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The effects of carvacrol, a natural biocide, on dual-species biofilms formed by Staphylococcus aureus and
Salmonella enterica serovar Typhimurium were investigated with a constant-depth film fermentor. Biofilm
development reached a quasi-steady state in 12 days at 25°C with S. aureus predominance (�99%). Cryosec-
tional analysis detected viable S. aureus and S. enterica serovar Typhimurium at depths of 320 and 180 �m from
the film surface, respectively. Carvacrol pulses (1.0 mmol/h) inhibited S. aureus by 2.5 log CFU/biofilm during
the early stages of film formation, ultimately causing a significant reduction (P < 0.001) of the staphylococcal
population at quasi-steady state. Initial carvacrol pulsing elicited a 3 log CFU/biofilm reduction in viable S.
enterica serovar Typhimurium, and additional periodic carvacrol pulses instigated significant inhibition of
salmonellae (1 to 2 log CFU/biofilm) during biofilm development. Carvacrol pulsing reduced protein levels
fivefold (P < 0.001) during initial biofilm development. Comparative studies with a peroxide-based commercial
sanitizer (Spor-Klenz RTU) revealed that this commercial sanitizer was more biocidal than carvacrol during
early biofilm development. When the biofilm reached quasi-steady state, however, periodic pulses with 1 mmol
of carvacrol per h (P � 0.021) elicited a significantly higher inhibition than Spor-Klenz RTU (P � 0.772).
Dual-species microcolonies formed under the influence of continuously fed low carvacrol concentrations (1.0
mmol/h) but failed to develop into a mature quasi-steady-state biofilm and did not reach any stage of film
formation in the presence of high concentrations (5.0 mmol/h). These data show that carvacrol is an effective
natural intervention to control dual-species biofilm formation.

Naturally occurring biofilms are generally composed of a
number of microbial species (16). Microenvironments inside
these matrices generate a range of habitats, providing niches
for different types of organisms (37). These microenviron-
ments change constantly in response to physical perturbation,
such as film erosion and sloughing, and evolutionary pressure,
such as niche invasion and nutrient pressure. However, the
biofilm matures to form a quasi-steady state within the com-
munity, where global heterogeneity remains stable and the
population acquires resilience to external influences, such as
antimicrobial perturbation.

The control of food-borne pathogens such as Staphylococcus
aureus and Salmonella enterica serovar Typhimurium has re-
ceived a great deal of attention because these organisms can
form resilient biofilms on a range of surfaces (14, 33). Eradi-
cation usually requires the use of alkaline or acidic detergents
and/or iodophores (4). Though efficacious, issues such as cor-
rosion, product contamination, and toxicity, combined with the
rapid emergence of resistant microbial species, limit the use of
these compounds. The use of natural antimicrobial agents can

be an effective alternative or supplement for the control of
microorganisms (26, 30).

Carvacrol is an essential oil component of oregano, thyme,
marjoram, and summer savory (1, 20). Generally recognized as a
safe food additive (CFR 172.515) (21), this natural phytochemical
is used as a flavoring agent in several products, such as baked
goods, candy, beverages, and chewing gum (11). Carvacrol is also
considered a broad-spectrum antimicrobial, effective against bac-
teria, yeasts, and fungi (2, 6, 31, 34). Pathogens, including S.
aureus and S. enterica serovar Typhimurium, are susceptible to
carvacrol, to the extent that this agent could inactivate dried films
of these pathogens on stainless steel (18, 19). Carvacrol is bio-
cidal, resulting in bacterial membrane perturbations that lead to
leakage of intracellular ATP and potassium ions and ultimately
cell death (35). Despite their broad antimicrobial spectrum, the
application of carvacrol and other essential oils in food preserva-
tion has been limited by their potent aromatic properties (29).
However, their potential for use in cleaning, disinfection, and
biofilm control has not been studied extensively.

In this study, we grew biofilms of S. aureus and S. enterica
serovar Typhimurium with a constant-depth film fermentor
and evaluated the antimicrobial activity of carvacrol. The ef-
fects of carvacrol, applied continuously and in pulses, during
early biofilm formation and on quasi-steady-state biofilms were
determined and compared to the effects of a peroxide-based
commercial sanitizer, Spor-Klenz RTU.

