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Four hypothetical mechanisms for protection of biofilms against antimicrobials were incorporated into a
three-dimensional model of biofilm growth and development. The model integrated processes of substrate
utilization, diffusion, growth, cell migration, death, and detachment in a cellular automaton framework.
Compared to simulations of unprotected biofilms, each of the protective mechanisms provided some tolerance
to antimicrobial action. When the mechanisms were compared to each other, the behaviors of the four
protective mechanisms produced distinct shapes of killing curves, nonuniform spatial patterns of survival and
cell type distribution, and anticipated susceptibility patterns for dispersed biofilm cells. The differences
between the protective mechanisms predicted in these simulations could guide the design of experiments to
discriminate antimicrobial tolerance mechanisms in biofilms. Each of the mechanisms could be a plausible
avenue of biofilm protection.

Microorganisms within biofilms have a remarkable tolerance
to killing by antimicrobial agents (26, 39). The reduced sus-
ceptibility of bacteria and yeast in biofilms is recognized as an
important factor in the persistence of some chronic infections
and the troublesome recurrence of fouling in industrial sys-
tems. While the reduced antimicrobial and biocide susceptibil-
ity in biofilms is well documented, the mechanisms of resis-
tance are incompletely understood (26, 39, 41). Four leading
hypotheses explaining the reduced susceptibility of biofilms,
diagrammed in Fig. 1, are poor antimicrobial penetration, de-
ployment of adaptive stress responses, physiological heteroge-
neity in the biofilm population, and the presence of phenotypic
variants or persister cells (6, 12, 25, 38). It seems likely that a
combination of these factors determines the overall protection
in the biofilm (38, 39).

There have been a handful of papers describing neutraliza-
tion of an antimicrobial agent by a reaction as it diffuses into a
biofilm (1, 42). The biofilm is said to consume the antimicro-
bial agent in the same manner that it would consume a sub-
strate. This consumption could allow biofilms to decrease the
concentration of an antimicrobial to a level that would be
ineffective in the deeper regions of the biofilm. However, such
a protective mechanism would be expected to be present only
in thicker biofilms. Also, antimicrobial agents that do not react
with or bind to a biofilm can be expected to penetrate in a
matter of seconds or minutes (37). Examples of several anti-
microbial agents that penetrate biofilms but fail to kill the
sessile microorganisms at the rate observed for their plank-
tonic counterparts are plentiful (1, 7, 10, 17, 33, 43, 49).

Bacteria are equipped with a host of stress responses that
allow them to cope with environmental adversity. It is possible
that the same protective mechanisms are utilized by biofilms.

The most compelling version of this second mechanism of
biofilm protection is that stress response defenses are induced
in biofilm bacteria when they face an environmental challenge,
just as they are in bacteria in aqueous suspension. The differ-
ence between free-floating cells and biofilm-embedded cells is
that the biofilm bacteria are sufficiently protected by other
defenses, such as retarded antimicrobial penetration or slow
growth, which allows the biofilm cells to respond to an antimi-
crobial challenge that overwhelms planktonic cells. An exam-
ple of a stress response that is of obvious interest in the context
of antimicrobials is the expression of drug efflux pumps.

The possibility that substrate limitation within a biofilm cre-
ates regions of inactive and less susceptible cells remains an
attractive explanation for the recalcitrance of biofilms to anti-
microbial agents (3, 6, 19, 20). It is clear that there are sub-
strate concentration gradients within biofilms (13, 48). These
concentration gradients give rise to corresponding gradients in
the microbial growth rate and activity, as observed by research-
ers using fluorescent probes and reporter genes (35, 45, 46).
Since antimicrobials are thought to be more effective in killing
actively growing cells, it seems reasonable that in substrate-
limited regions of a biofilm the microorganisms could better
tolerate the presence of an antimicrobial agent by virtue of
their inactivity. However, one would expect that as growing
cells within the biofilm are killed, substrate would penetrate
into regions that were previously substrate depleted. Thus,
dormant microorganisms might lose their tolerance for the
antimicrobial agent as substrate becomes available.

