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Salmonella enterica has the ability to form biofilms and large aggregates on produce surfaces, including on cilantro leaves. Ag-
gregates of S. enterica serovar Thompson that remained attached to cilantro leaves after rigorous washing and that were present
free or bound to dislodged leaf tissue in the wash suspension were observed by confocal microscopy. Measurement of S. Thomp-
son population sizes in the leaf washes by plate counts failed to show an effect of 0.05% Tween 80 on the removal of the pathogen
from cilantro leaves 2 and 6 days after inoculation. On the contrary, digital image analysis of micrographs of single cells and ag-
gregates of green fluorescent protein (GFP)-S. Thompson present in cilantro leaf washes revealed that single cells represented
13.7% of the cell assemblages in leaf washes containing Tween 80, versus 9.3% in those without the surfactant. Moreover, Tween
80 decreased the percentage of the total S. Thompson cell population located in aggregates equal to or larger than 64 cells from
9.8% to 4.4% (P < 0.05). Regression analysis of the frequency distribution of aggregate size in leaf washes with and without
Tween 80 showed that the surfactant promoted the dispersal of cells from large aggregates into smaller ones and into single cells
(P < 0.05). Our study underlines the importance of investigating bacterial behavior at the scale of single cells in order to uncover
trends undetectable at the population level by bacterial plate counts. Such an approach may provide valuable information to
devise strategies aimed at enhancing the efficacy of produce sanitization treatments.

Biofilms provide an important milieu that shields bacteria from
a range of stresses and antimicrobial compounds and there-

fore limit the efficacy of physical and chemical approaches used
for decontamination in the food production industry. Food-
borne pathogens are known to have the ability to form biofilms on
a variety of inert and biological surfaces, including plant surfaces
(1–3), which naturally harbor large and mixed biofilm communi-
ties (4–6). While considerable attention has been given to the at-
tachment of bacteria to surfaces and their production of biofilms,
few investigations have focused on their detachment and dispersal
(7). These processes allow for the dissemination of the bacterial
cells into food production environments and their contamination
of industrial systems. This implies that in freshly cut fruit and
vegetable production, bacteria may disperse as single or aggre-
gated cells to other plant surfaces and to washing and processing
equipment, thereby potentially amplifying a contamination event
if human pathogens are present on the produce. Wachtel and
Charkowski demonstrated that one lettuce piece inoculated with
Escherichia coli O157:H7 led to contamination of a large volume of
cut lettuce pieces stored in water for 24 h (8). Strategies to sanitize
produce wash water to prevent cross-contamination are likely
mostly effective against single planktonic bacterial cells and may
fail to eradicate cells residing in large aggregates, as was demon-
strated with Mycobacterium in wastewater (9).

Plant surfaces are hydrophobic due to the waxy nature of their
cuticle layer, and bacterial cell surface hydrophobicity was identi-
fied as a major factor mediating adherence of bacteria to leaves
(10). This interaction may account partly for the failure of most
aqueous sanitizers to decontaminate plant surfaces effectively.
Hassan and Frank reported that highly hydrophobic compounds,
such as the surfactant Tween 85, affect hydrophobic interactions
between bacteria and plant surfaces, thereby disrupting their ad-
hesion to the plant cuticle (11). Tween 80 (polysorbate 80) can

reduce bacterial attachment to, and inhibit biofilm formation on,
a variety of surfaces (12) and was shown to promote the dispersal
of Salmonella enterica cells from biofilms in vitro on polyvinyl
chloride (13). The aim of this study was to investigate the effect of
Tween 80 on the detachment of S. enterica Thompson from leaf
surfaces and its dispersal from cell aggregates. Microscopy and
digital image analysis were used to determine the effect of Tween
80 in wash water on the frequency distribution of aggregate size of
S. Thompson in cilantro leaf washes.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Salmonella enterica serovar
Thompson strain RM1987N is a spontaneous nalidixic acid-resistant mu-
tant of a clinical isolate associated with an outbreak linked to cilantro in
California (14, 15). It was labeled with the plasmid pGT-KAN, which
harbors a constitutively expressed gfp gene, as described previously; this
plasmid is stably maintained in S. Thompson RM1987N over multiple
generations (1). This strain was grown to stationary phase at 28°C in
Luria-Bertani (LB) broth amended with nalidixic acid at 50 �g/ml and
gentamicin at 15 �g/ml. Cultured cells were washed twice in potassium
phosphate buffer (KP buffer) (10 mM, pH 7) and resuspended in KP
buffer. Suspensions for plant inoculation were prepared by adding
washed cells to 1 mM KP buffer at a final concentration of 105 cells/ml.

