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BAsstracr

The heterotrophic bacteria Klebsiella pneumoniae and Pseudomonas aeruginosa stably coexisted in
laboratory-grown biofilms, even though the growth rate of K. pneumoniae was twice that of P.
aeruginosa under planktonic growth conditions. The failure of K. pneumoniae to displace P. aeru-
ginosa from the biofilm could not be attributed to concentration gradients of the limiting nutrient
(glucose) arising from the interaction of reaction and diffusion. Comparisons of the growth rates
of the two species in mono- and binary-population biofilms suggested partial segregation of the two
species in the latter. We used a fluorescently labeled monoclonal antibody to examine the spatial
distribution of K. pneumoniae in frozen cross sections of biofilm to confirm this segregation. K.
pneumoniae microcolonies resided on top of, or intermixed with, a base film of P. aeruginosa. We
hypothesize that microscale structural heterogeneity and differing rates of bacterial attachment and

detachment of the two species are responsible for coexistence in this system.

MICROBIAL
ECOLOGY

Microb Ecol (1997) 33:2-10
© 1997 Springer-Verlag New York Inc.

Introduction

Although many microbiological investigations have focused
on planktonic microorganisms, the predominant mode of
microbial existence in many natural [9] and engineered en-
vironments [7] is in surface-associated biofilms. The distinc-
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tion between planktonic and biofilm growth is important
because the chemistry and ecologies of these two modes
differ. It is known, for example, that limitation by the rate of
solute diffusion can lead to concentration gradients in and
around the biofilm [19]. Such mass transport considerations
underpin the design of biofilm reactors used in wastewater
treatment [12], may partially explain the relative resistance
of biofilm microorganisms to disinfection by antimicrobial
agents [22], and contribute to the ability of attached micro-
bial colonies to induce corrosion [15].
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Table 1.
aeruginosa (Pa) in planktonic culture”

Specific growth rates of K. pneumoniae (Kp) and P.

Kp X, Pa X, Kpp Pap
Expt. (cfu/ml) (cfu/ml) (h™") (h™hH
1 1.2 x 10* 0 0.84 £ 0.23 —
2 0 2.7 x 10* — 0.36 + 0.04
3 1.6 x 10° 6.9 x 107 0.89 + 0.32 0.39 £ 0.08
4 2.2 x 10* 8.2 x 10° 0.85+0.14 0.34 £0.18
5 2.0 x 10* 6.2 x 10* 0.91 £0.20 0.31 £0.19

“ X, denotes the initial cell density. The values are the means of three
experiments. Specific growth rates are presented * the standard error

Concentration gradients established through transport
limitation also provide an explanation for the ecological
diversity of microbial biofilms [19, 26]. Natural biofilms
invariably harbor mixed populations of microorganisms.
Species are thought to dominate strata within the biofilm
according to their metabolic activities and the local concen-
trations of substrates, electron acceptors, and products. For
example, anaerobes can thrive in biofilms, even when the
bulk water is oxygenated, because aerobic organisms in the
outer portion of the biofilm deplete dissolved oxygen [14,
19]. The mathematical theory of simultaneous reaction and
diffusion predicts such concentration gradients [12, 26].
Concentration gradients in dissolved nutrients may explain
some of the stratification of microbial species that has been
observed in biofilms [18, 20, 25].

Concentration gradients arising from mass transport
limitations are probably not the only mechanism creating
microbial diversity in biofilms. In planktonic cultures,
growth and death rates govern the outcome of competition.
In a biofilm, the additional processes of attachment, detach-
ment, and particulate (cell) transport will also influence spe-
cies competition. In this article, we reject a reaction-dif-
fusion explanation for the experimentally observed coexist-
ence of bacteria in a two-species biofilm. We hypothesize,
instead, that microscale structural heterogeneity and differ-
ing rates of attachment and detachment of the two species
are responsible for coexistence in this system.

