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Biofilm research has focused on studies of undefined
mixed microbial populations and, more recently, on investi-
gations of monopopulation biofilms. In the first case, the
biofilm is considered a homogeneous mass, ignoring the
properties of individual species. The second case concen-
trates on the properties and processes of one microbial
species in the biofilm. This article describes biofilm experi-
ments conducted with monopopulations of Kiebsiella pneu-
moniae and Pseudomonas aeruginosa and with binary
populations of K. pneumoniae and P. aeruginosa. Process
rates and stoichiometric coefficients were determined for
the monopopulation and for the binary population biofilms
and evaluated in light of the species distribution in the lat-
ter. Results indicate that neither the specific cellular product
formation rate nor the glucose-oxygen stoichiometric ratio
of K. pneumoniae or P. aeruginosa in the binary biofilm
is affected by the presence of the other species. Conse-
quently, species interaction was not observed. Although the
specific cellular growth rate of K. pneumoniae is five times
that of P. aeruginosa, the former species did not dominate
the microbial population in the biofilm. Possible reasons for
this unexpected behavior are discussed.

INTRODUCTION

A biofilm is an accumulation of microbial cells and in-
organic components held together in a polymeric matrix
and firmly attached to a substratum. Accumulation of
biofilms is encountered in many natural and modulated
environments. It may be fundamental to process perfor-
mance (e.g., fixed-film biological wastewater treatment),
or a nuisance resulting in energy losses (fouling), sudden
deterioration of water quality (biofilm detachment in
water distribution pipelines), and deterioration of sub-
strata (biocorrosion).

Biofilm research has previously focused on unde-
fined, or natural, microbial populations. Because of the
heterogeneity of such biofilms, individual properties of
the microbial species were not considered. In order to
study fundamental processes underlying biofilm accu-
mulation, biofilms of one microbial species (monopopu-
lation biofilms) have also been studied.

This research focused on the accumulation of binary
population biofilms, biofilms resulting from the accu-
mulation of two identified microbial species. Processes
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leading to accumulation and biofilm properties were ob-
served for monopopulation biofilms of K. pneumoniae
and P. aeruginosa and for binary populations of these
two species. The objective was to determine if biofilm
accumulation of the binary population could be pre-
dicted from observation of the monopopulation biofilms.

BACKGROUND

Microbial interactions—the effects organisms in close
proximity have on each other—have been investigated
for many reasons including biodegradation and algal-
bacterial interactions. Biodegradation by consortia of
microorganisms includes contributions by several spe-
cies which are indispensable for the total process.' Inter-
actions between algal and bacterial species in suspension
have been documented in a variety of environments.>™®

Microbial interaction laboratory experiments have
generally been conducted in chemostats.” In these sus-
pended growth environments, interaction has a strong
tendency to result in exclusion of one of the species. In
certain cases, mitigating circumstances may result in
“balanced coexistence.®”

Extrapolation of mixed population results from sus-
pended growth to attached growth conditions is not
simple. The homogeneous chemostat environment is
quite different from the biofilm system which is charac-
terized by numerous transport processes. Biofilms play
a significant role in suspended growth systems. For ex-
ample, biofilms cause a discrepancy between the mathe-
matical description of a predator-prey relation and ob-
servations.” Frederickson’ concludes that “variation of
the ratio of chemostat-wetted surface area to culture
volume should be an important part of future studies
on microbial predator-prey relations.”