Biofilm assay. Biofilms of S. Thompson were allowed to form at the
liquid-air interface on glass and polystyrene tubes by incubating cultures
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inoculated at 107 cells/ml in 300 �l of LB without salt (to promote biofilm
formation on inert surfaces) at 28°C without agitation. Biofilms formed
more rapidly on glass than on polystyrene. Thus, cultures were incubated
for 24 h and 48 h in glass and polystyrene tubes, respectively, at which time
the suspensions were removed from the tubes and the tubes rinsed gently
with H2O twice to fully remove unattached cells. Then the biofilms were
incubated with 500 �l of Tween 80 (0.05% in H2O) or H2O without
agitation for 30 min at 24°C and vortexed at the highest setting for 30 s to
disperse the biofilms. The suspension was removed from the tubes, which
were then rinsed with H2O twice. Measurement of the biofilms remaining
on the tube surfaces was carried out with the crystal violet staining method
as described by O’Toole et al. (16).

Inoculation of cilantro plants. Cilantro plants (Coriandrum sativum
cv. Leisure) grown to the fourth to sixth true-leaf stage were inoculated by
immersion of the upper plant part in the bacterial suspension for 2 s. Six
replicate pots of eight plants each were used per treatment. Immediately
after inoculation, 18 leaves were removed at random from the six pots and
assessed for initial S. Thompson population size on the leaves as described
below. The plants were then placed at 28°C with a 12-h period per day of
illumination under fluorescent lights in a humid chamber (90 to 100%
relative humidity [RH]) that allowed for the presence of visible free water
on part of the leaf surfaces.

Bacterial recovery from cilantro leaves for enumeration of CFU. For
estimation of S. Thompson population sizes on cilantro leaves, 18 leaves
were removed at each sampling time (0, 2, and 6 days after inoculation)
from the cilantro plants at random from the replicate pots and placed in
25 ml of 10 mM KP buffer with or without Tween 80 at a final concentra-
tion of 0.05% (vol/vol). The leaves were then sonicated in an Astramax
Generator sonicator bath with adjustable power (Misonix Inc., Farm-
ingdale, NY) at 250 W (frequency, 40 kHz) for 1 min at 4°C and vortexed
vigorously for 30 s to dislodge the bacterial cells from the leaf surface and
to break up bacterial aggregates. In order to test the effect of various
sonication conditions on bacterial recovery from the leaves, sonication
had been previously tested also at 100 W for 1 and 10 min; 250 W for 1 min
was shown to be the most effective and thus was used for bacterial recov-
ery from leaves (Table 1). The suspensions obtained from the leaf washes
were dilution plated with an automated plater (Autoplate 4000; Spiral
Biotech Inc., Norwood, MA) onto LB agar containing nalidixic acid at 50
�g/ml.

Bacterial recovery for quantification of aggregate sizes in the leaf
washes and microscopy. After dilution plating of a 50-�l aliquot of each
leaf washing obtained as described above, the remaining leaf washes
(about 25 ml) from six replicate leaves per treatment were filtered through
Durapore filters (EMD Millipore, Billerica, MA) (0.2-�m pore size). Each
filter, harboring the cells recovered from one leaf, was cut in half and each
half was mounted separately with Aqua-Poly/mount (Polysciences, War-
rington, PA) onto a glass slide with a coverslip. The green fluorescent

protein (GFP)-labeled S. Thompson cells were visualized on the filter
surface under a Leica DMRB microscope fitted with a 20�/0.5 HC PL
FLUOTAR objective and GFP filter set 513847 (Leica Microsystems,
Wetzlar, Germany). The fluorescence images were captured with a
Hamamatsu (Bridgewater, NJ) Orca C4742-95 camera and acquired with
the software Openlab, version 2.1 (Improvision, Lexington, MA). Ten
different random fields of view were imaged per half disc for a total of 120
fields of view for six leaves for each type of wash solution. S. Thompson
single cells and cell aggregates (defined as assemblages composed of two or
more cells) that remained on the leaf surface after washing or were asso-
ciated with plant debris in the washes collected on filters were visualized
with a Leica spectral confocal microscope TCS SP5 (Leica Microsystems,
Germany). Pseudo-three-dimensional (pseudo-3D) images were con-
structed by projected series of multiple optical scans in the z plane.