This research concerns a previously studied [21, 23, 24]
two-species system consisting of Pseudomonas aeruginosa
and Klebsiella pneumoniae. The original reasons for selecting
this system included the following: (1) both species are com-
monly encountered in biofilms in natural and engineered
environments, (2) a two-species system is simple enough to
be amenable to quantitative analysis and in situ speciation,
(3) both species utilize glucose as a sole carbon and energy
source, (4) the two microorganisms are metabolically dis-

tinct: P. aeruginosa is an obligate aerobe whereas K. pneu-
moniae is facultative, and (5) P. aeruginosa is motile whereas
K. pneumoniae is not. This paper reports on the spatial dis-
tribution of the two bacteria in binary population biofilms,
which we have obtained by microscopic examination of
specimens stained with a fluorescent immunological probe.
The wider aim of this research is to integrate this new in-
formation with previous results in order to develop insight
into the processes that sustain microbial diversity in bio-
films.

Materials and Methods

Microorganisms and Medium

Klebsiella pneumonia KP1 and Pseudomonas aeruginosa ERC1 are
both biofilm-forming isolates from the Center for Biofilm Engi-
neering (Montana State University, Bozeman, Mont.) culture col-
lection. These bacteria, which have been described in an earlier
report [21], were grown aerobically using a glucose minimal me-
dium [21]. The glucose concentration was 100 mg/liter in batch
growth experiments and 25 mg/liter in biofilm experiments. The
latter concentration is sufficiently low to ensure that glucose, not
oxygen, was the limiting nutrient throughout the biofilm. This
conclusion is based on calculation of the relative diffusive fluxes of
oxygen and glucose [28]. The calculation has been confirmed by
microelectrode measurements of dissolved oxygen profiles within
the biofilm, which show that oxygen permeates the biofilm at con-
centrations everywhere greater than 4 mg/liter [23].

Planktonic Culture

Batch cultures were grown in 100 ml of medium in 250-ml flasks
shaken at 200 rpm. Overnight cultures of P. aeruginosa and K.
pneumoniae were enumerated by acridine orange direct counts be-
fore inoculation. Different proportions of P. aeruginosa and K.
pneumoniae were inoculated into 50 ml of medium in five separate
experiments (Table 1). The culture was sampled periodically for
viable cell counts. P. aeruginosa was enumerated on Pseudomonas
isolation agar (Difco, Detroit, MI) plates incubated at 35°C for 24
h. K. pneumoniae was enumerated on R2A agar (Difco, Detroit,
MI) plates incubated at 35°C for 8 h, after which only K. pneu-
moniae colonies were detectable.

Biofilm Culture

Biofilm was grown in continuous flow annular reactors [21]. The
reactors had a working volume of approximately 600 ml, a wetted
surface area of 0.19 m?, and were operated at dilution rates of 3.2
h™". Reactors were inoculated for 12 h using the combined flow of
individual chemostats growing either P. aeruginosa or K. pneu-
moniae. Twelve removable stainless steel slides (1.7 X 19 c¢cm) al-
lowed sampling of biofilm from the annular reactor. After 5 days of



operation, three slides were removed and one each used for viable
cell counts, direct confocal microscopic observation, and fluores-
cent antibody staining.

Monoclonal Antibody Preparation and Evaluation

K. pneumoniae whole cell preparations were fixed in 0.5% para-
formaldehyde for 5 min, pelleted by centrifugation, and resus-
pended in phosphate-buffered saline. They were then emulsified in
complete Freund’s adjuvant for primary immunization and in in-
complete Freund’s adjuvant for the second and third immuniza-
tions. Female Sprague-Dawley rats were inoculated intraperitoneal-
ly with 100-500 ul of the antigen preparation, and given two ad-
ditional immunizations at 2-week intervals. Four days prior to
fusion, the rats were boosted with fixed whole bacteria without
adjuvant. Rats were sacrificed; the spleen was removed, homog-
enized, and fused with Sp 2/0 mouse myeloma cells. Nine hundred
sixty hybridoma supernatants were screened by ELISA and immu-
nofluorescence assay (IFA) for the selective staining of the target
bacterial cells. Two monoclonal antibody supernatants, with bright
staining, were selected for further analysis by flow cytometry.

Bacteria used for flow cytometry analysis of the hybridoma su-
pernatants were fixed in 0.5% paraformaldehyde for 5 min, cen-
trifuged, and resuspended in phosphate-buffered saline (PBS). The
cells were incubated with hybridoma supernatant for 30 min on ice,
washed three times in PBS containing 2% rabbit serum, incubated
with goat anti-rat IgG FITC conjugate for 30 min on ice, washed as
before, and analyzed with a flow cytometer (FACScan, Becton-
Dickinson, Cockeysville, MD). Autofluorescence of cell prepara-
tions was measured by sampling untreated cells, and nonspecific
binding of the secondary antibody was measured by reacting cells
to the goat anti-rat IgG FITC—conjugated antibody. The monoclo-
nal antibody giving the highest signal was used in these experi-
ments.