MATERIALS AND METHODS

Antimicrobial agents. For pulsing studies, 20 mM carvacrol (Sigma, Poole,
United Kingdom) was formulated in deionized water containing 0.1% Tween 80
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(vol/vol). For continuous-feeding experiments, tryptic soy broth (TSB) with 1%
glucose (TSBG) was supplemented with carvacrol (20 mM) and 0.1% Tween 80
(vol/vol). Spor-Klenz RTU (Steris Ltd., Camberley, United Kingdom), a com-
mercial disinfectant containing hydrogen peroxide (0.8%, wt/wt) and peroxyace-
tic acid (0.06%, wt/wt), was diluted with water to 20% (vol/vol) prior to use.

Bacteria and their cultivation. All bacteriological media and diluents were
from Oxoid (Basingstoke, United Kingdom), unless stated otherwise. Staphylo-
coccus aureus NCTC 10788 and Salmonella enterica serovar Typhimurium NCTC
74 were maintained on glass beads in tryptic soy broth (TSB) containing 15%
glycerol (TSBG) at �70°C. A primary inoculum was prepared by incubating each
test strain individually in 10 ml of TSBG at 25°C for 30 h. Each primary inoculum
was subsequently transferred to 100 ml of TSBG and further incubated at 25°C
for 30 h. The cultures were aseptically transferred to a 500-ml feeder vessel,
mixed thoroughly, and pumped into the constant-depth film fermentor at a flow
rate of 13 ml/h for 15 h.

Constant-depth film fermentor. The fermentor system (Garth Engineering
Ltd., Taffs Well, United Kingdom) was designed according to Peters and Wim-
penny (28), with modifications. Briefly, a stainless steel turntable housed 15
polytetrafluoroethylene (PTFE) pans, each containing six stainless steel plugs
(grade 316; 5-mm diameter), recessed to a depth of 500 �m. Two PTFE scraper
blades moved across the turntable surface to maintain the biofilms at a constant
depth. The constant-depth film fermentor was encased in a glass housing section
(Corning Limited, Stone, Staffordshire, United Kingdom) sealed with PTFE at
the top and bottom. The top plate was fitted with several inlet ports: a sampling
port, a medium inlet from which TSBG was fed into the constant-depth film
fermentor, a seeding port, an air outlet filter, and a secondary feed port for
introducing the antimicrobials. An anti-grow-back trap was placed at the medium
inlet to prevent contamination of the TSBG reservoir. Waste was pumped out
from the bottom of the constant-depth film fermentor via an outlet port. The
steel turntable was rotated at 3 rpm, and the fermentor was aerated with 200
ml/min of sterile filtered air. The fermentor was maintained at 25 � 0.4°C in a
climatically controlled chamber (Sanyo Gallankamp, Loughborough, United
Kingdom) monitored by a Monolog Datalogger (SIFAM Ltd., Torquay, En-
gland). Following seeding of the fermentor with the mixed culture described
above, the feeder input was switched on at a rate of 50 ml/h, and the biofilms
were allowed to develop.

Determination of viable mass in biofilms. Biofilms were dispersed according
to Gayford and Richards (13). Briefly, biofilm-bearing plugs from the constant-
depth film fermentor were aseptically removed in triplicate and placed in 10 ml
of deflocculant containing 0.01% Cirrasol PP811 (ICI Surfactants, Middlesbor-
ough, United Kingdom) and 0.01% sodium pyrophosphate (Sigma) with 5 g of
glass beads (2.5-mm diameter; Fisher Scientific, Loughborough, United King-
dom). Bacteria in the biofilm were dispersed by vortexing the plugs for 90 s. The
cell suspensions were serially diluted in maximum recovery diluent, plated on
brilliant green agar supplemented with sulfamandelate for salmonellae and man-
nitol salt agar for staphylococci, incubated at 37°C, and enumerated after 24 h.

Biofilm mass was determined by protein analysis (22). Biofilm-bearing plugs
were placed (in triplicate) in 1.5-ml microcentrifuge tubes containing 1 ml of
deflocculant, vortexed as described above, and sonicated for 10 min to homog-
enize the biofilm suspension. Protein content of the biofilm was determined
according to Lowry et al. (22) with bovine serum albumin as the standard.

