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Scanning electron microscopy, confocal scanning laser microscopy, and fatty acid methyl ester profiles were
used to study the development, organization, and structure of aerobic multispecies biofilm communities in
granular activated-carbon (GAC) fluidized-bed reactors treating petroleum-contaminated groundwaters. The
sequential development of biofilm structure was studied in a laboratory reactor fed toluene-amended ground-
water and colonized by the indigenous aquifer populations. During the early stages of colonization, micro-
colonies were observed primarily in crevices and other regions sheltered from hydraulic shear forces. Even-
tually, these microcolonies grew over the entire surface of the GAC. This growth led to the development of
discrete discontinuous multilayer biofilm structures. Cell-free channel-like structures of variable sizes were
observed to interconnect the surface film with the deep inner layers. These interconnections appeared to
increase the biological surface area per unit volume ratio, which may facilitate transport of substrates into and
waste products out of deep regions of the biofilm at rates greater than possible by diffusion alone. These
architectural features were also observed in biofilms from four field-scale GAC reactors that were in commer-
cial operation treating petroleum-contaminated groundwaters. These shared features suggest that formation
of cell-free channel structures and their maintenance may be a general microbial strategy to deal with the
problem of limiting diffusive transport in thick biofilms typical of fluidized-bed reactors.

The contamination of groundwater resources with aromatic
and alkyl group-substituted aromatic hydrocarbons has be-
come a serious threat to human health (10). Leakage from
underground gasoline and petroleum storage tanks and distri-
bution systems represents a major source of this pollution.
Pump-and-treat remediation techniques have often been im-
plemented to control contaminate plumes. Fixed-film biologi-
cal systems developed on porous media have recently been
employed for the treatment phase. Through either attachment
or agglomeration, bacteria may remain in place within the
porous medium forming biofilm communities. The granular
activated-carbon (GAC) fluidized-bed reactor (FBR) couples
the absorptive and high surface-area-per-unit-volume proper-
ties of activated carbon with biological treatment to obtain
robust high-capacity treatment (11, 16, 26, 27). Under opti-
mum conditions, up to 99% of the total applied organic load
can be removed with 5- to 10-min hydraulic retention times.
Past structural studies of aerobic biofilms by traditional light

microscopy and transmission and scanning electron micros-
copy show randomly distributed cells. This result has led to
process models which assume generally homogeneous biofilms
(8, 29). Bacterial cells living in a dense multilayer matrix,
however, face the problem of limited transport of substrate and
nutrients into the film inner layers as well as export of waste
products out of these deep regions. The use of microsensor
technology has shown the existence of steep oxygen gradients
within aerobic biofilms, thus demonstrating the importance of

diffusion processes in biofilm systems (9, 17, 23). Temporal and
spatial stabilities of biofilm communities against disturbances
or lethal factors have been demonstrated (1, 2). The resilience
of such systems to environmental changes has been largely
attributed to the interdependency of the community members
for nutrient exchange and to the creation and maintenance of
microenvironmental conditions which can be completely dif-
ferent from the adjacent liquid phase (3, 7).
Confocal scanning laser microscopy (CSLM) allows the de-

tailed, nondestructive examination of thick microbial biofilms.
The advantages of CSLM in studying biofilm structures were
described by Caldwell et al. (4). Careful examination by CSLM
of laboratory-grown biofilms has revealed the presence of spe-
cific cell distribution patterns and large internal void spaces
(18, 30). In view of these findings and the importance of effi-
cient fixed-film processes, we investigated whether there were
any structural traits in FBR biofilms that might be important to
biofilm functions. The specific objectives were to describe
structural patterns and properties of newly colonized GAC in
a laboratory reactor operated at an organic loading rate typical
of full-scale reactors and to assess whether common spatial
arrangement and cell distribution strategies exist regardless of
carbon sources or microbial composition in commercially op-
erating field reactors.

