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This chapter describes the phenomenon of
biofilm-reduced susceptibility to antimicrobial
agents, discusses factors that influence biofilm
tolerance, and outlines possible protective .

mechanisins.

REDUCED ANTIMICROBIAL
SUSCEPTIBILITY 1IN BIOFILMS

Microorganisis that band together in biofilms
are protected from killing by biocides, disin-
fectants, and antibiotics. Recognition of this
phenomenon can be dated back to at least
1684, when Antonte van Ieeuwenhoek re-
corded his observations of the microbial flora
in dental plague. van { cenwenhoek noted that
MICTOOTZARSINS dispersed from plague into an
antimicrobial solution, such as vinegar, lost all
mottlity, When he vinsed his mouth with
vinegar, thereby exposing the intact biofilm,
he found that the treated plaque continued to
seethe and teem with fife. The industrial and
medical communities brim with anecdotes
that evoke van { cewwenhoek’s simple obser-
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be congquered, even with withering antimicro-

_ even when laboratory (ests indicated these

vation. Industrial microbiotogists tell stories

about contantination and slime that could not

bial treatments. Likewise, infectious disease
specialists have tates of persistent infections
¢hat could not be resolved with antibiotics,

agents should have been effective.

The phenomenoil of biofilm resistance ©
drugs and antimicrabials is easily reproduced
in the laboratory. A few example data st
comparing the time coune of killing of free-
floating and biofitm cells are graphed in Fig. L
These data illustrate, in numerical terms, that
killing of microorganisms in a biofilm can pro-
ceed many times more slowly than killng of
the same strain b1 a planktonic culture.

Hundreds of papers have been publishcd
describing comparisons of planktonic and bio-
film susceptibility. Some of the microopgisi®
and antimicrobial agents that have been studie
in this way are listed in Tables 1 and 2, respet
tively. The point of these listings, swhich are “‘_"
comprehensive, 15 1O jHustrate that resistance i
the biofiln state is observed for diverst e
bial species and for all sorts of antimicrolt
agents. The antimicrobial agents range o
brute-force oxidants, such a8 chiorine: ©
antibiotics with exquisitely specific celluler 87
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ITS:JRL L Compatison of biofikn (@) and plank-
il {0) killing b)‘r antimicrobial agents. (A) S, epider-

N Che‘ﬁe“g’fd with 0.1 pg of rifampin per md (from
vq';m§ [;md Stewart, 2002). (B) P, aerginosa challenged
o g ofghltarald-ehycie per liter {reprinted from
Vfrlag)etél" 2002, with permission from Springer
lﬁ‘bmu.’(’ 3P, aeruginesa chaltenged with 10 pg of

Yem per ml {from Walters et al., 2003).
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TABLE 1 Microorganisms shown to exhibic
recuced antinicrobial susceptibility in biofilins

Adinobacifhus
Baeillus
Campylobacter
Candida
Citrobacter
Cerpnebacterinm
Desulfovibirio
Enitershacter
Enterocogetis
Escherichia
Gardnerella
Lacfobacilhus
Legionells
Listeria
Mycobacterivne
Porphyramonas
Proteus
Pseudomonas
Sabmonella
Staphylococens
Streptococcus
Vibrio

gets. The microorganisms range from bacteria
to yeast and from obligate acrobes to sulfate-
reducing bacteria and other finicky anaerobes.
[ other words, biofihn-reduced susceptibility is
a robust phenomenon that is widely observed.

Oune can propose various numerical factors
to quantify the degree of protection afforded by
biofiln fonmation. One option is to form the
ratio of the concentration of antimicrobiat agent
required to achieve a certain level of killing in a
biofiltu with the concentration of agent needed
to kill floating cells to the same extent. The
treatment duration should be fixed in this com-
patison. Another option is to compare the
killing rate, in response to the same antimicro—
bial dose, in the planktonic and biofitm states.
This can be understood in graphical terms as the
ratio of the slopes on plots like those in Fig. 1.
For example, the resistance factors calculated in
this way for the glutaraldehyde, rifampin, and
tobramycin data sets shown in Fig. 1 are 47, 98,
and 270, respectively.

When such resistance factors are calculated
from literature data and studied, it is difficult to

i
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TABLE 2 Antimicrobial agents shown to exhibit reduced efficacy against

microorgatiisns in biofilims

Biecide

Antibiotic

Amphoteric surfzciants
2,2-Dibromo-3-nitrilopropionamide
2-Bromo-2-aitro-1,3-propanediol
Benzalkonium chloride
Cetylpyridinium chloride
Chlorhexidine

Chlorine

Chlorine dioxide
Chlorosulfamate
Founaldehyde
Glutaraldehyde

Hydrogen peroxide

lodine

[sothiazolone
Monochloramine

Ozone

Peracetic acid
Polyhexamethylene biguanide
Potassium monopersulface
Povidone iodine

Triclosan

Amikacin
Amphotericin B
Ampicillin
Aztreonam
Cefazolin
Cettazidime
Cefuroxime
Ciprofloxacin
Clindamycin
Erythromycin
Fluconazole
Fosfomycin
Gentamicin
Metronidazole
Novebiocin
Ofloxacin
Piperaciliin
Rifampin
Tetracycline
Tobramycin
Trimethoprim-sulfamethoxazole
Vancomycin

discern any interesting patterns. This is proba-
bly because the susceptibility of microorgan-
isms, in both the biofilm and planktonic states,
depends on the specific culture conditions.
Resistance factors calculated in one system
should not be extrapolated to a different sys-
tem, One thing that is apparent from this liter-
ature is that there are numerous examples of
biofilmis that are not much difterent in suscep-
tibility from a phnktonic culture. This shows
that not all biofilms are protected from every
antimicrobial agent. It could also be that re-
duced susceptibility develops only at a certain
stage of biofiin maturation and that younger
biofilms are not protected.

When microorganisims are dispersed from
a biofilm, their antimicrobial susceptibility is
usually rapidly restored. This is exactly the
observation that van Leeuwenhoek made,
Somerimes the resuspended microbes will
exhibit intermediate susceptibility. Dut if the
microorgaitisis are subcultured, they gener-
ally return to a susceptible phenotype. This tells

us that the protection afforded in the biofilm
mode of growth is probably not the result
of mutations or the acquisition of resistance
genes.

