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ABSTRACT 

Poza-Carrion, C., Suslow, T., and Lindow, S. 2013. Resident bacteria on 
leaves enhance survival of immigrant cells of Salmonella enterica. 
Phytopathology 103:341-351. 

Although Salmonella enterica apparently has comparatively low 
epiphytic fitness on plants, external factors that would influence its ability 
to survive on plants after contamination would be of significance in the 
epidemiology of human diseases caused by this human pathogen. Viable 
population sizes of S. enterica applied to plants preinoculated with 
Pseudomonas syringae or either of two Erwinia herbicola strains was 
≥10-fold higher than that on control plants that were not precolonized by 
such indigenous bacteria when assessed 24 to 72 h after the imposition of 
desiccation stress. The protective effect of P. fluorescens, which exhibited 
antibiosis toward S. enterica in vitro, was only ≈50% that conferred by 

other bacterial strains. Although S. enterica could produce small cellular 
aggregates after incubation on wet leaves for several days, and the cells in 
such aggregates were less susceptible to death upon acute dehydration 
than solitary cells (as determined by propidium iodide staining), most 
Salmonella cells were found as isolated cells when it was applied to 
leaves previously colonized by other bacterial species. The proportion of 
solitary cells of S. enterica coincident with aggregates of cells of 
preexisting epiphytic species that subsequently were judged as nonviable 
by viability staining on dry leaves was as much as 10-fold less than those 
that had landed on uncolonized portions of the leaf. Thus, survival of 
immigrant cells of S. enterica on plants appears to be strongly context 
dependent, and the presence of common epiphytic bacteria on plants can 
protect such immigrants from at least one key stress (i.e., desiccation) 
encountered on leaf surfaces. 

 
The occurrence of human pathogenic bacteria on fresh fruit and 

vegetables has been associated with an increase in outbreaks of 
human disease in several industrialized countries. Although 
outbreaks of foodborne illnesses caused by Escherichia coli 
O157:H7 have received perhaps the most attention and cause the 
most loss of life, the incidence of illness due to contamination of 
a variety of edible plants by various strains of Salmonella enterica 
is also substantial (3,10,13,15,37,38). Non-typhoid salmonellosis 
caused by S. enterica is the most common bacterial foodborne 
illness in the United States (1). Although outbreaks of salmonel-
losis have historically been associated with consumption of meat 
and other animal products, uncooked fruit and vegetables are now 
considered among the most common sources of such contami-
nation. Outbreaks associated with S. enterica contamination of 
cilantro, tomato, cantaloupe, and other crops appear to be in-
creasing in frequency (3,10,13,15,37,38). 

There is a growing appreciation that preharvest colonization of 
crops by S. enterica, rather than contamination that occurs post 
harvest, is associated with many cases of human disease. Surveys 
of both domestic and imported produce in the United States reveal 
that samples are commonly contaminated with Salmonella spp. 
(12,15,38). Despite the recognized environmental phase (45) and 
relatively high frequency at which this human pathogen is found 
on plants, little is known of its interactions with the plants on 

which it can establish (5,41). Despite the possibility that Sal-
monella spp. might establish sizable reservoirs on plants, animal 
hosts remain the probable source of these strains. Salmonella spp. 
have been demonstrated to colonize the aboveground parts of 
plants following application of manure (2,5,17), providing solid 
evidence that preharvest contamination of plants is a plausible 
route of contamination. Unfortunately, how pathogens such as 
Salmonella survive in the plant environment is very poorly 
studied (5,39,41). 