MATERIALS AND METHODS

GAC-FBR and support medium.A 1-liter-working-volume sterile glass column
reactor (2.54-cm diameter; 195 cm long) was used in this study. The bioreactor
was operated as a one-pass up-flow system without recycling at a flow rate of 0.2
liter/min. Groundwater from a deep aquifer underlying the Michigan State Uni-
versity campus was amended with 32 mmol of toluene per liter (3 ppm). In
addition, the influent was supplemented with pure oxygen (approximately 406
mM final concentration) and a nutrient solution (NH4Cl and KH2PO4) to
achieve a carbon/nitrogen/phosphorus ratio of 30:5:1. About 100 g of sterile
GAC (Calgon Filtrasorb 400; Calgon Company, Pittsburgh, Pa.) was added to
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the reactor as an adsorbent and biomass carrier. The geometric mean granule
diameter was approximately 0.7 mm, with an average density of 1.6. The bed
height was controlled at the desired level (maximum working height of 180 cm)
by inserting a brush in the column and, by gentle agitation, shearing excess
biomass. The GAC particles now freed of biomass returned by gravity to the
bottom of the reactor column, while the sheared biomass was carried away in the
effluent stream.
In addition, we examined field-scale GAC-FBRs currently used for the treat-

ment of groundwater contaminated with complex mixtures of hydrocarbon com-
pounds at different sites in Michigan (Table 1). Samples were collected from
biofilm-GAC communities and stored at 48C (generally less than 24 h) until
analysis was performed.
Analytical procedures. Analyses of physicochemical parameters of the tolu-

ene-fed GAC-FBR were conducted at 2- to 3-day time intervals. Analyses in-
cluded toluene disappearance, oxygen consumption, temperature, and pH. For
toluene determination, 5-ml samples of influent and effluent groundwater were
collected in 10-ml vials. In order to stop any further biodegradation or loss of
volatiles, approximately 0.10 ml of 6 N HCl was added to each liquid sample.
Tubes were sealed with Teflon-coated butyl rubber septa and aluminum crimp
seals and stored at 48C. Analysis was generally performed within a week. Toluene
was analyzed by using a Varian 3700 gas chromatograph equipped with an
automatic headspace sampler and a flame ionization detector. Sample quantifi-
cation was performed with external standards. A polarographic electrode (over-
flow funnel with built-in stirring bar) coupled to a digital pH and millivolt meter
(Orion model 611) was used to measured dissolved oxygen (DO) concentration
and pH. DO consumption is reported as the difference between the influent and
effluent readings.
Microbiological procedures. Microbial cells were removed from the activated

carbon (;0.2 g [wet weight]) and homogenized by repetitive vortexing (three
times for 45 s) in 1 ml of cell extraction buffer. The extraction buffer contained
0.001 M EGTA (ethylene glycol-tetraacetate [Sigma]), 0.0004 M Tween 20 (Sig-
ma), 0.01% (wt/vol) peptone, and 0.007% (wt/vol) yeast extract in phosphate
buffer (28). Bacterial numbers from GAC samples were determined by acridine
orange epifluorescence microscopy by the method of Zimmerman et al. (32).
Biofilm homogenates (1 ml) were fixed in 10 ml of Milli Q filter-sterilized H2O
with 0.1% (vol/vol) formaldehyde (final concentration) and then stored at 48C
until processed. A Leitz microscope, equipped for epifluorescence with a filter
block consisting of a BP 450–490 excitation filter, 510 dichroic mirror, and LP 515
barrier filter, was used for the observation and enumeration of microbial cells.
Microbial activity of biofilm homogenates was determined by measuring rates

of degradation of toluene. Duplicate samples were incubated in basal salt me-
dium (20) containing 109 mmol of toluene per liter. The inoculated medium (5
ml) was added to 10-ml vials, sealed with Teflon-coated butyl rubber stoppers
and aluminum crimp seals. Samples were incubated at 258C and fixed at different
time intervals with approximately 0.10 ml of 6 N HCl, and then the head space
was analyzed for toluene disappearance; subsamples were amended with 0.1%
(vol/vol) formaldehyde for acridine orange direct cell counts.
SEM. Samples for scanning electron microscopy (SEM) were fixed with 0.1 M