A fourth mechanism of antimicrobial resistance in biofilms
invokes the possibility of a unique and highly protected phe-
notypic state that is adopted by a subpopulation of microor-
ganisms in a biofilm (26, 41). This is conceptualized as true
differentiation of the cells akin to spore formation that re-
quires the expression of specific sets of genes. Cells in this
special state have been termed persisters. Such a phenotypic
state is suggested by experiments with young biofilms that
display resistance even though they are too thin to pose a
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barrier to the penetration of either an antimicrobial agent or
metabolic substrates (7, 11). Another indication that biofilms
may harbor a subpopulation of resistant cells comes from ex-
periments in which most, but not all, of the biofilm is rapidly
killed by an antimicrobial (2, 5, 21). The survivors, which may
be 1% or less of the original population, persist despite con-
tinued exposure to the antimicrobial (2, 34).

Computer models of biofilm dynamics complement experi-
mental investigations and thus are valuable tools in the explo-
ration of biofilm phenomena. Models can be used to test con-
jectures or make predictions about how specific processes
affect biofilm structure or function. Theoretical explorations
are particularly attractive because often there are multiple
mechanisms that are difficult to separate experimentally. We
have been interested in using biofilm models to explore the
degrees of protection from killing by antimicrobials that can
be conferred by specific tolerance mechanisms. Several previ-
ous studies have described biofilm models that incorporate
antimicrobial action (8, 14, 15, 23, 28, 36, 40, 44). Using a
three-dimensional computer model of biofilm dynamics, we
investigated the levels of protection against antimicrobials pro-
vided by each of four hypothesized protective mechanisms.
The purpose of this study was to characterize the predicted
features of four different protective mechanisms when they
were incorporated into a multidimensional computer model of
biofilm dynamics. In particular, we sought to examine popula-
tion survival versus antimicrobial exposure time and the spatial
patterns of chemical species and cell types within biofilms
during or after antimicrobial treatment.

MATERIALS AND METHODS

BacLAB, the computer model used in this study, has been described in detail
elsewhere (22). This model uses a hybrid modeling approach in which all soluble
components are modeled using discretized differential equations while the indi-
vidual microorganisms that compose the biofilm are modeled discretely using a
cellular automaton algorithm. A cellular automaton is an independent unit, here
equated to a bacterial cell, that follows certain behavioral rules. The resulting
aggregate behavior of the biofilm therefore emerges from the local interactions
between the individual bacteria. The cellular automaton model produces realis-
tic, structurally heterogeneous biofilms (4, 9, 18, 24, 28, 29, 30, 47). Furthermore,
it allows the artificial biofilm structure to evolve as a self-organizing process,
emulating how bacterial cells organize themselves into biofilms. Two advantages
of the hybrid approach are the ability to separate different biofilm processes
according to the natural time scale and the fact that the aggregate behavior of the
biofilm emerges from the local interactions between individual microorganisms.
Some of the processes simulated by the computer model include diffusion of
soluble components into the biofilm, substrate and antimicrobial consumption,
microbial growth, and biofilm detachment resulting from nutrient starvation.
Parameter values are summarized in Table 1, and a representation of a typical
BacLAB biofilm simulation is shown in Fig. 2.

The following two sets of simulations were performed for each of the four
protective mechanisms: (i) protected with a continuous antimicrobial treatment
initiated at hour 100 and lasting 50 h and (ii) unprotected with a continuous
antimicrobial treatment initiated at hour 100 and lasting 50 h.

For all unprotected studies the probability of killing due to the presence of
the antimicrobial agent was 0.6838 for a 1-h interval. This value was calcu-
lated to provide a 6-log reduction in nongrowing suspended cell cultures in a
12-h treatment period by solving the following equality: (1 � P)12 � 10�6,
where P is the probability of killing. Therefore, the probability that a cell will
survive a 12-h treatment is 1 in 106. At each time that the antimicrobial agent
is present, every cell in the simulation generates a random number from a
uniform distribution on the interval [0, 1]. If the random number is less than
or equal to the probability of killing (0.6838), the cell dies and remains

FIG. 1. Four possible mechanisms of biofilm antibiotic resistance. The image is a cross section of a biofilm with the attachment surface (gray)
at the bottom and the aqueous phase containing the antibiotic (yellow) at the top. In zones where there is nutrient depletion (red), antibiotic action
may be antagonized. Some bacteria may activate stress responses (green), while others may differentiate into a protected phenotype (purple).
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metabolically inactive for the remainder of the simulation or until it detaches
from the biofilm. If the random number is greater than 0.6838, the cell
continues to function normally.

