell (Fig. 1A and D). The
gas collector was capped with a butyl rubber cap for gas sam-
pling and equipped with an inlet at the upper part of a sidewall
and an outlet at the bottom of the lower conical part (Fig. 1D).
Biofilm effluent flows in from the inlet and out to the outlet.
Because the biofilm effluent, which is heavier than gas, gathers
at the lower conical part, only effluent will flow out, while
gaseous metabolites will accumulate in the headspace of the
gas collector. The accumulation of gaseous metabolites raises
pressure in the gas collector, which could potentially cause
spillage of gas from its outlet. To prevent this spillage, the flow

system of the AFGAS was connected to a multichannel peri-
staltic pump at two points in the same direction, upstream of
the flow cell and downstream of the gas collector. This dupli-
cated pump connection equalizes influx and efflux of biofilm
effluent in the gas collector and prevents the spillage of gas due
to the positive pressure in the gas collector.

An additional concern in gaseous metabolite analysis is con-
tamination of the gas collector with ambient air. Because gas-
eous metabolites are often molecules that exist abundantly in
the ambient atmosphere, it is necessary to construct an airtight
gas reactor that can be purged of ambient air. As shown in Fig.
1A, the entire flow system of the AFGAS is closed to the outer
ambient atmosphere. In order to avoid a change in pressure
while maintaining an airtight structure, both the medium and
the waste bottles are connected to Tedlar gas sampling bags
(AS ONE, Osaka, Japan), the volumes of which are variable.
To reduce gas permeation, the tubing consists of multiple
layers (Fig. 1B). Both the medium and waste bottles are
equipped with air inlet and air outlet bulbs, which allow gas
replacement by degassing and gas purging (Fig. 1A). The gas
replacement feature also accommodates any need for growth
of biofilms under low-oxygen partial pressure conditions. Gas
replacement with oxygen-free gas would allow for studies ad-
dressing anaerobic metabolism, such as denitrification (1, 18).

For inoculation and nondestructive effluent analysis, the
AFGAS was equipped with inoculation ports in the upper
stream of the flow cell and effluent sampling ports between the
waste bottle and the peristaltic pump (Fig. 1A). A three-way
bulb was used to provide these ports. The physical dimensions
of the entire flow system of the AFGAS are 40 by 40 cm, which
allows for storage of the AFGAS in a standard incubator.

Biofilm culture under denitrifying conditions. To examine
whether denitrifying conditions were achievable with the
AFGAS method, we first performed direct measurements of
DO concentrations. When gas replacement was performed, the
DO concentration in fresh flowing medium was maintained
between 0.4 and 0.5 ppm during a 24-h period, indicating that
low-oxygen, partial pressure conditions are achievable with the
AFGAS method. Next, we examined whether our low-oxygen
partial pressure condition was able to repress oxygen-depen-
dent biofilm development of P. aeruginosa. As shown in Fig. 2A
and B, when grown in LB medium, strain PAO1 formed sig-
nificantly less biofilm under low-oxygen partial pressure than
under aerobic conditions. We further examined whether ni-
trate could restore the biofilm development of P. aeruginosa
strains. Strain PS1700 is a narG deletion mutant which is de-
ficient in reducing nitrate to nitrite and exhibits significantly
poor growth under planktonic denitrifying conditions (data not
shown). As shown in Fig. 2A and B, a supplement of nitrate
restored strain PAO1 biofilm development, whereas strain
PS1700 showed poor biofilm development comparable to that
of strain PAO1 grown under low-oxygen partial pressure con-
ditions without nitrate. These results indicate that the low-
oxygen partial pressure conditions achieved by the AFGAS
method allowed a P. aeruginosa denitrifying biofilm to develop
but did not allow a P. aeruginosa nondenitrifying biofilm to
develop. Accordingly, we conclude that a denitrifying condi-
tion is achievable with the AFGAS method.

Nondestructive collection of gaseous denitrification metab-
olites. To establish the utility of the AFGAS method in gas-
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eous metabolite analysis, we examined whether the AFGAS
method could collect and analyze gaseous denitrification me-
tabolites. First, we examined whether gaseous denitrification
metabolites accumulated in the headspaces of the gas collec-
tors when P. aeruginosa PAO1 biofilms were cultured under
denitrifying conditions. As shown in Fig. 3, the total amount of
both N2 and N2O in the headspaces increased with time,
whereas the NO3

� concentration decreased with time and
the maximum NO2

� concentration was observed at 16 h. Next,
we examined whether the N2 and N2O that accumulated in the
headspaces were generated by denitrification. To test this, we
cultured the P. aeruginosa PS1700 biofilm with nitrate (LB25N
medium) and PAO1 biofilm without nitrate (LB medium). The
results showed that, in both cases, only background levels of N2

and N2O accumulated in the headspace, and NO3
� or NO2

�

levels remained almost at initial concentrations. These results
indicate that the accumulated N2 and N2O gases observed
when PAO1 was cultured under low-oxygen partial pressure
conditions in the presence of nitrate were denitrification me-
tabolites (Fig. 3).

