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The specific biofilm formation (SBF) assay, a technique based on crystal violet staining, was developed to
locate plant essential oils and their components that affect biofilm formation. SBF analysis determined that
cinnamon, cassia, and citronella oils differentially affected growth-normalized biofilm formation by Escherichia
coli. Examination of the corresponding essential oil principal components by the SBF assay revealed that
cinnamaldehyde decreased biofilm formation compared to biofilms grown in Luria-Bertani broth, eugenol did
not result in a change, and citronellol increased the SBF. To evaluate these results, two microscopy-based
assays were employed. First, confocal laser scanning microscopy (CLSM) was used to examine E. coli biofilms
cultivated in flow cells, which were quantitatively analyzed by COMSTAT, an image analysis program. The
overall trend for five parameters that characterize biofilm development corroborated the findings of the SBF
assay. Second, the results of an assay measuring growth-normalized adhesion by direct microscopy concurred
with the results of the SBF assay and CLSM imaging. Viability staining indicated that there was reduced
toxicity of the essential oil components to cells in biofilms compared to the toxicity to planktonic cells but
revealed morphological damage to E. coli after cinnamaldehyde exposure. Cinnamaldehyde also inhibited the
swimming motility of E. coli. SBF analysis of three Pseudomonas species exposed to cinnamaldehyde, eugenol,
or citronellol revealed diverse responses. The SBF assay could be useful as an initial step for finding plant
essential oils and their components that affect biofilm formation and structure.

Selected natural products that originate in plants can influ-
ence microbial biofilm formation. For example, halogenated
furanones, a class of compounds that inhibit biofilm formation
by interfering with bacterial quorum sensing, were identified in
a marine alga and are thought to have evolved to reduce
biofouling (34). Other plant-derived compounds inhibit pepti-
doglycan synthesis (24), damage microbial membrane struc-
tures (10), modify bacterial membrane surface hydrophobicity
(35), and modulate quorum sensing (14), all of which could
influence biofilm formation. Terrestrial plants also support
populations of surface-attached bacteria (3, 23) and could po-
tentially produce phytochemicals that attenuate biofilm devel-
opment through specific mechanisms. However, many plant
essential oils, which are mixtures of numerous organic chemi-
cals, contain compounds that inhibit microbial growth (2, 8,
32). Thus, a screening procedure to identify phytochemicals
with specific antibiofilm activity must take into account the
cytotoxicity of plant essential oils.

Crystal violet (CV) staining, a colorimetric method, has been
used widely to measure biofilm formation in part because of its
amenability to large screening procedures (25, 26). For many
applications, particularly screening assays for surface adhe-
sion-deficient mutants (25, 27), measuring the absolute
amount of biofilm formed by CV staining is suitable. To search
for antibiofilm compounds in growth-inhibitory plant essential
oils, the CV assay must be modified to measure the amount of
biofilm formed relative to overall growth. Also, it is generally
assumed that CV binds proportionally to biomass, although

there are multiple physical, chemical, and biological factors
that could influence the binding of CV to biofilms. These
factors include (i) structural factors that affect dye diffusion,
(ii) morphological and physiological differences in individual
cells that influence dye binding, and (iii) chemical interactions
between plant essential oil components and CV. A direct mi-
croscopy-based evaluation of biofilm formation to assess CV-
based measurements of biofilm production would help validate
this approach.

In this paper we describe a CV assay that measures growth-
normalized biofilm accumulation, referred to as specific bio-
film formation (SBF), for locating plant essential oil compo-
nents that affect biofilm formation. The SBF method is a
modification of a technique employed by Pratt and Kolter (27),
and like all CV staining methods, it is a method for indirect
determination of biofilm formation. To evaluate the relevance
of the SBF assay, two microscopic techniques were employed.
First, biofilms cultivated in flow cells were examined by con-
focal laser scanning microscopy (CLSM) and quantitatively
analyzed by using the software package COMSTAT (18). Sec-
ond, adhesion was investigated by direct microscopy using the
specific cell adhesion (SCA) assay, also introduced in this
work. By using the SBF assay, three essential oils with different
effects on biofilm formation by E. coli were compared, and the
effects of their principal chemical components on biofilm struc-
ture, adhesion, cell morphology, viability, and swimming mo-
tility were measured. Finally, the SBF assay was used to inves-
tigate biofilm formation by three species of Pseudomonas
following exposure to plant essential oil components.