The slow penetration, stress response, and persister mechanisms use the same
probability for killing of live cells that is found in the unprotected simulations. In
order to provide a form of protection, the slow penetration and stress response
mechanisms include restrictions on when this probability equation is active as a
result of the barrier to antimicrobial diffusion. For the persister mechanism, no
restrictions are placed on this probability since the protection stems from the
inclusion of the spore-like persister cells. The substrate limitation mechanism is
different from each of these mechanisms and the unprotected simulations in that
the probability of killing is altered so that it is directly proportional to the local
substrate concentration.

In the simulations in which the slow penetration mechanism is active, both live and
dead biofilm cells consume the antimicrobial as it diffuses into the biofilm. The
parameters for antimicrobial diffusion and consumption are shown in Table 2.

In the aqueous environment modeled here, the bulk liquid is well mixed but
imposes no shear stress on the biofilm. The antimicrobial is transported solely by
diffusion in the biofilm. The local concentrations are a result of molecular
diffusion and reaction (consumption or production) with the bacteria. The dif-
fusional time constant is approximately 100 orders of magnitude smaller than
that for bacterial cell division (28). Thus, molecular diffusion can be assumed to
be at a steady state with respect to the bacterial growth.

Since the antimicrobial is steadily depleted, there is an antimicrobial concen-
tration at which it is no longer effective against the biofilm cells. This concen-
tration, otherwise known as the MIC, is set at 1.0 g m�3. It follows that as the

FIG. 2. Three-dimensional representation of the BacLAB model, showing a biofilm with live (green), dead (red), and persister (blue) cells at
hour 300 (150 h after completion of a 50-h antimicrobial treatment) (A) and during a 300-h simulation in which the persister protection mechanism
is active (B). Biofilm formation begins with the development of independent cell clusters that merge over time. Antimicrobial treatment initiated
at 100 h rapidly kills most of the live cells, but persister cells survive. When persister cells eventually resuscitate, they give rise to new growth that
begins in clonal pockets but rapidly extends throughout the biofilm. A video of this simulation can be viewed at www.erc.montana.edu/Res-Lib99-SW
/Movies/Database/MD_DisplayScript.asp.

TABLE 1. Summary of parameters used in the BacLAB model

Parameter Symbol Value Units

Maximum specific growth rate �S,max 0.3 h�1

Time step �t 1.0 h
Bulk substrate concn CS,bulk 8.0 g m�3

Diffusivity of substrate in the
aqueous phase (including
the liquid, channels, and voids)

DS,aq 7.20 � 10�6 m2 h�1

Relative effective diffusivity of
substrate in biofilm

DS,e/DS,aq 0.55

Local nutrient concn threshold CS,min 1.0 g m�3

Substrate Monod half-saturation
coefficient

KS 0.1 g m�3

Avg cell mass mavg 1.75 � 10�13 g
No. of initial colonies Nc 28
No. of nodes in x direction Nx 300
No. of nodes in y direction Ny 300
Radius of initial colonies Rc 8.55 � 10�6 m
Duration of time below CS,min

before detachment
tdetach 24 h

Biomass yield (gX) per gram of
substrate (gS)

YXS 0.24 gX gS
�1
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thickness of a biofilm increases, so too does the chance of thwarting an antimi-
crobial challenge.

The stress response mechanism includes the same rules that are used for slow
penetration protection, diffusion and consumption of the antimicrobial based on
the parameters shown in Table 2, and no killing below an MIC of 1.0 g m�3, but
with one variation: if the antimicrobial concentration is greater than or equal to
one-tenth the MIC and the cell has not been killed by the antimicrobial, then the
cell has some probability of switching to an adapted state. This probability is
0.06838, 10% of the probability of death. In the adapted state the cell acquires
absolute resistance to the effects of the antimicrobial and continues its cellular
functions uninhibited by the antimicrobial.

For the substrate limitation mechanism, the antimicrobial efficacy was simu-
lated to be proportional to the amount of substrate available to the microorgan-
ism; that is, P � (PMAX/CS0) · CS, where PMAX is the maximum probability of
killing and is equal to the probability of killing used in the base case simulations,
CS0 is the substrate concentration in the bulk fluid, and CS is the local substrate
concentration at a particular cell. Thus, cells in substrate-rich regions of the biofilm
have the lowest antimicrobial tolerance, whereas cells in substrate-depleted regions
are expected to be tolerant to antimicrobial killing.