When a strain PAO1 biofilm was grown under denitrifying
conditions, the planktonic biomass leached its maximum at
24 h, and the total protein amount was estimated to be 0.13 mg,
which is considerably smaller than the biomass of the biofilms
(Fig. 3B). The total CFU in the effluent was approximately
3.9 � 107 at 24 h, whereas total CFU in biofilms was estimated
to be 4.1 � 108, which is approximately 10 times higher than
that of planktonic cells. These data show the biofilm biomass
was the major portion of the total biomass in the system,
indicating that the major portion of collected denitrification
metabolites was generated by the biofilm. According to these
results, we conclude that the AFGAS method allows for col-
lection of gaseous metabolites.

To further assess the completeness of gaseous metabolite
collection by the AFGAS method, we compared the rate of
gaseous metabolites collected per consumed substrate (conver-
sion efficiency) obtained using the AFGAS method with that
obtained using the Hungate tube method, an established
planktonic culture method for gaseous metabolite analysis
(26). P. aeruginosa PAO1 was cultured under denitrifying con-
ditions for 24 h using the AFGAS method and the Hungate
tube method. With the AFGAS method, the estimated con-
version efficiency was 50.9%, whereas the conversion efficiency
using the Hungate tube method was 65.8%. These data indi-
cate that the AFGAS method can achieve similar conversion
efficiencies and suggest that the AFGAS method is capable of
collecting a major portion of gaseous metabolites.

Nondestructive biofilm visualization under denitrifying con-
ditions. To demonstrate nondestructive biofilm visualization
by the AFGAS method, we observed the developmental pro-
cess of a P. aeruginosa PAO1 biofilm under denitrifying con-

FIG. 2. P. aeruginosa PAO1 (white bars) and PS1700 (black bars)
biofilms were cultured for 24 h under low-oxygen partial pressure (-O2)
or aerobic (�O2) conditions and supplemented with KNO3 (LBN) or
without (LB). (A) Biofilm biovolumes measured by image analysis.
The y axis of the graph shows the volume occupied by the biofilm on
the lane of the flow cell. Nine images per condition were analyzed, and
results are expressed as means and standard deviations. (B) Total
protein amount per lane of the flow cell. Three independent biofilm
cultures were measured, and results are expressed as means and stan-
dard deviations.

FIG. 3. Denitrification activities of P. aeruginosa biofilms grown
under low-oxygen partial pressure conditions. PAO1 (circles) and
PS1700 (squares) were grown with (solid) or without (open) KNO3. (A
and B) NO3

� (A) and NO2
� (B) concentrations in the effluent flow. (C

and D) Amount of N2 (C) and N2O (D) that accumulated in the gas
collector. The amount of N2 is calculated as the difference between
total N2 and background accumulation of N2. Negative values of N2 are
expressed as 0 �mol. Data are the averages of three biofilm cultures.
Error bars indicate standard deviations.
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ditions using the confocal reflection microscopy technique. As
shown in Fig. 4, two developmental stages were observed. In
the first stage, observed at 1 h, 8 h, and 16 h, the majority of
cells appeared to attach directly to the glass surface. Some
small cell clusters were visible, and cells exhibited a normal
rod-like morphology. In the second stage, observed at 24 h,
cells formed a three-dimensional mesh-like structure with
channels or spaces between large macrocolonies, and the ma-
jority of cells showed a filamentous morphology (Fig. 4).

DISCUSSION

In this report, we establish that the AFGAS method permits
the growth of biofilms under denitrifying conditions such that
gaseous denitrification metabolite analysis and biofilm visual-
ization can be performed simultaneously in a nondestructive
manner.