Several gencral statements can be made
regarding the protection of microorganisms in
biofilmis from killing by antimicrobial agents.
The capacity to form protective biofilms is
widely distributed in the microbial world. The
resistance mechanisms that are deployed in
biofilms constitute a broad-spectrum defense
that is effective against many types of anti-
microbials. Biofilin resistance can be measured
in the laboratory in vitro in a wide vanety of
reactors and media, This indicates that biofilm
protection does not depend on special envi-
ronmental or host factors. That is, resistance 10
antimicrobials is not only observed in vive of
in real world settings; it is manifesced i €Vel
very simple laboratory models. Finally, the _ﬁlt‘f
that dispersed biofilin cells become susceptible
again shows that biofilm resistance reflects 3
reversible physical or phenotypic state.

ANTIF
OF FU.
Fungal |
cases of
as well
seonlatit
in vitio
discs of
determis
tericin 1
zole, an.
determi
and (i1}
zol-2-yl
reduction
Dase-ret
were use
that cau
INCOpPOT:
formazan
agents she
biofilms ¢
L, and
eight tim
cells, and
evant M
These stu
grown as
resistance
their plan
A conm
denture t
patients v
multiple
developm
plaques ar
studies res
plex biofil
desquama
1987, Rad
developed
ams denty
the antifu
plankionic;
20a, 20t
model see
of commo
Planktonic




hiofilm
e result
*ISEHICE

¢ made
qisiis i
} agents:
Sfilms ¥
weld. The
i 0},6(1 in
) dgféllse

of anti-

neasﬂffd

rariety O
i€ b‘oﬁlm

23

ANTIFUNGAL SUSCEPTIBILITIES

OF FUNGAL BIOFILMS

Fungal biofilms are commonly encountered in
cases of invasive catheter-related infections
as well as superficial infections like denture
stomatitis. Hawser and Douglas (1995) used an
in vitro model of Candide biofilins formed on
discs of polyvinyl chloride (PVC) catheter to
determine their susceptibilities against ampho-
ericin B, flucytosine, fluconazole, itracona-
zole, and ketocomazole. Susceptibilities were
determined by {i) [*H]leucine incorporation
and (i1} tetrazolium salt (3-[4,5-dimethylthia-
zol-2-y1]-2,5-diphenyltetrazolium bromide)
reduction assays {(Hawser and Douglas, 1995).
Dose-response curve analyses of these data
were used to calculate the drug concentration
that caused 50% inhibition of [PHjleucine
incorporation {iLsp) or 50% inhibition of MTT-
formazan formation (IF5,). All the antifungal
agents showed muich less activity against mature
biofilms than against the planktonic cells, with
IL;; and IF;;, values for biofilms being five to
eight times higher than those for planktonic
cells, and 30 to 2,000 time higher than the rel-
evant MICs (Hawser and Douglas, 1995).
These studies clearly showed that Candida cells
grown as biofilms have dramatically enhanced
resistance to antifungal agents compared with
their planktonic forms.

A common reservoir of oral microbes is
denture biofilms present in oral plaques of
ftients with denture stomatitis. Among the
maltiple factors likely to contribute to the
dcvelopment of denture scomatitis, denture
Phques are the most common. Ulerastructural
tudies revealed that denture plaques are com-
plex biofitins composed of bacteria, yeasts, and
desquamated epithelial cells (Catalan et al.,
1987; Radford and Radford, 1993). A recently
de""Clﬂped teproducible model of Candida albi-
;‘"'5 dtl_lture biofilms was used to determine

¢ antifungal susceptibility of biofilm- and
ﬁ};}"i‘:ozigaﬂy grown C. (_rlbimus (Chandra_ct al.,

"1Odefse O;b) (for éeta{ls of denture biofilm
. COmne € Elaptcr 3 in this vo?ume): The MIC
N flkton;on y llS_ed drugs against biofilms and

< C. albicans was assayed by the M-27A
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method {MNational Committee for Clinical
Laboratory Standards, 1997) and by determin-
ing the 50% reduction in metabolic activity
(RMA;.) (Chandra et al., 2001b). Asshown in
Table 3, C. albicans biofilms were resistant to
these drugs, while the planktonic cells were
highly susceptible. IFurther investigations of
the effect of difterent drug concentrations
showed that metabolic activity of fungal
biofilms increases with time, suggesting that
the resistance observed in these biofilms is not
due to the presence of dormant or dead cells
(Fig. 2). These studies demonstrated that C.
albicaus biofilms are significanely more resistant
to commonly used antifungals than candidal
cells grown in planktonic forn

Silicone elastomer discs are conunon sub-
strates for in viero biofilm formation. This
material is relevant in invasive biofilm-related
infections and is commonly used to make
catheters (for details of catheter biofilm model
see chapter 3 in this volume). Susceptibility
assays performed by Kuhn et al. {2002) re-
vealed that biofilins formed by two C. albicans
and two Candida parapsilosis isolates were resis-
tant against luconazole (FLC), amphotericin B
{AMB}, nystatin (NYT), chlorhexidine (CHX),
and terbinafine (FERB), compared with plank-
tonic forms (Table 3). Moreover, the two new
triazoles, voriconazole (VORI and ravuco-
nazole (RAVU), also did not inhibit biofilms
formed by these strains. In contrast, both lipo-
somal AMB and abelcet (ABLC) exhibited -
inhibitory activities against C. albicans biofilms,
with MICs similar to those seen for planktonic
cells. C. parapsilosis serain P/A71 biofitms were
susceptible to ABLC but had a slightly higher
MICs, for liposomal AMB. Although lipid
complex-NYT showed potent activity against
planktonically grown Candida, this antifungal
failed to inhibit biofitns (Table 3). Inhibition
studies of biofilm-grown C. afbicans (strain
MO1) in the presence of different concentra-
tions of FLC, AMB, caspofungin, and ABLC
revealed a dramatic difference in the suscepti-
bility plots betsveen conventional agents (FLC
and AMB) and the novel drugs (caspofungin
and ABLC). Micafungin and liposomal AMB
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FIGURE 2 Correlation of biofilm devetopment and metabolic activity with antifungal resistance Antifungnl
susceptibility of C. albians at different stages of biofilm development against FLU (A), AMB (B), NYT {C), CHX
(D), respectively, are represented as histograms. The line curves show percent metabolic activity of growing
C. albicans biofitins exposed to FLU (64 pg/ml), AMB (4 pa/mb), NYT (8 pg/ml) or CHX (64 pg/mlh
Metabolic activity was normalized to the control without drugs, which was taken as 100%. Redrawn with per-

mission from jorrnal of Bucteriology (Chandra et al., 2001a}.

produced curves similar to the latter agents,
while the effects were similar for agents eftec-
tive with strains GDH, P/A71, and P92 {Kuhn
et al., 2002).