phosphate buffer (pH 7.0) containing 4% glutaraldehyde for 1 h, washed with 0.1
M phosphate buffer for 10 min, and then dehydrated through a graded series of
ethanol solutions (25, 50, 75, and 100% ethanol). The samples were then critical
point dried and coated with gold. SEM micrographs were taken with a JSM 35C
SEM (JEOL, Ltd., Tokyo, Japan).
CSLM.A Zeiss 210 CSLM (Carl Zeiss Inc., Thornwood, N.Y.) was used in this

study. Dark-field images, for the purpose of measuring biofilm thickness, were
acquired in the laser scanning transmitted (nonconfocal) mode by using a phase
3 condenser with a 103 (nonphase) objective. All samples were stained with
acridine orange (0.005% final concentration) for at least 5 min and embedded
with a 0.1% agarose solution at 408C to nearly cover the biofilm-GAC complex.
Samples were examined by using the 488-nm line of a dual-line argon ion laser.
For fluorescence work, an LP520 barrier filter was employed. The samples
consisted of 10 to 15 biofilm-coated GAC particles freshly collected at different
times from the bottom 20% of the bed height. Images were recorded on Kodak
Tmax 100 film with a Matrix Multicolor computerized camera unit (Agfa Matrix,
Orangeburg, N.Y.) which received signals directly from the CSLM.
Community FAME analysis. Total fatty acids of microbial communities were

analyzed as previously described with the Microbial ID analytical system (MIDI,
Newark, Del.) (15, 25). Duplicate samples of cells collected from fresh GAC
samples (approximately 0.1 g [wet weight]) were treated as follows: (i) whole-
community cell preparations were saponified at 1008C with 1 ml of methanolic
NaOH (15% [wt/vol] NaOH in 50% [vol/vol] methanol), (ii) esterification of the
fatty acids at 808C with 2 ml of 3.25 N HCl in 46% (vol/vol) methanol, (iii)
extraction of the fatty acid methyl esters (FAME) into 1.25 ml of 1:1 (vol/vol)
methyl-tert-butyl ether–hexane, (iv) aqueous washing of the organic extract with
3 ml of 1.2% (wt/vol) NaOH, and (v) analysis of the washed extract by gas
chromatography.
Community FAME profiles were subjected to principal-component (PC) anal-

ysis to elucidate major variation and covariation patterns. PC analysis was con-
ducted with values from each fatty acid (percentage of total fatty acids). All
multivariate calculations were performed by using SYSTAT version 5.1 (SYS-
TAT Inc., Evanston, Ill.). All reactors were sampled for FAME concurrent with

CSLM analysis (Table 1). Reactors TOL, BTEX, and TC were also sampled two
or more additional times on an approximately monthly basis.

RESULTS

Laboratory-scale GAC-FBR. The concentration of bacterial
cells in the influent water fed to the toluene-amended FBR
system (TOL) was approximately 107/liter. These microbial
populations were a natural and continuous inoculum for col-
onization of the virgin GAC. The inlet water temperature was
approximately 138C (618C) throughout the experiment. The
pH of the bioreactor influent and effluent was neutral.
After an initial 5- to 7-day lag phase, the DO consumption

increased steadily as biomass accumulation began (Fig. 1).
Steady-state conditions were assumed to have been attained
when constant DO consumption occurred; this amount was
also commensurate with that required for complete oxidation
of the added toluene. These conditions were achieved at 15
days. The average DO consumed was 129 mmol/liter. The ef-
fluent toluene concentration was 0.72 mmol/liter for a 98%
removal efficiency.
Several observations suggest that toluene biodegradation

commenced once significant colonization of the GAC oc-
curred. (i) Cell density, as observed by bed height increase
(Fig. 1) and direct cell counts (data not shown), increased
coincident with oxygen uptake, indicating that growth had oc-
curred. (ii) Microbial populations capable of utilizing toluene
as the sole carbon and energy source were readily isolated from
the colonized GAC. (iii) On average, the specific activity of
toluene oxidation by these communities was 9.9 6 0.4 mmol/
109 cells z day, sufficient to account for total transformation of
added substrate. The initial lag phase was likely due to toluene
adsorption by the GAC and the relatively cool temperature.
SEM. The surface of the GAC particles was highly irregular