MATERIALS AND METHODS
Strains and culture conditions. The following strains were used in this study:

Escherichia coli ATCC 33456 (36), Pseudomonas aeruginosa PAO1 (Pseudomo-
nas Genetic Stock Center, Greenville, N.C.), Pseudomonas putida KT2440 (29),

* Corresponding author. Mailing address: Department of Biology,
Georgia State University, Atlanta, GA 30303. Phone: (404) 463-9917.
Fax: (404) 651-2509. E-mail: esgilbert@gsu.edu.

6951



and Pseudomonas fluorescens pSMC21 (5). All strains were cultured in Luria-
Bertani (LB) broth. E. coli ATCC 33456 and P. aeruginosa PAO1 were grown at
37°C; P. putida KT2440 and P. fluorescens pSMC21 were grown at 30°C.

Chemicals. Cinnamaldehyde and citronellol were obtained from Aldrich (Mil-
waukee, Wis.); eugenol was purchased from Acros Organics (Morris Plains,
N.J.). All solvents were analytical grade. All plant essential oils were obtained
from Aura Cacia (Weaverville, Calif.). Crystal violet solution was obtained from
Becton Dickinson (Sparks, Md.).

Toxicity analyses. Fourteen-milliliter capped polystyrene culture tubes (17 by
100 mm; Fisher Scientific, Pittsburgh, Pa.) containing 3 ml of LB medium and
plant essential oils at various concentrations were inoculated with 30 �l of cells
in the log phase of growth. For each concentration tested, tubes were prepared
in triplicate and incubated in an orbital shaker (200 rpm). Growth was deter-
mined turbidimetrically (600 nm) at the initiation of the experiment and after
1.5 h (E. coli) or 2.5 h (Pseudomonas spp.). The essential oils that were tested
were oils of Cinnamomum camphora (camphor), Cinnamomum cassia (cassia),
Cinnamomum zeylanicum (cinnamon), Melaleuca alternifolia (tea tree), Cymbo-
pogon nardus (citronella), and Zingiber officinale (ginger). The plant essential oils
were diluted in methanol (20%, vol/vol) prior to use; cinnamaldehyde, eugenol,
and citronellol were diluted in methanol (4%, vol/vol).

SBF assay. Bacteria were grown in 14-ml polystyrene culture tubes containing
2 ml of LB medium and various concentrations of essential oils or individual
chemicals. Compounds to be tested were dissolved in methanol as described
above, and the total volume added never exceeded 1.5% of the culture volume
(the amount of methanol added had no observable effect on growth). Nine
identically prepared tubes were used for each concentration. Three of the nine
tubes were used to measure growth in suspended culture (G tubes), three tubes
were used to measure biofilm growth (B tubes), and three tubes served as
controls for abiotic factors (NC tubes).

Inocula were grown to the late log phase. Subsequently, the B and G tubes
received 20 �l of inoculum, and all tubes (B, G, and NC tubes) were incubated
in an orbital cabinet shaker for 17 � 1 h. Following incubation, cells in the G
tubes were mixed well, and the optical densities at 600 nm (OD600) of the
cultures were measured. The B and NC tubes each received 125 �l of a 0.3%
solution of CV. After 15 min, the suspended culture was poured out, and the
tubes were rinsed well with distilled deionized water (six rinses, approximately 4
ml per rinse). Any remaining crystal violet was dissolved in 2 ml of an ethanol-
acetone (80:20) solution, and the absorbance at 570 nm of each resultant solution
was measured spectrophotometrically.

Biofilm accumulation was normalized with respect to growth, which yielded
the SBF. SBF was determined by using the following formula: SBF � (B �
NC)/G, where B is the amount of biofilm formed, NC is the amount of CV that
adhered to the polystyrene tubes due to abiotic factors, and G is the optical
density of cells grown in suspended culture. At least two replicate experiments
were performed for each concentration of chemical that was tested.