When the persister mechanism is simulated, the protection stems from the
random conversion of live cells to persister cells. Persister cells are nongrowing,
spore-like cells that are nearly impervious to antimicrobial effects. Persisters are
constantly being formed, with no regard to the presence of an antimicrobial. The
probability of a live cell converting to a persister cell is 0.0015, and the probability
of a persister cell converting back to a live cell is 0.15. These values were chosen
to yield a persister population that is approximately 1% of the total population.
The probability that a persister cell will be killed by an antimicrobial is 0.0034,
which makes such a cell 200-fold more resistant to the antimicrobial than a
normal live cell.

We did not conduct a full analysis of the sensitivity of the model to the values
of key parameters. Rather, it was our intent to illustrate the qualitative behaviors
predicted when certain biological and physical phenomena were simulated.

All simulations progressed through a 300-h experiment, including 100 h of
initial attachment and unchallenged growth, 50 h of antimicrobial treatment, and
150 h of recovery.

RESULTS AND DISCUSSION

The computer model used in this investigation simulated
biofilm development over 300 h, along with the response to a
50-h continuous antimicrobial treatment for both unprotected
and protected biofilms. Because there are stochastic compo-
nents of the model, the simulation results varied slightly from
run to run even when the same parameter settings and initial
conditions were used. We therefore ran each simulation case
six times.

We selected a value for the antimicrobial killing rate that
corresponded to a 6-log reduction in the number of viable cells
after 12 h of exposure of planktonic cells to the antimicrobial
agent in the absence of cell growth. Even with the inclusion of
biofilm growth during an antimicrobial treatment, we antici-
pated that each of the unprotected biofilms would be eradi-

cated by a 50-h treatment. In all cases, this was indeed the
result. All of the unprotected biofilms were killed completely
by hour 15 of the antimicrobial treatment.

For the protected biofilms, Table 3 summarizes the log re-
ductions produced by the 50-h antimicrobial treatment.

Slow penetration. The killing curve for the slow penetration
investigations and the corresponding base case simulations are
shown in Fig. 3. The survival curve is highly nonlinear. Re-
tarded antimicrobial penetration provided good protection to
the biofilm up until around 15 h after the onset of treatment.
If the treatment had been a 12-h treatment, the biofilm would
have easily survived due to the protection of slow penetration.
After this time, however, viability decreased sharply as the
diffusion of the antimicrobial outpaced the neutralization by
the bacteria. This imbalance led to complete disinfection of
the biofilm colony 15 to 20 h before the end of the 50-h
treatment.

When the slow penetration mechanism is active, both live
and dead biofilm cells consume the antimicrobial. The effects
of this consumption are evident in the profile of the antimi-
crobial concentration in the biofilm 10 h after the treatment

FIG. 3. Log reduction in biofilm live cells during a 50-h antimicro-
bial treatment for unprotected biofilms and biofilms protected by the
slow penetration mechanism. The biofilms without protection are com-
pletely eradicated after 13 h, while the protected biofilms are able to
withstand the antimicrobial for 30 to 35 h.

TABLE 2. BacLAB parameters for use in antimicrobial
diffusion and consumption

Parameter Symbol Value Units

Maximum specific reaction rate
of antimicrobial

kA,max 2.5 gA gS
�1 h�1

Bulk antimicrobial concn CA,bulk 10.0 g m�3

Diffusivity of the antimicrobial
in the aqueous phase
(including the liquid,
channels, and voids)

DA,aq 1.44 � 10�6 m2 h�1

Relative effective diffusivity of
the antimicrobial in biofilm

DA,e/DA,aq 0.25

Antibiotic Monod half-saturation
coefficient

KA 1.0 g m�3

TABLE 3. Log reductions for live cells for each protective
mechanism after a 50-h antimicrobial treatment

Simulation Slow
penetrationa Adaptation Substrate

limitation Persisters

1 �5.93 1.59 0.59 5.93
2 �5.91 1.56 0.68 5.92
3 �5.89 1.50 0.57 5.90
4 �5.93 1.41 0.75 5.86
5 �5.93 1.54 0.51 5.30
6 �5.93 1.57 0.54 5.92

Avg �5.92 1.53 0.61 5.80
SD 0.06 0.09 0.25

a No live cells remained at the end of the antimicrobial treatment in each of
the slow penetration simulations.