(Fig. 2). Close examination of the surface revealed the pres-
ence of smooth open regions, large rough zones, and open
cavities. The latter two provide larger surface areas of shel-
tered regions and were the regions where microbial growth was
initially observed (Fig. 3). After 12 days of continuous growth,
the GAC surfaces were completely covered with a layer of
contiguous bacterial cells embedded within a polymeric matrix
(Fig. 4). The bacteria present were mainly rod shaped (0.3 to
0.6 by 1 to 3 mm), and many of them were dividing. At this

FIG. 1. Biofilm development in the toluene-fed reactor. The bed height re-
flects overall biofilm thickness (open circles); DO uptake is a measurement of
biological activity (black circles). The stippled arrows indicate the times at which
the microscopic images shown were taken. The black arrow shows the first time
at which the biomass was controlled by application of shear forces.
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stage, the film depth reached 20 mm in some areas. Thicker
biofilms were particularly difficult to study by SEM because the
extracellular structures and bacterial cells collapsed during
sample preparation.
CSLM of mature biofilms. For biofilms thicker than 15 mm,

CSLM was the preferred method of studying the development
of the biofilm superstructure on GAC particles. The following
patterns are derived from observing 30 to 50 images from 10 to
15 granules examined at each of the sampled stages. Initially
the entire surface was colonized by a thin film (10 to 20 mm)
which exhibited no structural patterns (Fig. 5A). However,
after the biofilm had grown much thicker (63 days), a mosaic
pattern made up of separate lobes of cells was dominant (Fig.
5B). At 77 days, this lobed structure was not only maintained
but even more pronounced, showing that further growth did
not obliterate the channels separating the cell communities
(Fig. 5C). A higher-resolution view of this stage shows that
growth occurred as discrete colonial structures separated by
channel boundaries (Fig. 6). These channels were typically 2 to
25 mm wide. Close examination of some of these open spaces
revealed that they can extend from the top of the film to deep
inner regions to form a channel-like network (Fig. 7). This
overall biofilm structure was prominent after 4 to 6 weeks of
operation, when biofilm function had stabilized (Fig. 1). Sec-
ondary colonizers such as yeasts and thereafter protozoa, as
well as sloughing of the biomass, eventually appears to disturb
the integrity of the organized biofilm structure described
above. The protozoans appeared to recreate void spaces that
resulted in conservation of channel-like structures by what
seems to be grazing activity on bacterial cells.
Biofilms obtained from field GAC-FBRs also shared com-

mon organizational structures with the laboratory biofilms.
Bacterial density ranged from 109 to 1011 cells per g of GAC in

FIG. 2. SEM micrograph of sterile GAC particle showing different surface zones: smooth (S), rough (R), and cavity (C). Bar, 5 mm.

FIG. 3. SEM micrograph of a 3-day-old microcolony mainly growing over
rough areas and within cavities of the GAC. Bar, 5 mm.
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all biofilm communities studied. Mature biofilms exhibited pat-
terns in which internal contiguous cell-free spaces were com-
monly found in all four reactors studied (Table 1; Fig. 8). For
example, the biofilm superstructure of the TC (Traverse City)
field-scale FBR system exhibited contiguous void spaces op-
portunistically colonized by coccus-shaped cells (Fig. 8A). In
contrast, the BTEX system fed benzene, toluene, ethylben-
zene, and xylenes showed a coral reef-like structure, where
each finger of the biofilm formed of similarly shaped cells has
a particularly well-defined boundary and distribution (Fig. 8B).
The dimensions of these fingers varies from 35 to 200 mm long
by 20 to 40 mm thick. They all appear to develop from a
contiguous base film which completely covers the GAC sur-
face. Biofilm samples examined from two other treatment sites
(PW and JEN) also displayed unique spatial cell arrangements
and contiguous internal void spaces (Fig. 8C).
All thick biofilms appear to have a contiguous (e.g., TOL) or

semicontiguous (e.g., TC) base layer, which was recognized by
the absence of channels or other void space. In the 30-day-old
biofilm sample from the Traverse City site, a discontinuous
bacterial base film 10 to 25 mm deep was observed to cover the
substratum from which cell-free spaces and channels ap-
peared to develop (Fig. 9). Biofilms from the other reactor
systems also showed a base film which ranged from 10 to 60
mm thick.
The vertical dimensions of the different biofilm structures