Additional tests were done to assess the specificity of the mono-
clonal, and the effects of target cell growth conditions, on antigen
expression. In the latter case, K. pneumoniae was grown in either
low (72 pm glucose) or high (tryptic soy broth [TSB], Difco) carbon
concentration batch cultures. These cells were harvested by cen-
trifugation, washed, stained, and the staining intensity determined
by flow cytometry. Starved cells were also prepared by initially
growing the bacteria in one-tenth-concentration TSB, followed by
washing and resuspension in PBS. The culture was held at room
temperature for 5 days prior to staining as above. The influence of
biofilm growth on antigen expression was assessed by scraping pure
culture biofilms of K. pneumoniae from annular reactor slides, fol-
lowed by dispersion, staining, and flow cytometry. Regardless of the
growth conditions, the antibody reacted with the cells and pro-
duced a high fluorescent signal (300 arbitrary fluorescence units).
The antibody did not react with seven other K. pneumoniae isolates,
nor did it cross-react with the P. aeruginosa, as determined by flow
cytometry (less than 10 arbitrary fluorescence units), ELISA, or
IFA.

Antibody Staining and Microscopy

The spatial distribution of bacterial species in biofilm was investi-
gated using an immunofluorescence technique. To examine species
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distribution within the biofilm, 5-pm-thick cross sections of frozen
biofilm were prepared, as described elsewhere [29]. These sections
were affixed to polylysine-coated glass slides, then fixed in 1%
paraformaldehyde. Samples were immersed in a blocking solution
consisting of 2% skim milk and 0.3% Tween 80 in Tris-buffered
saline (TBS). The slide was then transferred to a primary antibody
solution (anti-Klebsiella monoclonal raised in rat), followed by a
secondary antibody solution (FITC-labeled anti-rat raised in goat,
Fisher Scientific, Pittsburgh, PA), followed by a 50-pg/ml prop-
idium iodide (Sigma, St. Louis, MO) solution. Each step was sepa-
rated by three washes of 0.03% Tween 80 in pH 7.4 TBS; this same
solution was also used to dilute the antibodies and propidium
iodide. The pH was adjusted to 9 prior to microscopic examination.
Stained sections were viewed with an Olympus BH-2 microscope
(Olympus, Lake Success, NY) with an optical train consisting of an
excitation filter (BP490), a dichroic mirror (DM500), and a barrier
filter (AFC+0515). FITC-labeled K. pneumoniae exhibited a green
or yellow fluorescence, and propidium iodide—stained bacteria were
red (P. aeruginosa). To examine the lateral distribution of micro-
organisms, intact biofilm was fixed in 1% paraformaldehyde and
treated with a blocking agent, as above. The intact biofilm was then
stained, as described for the cross sections. The hydrated biofilm
was examined by confocal scanning laser microscopy (BioRad
MRC 600 dual krypton/argon laser) using a 100X 1.2 n.a. water
immersible objective. Simultaneous images from both laser chan-
nels were collected at 5-pm intervals from the surface of the bio-
film. At each interval, individual digital images were captured and
stored electronically.

These methods were used for monopopulation control biofilms,
as well as the experimental binary population biofilms. In the case
of a single-species K. pneumoniae biofilm, uniform antibody stain-
ing was observed. AS predicted with the flow cytometry cross-
reactivity studies, there was no antibody staining of the pure culture
P. aeruginosa biofilms. In both cases, propidium iodide staining was
uniformally bright throughout the sample.

Mathematical Modeling

A computer model of biofilm population dynamics was used to
simulate competition of two species in a biofilm. The model imple-
ments the conceptual and mathematical formulation described by
Wanner and Gujer [26]. Incorporated into the model are processes
of bulk flow in and out of the reactor, diffusion of glucose within
the biofilm, glucose consumption by bacterial metabolism, bacte-
rial growth, advection of cell mass within the biofilm, and cell
detachment. Key assumptions embodied in this model include the
following: (1) the biofilm is uniformly thick, (2) the overall volume
fraction occupied by cells in the biofilm is constant, and (3) biofilm
species composition is homogenous in the direction parallel to the
substratum. Parameter values used in the simulation and their
respective references are tabulated in Table 2.