Most mathematical models of biofilm systems are
intended to describe lumped parameters.” Models for
microbial interactions in biofilms have been reported by
a few groups only. Kissel et al."! describe a model of a
mixed population biofilm system within a completely
mixed reactor consisting of an autotroph and a hetero-
troph as well as an inert particulate fraction. The model
allows anoxic conditions to occur but does not consider
loss of mass by periodic sloughing or continuous
erosion. Consequently, the model cannot describe a
biofilm at steady state, but rather one at ever increas-
ing thickness.
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Microbial interaction in a biofilm was theoretically ad-
dressed by Wanner and Gujer' and illustrated with a
heterotrophic—autotrophic biofilm."? Under the assump-
tions that the properties of a biofilm change only in the
direction perpendicular to the substratum and that
biomass may be treated as a continuum, their model de-
scribes a biofilm in terms of (1) changes in the biofilm
thickness; (2) dynamics and spatial distribution of the
volume fractions of the multiple species where specific
growth rates essentially determine the population dis-
tribution; and (3) the dynamics and spatial distribution
of the concentrations of the multiple substrates. To
compensate for the positive biomass production rate,
the model includes a velocity of exchange of biomass
between the biofilm and the bulk liquid (e.g., biofilm
detachment). The model is general in that no particular
reactor geometry is employed.

If interorganism distance is a variable of importance
in microbial interaction,” biofilms seem more likely to
result in interaction phenomena than suspended growth.
Cell densities per unit biofilm volume are several times
those in suspended growth reactors. In addition, biofilm
cells have a relatively longer “residence” time near an
individual neighbor cell.

MATERIALS AND METHODS

Biofilm Reactor

Biofilm experiments were conducted in a Rotdlorque
reactor (Fig. 1). The Rotdlorque, essentially a Couette
vessel,'*"* consists of two concentric cylinders (polycar-
bonate), a stationary outer cylinder and a rotating inner
cylinder. Twelve removable slides form an integral part
of the inside wall of the outer cylinder and permit sam-
pling of the biofilm for the determination of thickness,
mass, and biofilm chemical composition.

The bulk liquid is completely mixed by virtue of the
cylinder rotation and draft tubes bored through the
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Figure 1. Schematic representation of a RotoTorque reactor.

solid inner cylinder. The draft tubes are positioned at
angles so that the rotation of the inner cylinder causes
the fluid to rise in the tubes resulting in internal recir-
culation. By virtue of the complete mixing, the Roto-
Torque is a Continuous Flow Stirred Tank Reactor
(CFSTR). Thus, effluent liquid samples represent the
bulk liquid composition. In these experiments, the hy-
draulic residence time was maintained at 10 minutes so
that suspended growth was negligible and all reactor ac-
tivity could be attributed to the biofilm. Experimental
temperature was 21 =1°C.

Material Balance Equations

Material balance equations allow the calculation of
biofilm activity, e.g., specific substrate and oxygen
uptake rates. Balance equations across the reactor
(Table 1) were used for substrate [egs. (1) and (4)], cell
[egs. (2) and (5)] and product carbon [egs. (3) and (6)] in
both the liquid phase and the biofilm. Also, a balance
equation was used for liquid phase oxygen [eq. (7)]. For
the sake of completeness, liquid-phase activity is in-
cluded in the balance equations in contrast to equations
published previously."

Diffusional resistance to the flux of substrate into the
biofilm is taken into account using an effectiveness fac-
tor, fps [eq. (4)], defined as the ratio of the actual flux
over the theoretically maximum flux of substrate into
the biofilm. A similar term, f;,0, can be defined for the
flux of oxygen into the biofilm. When, at low substrate
concentrations, the flux of substrate is rate-limiting, fps
also relates the specific cellular growth rate in the liquid
phase, u, to the average specific cellular growth rate in
the biofilm: u; = fpsu.

The transfer of oxygen from the gas phase into the
(oxygen deficient) reactor liquid is accounted for using
a specific mass transfer coefficient, k., [eq. (7) and
Table I]. The value of k. is determined experimentally
using a sterile reactor under standard operating condi-
tions through which a dilution flow, D, of oxygen defi-
cient influent water (oxygen concentration, S;) is
passed. Oxygen absorption through the reactor wall
and pump tubing results in an effluent oxygen concen-
tration, Sp,. Parameter k. can be calculated according
to the following equation:

SOi - S()l
SOI - S()x

where D is the dilution rate (£ '); So: is the oxygen con-
centration in reactor influent (Mo L™); So is the Oxy-
gen concentration in reactor effluent (M, L™%); and Ses
is the oxygen saturation concentration (Mo L73).

k.=D

Experimental Procedure

Biofilm experiments were initiated by feeding the
clean, autoclaved Rotolorque operating at 200 rpm
with a continuous, sterile flow of substrate, calcium,
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Table I. Material balance equations across the biofilm reactor (see nomenclature for sym-

bol explanation).