were examined by laser scanning dark-field microscopy. We
typically saw a high variation in biofilm thickness, even within
the same colonized granule (Fig. 10), e.g., 30 to 200 mm.
Community FAME analysis of mature biofilms. Since these

biofilm communities had similar structural features, we sought
to evaluate how similar they might be in microbial composition
by FAME analysis. The relative abundance of FAMEs from

the different GAC-FBRs is presented in Table 2. A total of at
least 47 fatty acids, including saturated, unsaturated, and meth-
yl- and hydroxyl-substituted fatty acids, were identified among
the samples. The greatest number and diversity of fatty acids
were found for the communities in the FBR treating produc-
tion water brines from an oil-producing field heavily contam-
inated with aromatic hydrocarbons (PW) and from the aquifer
contaminated with gasoline residues (TC) at Traverse City.
The most abundant fatty acids were 12:0, 14:0, 16:0, and 16:1
v7c at these two sites. By contrast, the community with the
least fatty acid diversity was the laboratory system fed only
toluene (TOL), with 16:1 v7c, 18:1 v7c/v9c/v12t, and 16:0 as
the dominant fatty acids. No major differences in fatty acid
composition were seen in the three reactors sampled at
monthly intervals (TOL, BTEX, and TC), but there were some
changes in relative abundance which probably reflect shifts in
population ratios.
PC analysis of FAME profiles showed that the compositions

of the five GAC communities were different (Fig. 11). The first
PC accounted for 41%, the second PC accounted for 25%, and
the third PC accounted for 14% of the variation in the data, for
a cumulative total of 80%. PC scores obtained after analysis of
the correlation matrix showed high scoring (higher than 0.90)
on fatty acids 13:0, a15:1, 15:0, i16:1, i16:0, 16:1 v9c, 17:1 v8c,
17:0, and 18:1 v9c for PC1; 14:0, i15:0, and 16:1 v5c for PC2;
and 10:0, i14:0, and 16:0 for PC3.

DISCUSSION

Image analysis is potentially a powerful tool to aid in under-
standing microbial communities at an organizational level, and
CSLM and other new methods are beginning to allow this
potential to be realized. By using CSLM in this study of pe-

FIG. 4. SEM micrograph of a 12-day-old colonized granule from the toluene-fed reactor. Most of the surface has been colonized with actively dividing rod cells.
However, there is a smooth (arrow) zone yet to be colonized. Bar, 5 mm.
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troleum-degrading films, we found that the classical model of
random growth patterns leading to a uniform biofilm structure
with active cells at the surface was not supported. In contrast,
interaggregate channels that extend well into the biofilm ap-
pear to be maintained for long periods of time. If this model
generally proves to be true, which seems to be the case in at
least a few other types of biofilms examined (18, 30), then
assumptions about the uniformity of diffusion within biofilms
and about the location of active cells should be reevaluated.

The high resolution and magnification power of SEM al-
lowed detailed studies of the early events of preemptive sur-
face colonization. However, sample preparation (fixation, de-
hydration, and embedding) introduces morphological artifacts
for multilayer biofilm analysis, imposing intrinsic limitations on
the film thickness which can be precisely studied. CSLM, how-
ever, allows the study of relatively thick film communities be-
cause of its ability to obtain clear optical sections free of de-
focus interference from underlying or overlying materials (4–
6). The spatial relationships of cell arrangements, extracellular
polymers, and spaces are, therefore, unaffected.
The GAC of the laboratory-scale FBR system fed ground-

FIG. 5. Series of confocal micrographs showing biofilm growth on GAC
particles in a toluene-fed reactor. Each extended focus view was constructed by
computer overlay of 15 optical sections in a z series with a step size of 20 mm. The
biofilm structure at 16 (A), 63 (B), and 77 (C) days is shown. The biofilm
thickness increased from 15 to 300 mm between 16 and 77 days as determined by
dark-field microscopy. Bar in panel C, 0.5 mm.