The limited studies of the behavior of Salmonella spp. on plants 
suggest that, although they can multiply under favorable condi-
tions such as relatively warm temperatures and in the presence of 
moisture, they are less fit than many other bacteria more com-
monly found on such plants (5,6). It is unclear how commonly 
such conducive conditions might be encountered on plants that 
simultaneously had been contaminated by Salmonella spp.  
S. enterica was unable to multiply on dry leaves, unlike certain 
other plant-associated bacteria such as Pseudomonas syringae 
(32). Factors that would influence its ability to survive after immi-
gration to the plant are perhaps more significant in determining 
the persistence of epiphytic populations of Salmonella spp. This 
aspect of the epiphytic biology of Salmonella spp. has received 
limited attention. Although S. enterica (Thompson) exhibited 
proportional declines in viable population size upon the impo-
sition of desiccation stress on cilantro leaves similar to two com-
mon taxa of plant colonizers, Pantoea agglomerans and Pseudo-
monas chlororaphis (7), in another study, a much higher pro-
portion of cells of this species than of P. syringae died upon the 
drying of surface moisture on bean leaves (32). Thus, the fitness 
of S. enterica on leaves appears to be less than that of the more 
commonly recovered plant colonists that have been investigated 
in such detail. 
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The colonization of plants by S. enterica can be influenced by 
the presence of certain other bacterial colonists of plants (5,9). 
The incidence of S. enterica colonization of produce suffering 
from soft rot diseases can be substantially higher than that on 
healthy plants. Population sizes of S. enterica on a variety of 
edible plants were as much as 10-fold higher on plants infected by 
Erwinia carotovora or P. viridiflava (42). However, not all plant 
pathogens influence the colonization of plants by Salmonella spp. 
equally; E. chrysanthemi facilitated the colonization of S. enterica 
much more than did P. viridiflava (7). Under some conditions, S. 
enterica populations were also higher on tomato plants that were 
co-colonized by Xanthomonas campestris pv. vesicatoria, despite 
the fact that no disease symptoms were present (2). Although the 
presence of more abundant resources in diseased tissues might 
have facilitated colonization by S. enterica, it is unclear what 
processes might have led to enhanced colonization in the absence 
of disease. 

Given that S. enterica appears to have relatively low fitness for 
growth on plant surfaces, it seems likely that factors that would 
influence its successful immigration to plants might be of greater 
importance than factors that could influence its ability to multiply 
after immigration. Although several studies have suggested that S. 
enterica can persist on inoculated plants for extended periods of 
time (11,17,20), the factors that influence its survival have not 
been well addressed. Although S. enterica, like many epiphytic 
bacteria, can establish cellular aggregates on leaves that might be 
protective (8,28,30,31), such a mechanism requires that the 
pathogen survives and multiplies to establish such aggregates. It 
seems likely, therefore, that the initial survival of immigrants to 
leaves could be an important factor determining its presence on a 
plant at a location and time relevant to food safety. A recent study 
demonstrated that immigrant cells of nonpathogenic plant-associ-
ated bacteria survived much better when they landed as single 
cells onto preexisting aggregates of indigenous bacteria compared 
with uncolonized parts of the leaf (31). Given that S. enterica is 
apparently less fit on plants than the taxa addressed in that study, 
it seems likely that such a protective effect of preexisting epi-
phytes might be pronounced in this human pathogen. In this 
study, we addressed the role of other indigenous bacteria to 
modulate the survival of immigrant cells of S. enterica on leaves. 
Both quantitative assessments of viable population size coupled 
with fluorescence microscopy reveal that many bacterial species 
common on plants apparently change the microenvironment at 
local sites on the leaf in a way that makes it more conducive to 
the survival of immigrant cells of S. enterica. 

MATERIALS AND METHODS 

Bacterial strains and culture media. The origin and charac-
teristics of the epiphytic bacteria P. syringae pv. syringae B728a, 
an hrpJ– mutant of P. syringae B728a (16); P. fluorescens A506; 
E. herbicola (Pantoea agglomerans) BRT98; and E. herbicola pv. 
gypsophilae 824-1 have been previously reported (23,25,35,43, 
44). These bacterial strains are resistant to rifampicin (100 µg/ml) 
due to spontaneous chromosomal mutations. S. enterica subsp. 
enterica svs. Montevideo and Enteritidis have been previously 
described (24,40). These strains are naturally resistant to nalidixic 
acid (50 µg/ml). Cultures were stored frozen at –80°C in 10 mM 
potassium phosphate buffer (PB), pH 7.0, supplemented with 
15% glycerol (vol/vol), and were routinely grown and recovered 
from plants on King’s medium B (KB) (18) containing the 
fungicide natamycin (50 µg/ml). 