Liquid phase substrate carbon:

% = D(Ss — Sg) - Xm%rs - X"’[YLMS + ;—:‘S] 1)
(net rate (net rate of  (rate of (rate of
of substrate = substrate  — substrate — substrate uptake
accumulation)  inflow) uptake by  in liquid phase)
biofilm)
Liquid phase cell carbon:
X = D(Xmi — Xu1) + XMfi’Md + Xpips (2)
dt vV
(net rate of (net rate of (rate of (rate of cell
cell mass = cell mass + cell mass  + growth in
accumulation) inflow) detachment)  liquid phase)
Liquid phase product carbon:
% = D(Sp — Sm) + Sp/%rpd + Xprp 3)
(net rate of (net rate of  (rate of (rate of product
product = product + product + formation in
accumulation) inflow) detachment)  liquid phase)
Biofilm substrate carbon:
% = Xyrs - XM,f,,s[—Yf:; + ;—;’] @
(net rate of (net rate of (rate of substrate
substrate = substrate — consumption for cell
accumulation)  uptake) growth minus product
formation)
Biofilm cell carbon:
dditm = —Xurma  + X (5)
(net rate of (net rate of (rate of
cell mass = cell mass  + cellular
accumulation) detachment) growth)
Biofilm product carbon:
dSey
7 = —Spirea + Xugres 6)
(net rate of (net rate of (rate of
product = product + product
accumulation) detachment) formation)
Oxygen:
d:—:” =(D+k)(So - So) - Xmgro - X,,,[i + )’7:’0] %)
{net rate of {net rate of oxygen {rate of oxygen ({rate of oxygen uptake
oxygen = inflow in dilution water — uptake by — for cell growth and

accumulation) and through diffusion)

biofilm)

product formation in
liquid phase)

buffer, and nutrients solutions (Table IH). In addition,
the reactor is fed with oxygen-saturated, sterile dilution
water at D = p,,.

Inoculation (experimental time of 0 h) of the clean
RotoTorque was accomplished by feeding the reactor for
12 h with a suspended population from a chemostat (for
the binary population biofilm experiments, the reactor
was inoculated with the bacterial suspensions from two
chemostats). The chemostat was operated at steady-state
conditions at a dilution rate of 0.3 h™'. The inlet sub-
strate concentration to the chemostat was 40 g glucose
carbon m™3 the steady-state cell density was 10'-10"

cells m™>. Cells adsorbed to the Rototorque substratum
during the period of inoculation leading to the accumu-
lation of the biofilm as the experiment progressed.

Analytical Procedure

Samples were collected at regular intervals from the
Rotdlorque effluent for determination of cell carbon,
product carbon, glucose carbon, and dissolved oxygen.
Biofilm samples were analyzed for cell carbon and
product carbon according to Bakke et al.’® In addition,
wet biofilm thickness was measured as described by
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Table II. Composition of nutrient solution.

Chemostat RotoTorque Units
Glucose-carbon 40.0 8.0 gm™®
NH,CL 36.0 72 gm™
MgSO. - TH,O 10.0 2.0 gm™’
(NH4)6M07024 - 4H,0 0.005 0001 gm?
ZnSO, - TH,;0 0.5 0.1 gm’?
MnSO, - H,0 0.040 0.008 gm™
CuSO, - SH,0 0.010 0002 gm>
Na;B.0O; - 10H,0 0.005 0001 gm’
FeSO, - TH,0 0.560 0112 gm™
(HOCOCH,;:N 2.0 0.4 gm’?
CaCO;-Ca — 25.0 gm™
Na,;HPO, 568.0 213.0 gm’’
KH:PO, 544.0 204.0 gm’’
Final pH 6.8 6.8 dimensionless

Bakke and Ollsen."” Air dried biofilm samples were used
for Nomarski microscopy.