FACTORS INFLUENCING
BIOFILM SUSCEPTIBILITY

This section reviews the physical and biologi-
cal factors that govern the degree of resistance
mounted in a biofilm. These factors are numer-
ous, and their plentitade is surely one of the
reasons that there is so much variability in lit-
erature data in this field. Biofilm susceptibility
is influenced significantly by such factors as
biofilm thickness, biofilm age, biofilm areal

~ cell density, antimicrobial dose concentration,

biofilm species composition, and genotype.

Thicker, older, or denser biofilms are gei-
erally less susceptible than thin, young, ot Spatie
biofilms. For example, Anwar et al. (1989)
geported that 10 pg of tobramycin pev ml
reduced viable numbers of Pseudonionas aergi-
nosa in 2-day old biofilms (initial ceH_dcnsit)’.
2 % 107 CFU/cm?) by a factor of 107 within
4 . The same treacment had no effect what_ﬁO'
ever on 7-day-old biofilms (initial cell denstty:
2 % 0% CFU/cn?). Leriche and Carpentl.t‘F
(1995) found that 4-clay-old Salpronefla enferd
serovar Typhimurium biofthms wete at feast
three times more resistant to _disinﬁ:ctioﬁ 1’5:
hypochlorite than biofilms that were oM
{ day old, even though there was little dlﬂt"f‘
ence in initial cell density between the 9

biofilms.
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TABLE 3 MICs
Candida albicans

Antifingal agene®

f4,

{(pg/mi) of antifungal agents against biofilms formed by

MIC (pg/mi)

Reference

—_—— e
Planktonic Biofilm
AMB 0.25 8

Fluconazole 0.25--1.0
NYT 1
Chlorhexidipe 8
Terhinafine 32
Voriconazole 0.5
Ravuconazole 0.1
Liposomal AMB 0.5
Liposomal NYT 0.5
Abeleet 0.25
Caspolungin 0.125

Chandra et al., 20014

=236 Chandra er al,, 20014
Kuhn et a1, 2002

t6 Chandra et al., 2001b

32-128 Chandra et al., 2001b
Kuhu et al, 2002
128 Kuhn et al., 2002
>256 Kubn er al., 2002
128 Kuhn et al., 2002
0.25 Kubn et al., 2002
8 Kuhn et al., 2002
.25 Kuhn er al., 2002

0.25 Kuhun er al., 2002

Micafungin 0.001 0.25 Kuha et ak, 2002
‘AMB, amphotericin B; NYT, nystacin,

A simple inverse telationship between accu-
nulation of biomass in the biofilm and suscep-
tibility is not universally true, however. Daga
collected by Srinivasan er al. (1995) show that
bacteria in a mixed-species biofilm were more
stsceptible to disinfection by monochloramine

2 middle value of areaf cell density than

when the biofilmn was very sparse or especially
thick. One exphnation for this behavior is that
there are rwo distinet protective mechanisims,
e that is effective for newly attached cells
md another that operates in thick biofilms,
Although there are few experimental data, it
slikely that the presence of abiotic particles in
*O0filny increases resistance to antimicrobial
8ents (Srinivasan et al., 1995}, Most researchers
"0 00t encumber their studies with the addi-
fional fomplexity that comes with incorporac-
g abiotic Materials. But abiotic particles, such
% corrosion products, precipitates, silt, fibers,
nd dead cells from an animal host, are com-

“f‘"} COnstituents of environmental and medical

A icles can be expected to

mﬂf::; I.Jrotect-ion by re'ducing d-ifﬁisive trans-
NG Increasing SOIptive capacity.

ol antimicrobial efficacy on

tion of the antimicrobial agent is

ne of the longstanding concepts

Slofilyg, These part
I3}

4 € dependence
¢ COncenyy,

”'"Plex. s}

used in the application of antimicrobial agents
is the concentration-tinge or CT rule. This

rule posits that the efficacy of an antimicrobial

treatment will be proportional to the dose
concentration and also to the dose dwation,
For example, the CT rule would predict that a
2 h dose at 50 mg/liter would have the same
effectasa 10 h dose of [0 mg/liter. While sim-
ple and intuitive, the CT rule may mislead,
especially when biofilms are involved, Not
only is the concentration dependence of killing
rarely linear, but the concentration depen-
dence of killing differs beeween biofilins and
planktonic cells. Ap important insight is that
biofilm susceptibility is more strongly depen-
dent on the antimicrobial concentration than
is planktonic killing (Gilbert et al,, 2001; Grobe
etal., 2002). Bosing protocols developed using
plankeonic tests cannot be expected to yield
optimal dosing strategies when targeting a bio-
film. For example, Grobe ot al. (2002) found
that a dose of 200 mg of glutaraldehyde per
liter for 34 min was as effective as a 50 mg/liter
dose delivered for 650 min in controlling a
P. acruginosa biofilm. The dose that was four
times more concentrated was able to achieve
the same effect as the low-concentration dose
in about one-twentieth the titme. These results
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suggest that biofilms are best controlled by
using brief but relatively high concentrations of
antimicrobial agents rather than prolonged
doses of lower concentrattons.

Several studies reveal that the susceptibility
of a biofilm is influenced by its species compo-
sition {Srinivasan et al., 1995; Budhani and
Srruthers, 1998; Whiteley et al., 2001b; Adam
et al., 2002; Elvers et al., 2002; Lindsay et al.,
2002). These studies suggest that coculture can
enhance the survival of selected species. For
example, the presence of Vagesella indigofera pro-
teces Pseudononas putida from betadine when
these two organisms are grown in a binary-
population biofilm {Whiteley et al., 2001b). A
p-lactamase-positive Moraxella catarrhalis en-
hanced the resistanice of Sheptocorcus pretmoniae
to B-lactam antibiotics when the two bacteria
were grown in mixed biofilms (Budhani and
Struthers, 1998). Interactions like these have
also been reported for bacteria and fungi grow-
ing together in biofilms (Adam et al., 2002).
[n general, it can be concluded that mixed-
species biofilms are more protected than are
single-species biofihns.

Adam et al. (2002) studied the susceptibility
of mixed-species biofilms of C. afbicans and
Staphylococcus epidermidis, two organisms com-
monly found in catheter-associated infections.
These studies indicated that the extracellular
polymer produced by 5. epidennidis RP62A
could protect C. albicans cells agamst azoles by
inhibiting their penetration in mixed fungal-
bacterial biofilms. Conversely, the C. albicans
cells in the mixed biofilm appeared to protect
the slime-negative staphylococcus against van-
comycin, suggesting that fungal cells can mod-
ulate the action of antibiotics and that bacteria
can affect antifungal activity in mixed fungal-
bacterial biofilms (Adam et al., 2002).