Generation of bacterial strains expressing fluorescent pro-
tein variants. Procedures for electroporation and conjugation 
have been previously described (36). Plasmids were isolated by 
using a Qiagen Spin Miniprep kit (Qiagen Inc., Valencia, CA). 
The gene encoding enhanced green fluorescent protein (GFP) was 
isolated from plasmid pMP4655 (4). This plasmid yields consti-

tutive GFP fluorescence in E. herbicola cells. Plasmid pKT-trp 
consists of a gfp marker gene whose expression is driven by the 
trp promoter from Salmonella sp. Typhimurium (14), and was 
used to yield constitutive GFP expression in Pseudomonas syringae 
and P. fluorescens (27). Plasmid pWM1009 harboring a con-
sensus promoter sequence from a Campylobacter sp. fused  
to a cyan fluorescent protein cfp marker gene (26) was used to 
yield constitutive CFP expression in S. enterica. pKT-trp was 
introduced into P. fluorescens A506 and P. syringae strains by 
conjugation with Escherichia coli DH5α (pKT-trp) followed by 
selection on KB containing rifampicin (100 µg/ml) and kana-
mycin (50 µg/ml). Erwinia herbicola BRT98 (pMP4655) was 
generated by electroporation followed by selection in KB 
containing rifampicin (100 µg/ml) and tetracycline (10 µg/ml).  
S. enterica subsp. enterica (pWM1009) was generated by elec-
troporation followed by selection in KB containing nalidixic acid 
(50 µg/ml) and kanamycin (50 µg/ml). No significant differ- 
ences in growth rate of the strains expressing the fluorescent 
proteins compared with the wild-type strain were observed. 
Plasmid maintenance in each of the strains was determined after 
growth for different times without antibiotics; no apparent loss of 
the plasmids within 10 generations was observed (data not 
shown). 

Plant inoculation and growth conditions. All experiments 
were carried out on 25-day-old lettuce plants (Lactuca sativa var. 
Romaine, ‘Parris Island Cos’) and 30-day-old cilantro plants 
(Coriandrum sativum). Plants were grown in a greenhouse and 
then inoculated with bacteria under controlled conditions in the 
laboratory. The population size of contaminating bacteria on these 
plants was <≈100 cells/g at the time they were removed from the 
greenhouse, as determined by dilution plating of plating leaf 
washings on 10% tryptic soy agar (Difco Laboratories, Detroit) 
supplemented with the fungicides benomyl and natamycin (50 µg/ml 
each). Both the abaxial and adaxial surfaces of leaves were first 
inoculated with epiphytic bacteria (P. syringae, P. fluorescens, or  
E. herbicola) by spraying with a cell suspension in potassium PB 
(10 mM, pH. 7.0) containing 106 cells/ml, followed by incubation 
in a moist chamber at 28°C and 100% relative humidity (periodic 
fogging of distilled water) for 4 days to establish these species on 
leaves. Population size of endogenous and inoculated epiphytes 
were determined at 24-h intervals after recovering cells by 
dilution plating of leaf washing onto KB. S. enterica was  
then applied with an artist’s airbrush (108 CFU/ml in PB) and  
the plants returned to the moist chamber for 24 h. S. enterica  
was also applied to control plants from the greenhouse that  
had not been pretreated with other bacteria, and the moistened 
plants were incubated for 24 h as above. All plants were  
then placed in a dry chamber (28°C and 30% relative humidity) 
for 3 days. Viable bacterial population sizes were determined  
by dilution plating of leaf washings similar to in other studies 
(32). At various times before inoculation of S. enterica, 
appropriate dilutions of leaf washates were plated onto KB to 
determine the sum of contaminating bacteria and the applied 
epiphytic species; nearly all colonies resembled the particular 
epiphytic species that had been inoculated. The population size of 
the applied epiphytic species was determined from dilution 
plating of leaf washings on KB containing rifampicin at 100 
µg/ml and that of S. enterica by plating on KB containing 
naladixic acid at 50 µg/ml. 