Cells per unit volume or unit surface area were
counted in homogenized effluent samples and in the
resuspended, homogenized biofilm samples of mono-
population biofilms using both epifluorescence mi-
croscopy and plates. Epifluorescence microscopy cou-
pled to image analysis allowed the determination of the
cell size. Cell numbers combined with cell size were
converted to cell carbon.'® Differential plating of ho-
mogenized effluent samples and of resuspended, homog-
enized biofilm samples allowed determination of cell
numbers of each species in the binary population. Con-
version of cell numbers to cell mass allowed the calcula-
tion of the relative mass fractions of the two species in
the binary population biofilms. Some characteristics of
the two microbial species are listed in Table III. Pro-
gressions for biofilm accumulation were fitted with the
logistic equation.”®

RESULTS

Biofilm experiments included three sets of four experi-
ments each, the first set was conducted with K. pneu-
moniae and the second set with P. aeruginosa, both as
monopopulations. The third set of experiments was con-
ducted with both organisms in a binary population. The
variable in these experiments was the microbial inocu-
lum. Otherwise, conditions were the same in all experi-
ments except for the influent substrate concentration
(Ss: was 20 g carbon m~? for two binary population ex-
periments and 10 g carbon m ™ for all other (10) experi-
ments). Biofilm accumulation, progression of biofilm
thickness, biofilm species distribution, the specific prod-
uct formation rate, and the glucose—oxygen stoichiomet-
ric ratio are compared for biofilms of K. pneumoniae,
P. aeruginosa, and for the binary population.

Biofilm Accumulation

Monopopulation biofilms of K. pneumoniae and P. aeru-
ginosa differ in the initial colonization stage and in sub-
sequent biofilm accumulation. Similarly, accumulation
of the binary population biofilm is different from that
observed by the monopopulation biofilms. Nomarsky
interference micrographs (Figs. 2, 3, and 4) illustrate
the dried biofilm surface at various experimental times.

K. pneumoniae accumulates in small, “patchy” clus-
ters of cells [Fig. 2(a)] which expand rapidly. Cells ag-
gregate and grow enlarging the clusters parallel and
perpendicular to the substratum resulting in the forma-
tion of “microtowers” [Fig. 2(b)] which can reach a
height of 60 m or more with bare substratum between
the towers. P. aeruginosa colonizes the substratum in a
relatively uniform distribution [Fig. 3(a)]. Cells grow
and multiply, reducing intercellular distance and gradu-

Table III. Relevant characteristics of K. pneumoniae and P. aeruginosa.
K. pneumoniae  Reference P. aeruginosa Reference
Shape rod shaped 18 rod shaped 18
Breadth (um) 0.3-1.5 18 0.5-0.8 18
Length (zm) 0.6-6.0 18 1.5-4.0 18
EPS formation yes yes
EPS composition glucose, primarily
fucose, mannuronic and
glucuronic acid, guluronic acid 23
and pyruvic acid 19
Motility nonmotile polar flagella 18
Modes of facu'tative obligate aerobe
Respiration anaerobic 20 except when
Denitrification yes 20 nitrate present 20
Metabolism chemoorganotroph 21 chemoorganotroph
Gram stain negative 18 negative 18
Optimal temperature 35-37°C 18 35-37°C 20
Optimal pH 7.2 18 6.8 20
Maximum specific
Growth rate (h™) 2.0 22 0.4 24
Half saturation
Concentration (g C m™) 14 22 2.0 22
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(b)

Figure 2. Accumulation of K. pneumoniae on polycarbonate substratum (Nomarsky microscopic picture) taken (a) 50 h after
inoculation (magnification of 625x) and (b) 100 h after inoculation (magnification of 500x). Cell clusters expand but uncolo-
nized space between clusters remains.