Motecular techniques are just beginning to be
applied to clucidate the genetic basis of biofilm
protection from antimicrobial agents. One type
of experiment involves comparing the antimi-
crobial susceptibility of a wild-type biofilm with
a biofilm formed from a defined mutant strain.
An interesting phenotype that can be envisioned
is a mutant chac forms a structorally normal

biofilm but fils to mount the usual degree of
antimicrobial resistance. There are only a few
studies that fit this description cleanly. These
involve mutants that are unable to deactivace
the antimicrobial agent, namely a 3-lactamase-
deficient strain challenged with ampicillin
(Anderl et al.,, 2000) and a catalase-deficient
strain challenged with hydrogen peroxide
(Bikins et al., 1999). In both cases, the mutant
biofilm is predictably more sensitive to the
antimicrobial agent. Experiments further show
that the antimicrobial agent penctrates into the
mutant biofilm but not into the wild type.
One can also imagine mutants that alter
biofilm susceptibility by causing the biofilm to
grow thicker or thinner. Many of the muta-
tions that have been studied for their effect on
biofilm resistance fall into this category. For
example, Shih and Huang (2002) report that
QUOTIIN-SeNSing, 1Mutatts of P. aeruginesa are
inore susceptible to kanamycin than the parenr
strain. But they also found that these mutanis
formed much thinner biofilms than the wild
type. Other studies of quorum-sensing muting
of P. aeruginesa also found greater susceptibility
to the agents hydrogen peroxide (Hassete et al,
1999) and sodium dodecyl sulfate {Davies
et al., 1998), but reported concomitant defecs
in biofilm architecture and accumulation.
Mutants that overproduce the extracellulir
polysaccharide alginate form biofilms that art
less susceptible to the antibiotic tobramycit
(Hentzer et al., 2001). This mutation e
causes a thicker and rougher biofilin to fom.
P. aerginosa biofilms formed’by an alg’T" mutant
which is incapable of making much alginaté
were not much affected in their susceptibi}i‘)'
to hydrogen peroxide and monochlorami
{Cochran et al,, 2000). The sigma factor P
has been hypothesized to be important 1f
biofilm protection because of its activity ¥
ing stationary phase, but P. acruginosd 1 -
mutants, when grown in biofilms, are k0 11047' .
much affected in their susceptibility © fiydre
gen peroxide and monochloramine (Coch#

et al., 2000). Other studies of P. acr.h!gff“‘-‘“’Pc
mutants have shown that this s
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{Heydorn et al., 2000) and also less susceptible
to tobramycin (Whiteley et al,, 2001a). A
P. aeruginosa gacA mutane was slightly more
susceptible to antibiotics, but this mutant did
aot form mattive, wild-type biofilm structures
(Parkins et al., 2001). When a mutation affects
biofilm structure and thickness it is difficult to
determine whether an observed change in sus-
ceptibility is a result of the change in architec-
ture or if it is due to a more specific gene
function.

Another intriguing class of mutants is those
affected in drug efflux pump activity. Efffux
pumps are behind much of the antibiotic resis-
tance that has been described in planktonic
microorganisms. t is natural to wonder whether
pumps contribute to biofilm protection. Esche-
richia celi mutants in the maer operon form
biofilms that have a similar resistance to cipro-
floxacin relative to the wild type (Maira-Litran
etal., 2000b). P. aesuginosa growing in biofilms
also remained resistant to antibiotics even
when missing the MexAB-OprM, MexCD-
Oprf, MexEF-OprN, and MexXY multidrug
resistance pumps (De Kievit et al,, 2001).
Brooun et al. (2000) found that P. aeruginosa
biofilin resistance to ciprofloxacin did not
depend on the MexAB-OprM pump. These
results do not support a role of existing drug
efllux pumps in the biofilm defense, but they
tlso do not exclude the possibility that as-yet-
uncharacterized eflux pumps might contribute
to biofilm resistance.

Another approach to study genetic determi-
tants of biofilm antimicrobial resistance is to-
wentify genes or proteins that are expressed in
the biofilm state, cither before or after antimicro-
bial exposure. For example, Elkins et al. {1999)
‘1‘0\\:66 the katB, encoding an inducible cata-
hi_c, B expressed in P. aeruginosa biofilms treated
With high concentrations of hydrogen perox-
de. There was no expression from the same
'_cl’ﬂrtcr in a planktonic culture, probably be-
:&:S:IIifCCTHGat‘islg C(flls were overwhelimed by
nide l‘;:;c%obm[ effects of_thc hydrogen per-
ited, Mq.O_leL_genc expression could be flctlﬂ
wtal (2(;(1)11&‘ teran et al, {2000a) and De Kievet

) used reporter gene constructs to

show that drug efflux pumps are not up-
expressed in E. coli and P. aeruginosa biofilms,
respectively, Whiteley et al. (2001a) used a
DNA microarray to identify a putative efflux
pump that is expressed in P. aeruginosa biofihn
in response to treatment with tobramycin.

What these studies reveal is that the genetic
basis of biofilm protection from antimicrobial
agents remains obscure. This is clearly an area
of opportunity for researchers.

FACTORS CONTRIBUTING TO
RESISTANCE IN FUNGAL BIOFILMS

The mechanisim(s) contributing to increased
antifungal resistance of biofilm-grown C. albi-
cans has not been defined, although several
coneributing factors have been suggested
{Douglas, 2003). These include the role of
extracellular matrix, physiological state of fun-
gal cells, presence of diug cfffux pumps, and
developmental phases of biofilm formation.