Cryosectioning of biofilms. Biofilms were removed from the fermentor and
immersed in 25 ml of sterile 25% dextran (wt/vol) in TSBG at 25°C for 2 h. After
dextran treatment, each biofilm was plunge-frozen in liquid nitrogen, mounted
on an orientation device (Histological Equipment Ltd., Nottingham, United
Kingdom) immersed in Cryo-M-Bed resin (Bright Instruments Company Ltd.,
Huntingdon, United Kingdom), and chilled to �70°C. The orientation device
and biofilm were placed in a cryostat chamber (Pearse cold microtome cryostat-
model HR M, SLEE, Mainz, Germany) and equilibrated to the slicing temper-
ature of �15°C. Film sections were sliced horizontally to 20 �m in thickness.
Sections were collected with sterile forceps, placed in 10 ml of deflocculant
solution containing glass beads, and homogenized as described above. Bacteria
from each section were enumerated on brilliant green agar and mannitol salt
agar as described above.

Treatment of biofilms with biocides. Biofilms were allowed to develop to
quasi-steady state and subjected to daily pulses of emulsified carvacrol as follows.
Medium input was stopped, and 20 mM carvacrol was pumped into the constant-
depth film fermentor at a rate of 1.0 mmol/h. After 10 min of carvacrol exposure,
biofilms were removed for viable-mass analysis (as described above) and re-
placed with new sterile plugs. The medium input was then restarted. This pro-
cedure was repeated on a daily basis for 5 days. A similar pulsing protocol was
used to study the effect of carvacrol on developing biofilms, except that pulsing
began immediately after seeding was complete, i.e., before a steady-state biofilm

was formed. Additionally, the sample pans were removed and analyzed before
and after each pulse for a period of 7 days. The effect of continuous exposure of
developing biofilms to carvacrol was investigated by pumping carvacrol into the
constant-depth film fermentor at 1.0 and 5.0 mmol/h immediately after seeding
was complete.

A similar method of bacterial cultivation, treatment, and sampling of biofilms
was performed for the 20% (vol/vol) Spor-Klenz RTU treatment group. All data
were analyzed with the t test and analysis of variance on SigmaStat 3.0.

RESULTS

Dual-species biofilm formation. S. aureus and S. enterica
serovar Typhimurium formed a stable quasi-steady-state bio-
film after about 12 days at 25°C in the constant-depth film
fermentor. Quasi-steady state was defined as occurring when
the viable populations and proteinaceous mass did not change
significantly (P � 0.05) for several sampling points. S. aureus
constituted �99% of the total viable numbers by day 12. The
protein content of the biofilm increased during this 12-day
period, reaching 450 � 15 �g prior to the onset of the quasi-
steady state (see Fig. 2C).

Cryosectional analysis of the 20-�m sections cut horizontally
across the biofilm revealed that viable S. aureus were present at
a level of 7 to 8 log CFU/section in the top 140 �m of the
biofilm, constituting 93% of the total staphylococcal viable
mass (Fig. 1). In the deeper strata of the biofilm, viable staph-
ylococci decreased steadily to a depth of 300 to 320 �m, at
which point there was a sharp decline in numbers to below the
detection limit of the plate counting method. In contrast, sal-
monellae were present at a level of 6 log CFU/section in the
top 40 �m of the biofilm, and this stratum accounted for 83%
of the total viable mass of this organism. Viable numbers of
salmonellae decreased steadily to a level of 3 log CFU/section
at a depth of 180 �m and then dropped sharply to a level below
the detection limit. Unlike staphylococci, salmonellae were not
detected at depths between 180 and 320 �m from the biofilm
surface. No viable organisms were detected in the strata up to
180 �m from the biofilm base, suggesting that this layer con-
sisted primarily of cell detritus. Statistical analysis revealed
significant differences (P � 0.05) between the numbers of
staphylococci and salmonellae at each stratum down to 340 �m
in depth. Therefore, the biofilm consisted of a cellular matrix
dominated by staphylococci where a small but significant pop-
ulation of salmonellae persisted in the top strata.