FIG. 6. Confocal micrograph of a 77-day-old biofilm showing the mainte-
nance of colonial growth structures separated by channels in a toluene-fed
reactor.

FIG. 7. Confocal micrographs of a 77-day-old biofilm showing the nature of
the channel structures in the toluene-fed reactor. (A) Horizontal (x, y) optical
thin section, 21 mm from the top of the biofilm (the horizontal line indicates the
optical cutting position for the sagittal section). (B) Sagittal (x, z) view, showing
the vertical cell distribution and the cell-free channel reaching up to the surface
of the film.
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water amended with toluene was rapidly colonized by the in-
digenous aquifer populations. SEM analysis showed that col-
onization initially occurred in sheltered regions, e.g., on rough
surfaces and in cavities of the virgin GAC. This pattern of
colonization is probably the result of the adsorption properties
of the GAC, fluid dynamics, and system geometry. Geesey et
al. (14) have shown differential bacterial colonization in the
crevices of suspended detrital material in fast-moving rivers.
Planar surfaces of suspended particles in FBRs are exposed
to greater surface abrasion generated by shear forces and
particle collisions. Eventually, however, continuous micro-
bial growth resulted in contiguous coverage of the entire
surface.
Once the particle was fully colonized, and the biofilm grew

from 20 to 300 mm in thickness, we noted that a large number
of vertical and horizontal channels permeated the film. These
channels extended from the surfaces into at least one-half of
the depth of the film. The structured, more porous film was
built on a base film of 10 to 75 mm. To see if this architectural
feature was the general case, especially outside of laboratory-
controlled systems, we examined four field-scale FBRs treat-
ing petroleum-contaminated groundwaters. While the types
of structures seen were more varied, the common feature
was that channels were permeating the biofilms in all reac-
tors.
All GAC-FBR biofilms exhibited distinctive horizontal and

vertical arrangements with the following features: (i) complete
GAC surface colonization and base films, (ii) irregular film
edges, (iii) variable film thickness within the same colonized
granule, and (iv) contiguous cell-free spaces. Open channels of
variable size connected the outside film surface and bulk so-
lution with the deeper inner layers. This biofilm structure,

which increases the biological surface area per unit volume,
may facilitate transport of substrates, nutrients, and gases
deeper into the matrix than is possible by diffusion alone.
Active bacterial cells in deep inner layers may help to keep the
basal film firmly attached to the substratum and, therefore, to
be more resistant against uncontrolled sloughing of the biofilm
caused by shear stress or the rapid stream flow and particle
collisions. Although this was not as extensively studied, late
secondary colonization by yeasts, fungi, and protozoa, and
mechanical biomass control (to keep the biofilm thickness
from exceeding a certain depth) clearly affected the integrity of
these structures in the bacterial biofilms. While we do not
know the impact of these structures on biofilm performance,
we do know that the reactor performance, as measured by
oxygen consumption, remained constant.
It might be argued that this more porous structure is simply

a result of random growth, but there are important features
that suggest that this is not likely to be the entire explanation.
First, the channels are maintained for many weeks, well be-
yond the time when confluent growth should have obliterated
the channels. Second, there are a diversity of channel types
which appear to be influenced by growth conditions and mi-
crobial composition. Finally, the hydraulic stress of these sys-
tems will tend to select structures which maintain their integ-
rity, which may include mechanisms for nourishment of deeper
layers in the biofilm. This more organized pattern of colonial
growth suggests that some cell-to-cell communication may oc-
cur in these mixed communities.
Biofilm structure would be expected to be influenced by

microbial composition. We used FAME analysis of the com-
munity to determine whether the communities of the one lab-
oratory and four field reactors had different composition and

FIG. 8. Horizontal (x, y) optical sections of biofilm communities from different field-scale FBRs. Note the spacing between cell aggregates and cell arrangements.
(A) TC reactor system with channel-like structure partially colonized by coccus-shaped cells. (B) BTEX system showing a coral-reef appearance of bacterial growth.
(C) Biofilm structure of JEN system showing bacterial aggregates separated by well-defined void space boundaries.