2008 CHAMBLESS ET AL. APPL. ENVIRON. MICROBIOL.



began, as shown in Fig. 4. The concentration of antimicrobial
agent is reduced in and around the biofilm clusters, even in the
fluid, where there is no consumption of the antimicrobial. This
is because the stagnant fluid outside the biofilm provides re-
sistance to diffusive mass transfer. There are bands of live cells
at the bottoms of the larger biofilm clusters, where the anti-
microbial concentration is less than 10% of the bulk concen-
tration. The separation between live and dead cells is distinct as
there are few live cells at concentrations above 1.0 g m�3 and
almost no dead cells at concentrations below this concentration.

The results of these simulations are most likely highly depen-
dent on the choice of parameter values (Table 2). If the antibiotic
consumption rate were increased, the biofilm would stand a
greater chance of surviving the treatment. There seems to be a
critical consumption rate that, once passed, allows the biofilm to
consume the antimicrobial quickly enough that no investigation
would reveal eradication of the biofilm. This assumption was not
tested in this study. This concept has been discussed in previous
studies of beta-lactam penetration (14, 27).

It is interesting to consider the fate of a biofilm that is
disaggregated and then exposed to an antimicrobial agent. In
the case of the slow penetration mechanism, the inherent sus-
ceptibility of all the cells in a biofilm is identical to that of their
planktonic counterparts. The only difference is that the anti-
microbial concentrations experienced by the biofilm popula-
tion are heterogeneous and lower than those experienced by a
planktonic population. If slow penetration is the sole basis for
biofilm tolerance, we would anticipate that dispersal of a bio-
film would immediately and completely restore its full plank-
tonic susceptibility. This behavior has been reported in some
studies (2, 16, 42, 45).

Stress response. When slow penetration is combined with an
adaptive stress response, greater protection is predicted by the
model (compare Fig. 5 to Fig. 3). In this case, the antimicrobial

fails to eradicate the biofilm. This is due to the transformation
of live cells into adapted cells, which are immune to the anti-
microbial agent. The adapted cells continue to grow and out-
compete other cell types in the antimicrobial-treated biofilm
community. By the end of the simulation, there are no non-
adapted live cells remaining.

It is evident from the representative antimicrobial concen-
tration profile shown in Fig. 6 that incomplete penetration of
the antimicrobial limits killing to the uppermost layers of the
biofilm. There is a sharp delineation between live and dead

FIG. 4. Concentration profile for the antimicrobial in a slow pen-
etration simulation after hour 110, 10 h after introduction of the
antimicrobial. The image is a two-dimensional cross section of the
biofilm with the substratum at the bottom and the bulk fluid at the top.
The isoline indicates antimicrobial concentrations (in g m�3). The
figure shows that there is a clear separation of live (green) and dead
(red) cells at an antimicrobial concentration of 1.0 g m�3. The anti-
microbial concentration used was 10 g m�3; this concentration occurs
above the domain plotted.

FIG. 5. Log reduction in biofilm live cells during a 50-h antimicro-
bial treatment for unprotected biofilms and biofilms protected by the
stress response and slow penetration mechanisms. The biofilms with-
out protection are completely eradicated after 15 h, while the pro-
tected biofilms are able to withstand the antimicrobial throughout the
treatment time with an average log reduction of 1.53 � 0.06.

FIG. 6. Concentration profile for the antimicrobial in a stress re-
sponse simulation after hour 110, 10 h after introduction of the anti-
microbial. The image is a two-dimensional cross section of the biofilm
with the substratum at the bottom and the bulk fluid at the top. The
isoline indicates antimicrobial concentrations (in g m�3). The antimi-
crobial concentration used was 10 g m�3; this concentration occurs
above the domain plotted. A small band containing only live cells is
also evident near the bottom of the biofilm. In this area the antimi-
crobial concentration is less than 0.1 g m�3. Above this band, adaptive
cells (yellow) are formed.
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cells corresponding to the isoline of antimicrobial concentra-
tion equal to 1.0 g m�3. The antimicrobial concentration gradi-
ent allows cells in the lower regions of the biofilm to adapt and
convert from the live cell state to the adapted cell state (Fig. 6).
This transformation occurs with a fixed probability wherever the
antimicrobial concentration is greater than 0.1 g m�3.