(b)

Figure 3. Accumulation of P. aeruginosa on polycarbonate substratum (Nomarsky microscopic picture) taken (a) 50 h after
inoculation (magnification of 625x) and (b) 65 h after inoculation (magnification of 625x). A monolayer of closely packed cells
is shown.




Figure 4. Accumulation of a binary population biofilm on polycarbonate substratum (Nomarsky microscopy) taken (a) 123 h
after inoculation (magnification of 500} and (b) 208 h after inoculation (magnification of 500x). Surface roughness increases
when binary population biofilms get older.




ally forming a smooth biofilm [Fig. 3(b)]. A binary popu-
lation biofilm forms a relatively smooth film with peaks
extending above the smooth film surface [Fig. 4(a)].
Gradually, surface roughness increases [Fig. 4(b)).

Biofilm Thickness

The progression of biofilm thickness can be compared
in terms of the means and the standard deviations of the
measurements. The mean thickness for K. pneumoniae
at the end of the experimental run was approximately
15 um while the standard deviation was approximately
35 um [Fig. 5(a)]. Even after 190 h, some measurements
indicate zero biofilm thickness although biofilm was de-
tected as early as 25 h into the experiment.

P. aeruginosa biofilm thickness was not measurable in
the first 50 h of the experiment but the biofilm accumu-
lated rapidly thereafter [Fig. 5(b)]. Mean P. aeruginosa
biofilm thickness is approximately twice that of K. pneu-
moniae, while the standard deviation is considerably
smaller (20%) than that for K. pneumoniae. Conse-
quently, a P. aeruginosa biofilm is smooth as compared
to that of K. pneumoniae. Accumulation of the binary
population biofilm is visible only after over 100 h into
the experiment. The mean of the thickness measure-
ments for the 10 g carbon m™ experiments, was approx-
imately 40 um, the standard deviation was 10 um
[Fig. 5(c)]. Biofilm thickness approximately doubled for
the 20 g carbon m™* experiments (not shown).

Biofilm Species Distribution

The relative concentration of K. pneumoniae and P.
aeruginosa was determined for the binary population
biofiim. Progression of the means and the means plus
or minus the standard deviation of the K. pneumoniae
cell mass fraction was described using the logistic equa-
tion.” Figure 6 shows the progression of the biofilm
cell mass fraction occupied by K. pneumoniae (area
below the “means” line) and by P. aeruginosa (area
above the “means” line) for both the 10 and the 20 g
glucose carbon m~* experiments. The contribution of
the K. pneumoniae biofilm cell mass fraction, initially
approximately 50%, decreased to approximately 26%
after 150 h. Moreover, the standard deviation of the
mass fraction measurements decreased from approxi-
mately 15% initially, to approximately 7% after 150 h.

Biofilm Specific Product Formation Rate

The biofilm specific product formation rate (rpy) is the
rate at which product is being formed on a unit cell
mass basis. rp can be determined by rearranging eq. (6)
(Table I):

Sy, 1 dSy

“Lrps +
X 7 Xy dt ®

rep =

90

~d
[=]
_

[
o
N

THICKNESS (um)

o 0 100 150 200 250
TIME (h)

(@)

90

THICKNESS (um)

100 150 200 250
TIME (h)

(b)

il

THICKNESS (um)

200 250

Figure 5. Progression of biofilm thickness for (a) K. pneumoniae,
(b) P. aeruginosa, and (c) the binary population. Lines represent
time smoothed means (middle line in each graph), means plus the
standard deviation of the means (top line) and means minus the
standard deviation of the means (bottom line).
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TIME (h)

Figure 6. Progression of biofilm cell mass fraction for the binary
population biofilms. Lines represent time smoothed means (middle
line), means plus the standard deviation of the means (top line) and
means minus the standard deviation of the means (bottom line):
(KP) K. pneumoniae, (PA) P. aeruginosa.