Flow cell determination of SCA. Bench-scale parallel-plate flow cells (16) were
used to quantify the effects of essential oil components on the initial adhesion of
E. coli ATCC 33456 to a glass surface. Briefly, medium reservoirs supplemented
with essential oil components were incubated at 37°C in a water bath, and
filter-sterilized air was pumped into the growth medium at a flow rate of 8.0 ml
min�1. The aerated media were inoculated with E. coli ATCC 33456 (OD600,
0.03) and recirculated through the flow cells at a flow rate of 0.84 ml min�1. After
2 h, the optical density of the suspended cells in each medium reservoir was
measured, the flow cell apparatus was reconfigured to obtain a continuous-flow
arrangement, and the channels were rinsed for 20 min with 50 mM phosphate
buffer. After rinsing, the flow cells were examined with a Nikon Eclipse E600
microscope equipped with differential interference contrast optics, and four
fields were obtained from randomly selected positions along the length of the
channel by using a �40 Plan Fluor objective. To determine the SCA, the number
of cells per field was determined, multiplied to obtain the number of cells
attached per square millimeter, and divided by the optical density of the sus-
pended cells that grew concurrently in the medium reservoir. At least eight fields
per concentration tested were obtained to estimate the SCA.

Cultivation of biofilms for viability staining and structure analysis. Biofilms
of E. coli ATCC 33456 were cultivated by using the flow cell technique described
above, with the following changes: (i) after 2 h, the medium bottles were re-
placed, and the flow cell apparatus was reconfigured to obtain a continuous-flow
arrangement with a flow rate of 0.35 ml min�1 for 18 h; and (ii) after 18 h, the
biofilms were rinsed for 20 min with a sterile 50 mM KCl-NaCl solution (pH 7.0).
After rinsing, 1 ml of a 1:1,000-diluted Live/Dead dye solution (Molecular
Probes, Eugene, Oreg.) was pumped into the flow cell apparatus. After 15 min,
the flow cells were rinsed for another 5 min and subsequently examined by

CLSM. Experiments were conducted in triplicate, and at least 10 fields per
condition tested were collected.

Quantitative analysis of biofilm structure. Image stacks collected by CLSM
were evaluated by using the digital image analysis program COMSTAT (18),
which was designed for quantifying features of biofilm structure. The parameters
analyzed by COMSTAT included maximum thickness, total biomass, substratum
coverage, biomass, average diffusion distance, roughness coefficient, and surface-
to-volume ratio. The COMSTAT analysis was performed with data collected in
the green channel (SYTO 9-stained cells).

Statistical analysis. Differences in biofilm structure measured with COM-
STAT were tested for significance by using Student’s t test. The error bars in all
of the graphs below indicate the standard error of the mean.

Swimming motility assay. The swimming motility of E. coli ATCC 33456 was
tested by using a modification of a previously described technique (6). Petri
dishes (100 by 15 mm; Fisher Scientific) containing 20 ml of LB broth and 0.3%
Bacto Agar (Difco, Detroit, Mich.) were used. Cinnamaldehyde, eugenol, and
citronellol were diluted in methanol (4%, vol/vol) and added at concentrations
that resulted in 60% inhibition of planktonic cell growth in the toxicity analyses.
The plates were inoculated by using sterilized toothpicks and were incubated for
17 � 1 h in a 30°C incubator, and the diameter of each motility halo was
measured. Six replicates were used for each treatment.

Gas chromatography. Analysis of the components of C. cassia, C. zeylanicum,
and C. nardus oils was conducted by gas chromatography with flame ionization
detection. Analyses were performed with a Autosystem XL gas chromatograph
(Perkin-Elmer, Wellesley, Mass.) by using a Supelco SPB-20 column (length,
30 m; inside diameter, 0.32 mm; Supelco, Bellefonte, Pa.). The injector temper-
ature was 250°C, and the detector temperature was 300°C. The carrier gas was
helium (1.3 ml min�1), and the detector gases were hydrogen (45 ml min�1) and
air (450 ml min�1). Oils of C. cassia and C. zeylanicum were analyzed with the
following temperature program: the initial column temperature was 150°C, the
oven temperature was increased at a rate of 10°C min�1 until it was 260°C, and
the temperature was kept at 260°C for 7 min. C. nardus oil was analyzed with the
following temperature program: the initial column temperature was 210°C and
was kept at this level for 2 min, and then the oven temperature was increased at
a rate of 5°C min�1 until it was 260°C.

RESULTS

Effects of plant essential oils on growth and biofilm forma-
tion. Six plant essential oils were screened for the ability to
inhibit the growth of E. coli ATCC 33456 (Fig. 1a). Z. officinale
essential oil had no effect on growth, and essential oils derived
from C. camphora and M. alternifolia slightly inhibited the
growth of E. coli ATCC 33456. C. zeylanicum and C. cassia
essential oils substantially reduced the growth rate of E. coli
ATCC 33456. C. nardus had a minimal effect on growth after
2 h, but growth inhibition was evident after 15 h (Fig. 1b). C.
zeylanicum, C. cassia, and C. nardus were selected for further
study.