TABLE 1. Description of GAC-FBRs used in this study

Bioreactor Locationa
Flow rate
(liters/
min)

Carbon source(s)
Length of operation
at sampling for
CSLM (mo)

TOL MSU, East Lansing, Mich. 0.2 Toluene 6
BTEX MBI, Lansing, Mich. 1.0 Benzene, toluene, xylenes, and ethylbenzene 1.5
TC Traverse City, Mich. 60–80 Gasoline residues 1
PW MBI, Lansing, Mich. 1–2 Complex mixture of aromatic hydrocarbonsb 12
JEN Grand Rapids, Mich. 80–100 Gasoline residues 6

aMSU, Michigan State University; MBI, Michigan Biotechnology Institute.
b This waste stream contains 7% salt.
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whether some were more closely related. This method has
been successfully applied by several groups (12, 13, 15, 21, 22)
to examine microbial community composition free of the bias
inherent in culture-dependent procedures. By using PC anal-
ysis, we determined that each community had a distinct com-
position. The TOL (laboratory) and TC reactors were the most
similar. This similarity may be due to the fact that the TOL
reactor had the simplest substrate feed and, while the TC
reactor had a more complex feed, it was in operation only 1
month and may not have completed its succession to a more
complex community. Reactor PW was the only system that was
distinguished by PC1; this reactor was the only one with a
high-salt waste stream (approximately 7% [wt/vol]). In spite of

the differences in microbial composition among the reactors,
the channeled architecture was observed.
Studies on anaerobic fixed-bed reactor communities previ-

ously revealed integrative networks of channel-like structures
throughout the microbial granules which has been interpreted
as playing a role in transport of cooperative substrates, nutri-
ents, and gases (19, 24, 31). It is interesting however, that even

FIG. 9. Horizontal (x, y) optical section (bottom) and sagittal (x, z) optical
section (top) of a 30-day-old biofilm from a field reactor site (TC) showing a fully
hydrated biofilm with cell-free spaces and a discontinuous base film (arrow).

FIG. 10. Nonconfocal laser scanning dark field photomicrograph of a 77-day-
old bacterial GAC-coated particle showing variation of the biofilm thickness on
the same colonized surface. Bar, 15 mm.

TABLE 2. Relative abundance of fatty acids in the microbial
communities of five different GAC-FBR systems

Fatty acida
Relative abundanceb (% of total) of

fatty acid in reactor:

TOL BTEX TC PW JEN

10:0 0 6.30 0.95 1.12 1.88
i11:0 0 0 0 0 1.77
10:0 3OH 3.28 7.40 3.40 0.39 3.27
12:0 3.91 43.65 14.20 12.46 25.91
i11:0 3OH 0 0 0 0 1.68
13:0 0 0 0 0.45 0
12:0 2OH 0.75 0 0 0 0
12:0 3OH 0.91 1.07 0.14 3.32 0
i14:0 0 2.83 0 0.60 0
14:0 2.20 8.78 6.88 5.96 14.68
i15:1 0 0 1.20 0.42 0
a15:1 0 0 0 0.31 0
i15:0 0 1.93 1.03 1.80 3.44
a15:0 0 1.40 0.16 0.35 0.73
15:1 v8c 0 0 0 0.41 0
15:1 v6c 0 0 0.23 0.57 0
15:0 0 0 0.34 3.06 0
14:0 2OH 2.45 0 0 0 0
i14:0 3OH 0 0 0.20 0 0
16:1 v7c alcohol 0 0 0.25 0 0
i16:1 0 0 0 1.40 0
i16:0 0 0 0 4.89 0
16:1 v9c 0 0 0 6.33 0
16:1 v7c 44.21 18.43 39.87 8.80 11.52
i15:0 2OH, 16:1 v7tc 0 0 4.03 1.49 2.76
16:1 v5c 0 1.65 1.00 0.15 3.41
16:0 15.60 4.61 12.46 9.49 11.70
16:0 10 methyl 0 0 0 4.74 0
i15:0 3OH 0 0 0.19 0 0
a17:0 0 0 0 0.38 0
17:1 v8c 0 0 0.37 4.58 0
17:1 v6c 0 0 0 1.46 0
17:0 CYCLO 0 0 0.14 0 0
17:0 0 0 0.13 1.14 0
i17:0 0 0 0.50 0.50 1.09
17:0 10 methyl 0 0 0.40 3.03 0
17:1 v7c 0 0 0 0 0.98
16:0 3OH 0 0 0 0.28 1.33
18:3 v6c/v9c/v12cc 0 0 0.10 0.47 0
18:1 v9c 0 0 1.14 6.01 2.66
18:1 v7c/v9t/v12tc 25.66 1.96 7.89 1.40 4.93
18:0 0 0 1.15 0.82 4.09
i17:0 3OH 0 0 0.22 0.09 0
19:0 CYCLO v8c 0 0 0 0.66 0.95
20:4 v6c/v9c/v12c/