Pulse addition of carvacrol alters biofilm development. De-
veloping dual-species biofilms were subjected to daily pulses of
emulsified carvacrol solution (1.0 mmol/h every day for 21
days), where the medium was replaced with carvacrol for 10
min. Carvacrol was emulsified in 0.1% (vol/vol) Tween 80,
which had previously been determined as having no antimicro-
bial effect against the dual-species biofilm (19). As shown in
Fig. 2A, carvacrol elicited a 2.5 log CFU/biofilm reduction in S.
aureus during the early stages (�2 days) of film formation
compared with the untreated control. Following this initial
reduction in viable numbers, the staphylococci proliferated at
rates similar to those observed in the untreated control, but the
final numbers between days 5 and 21 were about 1 log CFU/
biofilm lower. In comparison, 20% Spor-Klenz RTU treatment
reduced initial staphylococci by 4 log CFU/biofilm during early
biofilm formation (�3 days) and was significantly more effec-
tive than carvacrol (P � 0.001). However, after 4 days, S.

798 KNOWLES ET AL. APPL. ENVIRON. MICROBIOL.

http://aem.asm.org/


aureus viable cell numbers increased to 6.5 log CFU/biofilm.
Both treatments altered the development of the staphylococcal
population significantly (P � 0.001) compared to the untreated
control.

During the initial 24 h of biofilm development, viable sal-
monellae were reduced by 3 log CFU/biofilm following carva-
crol pulsing (Fig. 2B). However, there was a rapid recovery in
viable cell numbers that exceeded and eventually equaled the
cell numbers within the unperturbed biofilm (Fig. 2B). In con-
trast, Spor-Klenz RTU caused a reduction in numbers of 6 log
CFU/biofilm on day 2, and the viable cell numbers recovered
gradually by day 4 to reach quasi-steady state, which was 2 log
CFU/biofilm below the control. Spor-Klenz RTU caused a
significant decrease (P � 0.001) in salmonellae, but the effect
of carvacrol was insignificant (P � 0.05).

The protein concentration of the untreated biofilm in-
creased exponentially to 450 � 15 �g to reach quasi-steady
state by day 12 (Fig. 2C). Carvacrol pulses inhibited protein
development during the initial 4 days of biofilm formation (P
� 0.001). This was followed by a slow increase in protein to
reach a quasi-steady state similar to the control. In contrast,
Spor-Klenz RTU treatment reduced the initial protein levels

to less than 50 �g/biofilm during early film formation (�5
days). This was followed by the onset of quasi-steady state by
day 7, with protein concentrations at a level (90 �g/biofilm)
that was fivefold lower than the control (P � 0.001).

We then focused on the critical first week of biofilm devel-
opment, where carvacrol had the greatest effect (Fig. 3). Car-
vacrol pulses of 1.0 mmol/h initially reduced both staphylococ-
cal (3.2 log CFU/biofilm) and salmonella (2.0 log CFU/biofilm)

FIG. 1. Viable numbers of staphylococci and salmonellae in hori-
zontal cross sections of a dual-species biofilm grown at 25°C for 12
days. Data points represent mean values of three independent exper-
iments with standard deviation. The experimental limit of detection
was 2 log CFU/20-�m section. Statistical analysis (t test) revealed
significant differences (P � 0.05) between the staphylococcal and sal-
monellae populations throughout the biofilm.

FIG. 2. Effects of daily carvacrol (F, 1.0 mmol/h) and Spor-Klenz
RTU (E, 20%) pulses on the development of dual-species biofilms
compared to the untreated control (dotted line) at 25°C. A) Staphy-
lococci. B) Salmonellae. C) Protein. Samples were collected �10 min
after each antimicrobial pulse. Data points represent mean values of
three independent experiments with standard deviations of �0.45 log
CFU/biofilm for viable counts and �30 �g/biofilm for protein values.
The experimental limit of detection was 2 log CFU/biofilm.
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counts compared to the control. Following this initial inactiva-
tion phase, both organisms resumed growth at a rate similar to
that observed in the untreated control, but the absolute viable
numbers of staphylococci remained at about 2 log CFU/biofilm
below those in the untreated control until day 7 (Fig. 3A).
Although the salmonellae were initially inactivated by carva-
crol, by day 5 the numbers had reached levels similar to those
in the untreated control (Fig. 3B). Statistical analysis con-
firmed that the reduction in numbers of staphylococci was
significant (P � 0.027) throughout the 7-day experiment, but
the change in salmonella numbers was significant on days 1 and
3 only (P � 0.003 and 0.017, respectively). Prior to each pulse,
the protein levels of the carvacrol-treated biofilms were similar
to the control (Fig. 3C). However, from day 3 onwards, carva-
crol caused an immediate decrease in protein (100 �g/biofilm)
after each pulse compared to the untreated biofilm.