where rpy is the specific rate of product formation in
biofilm (M, My, ~'t"); Sy is the product carbon concen-
tration in biofilm (M, L™%); Xy is the cell carbon con-
centration in biofilm (My L™2); rpy is the specific rate of
product detachment (z '); and ¢ is the time (¢). More-
over, dividing the mass balance of biofilm cell carbon
[eq. (5) Table 1] by Xy and substituting u; for fosu,

1 dX,
Xy di = Tt ©)
permits the calculation of the average biofilm specific
cellular growth rate, u,. The biofilm specific product
formation rate is a linear function of biofilm specific
cellular growth rate [eq. (10)] with a growth-associated
and a non-growth-associated component*®:

Tor = Kpg * oy + Kpa (10)

where kp, is the growth-associated product formation
coefficient (MpMy "'); kp, is the non-growth-associated
product formation rate coefficient (MpMy "'t '); and p;
is the average specific cellular growth rate in biofilm
(¢7"). Linear regression of rp; vs. uy for the biofilm ex-
periments (Fig. 7) results in values for kp, and kg,
(Table 1V).

>~

w
1

SPECIFIC PRODUCT FORMATION RATE (h™')

o
o

] 5 1 1.5 2
SPECIFIC CELLULAR GROWTH RATE (h™')

Figure 7. Comparison of data points and kinetic models for the
product formation kinetics for monopopulation biofilms of K. pneu-
moniae and P. aeruginosa and for binary population biofilms. See
Table IV for statistical information about the regression lines: (KP)
K. pneumoniae, (PA) P. aeruginosa, and (BP) Binary Population.

Biofilm Glucose-Oxygen Stoichiometric Ratio

The biofilm glucose—oxygen stoichiometric ratio (ns0)
is the ratio of the specific rate of glucose consumption
in the biofilm (rs) to the specific rate of oxygen con-
sumption in the biofilm (ro,).

rs

Nso = — (11
ro

The biofilm specific glucose consumption rate can be
determined by rearranging eq. (1) (Table 1) and assum-
ing that the suspended cellular activity is negligible
(X = 0):

ds
D(Ss — Sg) — ﬁ
rs = = (12)
XM[T/_

Similarly, the biofilm specific oxygen consumption rate
can be evaluated by rearranging eq. (7) (Table 1) and
assuming that the suspended cellular activity is negli-
gible (Xu = 0:

ds
(D + k) (Sos — Sar) — —d‘—"
t
ro = ) (13)
XMIV

Table IV. Specific growth- and non-growth-associated product formation coefficients in
the biofilm for K. pneumoniae, P. aeruginosa, and the binary population (values for kp, and
kr« are given as means plus or minus the standard deviation). See also Figure 7.

K. pneumoniae

P. aeruginosa Binary population

ke (g g™ 1.72 =0.11
ke {gg™ h7Y) 0.20 +0.04*
R? (dimensionless) 0.74

0.36 =0.07 0.75 =0.03
0.10 =0.07° 0.08 +0.02
0.31 0.90

* Values for kp, are different from zero at the 5% level of significance.
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The specific glucose consumption rate is essentially a
linear function of the specific oxygen consumption rate
(Fig. 8) for the biofilm experiments with K. pneumo-
niae, P. aeruginosa, and the binary population. A
statistical summary of the linear regressions is pre-
sented in Table V.

DISCUSSION

The objective of this research was to describe accumu-
lation of a binary population biofilm of K. pneumoniae
and P. aeruginosa in terms of the accumulation of the
monopopulation biofilms of K. pneumoniae and P. aeru-
ginosa. Values for two biofilm parameters, the biofilm
specific product formation rate, including the biofilm
specific growth- and non-growth-associated product
formation coefficient, and the biofilm glucose—oxygen
stoichiometric ratio, were determined in the monopopu-
lation biofilms and in the binary population biofilms.
When assuming no interaction between species, the
biofilm specific growth-associated product formation
coefficient and the biofilm glucose—oxygen stoichiomet-
ric ratio can also be predicted on the basis of the spe-
cies distribution. By adding the products of the growth-
associated product formation coefficient for each species
in the monopopulation and the cell mass fraction of the