Role of Extracellular Matrix

Tn bacterial biofilms, it has been saggested that
the thick extracellular matrix (ECM) may con-
tribute to antimicrobial resistance by preventing
the diffusion of drugs o rarget cells. Such pre-
vention can be due either to physical obstruc-
tion in deug diffusion or to direct binding of the
drug by ECM. Since candidal biofiln forma-
tion is characterized by the presence of visible
ECM, this factor has been commonly suggested
as playing an important role in antifungal resis-
tance of biofilms (Baillie and Douglas, 2000).
Haxwser et at. (1998} correlated the growth of
C. albicans biofilms and production of ECM by
dry weight estimation, colorimetric and radio-
isotope assays, and scanning electron micros-
copy. These investigators showed that BCM
production was minimal in biofilms grown
under static incubation but increased dramati-
cally when developing biofilms were subjected
to a liquid flow {Hawser et al., 1998). The non-

static biofilms consisted of cells enveloped in

ECM, leading the investigators to suggest that

production of matrix material could contribute

to the resistance of biofilm cells to antifungal

agents (Hawser et al., 1998).
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To investigate whether ECM plays a role in
the resistance of biofilms 0 antifungal agents,
susceptibility profiles of biofilms grown stat-
cally (exhibiting minimal ECM) were com-
pared with those grown swith shaking (maximal
ECM synthesis). The metabolic activity of the
biofilms was determined from their PHileucine
uptake. Uptake of lencine by biofilms was not
affected by the presence of most drugs, even
at high concentrations {Fig. 3). However,
leucine uptake was inhibited by about 50% in
biofihns incubated with one time the MIC of
amphotericin B (Fig. 3). Biofilms grown with
or without shaking did not show significant
differences in susceptibility to any of the drugs.
Susceptibility to amphotericin B varied re-
markably between different catheter types.
Thus, biofilms formed on vena cava catheter
discs were more susceptible than those grown
on Faucher tubes although both types are
made of PVC supplied by different manufac-
wurers (Fig. 4). A recent study showed that the
resistance phenotype of C. albicans biofilms
was maintained by sessile cells when resus-
pended as free-floating cells, thus indicating
that biofilm integrity and the presence of
ECM are not the sole determinants of biofihn
cesistance (Ramage et al., 2002). In view of
the limited number of studies, the role of
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ECM in fungal biofilm resistance is yet to be
determined unequivocally.

Role of Drug Efflux Pumps

in Antifungal Resistance

of Caundida Biofilms

The field of fungal biofilm-associated drug
resistance is severely hampered by a very him-
ited number of papers. Unlike the bacterial
biofilm field where nUmMErous studies have
been performed on cesistance (including at the
molecular level), n fungal biofilms . the resis-
tance field is still in its infancy. One mechanism
that has recently been explored is the role of
drug efthux pumps {encoded by CDR and MDR
genes) it biofiliss and plankeonically grown
cells. So far only two studies have explored the
role of efflux pumps in antifungal resistance of
candidal biofilms. The first study (Ramage
et al., 2002) used C. albicans mutants deficient
for one or two efflux pumps and evatuated re-
sistance in biofilms formed by these mutants
intermediate and mature phases {24 and 48 h).
A more recent study included a C. albicans
strain lacking all three major efflux pumps.
which used antifungal susceptibility assay,
Northern blot analysis, and Western blot analy-
6is to evaluate their roles n biofilm-associated
resistance (Mukherjee et al., 2003).
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EIGURE 3 Effect of amphotericin B (a), flucytosine (b), and fluconazole () on C. albicans bioA®
grown staticaily (@) or with gentle shaking {0} PH]Lencine incorporation by biofi
mined as a percentage of that for control biofilms incubated in the absence of the an
Redrawn from Baillic and Douglas, 2000, by permission of Oxford University Press.
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FIGURE 4 Effect of amphotericin B on C. albicans biofilms grown statically (a) or
with shaking (b) on PVC discs cut from Faucher tubes (Vygon) (@} or vena cava
catheters (Jostra) (Q). ["H]Leucine incorporation by biofilms was determined as a
percentage of that for contol biofilms incubated in the abscnce of the antifungal
agent. Redrawn from Baillie and Douglas, 2000, by permission from Oxford

University Press.

Ramage et al. (2002} showed that expres-
sion of genes encoding efflux pumps was up-
regulated during the course of biofilm formation
wd development. Moreover, isogenic C. albi-
s mutants carrying single- and double-
deletion mutations (Acdrl, Aedr2, Amdr1, Aedrl/
Adr2, and Amdr1/Acdrl) were hypersuscepti-
ble to FLC when planktonic, but stifl retained
the resistant phenotype during biofilm growth
Ramage et al., 2002). Recent studies using
the double- and triple-deletion mutant (Acdr{/
M‘JrZIAmdr'I) strains of C. afbicans revealed that
the azole susceptibilities of biofilm formed by
these mutane strains varied with both the num-
"1 of pumps deleted and the developmental
thase of biofilms (Mukherjee et al., 2003).
These lagter studies revealed that mature-phase
'"Olﬁlms formed by the triple knockout mutane
:”(‘fl l:ad drastically reduced susceptibilities to
\ 'ﬂf;h:]m? planktomc'cells,' while earl;hpl.lase
"y e:e t()!nned by thls‘ strain were susceptible
e rags. Funcponai studies of efflux
cen; S;{)ﬂg Rhodamine123 §R11123, a fluo-
g, Ch:ti;l;te for these proFems) (Clark et al,,
el 1 dc“ rary and Roninson, 199.1} was

Monstrate that, compared with the

eatly-phase biofilm, the level of Rhi23 was
significantly reduced in intermediate and ma-
ture phases, while no significant differences in
Rh123 levels were found at 12 and 48 h
{Mukherjee et al.,, 2003). These studies sug-
gested that (i} efflux pumps are differentially
expressed during biofilm formation, and (i)
these pumps contribute to biofilm-associated
resistance at the early phase of development but
not during later stages.

Role of Sterol Composition

The cellular target of Auconazole in C. afbicans
is a cytochrome P-450 hemoprotein involved
in the ergosterol biosynthetic pathway (Ghan-
noum and Rice, 1999). Alterations in sterol
composition have previously been linked to
antifungal resistance in planktonic cells (Ghan-
noum et al,, 1992; Sanati et al., 1997; Hiich-
cock et al., 1987). To determine whether this
phenotype can be attributed to changes in
sterol composition, total membrane sterols
were isolated from biofilms and planktonic
cells and analyzed by gas-liquid chromatogra-
phy (Vandenheuvel and Court, 1968; Ibrahim
and Ghanmoum, 1996). The level of ergosterol
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FIGURE 5 Variations of sterol profile of C. albicans biofi

biofilms growi 0 early (A), interme

phy. (D) Percentage levels of sterols identified in €. albicans biofilms and plan
shown), determined fron the corresponding peak areas and retent

els A to C) represent sterols described in pane
{Mukherjee et at., 2003).

decreased by 41% and 50% at intermediate and
matute phases, respectively, compared with
early-phase biofithm (Fig. 5). These results
showed that the level of sterols is modulated
during C. albicans biofilin formation and sug-
gested that such modulation may contribute to
drug vesistance.