The outcome simulated here is dependent on the choice of
parameter values (Table 2). The threshold concentration for
implementation of the stress response (0.1 g m�3 in this study)
is critical. When this value is less than the concentration re-
quired for killing, then there is a window of antimicrobial
concentrations (0.1 to 1.0 g m�3 in this study) at which adap-
tation is relatively favorable. Note that adaptation can still
occur at concentrations above the killing threshold concentra-
tion, but in this situation there is a race between the transfor-
mation of live cells to dead cells (killing) and the transforma-
tion of live cells to adapted cells (adaptation). The essential
property of the adapted cell state is its invulnerability to killing,
which allows such cells, even if only small numbers are gener-
ated, to eventually dominate the biofilm population.

One of the predictions implicit in the simulation of the stress
response mechanism is that the adapted cells in an antimicro-
bial-treated biofilm should retain their antimicrobial tolerance
for some time even if they are dispersed from the biofilm.
Adapted cells may revert to the unadapted state if they are
grown in the absence of the antimicrobial agent, but this pro-
cess presumably requires some time. A biofilm population that
is disaggregated and immediately challenged with an antimi-
crobial agent would be expected to contain some adapted cells
and therefore exhibit susceptibility intermediate between that
of a normal (unadapted) planktonic population and that of an
intact biofilm. This has been observed in some experimental
studies (3, 19, 20, 31). While in this investigation we did not
incorporate the process of adapted cells returning to an un-
adapted state, this would be a straightforward modification.

Substrate limitation. When substrate-limited killing is sim-
ulated, the biofilm is well protected (Fig. 7). Since cells in the

outer layers of the biofilm are killed (Fig. 8) and these dead
cells no longer consume substrate, substrate should permeate
into the biofilm, feeding the inner layers and making them
vulnerable to the action of the antimicrobial. This process is
not particularly rapid, as Fig. 7 shows. This result of prolonged
tolerance afforded by the substrate limitation mechanism is in
agreement with the predictions of a previous study conducted
with a one-dimensional biofilm model (32). Note that the sim-
ulations and results described here and below do not incorpo-
rate the slow penetration protection discussed above.

According to the substrate limitation mechanism, cells in
substrate-rich regions of the biofilm have the greatest antimi-
crobial susceptibility, whereas cells in substrate-depleted re-
gions are expected to be relatively tolerant to antimicrobial
killing. This behavior is evident in the substrate concentration
profile shown in Fig. 8, which shows the domination of live cells
in the innermost, and nutrient-limited, layers of the biofilm.
Dead cells are localized preferentially in the surface layers of
the biofilm, where substrate concentrations are highest. The
stratification of live and dead cells is not as sharp as that
predicted by the slow penetration and stress response mecha-
nisms. Surviving cells can be found at the outermost reaches of
the biofilm, and dead cells can be found deep in the biofilm
interior.

If cells were dispersed from a biofilm protected by substrate
limitation, how susceptible would they be to antimicrobial chal-
lenge? If the biofilm were dispersed in a substrate-replete
medium, the susceptibility should approach that of the typical
planktonic state. Awakening from a nongrowing, starved state
to a state of rapid growth may require some time, so suscep-
tibility may not be restored instantly. This could explain the
occasional observation of intermediate susceptibility of dis-
persed biofilm cells (3, 19, 20, 31). An interesting experiment

FIG. 7. Log reduction in biofilm live cells during a 50-h antimicro-
bial treatment for unprotected biofilms and biofilms protected by the
substrate limitation mechanism. The biofilms without protection are
completely eradicated after 15 h, while the protected biofilms are able
to withstand the antimicrobial throughout the treatment time with an
average log reduction of 0.61 � 0.09.

FIG. 8. Concentration profile for the substrate in a substrate limi-
tation simulation after hour 110, 10 h after introduction of the anti-
microbial. The image is a two-dimensional cross section of the biofilm
with the substratum at the bottom and the bulk fluid at the top. The
isoline indicates substrate concentrations (in g m�3). The majority of
dead cells (red) are concentrated at the top of the biofilm, where the
local maximum substrate concentration occurs. Few dead cells are
found deep within the biofilm, where the local substrate concentration
can fall below 0.1 g m�3. The substrate concentration used was 10 g
m�3; this concentration occurs above the domain plotted.

2010 CHAMBLESS ET AL. APPL. ENVIRON. MICROBIOL.



would be to disperse biofilm cells in a substrate-limited me-
dium (or medium lacking substrate altogether) and then apply
an antimicrobial challenge. If substrate limitation is the sole
protective mechanism, then these cells should retain the full
level of tolerance exhibited by the intact biofilm. There are
very few examples of this kind of experiment, and the data are
inconclusive.