40

504

SPECIFIC GLUCOSE UPTAKE RATE (h™")

SPECIFIC OXYGEN UPTAKE RATE. (h™")

Figure 8. Comparison of data points and kinetic models for the
glucose—oxygen stoichiometric ratio for monopopulation biofilms
of K. pneumoniae and P. aeruginosa and for binary population
biofilms. See Table V for statistical information about the regres-
sion lines: (KP) K. pneumoniae; (PA) P. aeruginosa; and (BP) Bi-
nary Population.

species in the binary population, a growth-associated
product formation coefficient is found of 0.72 +0.11 ¢
product carbon (g cell carbon)™'. At the 5% level of sig-
nificance, this calculated value is not different from the
one determined experimentally, i.e., 0.75 £0.03 g
product carbon (g cell carbon)™ (Table IV). Similarly,
by adding the products of the glucose—oxygen stoichio-
metric ratio for each species in the monopopuiation and
the cell mass fraction of the species in the binary popu-
lation, a glucose—oxygen stoichiometric ratio is found
of 1.47 +0.20 g product carbon (g cell carbon) ™. At the
5% level of significance, this calculated value is not
different from the one determined experimentally,
i.e., 1.46 +0.04 g glucose carbon consumed (g oxygen
consumed) ! (Table V). Therefore, K. pneumoniae or
P. aeruginosa in the binary population biofilm is not
affected by the presence of the other organism.

Accumulation of the binary population biofilm may
also be described in terms of morphology. K. pneumo-
niae accumulates in clusters with bare substratum be-
tween the clusters (Fig. 2). In contrast, P. aeruginosa
accumulates as a relatively smooth film (Fig. 3). The
binary population biofilm appears to consist of clusters
which extend above a smooth base film (Fig. 6). Con-
sidering the morphology of the monopopulation biofilms
and remembering that species interaction in the binary
population was not detected, we speculate that the base
film consists of P. aeruginosa while K. pneumoniae
forms the clusters. Techniques for the nondestructive
identification of biofilm species were not available.
Hence this concept could not be proven.

Interaction between the species does not appear to
play an important role in the microbial mass distribu-
tion considering the fact that at steady-state conditions,
both species are present in significant mass concen-
trations (Fig. 6). This may seem inconsistent with the
observed difference in growth kinetics: the maximum
specific celiular growth rate, u., of K. pneumoniae is
five times the value for u,, of P. aeruginosa. As a result,
P. aeruginosa could be outcompeted by K. pneumoniae.
However, various species specific phenomena may help
explain the observations.

K. pneumoniae has a high specific rate of product for-
mation. Moreover, this species is nonmotile with cells
aggregating at the substratum and forming clusters or
‘trapped’ cells.”’” Furthermore, when calculating the ef-
fectiveness factor for the flux of substrate into a biofilm
(as a function of the biofilm thickness, substrate concen-

Table V. Glucose—oxygen stoichiometric ratio (9sp) in the biofilm for K. pneumoniae,
P. aeruginosa, and the binary population (values for 55 and [ are given as means plus or
minus the standard deviation). See also Figure 8. I is the intercept of the lines.