PROTECTIVE MECHANISMS

The protective mechanisms behind biofilm
aptimicrobial resistance are still mostly un-
kiown. In this section, five potential mecha-
nisms are presented. These five mechanisms
are (i) depletion of the antimicrobial agent in
the bulk fuid bathing the biofilm, (ii) slow
penetration of the antimicrobial agent into the
biofilm, (i) an aktered chemical microenvi-
conment within the biofitm lcading to zones of

i at different developmental phas

diate (B), or matuee (C) phases were determined by gas-liquid chromatogr-
ktonic cells {chromatograph nos

on times relative to ergosterol. Peaks 1 to 7 (paw-
1 D. Redrawn with permission from Infection ard Tmpinity

slow or no growth, {iv) adaptive stress Yesponses.
and (v) persister cells,

Antimicrobial Depletion

Sometimes an explanation is so obvious, o 50
wholly unexciting from a scientific standpoint
chat it is not given as much attention 38 ¥
deserves. This would seem to be the case Wit

antimicrobial depletion. This refers to the PO
sibility that neutralizing reactions betwee?
the antimicrobial agent and constituent of the
biofilm deplete the antimicrobial fmm‘“"
solution bathing the biofilm. It is not diffical
to imagine that the antimicrobial congent®
tion could be praintained in @ plﬁnktonic ‘L'S_‘
conducted against a dilute suspension Of_“l"'
but significantdy decreased in a test agiin
heavily fouled biofibm specimen. O cot
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argue that chis is not so much a resistance
mechanism as a failure to properly deliver the
antimicrobial treatment in the fiyst place. Sur-
prisingly few studies of antimicrobial agent
action on biofilms include measurements of
the antimicrobial residual concentration at the
end of the treatment petiod. This should he
standard practice in biofilm susceptibility testing,

Slow Penetration of Antimicrobial
Agents into Biofilins

This is the very intuitive explanation that van
Leeuwenhoek offered to explain the filure of
vinegar to affect microbes in intact plaque on
his teeth. Inside a celi cluster in 3 biofilm, dif
fusion is the predominant solute transport
mechanisin, Nutrients, metabolic products,
biocides, and antibiotics move into and out of
biofilm according to the physics of diffusion. [f
an antimicrobial agent does not experience a
teaction in the biofilm, it can be predicted to
ehter over a timescale of seconds or minutes
{Stewart, 2003). The delay posed by diffusion
dlone, therefore, wil] only be important for
very brief antimicrobial doses, For example,
diffusion s probably not fast enough for an
ntimicrobial mouthwash to penetrate to the
deeper reaches of dental plaque in a typical
e time, But in most cases, stow diffusion
dlone does not appear to be suflicient to ex-
plain the heightened resistance of biofilms.

The sitvation is more interesting if the
Mtimicrobial agent is neutralized by reaction as
diffiases into the biofilm. In this case, its pen-
ttation can he profoundly retarded or even
'_'Ideﬁnitely delayed (Fig. 6). There are 3 hand-
ul of AMtimicrobial agents for which biofilm
Pehetration limitation due to antimicrobial

H M .
. Mtton hag been demonstrated, These include

*) Onine (de Beer et al,, 19943, Stewart et al.,
~::ﬁ), hydrogen peroxide (Liu et al., 1998;
Y datt et al,, 2000), and B-tactam antibiotics
‘ ,1 e‘rl ¢tal,, 2000), The penetration of amingo-
.ru::;;ge 3mi'bi'0.tics into biofilms appears to be
Ule 1o oy l.)md“‘g of this polyeationic mole-
fic [matnx polymers (Gordon et al., 1988;

Ols et a],, 1988; Kumon et al., 1994).
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FIGURE 6 Chlorine concentration profiles in a
mixed species biofilin. Chlogine at a concentration of
approxiniely 2.5 mg/liter was flowed continuously
over 2 biofilm, which was probed with a chlorine-
sensitive microclectrode, At {0 min (@), 30 min (),
and 105 min (M) of exposure, chlorine penetrated
only into the surfice fayers of the biofilm. Redrawn
with permission from Applied and Euvironmental
Aficrobivlagy (de Beer ot al,, 1994a).

The link between reaction of an antimicro-
bial and its penetration mto biofilm is most
elegantly demonstrated by studies with pairs of
bacterial strains, the first a wild type carrying
an enzyme that deactivates the antimicrobial
and the second, a mutant strain that Jacks this
enzyme. For example, bioactive ampicillin
fails to penetrate Klebsiella pretinoniae biofilms
formed by a B-lactamase-positive strain of this
microorganism because the enzyme cleaves
and completely deactivates the antibiotic faster
than it diffuses in (Anded et al,, 2000). Tn con-
strast, a B—lactamase—negative derivative of this
same K. puenmonice forms steacturally normal
biofilms that are readily penetrated by the
antibiotic. Hydrogen peroxide cannot pene-
trate into P. aernginosa biofilms because this
organisin is catalase positive (Stewart et al.,
2000). Biofilms formed by a catalase-deficient
mutant (katA katB) permit apid delivery of
hydrogen peroxide to the base of the biofilm.
These experiments confirm that biocide or
antibiotic reactivity in the biofilm controls
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the ability of these agents to penetrate. Unfor-
tunately, caleulation of the extent of anti-
microbial penetration remains difficult since
reaction rates of antimicrobial agents are not
known in most cases.

Evidence is accumulating that many anti-
microbial agents can penetrate biofilins withott
kifling microorganisms. Some agents that pene-
trate yet do not kill microorganisms at the rate
that would be anticipated based on studies with
freely suspended cells inclade ciprofloxacin
(Suci et al., 1994 Shigeta et al., 1997; Anderd
et al., 2000), chlorosulfamate (Stewart et al.,
2001}, ampicillin (challenging a B-lactamase-
negative biofilm) (Anderl et al., 2000), rifampin
(Dunne et al., 1993; Zheng and Stewart, 2002),
tetracycline (Stone et al., 2002), and vanco-
mycin {Dunne et al., 1993; Darouiche et al.,
1994). There must be mechanisius of protec-
tion from antimicrobial agents in biofilim other
than slow or incomplete penetration.