Effects of carvacrol pulses on mature biofilms. After reach-
ing quasi-steady state (12 days), dual-species biofilms were
exposed to carvacrol or Spor-Klenz RTU pulses (as described
above) for 5 consecutive days (Fig. 4). Carvacrol elicited a
significant reduction (P � 0.021) of S. aureus by 1 log CFU/
biofilm compared to the control biofilm. In contrast, Spor-
Klenz RTU failed to inhibit staphylococci (Fig. 4A). Salmo-
nellae were more susceptible than staphylococci to both
antimicrobial agents in mature biofilms (Fig. 4B). Carvacrol
caused a 3 log CFU/biofilm reduction of salmonellae after the
initial exposure and an average of 1 log CFU/biofilm reduction
during subsequent pulses. Spor-Klenz RTU caused a 1.5 log
CFU/biofilm decrease in salmonellae initially (P � 0.001) but
was more effective than carvacrol after subsequent treatment
(e.g., 3.5 log CFU/biofilm reduction on day 14). Biofilm anal-

ysis at shorter intervals (hourly sampling) revealed that after
each carvacrol pulse, the viable numbers of both species re-
covered very slowly over a 24-h period (data not shown).

Carvacrol elicited a pulse response on the viability of S.
aureus and S. enterica serovar Typhimurium and affected the
protein concentration of the film from the initial planktonic
state to quasi-steady-state matrix formation (Table 1). Both
bacterial species were sensitive to carvacrol during the plank-
tonic stage. However, during microcolony formation and coa-
lition stages, S. aureus acquired resistance but gradually be-
came sensitized to carvacrol pulses when the biofilm reached
quasi-steady state. In contrast, S. enterica serovar Typhi-
murium was sensitive to carvacrol during all stages except
quasi-steady state.

Influence of continuous feeding of carvacrol on biofilm de-
velopment. Dual-species biofilm development in response to a
continuous influx of 1.0 and 5.0 mmol/h carvacrol was investi-
gated (Fig. 5). At 1.0 mmol/h, carvacrol reduced staphylococcal
numbers by 3 log CFU/biofilm (P � 0.001) within 3 days of film
development. However, after 4 days, staphylococcal numbers
increased, reaching a quasi-steady state 7 days after the expo-
sure began. Thereafter, staphylococcal counts remained 2 log
CFU/biofilm lower than the control. Low levels (1.0 mmol/h)
of carvacrol caused significant reductions (2.5 log CFU/bio-
film) in salmonellae (P � 0.001) after the initial 4 days, fol-
lowed by onset of quasi-steady state after 7 days, 2 log CFU/
biofilm lower than the control (Fig. 5B). Within a day of
continuous exposure to 5.0 mmol/h carvacrol, no viable staph-
ylococci or salmonellae were detected in the dual-species bio-
film (Fig. 5A and B). Protein concentration was reduced nine-
fold (P � 0.001) by low concentrations of carvacrol compared

FIG. 3. Effects of daily carvacrol (F) pulses at 1.0 mmol/h on initial development of dual-species biofilm compared to the control (E) at 25°C.
A) Staphylococci. B) Salmonellae. C) Protein. Samples were collected �10 min before and after each antimicrobial pulse. Data points represent
mean values of three independent experiments with standard deviation. The experimental limit of detection was 2 log CFU/biofilm.
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to the control (450 �g/biofilm). High doses of carvacrol pre-
vented the build-up of proteinaceous mass (Fig. 5C). Protein
analysis and bacterial viability data with low doses of carvacrol
influx indicated a rapid approach to a quasi-steady state, cul-
minating in the emergence of microcolony formation. Expo-
sure to high doses of carvacrol resulted in total inhibition of
dual-species biofilm formation.