K. pneumoniae

P. geruginosa Binary population

ns0 (g g™ 2.90 =0.08
I(gg™h™ 0.33 x0.37°
R? (dimensionless) 0.93

0.96 +0.18 1.46 x0.04
0.07 £0.20° 0.19 +0.13°
0.34 0.94

? The intercepts (/) are different from zero at the 5% level of significance.
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tration, biofilm cell carbon density, effective diffusion
coefficient within the microbial mass, yield of cell mass
from substrate mass, yield of product mass from sub-
strate mass, growth- and non-growth-associated produc-
tion formation coefficients and maximum specific cel-
lular growth rates?), the substrate diffusion resistance
is three times higher for K. pneumoniae than for a com-
parably smooth P. aeruginosa biofilm of 30-um thick-
ness.”” Thus, only the outside layer of cells in a cluster
of K. pneumoniae has a growth rate determined by the
bulk liquid substrate concentration, while the growth
rate of cells in the core of the cluster is considerably
less. This could lower the volume average specific cellu-
lar growth rate of a K. pneumoniae biofilm considerably.
In contrast, diffusional resistance of a P. aeruginosa bio-
film is relatively small’*** and the average specific bio-
film cellular growth rate is determined by the bulk
liquid substrate concentration.

Population dynamics in biofilms are important to
modulating biofilm accumulation and activity. The ex-
perimental observations suggest that factors other than
specific growth rate (e.g., colonial morphology) may sig-
nificantly influence spatial distribution of cells and rela-
tive cell numbers in biofilms.

CONCLUSIONS

The following conclusions can be drawn from experi-
ments with K. pneumoniae and P. aeruginosa in bio-
films for the range of experimental conditions tested:

1. There is no apparent interaction between K. pneu-
moniae ot P. aeruginosa in a binary population biofilm.,

2. Specific product formation rate of K. pneumoniae
or P. aeruginosa in the binary population biofilm is not
affected by the presence of the other species.

3. Glucose—oxygen stoichiometric ratio of K. pneu-
moniae or P. aeruginosa in the binary population bio-
film is not affected by the presence of the other species.

4. K. pneumoniae and P. aeruginosa are present in
the biofilm in approximately equal mass concentrations
although the maximum specific cellular growth rate of
K. pneumoniae is five times the maximum specific cel-
lular growth rate of P. aeruginosa.
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NOMENCLATURE

A substratum area (L)

D  dilution rate (= flow rate F of dilution water into reactor
divided by volume of reactor) (¢ ")

fos  effectiveness factor for substrate diffusion (dimensionless)

foo effectiveness factor for substrate diffusion (dimensionless)

F flow rate of dilution water (1°¢™")

kc  specific mass transfer coefficient for dissolved oxygen (¢ ™)

kp; a growth-associated product formation coefficient
(Mp My')

kp. a non-growth-associated product formation rate coeffi-
cient (Mp My ' t™Y)

No flux of dissolved oxygen into reactor system (M, L™* 1)

rva  specific cell detachment rate (t_’)

rpy  specific product detachment rate (¢t ™)

res specific product formation rate in biofilm (Mp Mj' 1)

rn specific product formation rate in liquid phase (Mp M;' t ™)

ro  biofilm specific oxygen consumption rate (Mo M;; t ™)

rs biofilm specific substrate consumption rate (Ms M/ ¢ ')

So  concentration of oxygen in liquid phase (M, L™%)

So. oxygen saturation concentration in influent (Mo L%

Spr product carbon concentration in biofilm (Mp L™?)

Sp: product carbon concentration in influent (Mp L™?)

Sm product carbon concentration in liquid phase (Mp L)

Sy substrate carbon concentration in biofilm (Mg L™%)

Ss  substrate carbon concentration in influent (Ms L™3)

Ss  substrate carbon concentration in liquid phase (Mg L™

t time (¢)

V  reactor volume (L%

Xy cell carbon concentration in biofilm (My L™%)

Xu;  cell carbon concentration in influent (M), L“”)

X cell carbon concentration in liquid phase (My L™%)

Yuo yield of cell carbon from oxygen (My M5')

Yus yield of cell carbon from substrate carbon (My Ms")

Yro yield of product carbon from oxygen (Mp M5')

Yes  yield of product carbon from substrate carbon (M, M5')

p  specific cellular growth rate in liquid phase (¢ 7")

ps  average specific cellular growth rate in biofilm (¢™")

im maximum specific cellular growth rate (¢ ')

nso biofilm glucose—oxygen stoichiometric ratio (Ms M)
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