The effects of C. zeylanicum, C. cassia, and C. nardus essen-
tial oils on biofilm formation by E. coli ATCC 33456 were
evaluated by the SBF assay. After 17 h, C. cassia reduced the
extent of biofilm formation as a function of increasing essential
oil concentration, whereas the SBF increased in response to C.
zeylanicum and C. nardus essential oils. Representative
changes in SBF values compared to controls were �100% �
22% for C. cassia, 241% � 38% for C. zeylanicum, and 586%
� 54% for C. nardus following exposure to essential oil con-
centrations that resulted in 73% � 4% inhibition of planktonic
growth. The corresponding OD600 values for suspended cul-
tures ranged from 0.72 � 0.07 for cells exposed to C. nardus to
0.92 � 0.20 for cells exposed to C. cassia.

Effects of essential oil principal components on growth. The
principal chemical components of the three essential oils were
quantified by gas chromatography with flame ionization detec-
tion. The major components of C. zeylanicum and C. cassia
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were cinnamaldehyde and eugenol, which comprised 2.1 and
53.4% of C. zeylanicum extract and 55.3 and 0.4% of C. cassia
extract, respectively. The major component of C. nardus was
citronellol, which comprised 48.8% of the total compounds
present. The identities of the principal essential oil compo-
nents were confirmed by comparison with the retention times
of cinnamaldehyde, eugenol, and citronellol standards.

The effects of cinnamaldehyde, eugenol, and citronellol on
the growth of E. coli ATCC 33456, P. aeruginosa PAO1, P.
putida KT2440, and P. fluorescens pSMC21 were evaluated
(Fig. 2). Cinnamaldehyde significantly inhibited the growth of
all four species that were tested. Although eugenol strongly
inhibited the growth of E. coli ATCC 33456, the growth of the
three Pseudomonas spp. was reduced by only 20% � 5% at a
eugenol concentration of 2,600 �M (425 ppm), the maximum
concentration tested. The growth of all four species was mod-
erately inhibited by citronellol after 2 h. Like the results ob-
tained with C. nardus essential oil, a delay in toxicity was
observed when E. coli ATCC 33456 was treated with
citronellol. By 18 h, 1,850 �M (290 ppm) citronellol inhibited
E. coli growth by 60% compared to controls, and 2,650 �M
(415 ppm) inhibited growth by 81%.

Effects of cinnamaldehyde, eugenol, and citronellol on E.
coli ATCC 33456 biofilm formation and structure, viability,
and swimming motility. The SBF and SCA assays revealed the
same general trends for cinnamaldehyde, eugenol, and

citronellol in response to increasing concentrations (Fig. 3).
For example, the SBF after exposure to 2,010 �M (265 ppm)
cinnamaldehyde was reduced by 46% � 8% compared to the
SBF measured for the control treatment. Similarly, represen-
tative SCA values were 100,239 � 18,809 cells mm�2 OD600

unit�1 for cells grown in LB medium only and 50,600 � 19,448
cells mm�2 OD600 unit�1 for cells grown in the presence of
2,120 �M (280 ppm) cinnamaldehyde, a reduction of 50% �
10% (P � 0.001).

To measure the effects of cinnamaldehyde, eugenol, and
citronellol on E. coli ATCC 33456 biofilm structure and via-
bility, flow cell-grown biofilms were investigated by CLSM.
Biofilms were grown for 18 h, which was similar to the growth
period for the SBF assay. Essential oil components were added

FIG. 1. Plant essential oil toxicity for E. coli ATCC 33456. (a)
Toxicity measured by using the specific growth rate. (b) Toxicity ex-
pressed as a percentage of growth compared to the growth in LB
medium after 15 h.

FIG. 2. Effects of cinnamaldehyde (a), eugenol (b), and citronellol
(c) on the specific growth rate of E. coli ATCC 33456 and selected
Pseudomonas strains.
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at concentrations that caused 60% inhibition of the planktonic
cell growth (cinnamaldehyde, 2,170 �M [285 ppm]; eugenol,
1,690 �M [275 ppm]; citronellol, 1,850 �M [290 ppm]). Quan-
titative analysis of biofilm structure by using COMSTAT indi-
cated several significant differences that resulted from expo-
sure to plant essential oil components (Table 1).