DISCUSSION

This study elucidated the dynamics of dual-species biofilm
formation by Staphylococcus aureus and Salmonella enterica
serovar Typhimurium. The gram-positive staphylococci domi-
nated the film matrix at 99% of the viable population, and
quasi-steady state was reached after 12 days, as defined by
viable counts and protein content. In contrast, monospecies
biofilm formation by S. aureus is rapid and reaches quasi-
steady state in �24 h (23). The role of nutrient and oxygen
gradients in biofilm matrices is well established (15, 17, 36).
Oxygen, in particular, due to its low water solubility and high
rate of microbial utilization, may develop steep gradients of
anoxic environments in deep regions of the biofilm matrix (37,
39). Cryosectional analysis performed in this study revealed a

relationship between biofilm depth and bacterial viability.
Thus, S. aureus and S. enterica serovar Typhimurium survived
only down to depths of 320 and 180 �m, respectively. Re-
stricted survival of dual species in the lower strata could pos-
sibly be due to unfavorable anoxic conditions. Accordingly, the
majority of bacterial viability was limited to the top 100 �m of
the biofilm.

Carvacrol selectively inhibited S. aureus during the early
stages (�2 days) of biofilm development, which was comprised
mainly of a planktonic, nonadherent population. Nostro et al.
(27) reported carvacrol efficacy against planktonic staphylo-
cocci at a 1 to 2 mM concentration. In this study, S. aureus
demonstrated resistance to higher concentrations of carvacrol
(20 mM) due to the emergence of an adherent cell population
in the biofilm. The selective evasion by salmonellae to initial
carvacrol exposure could be attributed to the stress-adaptive
mechanisms of S. enterica serovar Typhimurium (12). When
exposed to carvacrol from the beginning of film development,
mature biofilm-bound S. enterica serovar Typhimurium exhib-
ited greater antimicrobial resistance than salmonellae in a ma-
ture biofilm previously unexposed to carvacrol. This suggests
that cells in a previously treated mature biofilm acquired re-
sistance to carvacrol.

In comparison to carvacrol, Spor-Klenz RTU demonstrated
higher efficacy during the early stages (�3 days) of film for-
mation and inhibited both staphylococci and salmonellae. This
further confirms that hydrogen peroxide and peroxyacetic acid,
the major active constituents of Spor-Klenz RTU, are potent
sanitizing agents for biofilm control due to their ability to form
highly biocidal reactive oxygen species (8, 32).

Microbial cell surface interaction resulting in leakage of
intracellular constituents has been suggested as the biocidal
mechanism for carvacrol-mediated antimicrobial activity (35).
Exposure of S. aureus to carvacrol during the early stages of
biofilm development led to potent inhibition of matrix forma-
tion, with shedding of proteinaceous mass after each antimi-
crobial pulse. Studies with lysostaphin, an agent with a mode of
action similar to that of carvacrol, showed that this antimicro-
bial is biocidal against staphylococci in the biofilm and also
dispersed the matrix that anchored the film (38). By analogy,

FIG. 4. Effects of daily pulses of 1.0 mmol of carvacrol per h (white
columns) and 20% Spor-Klenz RTU (black columns) on viable num-
bers of staphylococci (A) and salmonellae (B) in a quasi-steady-state
dual-species biofilm at 25°C. Samples were collected �10 min after
each antimicrobial pulse. Data points represent mean values of three
independent experiments with standard deviation. The shaded back-
ground area represents counts in the untreated biofilm control.