Image analysis for determination of frequency distribution of ag-
gregate size. The frequency distribution of the size of S. Thompson ag-
gregates present in the cilantro leaf washes with or without Tween 80 was
obtained by digital image analysis using the software IPLab Spectrum,
version 3.5.5, for Macintosh (Scanalytics, Fairfax, VA). The size of each S.
Thompson aggregate was estimated as described previously (1, 17).
Briefly, each S. Thompson single cell or aggregate in the image was iden-
tified by thresholding on the bright pixels from the GFP-labeled cells,
which had greater fluorescence intensity than the background pixels from
the nonfluorescent filter. This yielded a collection of objects (single cells or
aggregates), each with an area measured as the sum of the individual pixels
forming the object. The size of each aggregate was then assessed as the total
number of GFP-labeled cells by dividing the area of each aggregate by the
average number of pixels forming one bacterial cell (six pixels on average).
The measurements were pooled for both filter halves for each leaf for all
six leaves, and the frequency distribution of the size of all the aggregates
was determined for each type of wash solution (KP buffer or Tween 80).

Statistical methods. Statistical calculations were performed with the
software Prism, version 5.02 (GraphPad Software, San Diego, CA).

RESULTS AND DISCUSSION

Whereas attachment of enteric bacterial pathogens to plant sur-
faces has been the subject of numerous investigations in the con-
text of produce safety, research on the detachment of such patho-
gens from plants and their dispersal has been sparse. Current
washing technologies for the postharvest processing of produce
are ineffective at reducing pathogen loads on produce (18). There-
fore, any approach that may contribute to releasing the pathogen
cells adhering to the plant surface and dispersing them in order to
inactivate them in the wash water may improve the microbial
safety of the product. In this study, we used sonication in the
absence or presence of the surfactant Tween 80, followed by agi-
tation (vortexing) in the same solution, in order to determine the
effect of the surfactant on the release of single and aggregated S.
Thompson cells from the leaves of cilantro, an herb associated
with outbreaks of salmonellosis (15). Cilantro was used success-
fully as a model plant to investigate the behavior of this human
pathogen on leaf surfaces in previous studies (1, 14, 19).

Sonication was reported to improve the efficacy of sanitizers in
reducing S. enterica and E. coli O157:H7 population sizes on min-
imally processed fruits and vegetables (20–22). Phyllosphere bac-
teriologists traditionally have used sonication at sublethal levels to
dislodge bacterial cells from leaf surfaces in order to assess their
population size in the resulting wash suspension (23). Table 1
shows that sonication of inoculated cilantro leaves in KP buffer for
1 min at 100 or 250 W, followed by vortexing, released more S.
Thompson cells from cilantro than solely vortexing the leaves in
KP buffer. On the contrary, sonication at 100 W for 10 min ap-
peared to kill S. Thompson cells rather than enhancing their re-

TABLE 1 Effect of sonication on the recovery of S. enterica cells from
cilantro leavesa

Treatment Log (cell concn ratio)

100 W, 1 min �0.024A (0.95)
100 W, 10 min �0.317B (2.07)
250 W, 1 min �0.097A (0.79)
a Leaves of cilantro plants inoculated with S. enterica were sampled and placed
individually in KP buffer. Each leaf was then vortexed for 1 min, and an aliquot of the
wash suspension was dilution plated immediately (presonication). Then the leaf was
sonicated in a sonicator bath, followed by vortexing for 1 min, and the wash suspension
dilution was plated (postsonication). Data represent the means of the log-transformed
ratios of S. enterica concentration in the presonication wash over that in the
postsonication wash for five replicate leaves. Different superscript letters indicate a
significant difference between the means by Tukey’s multiple-comparison test (P �
0.05). Values in parentheses represent the back-transformed arithmetic values of the
means.
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moval from the leaves, since the untransformed mean ratio of the
S. Thompson population size on the leaves before sonication to
that after sonication was 2.07. Although sonication for 1 min at
250 W was slightly more effective at bacterial removal than soni-
cation at 100 W, this difference was not statistically significant
(Tukey’s multiple-comparison test, P � 0.05).