Altered Microenvironment
and Slow Growth
Ancther longstanding explanation for the
reduced susceptibility of biofilms is that they
contain slowly growing or nongrowing cells.
Microorganisms that are not growing or that
have entered a stationary phase are known to
be less susceptible to a wide variety of anti-
microbial agents. The slow growth that occurs
in the biofilm is presumably a result of local
depletion of some required nutrient or electron
acceptor. Another version of this protective
mechanism is that the altered microenviron-
ment, for example, low pH or anoxia, that is
established in regions of the biofilm directly
antagonizes the action of the antimicrobial,
There is abundant evidence for nutrient
gradients within biefilms. Direct evidence
comes from investigations using microelec-
trodes. These are miniature chemical sensors
that can be lowered into the biofilm to directly
measure the local concentration of such species
as oxygen or ammoitia inside a biofilm cluster
(de Beer et al., 1994b; Zhang et al., 1995). In-
direct evidence of nutrient limitation in bio-
film comes from the engineers who study the

kinetics of biofilm reactions, as in wastewater
treatment processes. They realized long ago that
their observations of reduced metabolic activity
{on a per biomass basis} could only be under-
stood by invoking substrate concentration gra-
dients within the biofilm. Such concentration
gradients arise from a reaction-diffusion interac-
tion. Substrate is being consumed by a meta-
bolic reaction as it diffuses into the biofilin. The
balance of reaction and diffusion determines the
shape of the concentration profile.

Data on microbial growth rates in biofilms
also support the conclusion that microorgan-
isms grow mote slowly in biofilms, on aver
age, than they do in the medium in which the
biofthn is nourished {Hodgsen et al., 1995,
Wentland et al., 1996; Walters et al., 2003).
Experimental .comparisons indicate that aver-
age biofilm-specific growth rates can be as low
as a few percent of the growth rate of plank-
tonic cells. For example, ITodgson et al. {1995)
repotted that Staphiplecoccus aurens grew with a
specific growth rate of 0.06 h™! in biofilms
whereas it grew with a specific growth rate of
0.7 h™! in the planktonic state in the same
medivm. It should be recognized that a
biofilm in which the average specific growth
rate is half the growth rate of planktonic celks
might actually consist of a population of cells
in which half are growing rapidly and half not
at afl.

It 15 indeed likely that growth in biofilms is
not spatially uniform. This is suggested by
experimental investigations using fluorescence
mictoscopy approaches to map indicators of

- growth such as relative RINA content or pro-

tein synthesis. For example, Xu et al. (1998}
showed that only bacteria in the top 30 pm of
a P. aeruginosa biofihm were capable of de nove
protein synthesis {Color Plate 13). This region
corresponded with the zone of oxygen pene-
tration. The biofilm was 110 g thick. The
bottom 80 pm of the biofilm contained bacte-
ria, but these bacteria lacked oxygen and were
metabolically hamstrung in this location. The
elegant reporter gene construct describe‘d by
Sternberg et al. {1995), also in P. acryguiodh
reveals a qu:dit:itivc}y similar patteri. Growth
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predominated at the surface of cell clusters
while the cluster interiors suggested little or no
growth. ‘ '

In summary, the case for growth rate being
a critical factor in controlling biofilm anti-
microbial resistance is a strong one. Studies
show that (i) planktonic susceptiblity is modu-
lated by nutrient status, (i) biofilms are cont-
monly nutrient limited, (iii) biofims contain
nongrowing or stationary-phase cells, and {iv)
biofilm susceptibility is reduced. One weak-
ness of this case as it stands at present is that
there are few studies in which all four of these
points have been addressed in the same exper-
imental system.

Three scientific reasons come to mind as to
why slow growth is not accepted as a sufficient
explanation for biofilm protection in general.
First, not all antimicrobial agents are under-
stood to be growth rate dependent in their
action. Second, even very thin biofilms, in
which nutrient limitation and slow growth are
difficult to imagine, exhibit some reduced sus-
ceptibility. Finally, one would expect that
growing cells in the biofilm would be killed,
allowing nutrients to penetrate and nourish
underlying cells. These previously starved cells
would then become susceptible. One explana-
tion for why this progression is not more rapid
is that antimicrobial-damaged cells could con-
tinue to consume nutrients wwell past the time
when these cells would score as dead in a
colony-formation assay. Such damaged cells
could shield more deeply embedded cells from
secing the nutrients that would resuscitate
them and make them valnerable.

Even if it is not a universal explanation,
there can be no doubt that the altered chemi-
el microenvironment that prevails locally
Within biofilns contributes to protection of
the biofilm in many cases.

Stress Responses

Microorganisms are equipped with numerous
senetic and biochermical systems for respond-
"8 to environmental stresses. These systems
iclnde adaptive responses to oxidative stress,
UW water activity, DNA damage, starvation,

and others. Might such stress-response systeins
be activated in biofilms? One possibility is that
the stress response is constitutively turned on
in biofilms. That is, the stress-response system
1s expressed even in the absence of the usual
inducing condition. The limited experimental
data available do not support this model. For
example, bacterial drug efflux pumps are not
up-expressed in biofilms prior to antibiotic
treatment (Maira-Lieran et al., 2000a; De Kievit
et al., 2001}. Neither is catalase present at ele-
vated levels in biofils of P. aenuginosa prior to
hydrogen peroxide treatment (Elkins et al.,
1999). Measurements of the expression of the
stationary-phase sigma factor rpoS in biofilms
of the same organism are mixed (Xu et al.,
2001; Whiteley et al., 2001a), On the other
hand, theve is some evidence of efflux pump
expression in fungal biofilms in the absence of
drugs. An alternative to constitutive expres-
sion is that stress responses are implemented
more effectively in biofilms than in ptanktonic
cells once an antimicrobial challenge is deliv-
ered. This would appear to be the case with
catalase induction on hydrogen peroxide treat-
ment. Biofilin cells of P. aeruginosa teanscribe
katB and make the enzyme while frec-floating
cells of the same reporter strain succumb to the
antimicrobial effects of the hydrogen peroxide
before any induction can be detected (Fig. 7).
Evidence for an active response to mono-
chlotamine in P. aenginosa biofilins has been
presented by Sandewson and Stewart (1997).
Perhaps protective mechanisms, such as retarded
penetiation and slow growth, create enough
of a buffer to allow biofilm cells to deploy
stiess responses in response o antimicrobial
treatiments that overwhelm planktonic cells.