Viability staining indicated that both live and dead cells were
present in all the biofilms tested (Fig. 4). No more than 30% of
the total population was killed by the chemical treatments,
although the concentrations of essential oil components used
reduced planktonic growth by approximately 60%. Cinnamal-

dehyde-treated biofilms had a significantly higher (P � 0.001)
percentage of dead cells than the biofilms that received the
other treatments, and many cells were abnormally long and
appeared to be stressed. Cinnamaldehyde reduced the swim-
ming motility of E. coli ATCC 33456 by 60% � 8% compared
to controls (P � 0.001). In contrast, eugenol (P � 0.29) and
citronellol (P � 0.26) had no significant effect.

Effects of cinnamaldehyde, eugenol, and citronellol on bio-
film formation by Pseudomonas spp. To determine whether the
SBF assay could identify differences in biofilm formation by
other bacteria, the effects of cinnamaldehyde, eugenol, and
citronellol on biofilm formation by three Pseudomonas species
were investigated (Fig. 5). For P. aeruginosa PAO1, biofilm
development was significantly inhibited by both eugenol and
citronellol. In contrast, the specific biofilm formation by P.
aeruginosa PAO1 decreased initially but subsequently in-
creased at cinnamaldehyde concentrations greater than 2,000
�M (265 ppm). Biofilm development by P. putida KT2440 was
reduced by increasing concentrations of all three chemicals.
The SBF of P. fluorescens pSMC21 was not substantially inhib-
ited at any concentration of cinnamaldehyde or citronellol. On
the other hand, biofilm development was significantly inhibited
by eugenol (no biofilm formed at any concentration higher
than 700 �M [115 ppm]).

DISCUSSION

CV staining has been widely adopted by microbiologists to
investigate mutants with respect to adhesion or biofilm forma-
tion (13, 15, 19, 25, 27) and attachment to diverse surfaces (4,
22) and to compare biofilm development in different patho-
gens (20, 21). Its greatest features are that it is inexpensive,
relatively quick, and adaptable for use in high-throughput
screening with microtiter plates (11, 25, 26). Adhesion assays
have also been developed based on staining with safranin (7,
31) and trypan blue (7). The SBF assay was conceived as a
simple CV-based approach to find plant essential oils with
antibiofilm properties. This assay is significant because it in-

FIG. 3. Comparison of SBF and SCA assays as a function of in-
creasing plant essential oil component concentration. The activities are
the activities relative to the activity of E. coli ATCC 33456 in LB
medium. (a) Cinnamaldehyde; (b) eugenol; (c) citronellol. (Inset) SCA
assay with citronellol. Solid symbols, SBF assay; open symbols, SCA
assay.

FIG. 4. Cell viability in E. coli ATCC 33456 biofilms after 18 h of
growth in the presence of plant essential oil components. Open bars,
live cells; solid bars, dead cells.
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corporates growth and biofilm accumulation in a single param-
eter, illustrating the relative tendency of cells in a population
to attach to surfaces in response to changing essential oil con-
centrations. The SBF assay differs in this regard from other
CV-based studies of biofilms that have measured the corre-
sponding growth of cells (11) or cellular activity (26), and it
could be used in investigations of the influence of chemicals on
biofilm development.

The divergent responses of E. coli ATCC 33456 to cinna-
maldehyde and citronellol measured by the SBF assay were
unexpected. To establish whether the observed trends in SBF
concurred with the microscopy-based direct assays of biofilm
development, three data analyses were considered. First, the
effects of cinnamaldehyde, eugenol, and citronellol on biofilm
formation by E. coli ATCC 33456 were compared (Table 1).
Five parameters measuring biomass calculated by COMSTAT
(total biomass, maximum biofilm thickness, substratum cover-
age, surface-to-biovolume ratio, and average diffusion dis-
tance) were significantly greater for biofilms exposed to
citronellol than for biofilms exposed to cinnamaldehyde. This
result strongly agreed with the trend determined by the SBF
assay. In contrast, the COMSTAT parameters for eugenol
were not significantly different than those for citronellol, and
they were significantly different from those for cinnamaldehyde
for only one parameter (substratum coverage), a finding that
was analogous to the intermediate response of eugenol seen in
the SBF assay. Second, the changes in COMSTAT parameters
for treated biofilms and untreated controls were compared.
For cinnamaldehyde, decreases in three of five parameters
characterizing biomass compared to biofilms grown on LB
medium alone were observed, and there was an increase in one
parameter. For eugenol, there were increases in three param-
eters and decreases in two. For citronellol, there were in-
creases in three parameters and a decrease in one. In general,
these results followed the trend that was observed in the SBF
assay. Third, the SCA assay, measuring growth-normalized
adhesion by direct microscopy, revealed tendencies similar to
those observed with the SBF assay in response to increasing
concentrations of each of the plant essential oil components
tested (Fig. 3). On the whole, the results of the microscopy-
based analyses corroborated the overall trend in biofilm accu-
mulation determined by the SBF assay.