We observed that the AFGAS method maintains DO con-
centrations in fresh flowing medium between 0.4 and 0.5 ppm
for at least 24 h without continuous gas replacement, and the
oxygen limitation is enough to repress oxygen-dependent bio-
film development of P. aeruginosa (Fig. 2). Nevertheless, two
limitations must be considered in applying the AFGAS method
in anaerobic biofilm studies. First, the DO concentration in

fresh medium tends to slowly increase with time. Therefore,
for multiday experiments, we recommend that gas purges be
performed continuously, as described in previous studies (1,
18). Use of more-gas-impermeable material, such as poly-
etheretherketone in the resin part of the flow system, such as
the valve, is also recommended. Second, the DO concentration
of 0.4 to 0.5 ppm is too high to be suitable for the study of strict
anaerobes or metabolism, which requires extremely low redox
potentials. To establish strict anaerobic conditions, the entire
flow system should be placed in an anaerobic chamber, or
medium should be supplemented with a reducing agent.

In our studies of denitrification, we have shown that the
AFGAS method is able to collect both of the gaseous denitri-
fication metabolites, N2 and N2O (Fig. 3C and D). The Hun-
gate tube method exhibited slightly higher conversion efficien-
cies than the AFGAS method. At this time, we cannot
determine the reason for this difference in conversion efficien-
cies between the two methods. One possible explanation for
this difference is that gaseous metabolite collection by the
AFGAS method was somehow incomplete relative to the Hun-
gate tube method. A second (but not mutually exclusive) pos-
sibility is that there is a difference in denitrification activity
between biofilm and planktonic cells. Therefore, at this time, it
is not recommended that the AFGAS method be used to

FIG. 4. Developmental process of P. aeruginosa PAO1 biofilm cultured with LB25N medium visualized by the confocal reflection microscopy
technique. Images were acquired at 1, 8, 16, and 24 h after inoculation and are presented as simulated projections. Each projection shows fields
of 140 by 140 �m (x-y), as indicated.
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perform quantitative analyses. Nevertheless, with the AFGAS
method, our data reveal a clear relationship between NO3

�

consumption and gaseous metabolite production (Fig. 3A, C,
and D). Furthermore, our microscopic observations of biofilm
development indicate that gaseous metabolites accumulate
over the time course of biofilm development, and biofilm quan-
tification indicates a clear relationship between biofilm growth
and gaseous metabolite accumulation (Fig. 2, 3, and 4). There-
fore, we conclude that the accumulation of gaseous metabo-
lites in the gas collector reflects the output of gaseous products
via metabolic activity of the biofilm. Accordingly, we propose
that the AFGAS method can be applied to qualitative or semi-
quantitative gaseous metabolite analyses.

Most fluorescent proteins require oxygen in their functional
maturation (8, 19). In contrast, as shown in Fig. 4, CLSM in
combination with confocal reflection microscopy allows for
visualization of P. aeruginosa biofilm development under deni-
trifying conditions. Therefore, we conclude that biofilms grown
using the AFGAS method can be nondestructively visualized
regardless of oxygen concentration. We are now preparing
detailed information on the application of confocal reflection
microscopy in biofilm visualization. Furthermore, the recent
development of reporter proteins for in vivo fluorescence with-
out oxygen would allow use of the AFGAS method with CLSM
in combination with fluorescent protein-expressing cells under
low-oxygen partial pressure conditions (6). The combination of
CLSM and appropriate fluorescent reporter proteins would
enable nondestructive analysis of protein localization or iden-
tification of distinct microorganism species in biofilms (5, 20,
25). Therefore, application of these fluorescent reporters for
the AFGAS method would allow direct observation of changes
in metabolite production and substrate consumption along
with localization of such proteins or species in gaseous metab-
olite-producing biofilms.

In this study, the AFGAS method was used to perform time
course observations of biofilm architecture, substrate con-
sumption, soluble metabolite production, and gaseous metab-
olite production of P. aeruginosa biofilms. Under denitrifying
conditions, our results show that N2 and N2O begin to accu-
mulate between 8 h and 16 h of biofilm growth and reach a
maximum at 24 h. The structure of the biofilm grown under
these conditions is comprised of a characteristic three-dimen-
sional mesh-like architecture consisting of filamentous cells
(Fig. 4). Interestingly, both a characteristic three-dimensional
mesh-like architecture and robust gaseous metabolite produc-
tion appeared during the same period, between 16 h and 24 h
(Fig. 3 and 4), indicating the possibility that biofilm architec-
ture and metabolite production are correlated. In this manner,
the AFGAS method is able to demonstrate how metabolite
production or substrate consumption changes along with bio-
film structural development. A detailed study on the effect of
gas production on biofilm architecture will be included in our
future work. We propose that the AFGAS method will allow
for an assessment of potential correlations between the archi-
tecture and metabolism of gaseous metabolite-producing bio-
films, providing new insights into biofilm ecology.
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