Results

Klebsiella pneumoniae consistently grew at twice the rate of
Pseudomonas aeruginosa in glucose-limited planktonic cul-
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Table 2. Parameter values and sources for biofilm population
dynamics modeling”

Parameter Value Source?

Maximum specific growth

rate, Kp 48 471 a
Maximum specific growth

rate, Pa 6.7d7! 6
Monod coefficient, Kp 35g m~> a
Monod coefficient, Pa 50g m—3 6
Yield coefficient, Kp 0.032gg™" a
Yield coefficient, Pa 0.096 g g 1
Cell volume fraction 0.05 8¢
Cell intrinsic density 400,000 g m—3 3
Initial biofilm thickness 25 um 21
Concentration boundary

layer thickness 1 pm 11
Initial volume fraction, Kp 0.01 21
Initial volume fraction, Pa 0.04 21
Substrate influent concentra-

tion 25gm™’ 21
Glucose diffusion coefficient 543 x 107> m* d™’ 17
Biofilm/bulk diffusivity ratio 0.8 27
Surface area to volume ratio 365m™!
Dilution rate 1454d7"

“ Species-specific values are denoted by Kp (K. pneumoniae) and Pa (P.
aeruginosa)

® Numbers indicate the reference number; a, Siebel, MA (1987) Binary
population biofilms, PhD thesis, Montana State University, Bozeman, Mon
¢ Calculated assuming a typical biofilm cell density of 20,000 g m ™
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Fig. 1. Competition of K. pneumoniae and P. aeruginosa in a

biofilm. Data of Seibel and Characklis (@, ref. [21]) are compared
to a computer model simulation (—). The simulation was initiated
at time equal to 150 h.
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Fig. 2. Comparison of microbial growth rates in monopopulation

and binary population biofilms. Data of Siebel [21] were analyzed
to compare the average specific growth rate in biofilms, determined
by an overall material balance on cell mass, with the growth rate
expected based on the bulk concentration of glucose and known
kinetic parameters. K. pneumoniae exhibits about the same reduc-
tion in either monopopulation () or binary population biofilms
(M). P. aeruginosa fares worse in the binary population film (@)
than in the monopopulation biofilm (O). The points are individual
values each from a separate annular reactor experiment.

ture experiments (Table 1). The average specific growth rate
in four experiments was 0.87 h™' and 0.35 h™' for K. pneu-
moniae and P. aeruginosa, respectively. There was no evi-
dence of any species interactions from the planktonic culture
experiments; both microorganisms grew at the same rate in
the presence of the other species as they did in pure culture.
The relative growth rates of the two microorganisms mea-
sured in this study are qualitatively consistent with previ-
ously determined kinetic parameters (maximum specific
growth rate and Monod coefficient) for these two microor-
ganisms (Table 2). From these parameters, K. pneumoniae
was predicted to grow from five to seven times faster than P.
aeruginosa, regardless of the glucose concentration. It was
also found, in previous work, that Monod kinetic parameters
were not altered by growth in biofilms [1, 21].

According to conceptual and mathematical descriptions
of biofilm population dynamics that treat the biofilm as a
uniformly thick and laterally homogenous slab [26], K.
pneumoniae should outcompete P. aeruginosa in glucose-
limited biofilm cultures due to its higher growth rate. To test



this hypothesis, we performed a computer simulation of
biofilm species competition for these two microorganisms
(Fig. 1). Since K. pneumoniae has a higher growth rate, the
model predicts displacement of P. aeruginosa from all re-
gions of the biofilm. This simulation did predict rapid domi-
nance by K. pneumoniae that is inconsistent with the stable
coexistence observed by Siebel and Characklis [21] and re-
produced in this work (Fig. 1). Thus, a reaction-diffusion
explanation for biofilm coexistence is not tenable in this
system.