Swimming motility has been linked to biofilm formation in
several kinds of bacteria (33), is mediated by flagella (17), and
initiates cell-to-surface contact. In some cases, flagellar motil-

FIG. 5. Effects of cinnamaldehyde, eugenol, and citronellol on SBF
by Pseudomonas species. (a) P. aeruginosa PAO1; (b) P. putida
KT2440; (c) P. fluorescens pSMC21.

TABLE 1. COMSTAT analysis of E. coli ATCC 33456 biofilm structurea

Medium or
compound

No. of
samples

Total
biomass

(�m3/�m2)

Maximum
thickness (�m)

Substratum
coverage

(%)

Roughness
coefficient

Avg diffusion
distance (�m)

Surface-to-biovolume
ratio (�m2/�m3)

LB medium 10 1.5 � 0.9b 46.2 � 5.7 34 � 19 1.7 � 0.2 0.02 � 0.02 4.1 � 0.7
Cinnamaldehyde 20 1.6 � 0.7f 18.3 � 1.8d,f 16 � 5d,f 1.5 � 0.2d,e 0.05 � 0.03c,f 2.0 � 0.2d,f

Eugenol 19 4.1 � 2.8c 22.2 � 6.1d 57 � 19c 1.1 � 0.5d 0.18 � 0.18c 2.8 � 1.0d

Citronellol 10 4.8 � 2.0c 28.5 � 10.0d 52 � 18c 0.9 � 0.3d 0.12 � 0.09c 3.5 � 0.5

a Biofilms were grown for 18 h in flow cells. Essential oil components were added at concentrations that resulted in 60% inhibition of the planktonic growth rate.
b All values are means � standard deviations.
c Significantly greater (P � 0.05) than the corresponding value for the LB medium control.
d Significantly less (P � 0.05) than the corresponding value for the LB medium control.
e Significantly greater (P � 0.05) than the corresponding value for citronellol.
f Significantlly less (P � 0.05) than the corresponding value for citronellol.
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ity has been found to be essential for normal biofilm formation
(27). However, flagellar motility was not required for initial
adhesion and biofilm formation by curli-producing strains of E.
coli (28) or for biofilm formation by E. coli strains carrying
conjugative plasmids (30). In this work, cinnamaldehyde sig-
nificantly reduced the swimming motility of E. coli ATCC
33456. We hypothesize that cinnamaldehyde may have reduced
biofilm formation by E. coli ATCC 33456 in part by interfering
with its ability to reach the substratum, a finding consistent
with the results of the SCA assay.

Several patterns of SBF were observed in response to in-
creasing concentrations of the three essential oil components
tested in this study, suggesting that the compounds may inter-
act with microorganisms through different mechanisms. For
example, the SBF for E. coli in response to cinnamaldehyde
decreased gradually, but it declined rapidly at concentrations
greater than 1,750 �M, possibly due to accumulated cell mem-
brane damage, which was detected during viability staining. In
contrast, over a similar concentration range, the SBF of P.
aeruginosa first decreased and subsequently increased to a level
higher than that in the absence of cinnamaldehyde. This be-
havior suggested that there was activation of a stress-induced
response that led to increased CV binding, possibly by in-
creased exopolysaccharide production, as observed elsewhere
in response to toxicity (1, 12). Similarly, citronellol substan-
tially increased the SBF of E. coli ATCC 33456, possibly by
acting as a poly-L-lysine-like adhesive (9), but it decreased the
SBF of P. aeruginosa and P. putida at equivalent concentration
ranges, indicating that there was a different interaction with
these microorganisms. By characterizing SBF patterns for
chemicals with well-understood mechanisms of activity, the
SBF assay could provide insight into the mode of action of new
compounds. However, direct microscopy would ultimately be
required to evaluate the effects on biofilm formation and struc-
ture.
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