v15cc
0 0 0.16 0.61 0

20:0 1.03 0 0 0 0

a Fatty acids are designated as the number of carbon atoms, number of double
bonds, and position relative to the aliphatic (v) end of the molecule. The prefixes
i and a refer to iso and anteiso branching, respectively, CYCLO indicates cyclo-
propane substitutions; OH indicates hydroxyl substitutions; and other methyl-
branched fatty acids are designated upon the methyl group position relative to
the carboxylic acid.
b The coefficient of variation for most fatty acids was generally below 10% for

replicate analyses.
c A group that MIDI FAME analysis does not reliably separate.
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though aerobic oxidation of hydrocarbons might require few if
any interspecific interactions, microbe-microbe interactions
and growth coordination seem to play a role during progressive
biofilm establishment. This architecture of biofilms may rep-
resent a more optimal arrangement for the influx of substrate
and nutrients and transfer of wastes and has important impli-
cations for the traditional conceptual biofilm models in which
microbial growth and horizontal and vertical distribution was
assumed to be randomly determined. Further testing of this
model and understanding of the forces and principles which
regulate biofilm development will help in efforts to model,
control, and exploit biofilm-related processes of industrial,
medical, and environmental importance.
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ADDENDUM

During the review of the manuscript, two important articles
that provide evidence on the physiological importance of chan-
nels to biofilms appeared. deBeer et. al. (10a) showed by using
oxygen microelectrodes and CSLM that O2 concentrations
were much higher in the voids than within the cell cluster and
that 50% of the total O2 consumed by the biofilm was supplied
from these voids, direct evidence that the increased surface/
volume ratio of channels is physiologically important. In a
second article from the same group, Stoodley et. al. (26a)
showed that fluorescent latex spheres 0.28 mm in diameter
were mobile in channels formed by a biofilm developed by
three bacterial species grown in a glucose-containing medium
and that particle velocity was related to the physical structure
of the biofilm. The voids or channels studied in these biofilms,
however, were larger in diameter than the ones observed in our
fluidized beds, which may have some influence on the physio-
logical importance of particular channels.
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776 MASSOL-DEYÁ ET AL. APPL. ENVIRON. MICROBIOL.



28. Warren, T. M., V. Williams, and M. Fletcher. 1992. Influence of solid sur-
face, adhesive ability, and inoculum size on bacterial colonization in micro-
cosm studies. Appl. Environ. Microbiol. 58:2954–2959.

29. Williamson, K., and P. L. McCarty. 1976. A model of substrate utilization by
bacterial films. J. Water Pollut. Control Fed. 48:9–24.

30. Wolfaardt, G. M., J. R. Lawrence, R. D. Robarts, S. J. Caldwell, and D. E.
Caldwell. 1994. Multicellular organization in a degradative biofilm commu-

nity. Appl. Environ. Microbiol. 60:434–446.
31. Wu, W. M., R. F. Hickey, and J. G. Zeikus. 1991. Characterization of met-

abolic performance of methanogenic granules treating brewery wastewater:
role of sulfate-reducing bacteria. Appl. Environ. Microbiol. 57:3438–3449.

32. Zimmerman, R., R. Iturriaga, and J. Becker. 1978. Simultaneous determi-
nation of the total number of aquatic bacteria and the number thereof
involved in respiration. Appl. Environ. Microbiol. 36:926–935.

VOL. 61, 1995 CHANNEL STRUCTURES IN AEROBIC BIOFILMS 777