TABLE 1. Effect of carvacrol on viability and protein mass of dual-
species biofilm formation by S. aureus and S. enterica

serovar Typhimurium

Biofilm stage

% Changea in biofilm viability (log CFU/
biofilm) and mass (�g/biofilm)

S. aureus
S. enterica

serovar
Typhimurium

Protein

Planktonic �99.5 �98.5 �29.2
Adherent 49.9 �65.9 �89.3
Microcolony formation 191.6 �76.1 �63.3
Microcolony coalition 35.6 �14.9 �57.1
Proliferation �34.3 �46.0 �61.0
Maturity �23.4 �97.5 �66.0
Quasi-steady-state matrix �79.5 �13.9 �52.8

a Difference between viable counts or total protein content before and after
pulsing with carvacrol. Biofilm stages were categorized based on visualization of
morphological and developmental states during film formation on a steel surface.
The data represent a conglomerated summary of the results obtained during this
study.
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the rapid killing of S. aureus by carvacrol also led to disruption
of the proteinaceous matrix of the film. However, the shedding
of such proteinaceous mass did not coincide with viability re-
ductions of staphylococci in the biofilm, possibly due to con-
tinuous exfoliation of the matrix.

Studies of quasi-steady-state dual-species biofilm indicated a

higher efficacy for carvacrol than Spor-Klenz RTU against S.
aureus. However, both antimicrobial treatments demonstrated
similar efficacy against S. enterica serovar Typhimurium. The
exact mechanism of carvacrol-mediated inhibition of quasi-
steady-state dual-species biofilms remains unclear. Despite its
efficacy, carvacrol failed to eliminate the entire viable popula-
tion within the biofilm.

Carvacrol was less effective against S. aureus as the biofilm
matured and formed microcolonies. S. enterica serovar Typhi-
murium was sensitive throughout the maturation except at
quasi-steady state. The resistance of the dual-species biofilm to
biocides compared to its planktonic counterpart seems to be
associated with the antimicrobial permeation blockade by the
glycocalyx. The resistance exhibited by S. aureus coincided with
an increase in matrix proliferation. However, staphylococci still
proliferated after carvacrol treatment, suggesting that no single
factor could be linked to this phenomenon (3, 24, 25). The
physiological adaptation of film-borne microflora to antimicro-
bial agents could not be ruled out. Thus, specific physiological
responses to active ingredients in Spor-Klenz RTU, especially
oxidative stress responses against reactive oxygen intermedi-
ates such as H2O2 and peroxyacetic acid, are well-documented
mechanisms of resistance development (7, 9).

Staphylococci demonstrated a greater tolerance to carvacrol
than salmonellae, as reported previously (18, 19), although not
within biofilms. The capsular polysaccharides of S. aureus, no-
tably type 5 and type 8, have been suggested to block antimi-
crobial diffusion and protect the susceptible cytoplasmic target
sites (5, 10).

Carvacrol influx at low concentrations (1.0 mmol/h) pre-
vented the build-up of protein mass but allowed bacterial pop-
ulations to reach quasi-steady state, arresting at the micro-
colony formation stage. This finding is in contrast with previous
observations that antimicrobial treatment increases polysac-
charide production, which is probably an adaptive response
(21). In an earlier study, we demonstrated that 2 mM carvacrol
was nonbiocidal to S. aureus in dried films (18). The present
study showed that continuous exposure of this organism to
nonbiocidal concentrations of carvacrol could disrupt normal
development of the biofilm. At high concentrations (5.0 mmol/
h), carvacrol caused total inactivation of both bacteria and
prevented coaggregation of cells; presumably, viable cells were
killed prior to the initial attachment of bacteria.

In conclusion, this study has demonstrated the inhibitory
effects of carvacrol, a natural antimicrobial, in a dual-species
biofilm at various stages of maturation. Pulse and continuous-
exposure studies showed that carvacrol was as effective as
Spor-Klenz RTU, a commercial-grade sanitizing agent, against
biofilms. The results also demonstrated the resilient nature and
regenerative capacity of biofilm matrices.
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FIG. 5. Development of a dual-species biofilm at 25°C in response
to continuous exposure at low (F, 1.0 mmol/h) or high (E, 5.01
mmol/h) concentrations of carvacrol compared to untreated biofilm
development (dotted line). A) Staphylococci. B) Salmonellae. C) Pro-
tein. The experimental limit of detection was 2 log CFU/biofilm. Sam-
ples were collected �10 min after each antimicrobial pulse. Data
points represent mean values of three independent experiments with
standard deviations of �0.3716 log CFU/biofilm for viable counts and
�12.5 �g/biofilm for protein values.
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