The waxy cuticle layer that lines aerial plant surfaces limits
their wettability. Thus, compounds such as surfactants that can
break the surface tension of leaves may increase their wettability
and allow for aqueous solutions to more effectively remove phyl-
losphere bacterial colonists, particularly cells located in hidden
microsites. Additionally, surfactants may effect bacterial detach-
ment from the leaf surface by disrupting the hydrophobic inter-
actions between bacterial cells and the cuticle (10). The hydropho-
bic surfactant polyoxyethylene sorbitan trioleate (Tween 85) in
combination with sodium chloride and sodium bicarbonate was
previously shown to remove a significantly greater number of E.
coli O157:H7 cells from the intact surface of lettuce leaves than
water and similar solutions of Tween 20 and 60 (11). Tween 80
(polysorbate 80) is widely used to emulsify and disperse sub-
stances in the cosmetic and pharmaceutical industries as well as in
the food industry at concentrations up to 1% (http://www.fda
.gov/food/ingredientspackaginglabeling/foodadditivesingredient
s/ucm091048.htm#ftnP). Tween 80 concentrations as low as
0.001% inhibited biofilm formation by Pseudomonas aeruginosa
(12), and its addition at 0.25% accelerated S. enterica biofilm dis-
persal from a polyvinyl chloride surface (13). In the present study,
0.05% Tween significantly enhanced the removal of S. Thompson
biofilms from polystyrene and glass surfaces compared with water
alone, by 16% and 23%, respectively, (Student t test, P � 0.03 and
P � 0.0001) (data not shown). In contrast, log-transformed S.
Thompson population sizes in cilantro leaf washes containing
Tween 80 were not statistically different than those with KP buffer
alone at 6 days postinoculation (P � 0.05) (Fig. 1). This failure of
plate counts to reveal an effect of the surfactant on the removal of
Salmonella cells from cilantro leaves was observed also with Tween
20 and Salmonella cell removal from parsley leaves (24).

Bacterial population sizes in the phyllosphere tend to show

large leaf-to-leaf variations (25), and this variance may obscure
significant differences unless a very large number of replicate sam-
pling units is used to generate mean population sizes per leaf.
Monier and Lindow demonstrated that epiphytic bacterial popu-
lations are aggregated at the microscopic scale (26). In our previ-
ous study, we used fluorescence microscopy and digital image
analysis to quantify bacterial population sizes on leaves at the scale
of single bacterial cells and estimated that 54% of the total S.
Thompson cell population on leaves of cilantro of plants incu-
bated under moist conditions resided in aggregates or biofilms
composed of more than 128 cells (1). In the present study, confo-
cal microscopy clearly revealed that despite thorough washing of
contaminated cilantro leaves, large S. Thompson aggregates re-
mained attached to the leaf tissue (Fig. 2A) and were present in the
wash water bound to leaf material that was released during wash-
ing (Fig. 2B). Given that such bacterial aggregates are difficult to
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FIG 1 S. enterica serovar Thompson population sizes in the washes from
cilantro leaves of plants incubated at 28°C under moist conditions after inoc-
ulation, as revealed by bacterial plate counts on growth agar. The leaves were
washed with KP buffer with (o) or without (�) 0.05% Tween 80. Datum
points represent the means of the log values of the S. Thompson population
size in the wash suspension from each of 18 leaves. Bars indicate SEMs.
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FIG 2 Pseudo-3D confocal micrographs of GFP-labeled S. enterica serovar
Thompson present as single cells or aggregates (arrows) on cilantro leaves after
washing the leaves by sonication and agitation in KP buffer (A) and present as
single cells or aggregates in the wash suspension per se (B). Note the large
aggregate of S. Thompson cells still bound to detached leaf tissue and detected
in the leaf wash (dashed circle). The pathogen was incubated on cilantro plants
for 6 days before the leaves were washed and the washings collected on filters,
as described in Materials and Methods. The red fluorescent signal is that of the
autofluorescence of the chloroplasts in the leaf epidermal cells.
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break up into single cells, plate counts would considerably under-
estimate the number of cells recovered from leaves, since CFU
arising from aggregates would still be considered equivalent to one
cell. This may partly account for the apparent decrease in popula-
tion size of S. Thompson in the cilantro phyllosphere in the period
between 2 and 6 days after inoculation (Fig. 1).