One possible explanation for the insufficiency of this
mathematical model is that it assumes a simple, uniformly
thick biofilm and a laterally homogeneous distribution of
microbial species. Natural biofilms, when examined micro-
scopically, reveal rough surfaces and local segregation of
microbial species [10, 16]. Such microscale structural het-
erogeneity should allow microbial species to attach and de-
tach from the biofilm at independent rates, thereby altering

Fig. 3.
fluorescein fluorescence and the presence of K. pneumoniae; red indicates propidium iodide, which stains nucleic acids of either bacterial
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the mathematical rules governing biofilm population dy-
namics [2, 4, 11, 13]. In the uniformly thick biofilm model,
all species detach at the same rate, permitting the fastest
growing species in a given stratum to out compete other
microorganisms. In a structurally heterogeneous biofilm,
there is no reason to expect the rates of species attachment
and detachment to be the same. In such a system, a micro-
organism could persist by virtue of slow detachment as suc-
cessfully as by rapid growth. In other words, the assumption
of uniform biofilm thickness, while adequate in many mod-
eling applications, may be inadequate to completely account
for biofilm population dynamics.

The specific growth rates of the two species in monopop-
ulation and binary population biofilms, developed under
identical substrate loading conditions, were compared to
gain an understanding of the structure of binary population
biofilms. The ratio of the average specific growth rate in the
biofilm to the specific growth rate at bulk solution condi-

Confocal scanning laser micrograph showing distribution of K. pneumoniae in biofilm, plan view (pseudo-color). Green indicates

species. Regions lacking green fluorescence indicate the presence of P. aeruginosa alone.
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tions reflects the extent to which mass transport limits the
growth rate of biofilm bacteria. Experimental measurements
of this ratio, as calculated from the original data of Siebel
and Characklis [21], range from about 0.05 to 0.85 (Fig. 2).
The mean ratio for P. aeruginosa in their monopopulation
biofilms was 0.70, indicating little mass transport limitation.
The mean ratio for P. aeruginosa in binary population bio-
films, however, was 0.22. The means are significantly differ-
ent (P = 0.006) showing that P. aeruginosa grows more
slowly in the binary population biofilm that it does in a pure
culture biofilm. In contrast, the mean ratios of biofilm and
bulk growth rates for K. pneumoniae in the two types of
biofilms are not different at the 95% confidence level (P =
0.117). (Fig. 2).

The reanalysis of Siebel and Characklis’s data, shown in
Fig. 2, suggests a structural model of the biofilm in which
microcolonies of K. pneumoniae are dispersed on the surface
of a base film of P. aeruginosa. The K. pneumoniae micro-
colonies would partially obscure underlying P. aeruginosa,
causing the observed discrepancy in growth rates between
the binary and monopopulation biofilm experiments. Con-
versely, the K. pneumoniae microcolonies remain near the
biofilm-bulk water interface where they are not hindered by
mass transport limitation, and therefore grow at the same
rate in mono- and binary-population biofilms. Implicit in
such a structural model is the ability of the K. pneumoniae to
attach to the P. aeruginosa film from the bulk solution. De-
velopment of this biofilm structure could also be due, in
part, to the motility of the two organisms. It has been shown
that motile P. aeruginosa attaches to a clean surface in a
random pattern [5]. Maximum surface coverage of 10% was
attained within 6 h for the P. aeruginosa, while colonization
of a clean surface by the nonmotile K. pneumoniae was ex-
tremely sporadic, even after 24 h (unpublished data). Once
growth of the attached organisms began, the K. pneumoniae
could persist in the biofilm by virtue of its faster growth rate
and its ability to attach to the P. aeruginosa film. This hy-
pothesis is, in part, substantiated by observations made by
Siebel and Characklis where putative “towers” of K. pneu-
moniae protruded above the base biofilm [21]. A limitation
of their research was the inability to differentiate the two
bacterial species in an intact biofilm.

We were able to directly observe heterogeneity in the
spatial distributions of the two species by probing intact and
cryosectioned binary population biofilms with a FITC-
conjugated monoclonal antibody against K. pneumoniae.
Plan view images of stained biofilms revealed an uneven
biofilm in which localized microcolonies of Klebsiella ap-

peared on a background of Pseudomonas (Fig. 3). To quan-
tify the variable distribution of K. pneumoniae, the average
intensity of propidium iodide and fluorescein staining were
compared at 10 randomly selected areas of the specimen
(Table 3). The coefficient of variation of the averaged inten-
sity of propidium iodide (which stains nucleic acids of both
species) in a selected area was 0.26. The ratio of fluorescein
to propidium iodide intensity in the same 10 regions had a
coefficient of variation of 0.8, representing the relative pro-
portion of K. pneumoniae. This indicates much greater local
variability in the species composition of the biofilm than in
the total amount of biomass.