Persisters

A persister is a hypothetical cell state in which
microorganisms are protected from all types of
antimicrobial insults. Persisters have alterna-
tively been imagined as spore-like cells that are
dotmant and incapable of growth and as phe-
notypic variants that grow as rapidly as the par-
ent serain (Spoering and Lewis, 2001; Drenkard
and Ausubel, 2002). In ejther case, persisters
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FIGURE 7 Induction of catalase in biofilins (@) and
plankeonic cells (O} of P. acruginosa in response 1o
hydrogen peroxide treatment. Biofilm cells are able to
express this stress response while plankeonic cells are
not able to respond to the same challenge. Biofilin
cells thar are not exposed to hydrogen peroxide show
no change in aceivity (). Redrawn with permission

from Applied and Enviropsmental Micrebiology (Elkins
et al, 1999}

may only constitute a percent or less of the
biofitm population. Though smalt in relative
numbers, this protected subpopulation is suffi-
cient to reseed the biofilm in the event of cat-
astrophic chemical or physical challenge. The
persister state 1s suggested by kill-versus-time
and kill-versus-concentration cutves that ex-
hibit taiting. Even when treated for prolonged
periods or with elevated antimicrobial con-
centrations, there is a small fraction of the pop-
ulation that is recalcitrant.

No one suggests that persister cells are
unigue to the biofilm ntode of growth. Per-
sisters presumably also form in suspension cuk-
tures. After all, planktonic cells have the same
genetic code that would allow for difterentia-
tion into the persister state. The difference is
either that persister cells are spawned ar higher
frequency in biofilms or that persister cells are
cetained in a biofilm better than in a planktonic
culture. Spoeting and Lewis (2001) hypothe-
sized thac persister cells are formed at higher

frequency in stationary-pitase cultures. Because
biofilms experience nutrient limitaton, persis-
ters also form in higher numbers in biofilms
than they do in a growing planktonic culture.
This is a little different than the old slow-
growth mechanisin of biofilm protection in
that the persister cells not only become nutri-
ent limited but also differentiate into an espe-
cially resilient state. One can imagine intexr-
rupting the pathway for this differentiation to
prevent persister formation, even if a culture
does enter stationary phase.

The persister hypothesis is the newest ex-
planation for biofilm resistance to antinn-
crobial agents and it is, understandably, the
mechanism with the least experimental evi-
dence available. Persisters are tricky to study
experimentally. An assumption implicit to the
persister hypothesis is that these protected cells
can revert to a susceptible state. In addition to
being ephemeral, persisters may be present in
low numbers. They might not be detected on
genc arrays or by proteomic analysis. Finatly, if
the persister state is linked to nutrient limita-
tion or stationary-phase existence, then a full
understanding of this mechanisi will require
analysis of nutrient transpott and spatial pa-
terns of growth within biofilms.

Multicellular Nature of Protective
Mechanisms in Biofilms

R educed antimicrobial susceptibility of Micro-
organisms in biofilms is thought to be due
to a combination of antimicrobial depletion
through reactions with biofilm constituents,
poor antinticrobial penetration, slow growth
or stationary-phase existence i the biofilm.
adaplive stress responses, and the formation of
protected persister cells, Not one of these
inechanisms by itself seems to ofler a satistac-
tory explanation for the remacious resistance of
biofilm microorganisms to so naiy difterent
types of antimicrobial agents. Rather, it B
likely that the biofilms mount muldlayere
defense in which fwo or more of these m&:h‘
anisins operate in concert. The five protectiv®
mechanisms discussed above are suymuarized
in cartoon form in Color Plate 14.
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In the balance of this section we discuss the
proposition that four of the five resistance
mechanisms—slow penetration, slow growth,
stress responses, and persisters—are inherently
multicellular defenses.

When antimicrobial agents do not pene—
trate into a biofilm, it is because the antimicro-
bial is reactively neutralized as it diffuses into a
cell cluster. Fhis phenomenon can only be
manifested when microbes are aggregated and
exert ther collective newtralizing actvity. A
lone cell, floating in a sea of antimicrobial,
cannot react the antimicrobial away fast enough
to generate concentration gradients. Consider
the example of hydrogen peroxide, which is
known to penetrate biofilms incompletely
because catalase-containing bacteria exert their
collective enzymatic action to destroy the
antimicrobial molecule. Individual bacterial
cells are overwhelmed by the same concentra-
tion of hydrogen peroxide, even though they
express similar amounts of catalase. In other
words, slow penetration is a protective mech-
amism that can only be implenmented by groups
of microorganisms. Catalase activity does not
depend on the viability of the cell. It is there-
fore plausible that microorganisms in the
surface layers of biofilm could continue to
degrade hydrogen peroxide and shield their
more deeply embedded neighbors, even after
these surface-exposed cells have been killed.

Nutrient limitation and slow growth are
also an inherently muticellular protective
mechanisim. Consider the example of an
antibiotic that requires oxygen for effective
killing. If microotganisms in the outer Jayer of
the biofilm consume the available oxygen,
those bacteria in the depths of the biofilm will
be protected, This defense cannot be imple-
Wented by planktonic cells because a single
cell does not exert sufficient respiratory activ-
1y to deplete oxygen from its immediate envi-
foument. In the acrobic zone of the biofilm,
cells will suffer damage from the antibiotic.
F‘Ut these same cells could continue to con-
e oxygen, and hence protect their neigh-

o8, long after they have lost the ability to
®produce.
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The activation of stress responses can also
be understood to depend on multicellular
behaviors. It is likely that only a fiaction of the
cefls in a biofilm are able to turn on stress
responses. Others, perhaps those near the sur-
face of the biofilm, will be overwhelmed by
the antimicrobial agent, Although these cells
are sacrificed, they provide enough of a bufler
to allow other cells to deploy active responses
that would not otherwise be possible.

Finally, the persister hypothesis is another
illustration of the inhercnily multicellular na-
ture of the biofilm defense. Pessister cells are
suited to surviving hash challenges, but they
must not be evolved for competing under
more permissive conditions. If persisters grew
rapidly under all conditions and had the abiliey
to withstand antimicrobial treatments, this
phenotype would soon dominate any popula-
tion. In other words, no single cell can be
tooled for rapid growth and reproduction and,
at the same time, be prepared to withstand an
antimicrobial challenge. Microorganisms in a
biofilm must accomplish both of these objec-
tives by a division of labor. Most of the cells in
a biofilm occupy a relatively susceptible state
in which they can, if nutrients are locally pres-
ent, grow, synthesize matrix, and propagate
the genome. A few cells, the persisters, are
shunted into a protected state. These cells may
not be able to grow or adape as rapidly, but
they will survive and reseed the community in
the event of catastrophe. While admittedly this
is speculative, it would be a more effective
strategy for survival than can be imagined for a
homogeneous population.

Biofilm formation s just beginning to be rec-
ognized as a multicellufar developmental process.
New strategies for controlling biofilms will
emerge when the multicellular nature of biofikm-
protective mechamsms is betrer understood.
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