Because Tween 80 increased S. Thompson biofilm dispersal on
inert surfaces, as described above, a digital image analysis ap-
proach was used to investigate its potential to disperse aggregates
of the human pathogen that had formed on the cilantro leaves
over 6 days of incubation. In this scheme, bacteria recovered from
leaves washed with or without Tween 80 were collected on filters
and the frequency distribution of GFP-S. Thompson aggregate
size was obtained by analysis of epifluorescence images of the bac-
teria on the filters. Based on quantitative analysis of 120 digital
micrographs per wash treatment, there were, on average, two
times more cells recovered from the leaves washed with Tween 80
than from those washed with KP buffer (mean of log 10 CFU/leaf
equal to 4.01 and 3.75, respectively). However, these mean popu-
lation sizes were not significantly different (Student t test, P �
0.19).

As reported previously also for Pseudomonas syringae popula-
tions on bean leaves (26), the aggregate sizes of S. Thompson in
the cilantro leaf washes followed a positively skewed frequency
distribution, with most of the aggregates being small and large
cell assemblages representing rare events (Fig. 3A and B). Sin-
gle cells represented 13.7% of the cell assemblages washed off
with Tween 80 but only 9.3% of the cell assemblages washed off
with KP buffer. Additionally, the difference between the cumu-
lative percentages of cells located in small aggregates (two to 16
cells) washed off with Tween 80 and with water decreased as the
size of the small aggregates increased. The latter observations
indicate that the presence of Tween 80 in the wash resulted in
the recovery of a greater number of single cells and small ag-
gregates (Fig. 3A and B). Due to the great discrepancy between
the frequency of single cells or small aggregates and that of large
aggregates, which generated a broad scale on the y axis of the
frequency distribution histograms and rendered differences in
the number of large aggregates difficult to observe, the aggre-
gate size data were plotted as the percentage of cells in the total
cell population residing in aggregates equal to or larger than
bin values (Fig. 3C). This revealed that a considerable portion
of the total cell population was present in large aggregates,
since 9.8% of the cells in the washes without Tween 80 were
located in aggregates equal to or greater than 64 cells. This was
2.25-fold greater than the percentage of cells located in aggre-
gates of that size in the leaf washes containing Tween 80
(4.4%). Overall, Fig. 3C illustrates that this difference (repre-
sented as a ratio value above the bars) increased as the bin value
increased, indicating that the washes without Tween 80 con-
tained a larger portion of the S. Thompson population as ag-
gregated cells. Along with the more efficient recovery of singles
cells and small aggregates obtained with Tween 80, these results
suggest that addition of the surfactant to the wash solution
likely contributed to detaching single cells or small cell clumps
from the leaf surface and/or to breaking up large aggregates
into smaller ones and into single cells in the wash solution
during agitation.

The above conclusion is supported by our results shown in Fig.
4, which shows the regression analysis of the aggregate size data
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transformed into a Pareto distribution by binning together the
smallest assemblages (one and two cells). In order to perform
regression analysis on the Pareto distribution, the median of each
aggregate size range was log transformed and the frequency of
aggregate size was transformed into the log value (1 � cumulative
relative frequency), as previously described (1, 27). The regression
analysis revealed a linear relationship with high correlation coef-
ficients for both the Tween and KP buffer washes (R2 � 0.992 and
0.991, respectively) and a significant difference in the slopes (F �
5.44, P � 0.05) (Fig. 4). The greater absolute value of the slope for
the Tween wash than for the KP buffer wash indicates that the
presence of Tween 80 allowed for the recovery of a larger number
of smaller S. Thompson aggregates. It remains to be determined,
however, whether Tween would have had a similar effect if simple
agitation rather than sonication had been used for bacterial cell
removal from the leaves, and if its enhanced dispersal of S.
Thompson cells occurred during or following the process of re-
moval from the leaf surface, or both.

Studies of the behavior of bacterial cells at the population level
reveal only gross differences in overall population sizes and fail to
inform about fine aspects of their biology that may be relevant to
their persistence on plants or in other habitats. Although popula-
tion sizes of S. Thompson in leaf washes as estimated by plate
counts did not show a significant effect of Tween 80 on its removal
from cilantro leaves, analysis at the single-cell scale uncovered the
ability of the surfactant to wash off a greater number of single cells
and/or to disperse aggregated cells. This study is the first to exam-
ine the effect of a produce wash treatment at the scale of single
bacterial cells and demonstrates the potential of this approach to
provide important information for the development of sanitiza-
tion strategies that can be integrated into hurdle technologies in
order to minimize contamination of produce.
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