Persisters. The time course of killing of cells in a biofilm
protected by persister formation is distinct from the patterns
exhibited by the other three protective mechanisms (Fig. 9).
Most of a biofilm consists of cells whose intrinsic susceptibility
is the same as that of a planktonic cell. Thus, the majority of
the biofilm population is rapidly killed. The persister subpopu-
lation, which constitutes approximately 1% of the biofilm ini-
tially, is very slowly killed. The rate of killing of the persister
cells is controlled by the slow, random reversion of these cells
to the live cell state. As persisters convert to live cells, they
become vulnerable to the antimicrobial. This mechanism leads
to a bilinear killing curve in which rapid killing of most of the
biofilm is followed by very slow killing of the remainder of the
population. The noise at the bottom of the curve comes from
the stochastic conversion and resuscitation of live and persister
cells, respectively.

FIG. 9. Log reduction in biofilm live cells during a 50-h antimicro-
bial treatment for unprotected biofilms and biofilms protected by the
persister mechanism. The biofilms without protection are completely
eradicated after 11 to 19 h, while the protected biofilms are able to
withstand the antimicrobial for 40 to 50 h with an average log reduc-
tion of 5.80 � 0.25.

FIG. 10. Cross section of a persister-protected biofilm. The same cross section is shown at 95, 145, 250, and 300 h. The results show that a single
persister cell (yellow circle at hour 145) can reseed the colony with new growth after an antimicrobial treatment has ended.
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The pattern of survival and regrowth inside a biofilm pro-
tected by persister formation is also distinct from the patterns
predicted for the other three protective mechanisms (Fig. 10).
Regrowth of the biofilm from isolated persister cells occurs in
randomly located clonal pockets. The lone persister in the
second panel of Fig. 10 resuscitated to the live cell state and
began to grow, effectively reseeding the biofilm. This spatial
pattern is qualitatively different from the stratified patterns of
killing observed with the other protective mechanisms. It is
worth reiterating that this result occurs in an environment free
of convective mixing of biomass.

Dispersing cells from a biofilm protected by persister forma-
tion should not change the overall susceptibility, unless, of
course, there is a period between the dispersal of the biofilm
and the application of the antimicrobial that is sufficient to
allow reversion of the persister cells to live cells. If the anti-
microbial challenge is applied quickly, however, the live cells
remain vulnerable and persister cells should remain mostly
invulnerable. Thus, the dispersed cells would be expected to
exhibit susceptibility similar to that of the intact biofilm. While
experimenters rarely analyze the susceptibility of dispersed
biofilm cells, when they do, they find that the dispersed cells
are usually more susceptible than the intact biofilm.

Conclusions. A three-dimensional computer model of bio-
film dynamics has been developed as a tool for investigating
mechanisms of protection from antimicrobial agents in bio-
films. All four of the hypothetical mechanisms explored in this
study provided protection according to model simulations. It is
not appropriate to compare the relative degrees of protection
afforded by these mechanisms because the results depend on
the choice of key parameters whose true values are unknown.
What can be compared are the qualitative features of the
behaviors predicted by the simulations since these features are
relatively insensitive to the choice of specific parameter values.
Features that were different in the four protective mechanisms
were the shape of the survival-versus-time curve and the spatial
patterns of survival and cell type distribution (Table 4).

These results may be helpful in designing laboratory exper-
iments to elucidate protective mechanisms in biofilms. We
suggest that the most powerful approach to this problem would
be to measure, in the same experimental system, all three of
the aspects described in Table 4 (i.e., the shape of killing
curves, the spatial pattern of antimicrobial action within the
biofilm, and the relative susceptibility of resuspended biofilm
cells). Although there are methods for measuring each of these

features, we are aware of no single study in which all three have
been measured concurrently.

One of the ways in which the work described in this paper
differs from previous modeling studies of antimicrobial action
against biofilms is in the incorporation of stochastic elements
in the model. Processes that have been simulated with random
or probabilistic components in the current study include the
initial seeding of the substratum, the direction in which bio-
mass is displaced when growth occurs, and the transformation
of live cells to dead cells in the presence of an antimicrobial.
The result is that no two simulations produce exactly the same
quantitative result. The variability between simulations with
identical input parameter values captures some of the variation
that is measured by experimenters working with real biofilms.
The stochastic elements of the model provide the ability to
repeat experiments and statistically analyze the results just as
an experimenter would in a real-world lab investigation.
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