The spatial heterogeneity observed in the plan images was
substantiated in antibody-stained, cryosectioned binary pop-
ulation biofilms (Fig. 4). Long stretches of biofilm stained
only with propidium iodide (Fig. 4A), indicating the pres-
ence of P. aeruginosa alone. The pure P. aeruginosa portions
of the biofilm were approximately the same thickness (20-30
pm). This is consistent with previous measurements of these
biofilms grown under similar conditions [16]. In regions
where fluorescein fluorescence indicated the presence of K.
pneumoniae (Fig. 4B,C), the biofilm was locally thicker by as
much as a factor of 2. In some instances, the K. pneumoniae
appeared to be a distinct colony above a P. aeruginosa base
film (Fig. 4C). In other areas, K. pneumoniae and P. aerugi-
nosa were partially intermixed from the surface to the sub-
stratum (Fig. 4B).

Discussion

Based on our observations, we propose the following con-
ceptual model for coexistence of the two species of bacteria

Table 3.
ated (F) anti-K. pneumoniae staining of binary population biofilm”

Area-averaged propidium iodide (PI) and FITC-conjug-

Area no. PI F/P1

1 0.39 0.004

2 0.42 0.043

3 0.57 0.015

4 0.23 0.180

5 0.69 0.006

6 0.49 0.089

7 0.59 0.051

8 0.58 0.166

9 0.50 0.176

10 0.37 0.116

Mean 0.48 0.085
CoV 0.26 0.80

* The averaging area was a rectangular area in the plane of the substratum
of approximately 1 x 10* pm?> The units of intensity are arbitrary. The
coefficient of variation (CoV) is the standard deviation divided by the mean



Fig. 4. Photomicrographic montage showing distribution of K. pneumoniae in biofilm cross sections. Green indicates fluorescein fluo-
rescence and the presence of K. pneumoniae; red indicates propidium iodide, which stains nucleic acids of either bacterial species. Regions

lacking green fluorescence indicate the presence of P. aeruginosa alone. Where fluorescence from propidium iodide and fluorescein overlap

the color appears yellow; this indicates the presence of K. pneumoniae alone or a mixture of K. pneumoniae and P. aeruginosa.
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in this biofilm system. Although an equal number of both
species were inoculated simultaneously, P. aeruginosa colo-
nizes the substratum more rapidly. Studies of initial attach-
ment by these two microorganisms support this assertion
(unpublished data). P. aeruginosa thus becomes a permanent
member of the biofilm. In contrast, K. pneumoniae attaches
to the P. aeruginosa base film and persists by virtue of a
higher growth rate. This conceptual model supports the pre-
vious data that suggest the two organisms coexist and is
consistent with the observed microscale spatial distribution
of the two species.

In summary, K. pneumoniae and P. aeruginosa coexist in
glucose-limited biofilms even though K. pneumoniae has a
higher growth rate than P. aeruginosa. The data presented
suggest that this coexistence cannot be attributed exclusively
to mass transport phenomena. Rather, initial attachment
events and biofilm microscale structural heterogeneity are
likely to be important in determining biofilm ecology. In
addition, our results suggest that slower growing P. aerugi-
nosa persists because of its ability to rapidly colonize the
substratum and thereby establish a long-term competitive
advantage. K. pneumoniae thrives by virtue of its ability to
attach to the base film and outcompete the P. aeruginosa in
the surface layers of the biofilm. Structural heterogeneity
allows attachment of microorganisms in the biofilm interior
and uncouples the detachment rates of competing microor-
ganisms, thus fundamentally altering biofilm population dy-
namics.

The relevance of these hypotheses to other biofilm eco-
systems are unclear, since they were drawn from observa-
tions of a laboratory model system. A full understanding of
biofilm population dynamics in any system will require
more sophisticated descriptions of biofilm topography and
the processes of particulate attachment and detachment.
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