To determine the growth and aggregation status of S. enterica 
cells on leaves, the abaxial and adaxial surfaces of lettuce leaves 
were inoculated with a suspension of S. enterica cells (4 ×  
104 cells/ml in PB) using an artist’s airbrush. Plants were then 
incubated in a moist chamber as above for 7 days and population 
sizes determined by dilution plating as above. 

To determine the pathogenicity of P. syringae B728a strains to 
lettuce, the abaxial surface of leaves were inoculated with 100 µl 
of a suspension of bacteria at different concentrations (106, 107, 
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and 108 cells/ml) in 10 mM PB using a syringe. Symptoms were 
visualized after both 1 and 3 days. 

Sample preparation for microscopy. To study the formation 
of cell aggregates of S. enterica, four randomly chosen leaves were 
harvested at various times after inoculation, and four sections of 
1.5 by 1.5 mm, equivalent to 0.55 mg of leaf material exposing 
both the abaxial and adaxial surfaces, were cut from each leaf. 
Four images were then taken for each section and visualized as 
below. The viability of S. enterica cells recovered 24 h after inocu-
lation onto moist plants as well as 24 and 72 h after plants were 
subsequently allowed to dry was assessed using similar methods; 
five images were taken for each of four sections removed from 
each of four leaves. Circular segments of ≈1 cm in diameter were 
randomly cut from leaves and placed on top of 100 µl of melted 
water agar (1%) on a microscope slide to stabilize the leaf 
segments and to ensure a flat surface for microscopic obser- 
vations (28). After the agar had solidified (≈20 s), 10 µl of a 
solution of propidium iodide (10 µg/ml) in Polymount was placed 
on the center of a coverslip, which was then gently applied to the 
leaf segment. The mountings were kept in the dark at room tem-
perature for 10 min and then observed by epifluorescence 
microscopy. 

Epifluorescence microscopy. Samples were observed by epi-
fluorescence microscopy using an Axiophot Zeiss microscope 
equipped with either ×10/0.30, ×20/1.30, ×40/0.75, or ×100/1.30 
numerical-aperture Plan Neofluar objectives (Zeiss Inc., Ober-
kochen, Germany). A CFP/yellow fluorescent protein 51017 filter 
set (Chroma Technology Corp., Brattleboro, VT) was used to 
visualize green and cyan fluorescence in the same field of view 
and, thus, to enumerate the number of GFP-marked and CFP-
marked cells present in a given aggregate. A 61000v2 DAPI/ 
FITC/TRITC filter (Chroma Technology Corp.) was used to 
visualize red propidium iodide fluorescence indicative of cell 
death. This filter permitted simultaneous visualization of dead and 
living (GFP or CFP fluorescent) cells. Images were captured with 
an Optronics DEI-750 video camera, transferred to a personal 
computer platform, and processed with Adobe PhotoShop soft-
ware (Adobe Systems Incorporated). Image processing was 
carried out by combining overlaying the images that had been 
separately obtained with each filter. In the images obtained with 
the CFP filter, cell death was observed as a decrease in fluores-
cence intensity (blue or green). Cell death of particular inoculated 
bacterial strains was determined by combining the images 
obtained with the 4′,6-diamidino-2-phenylindole (DAPI) and CFP 
filters, which enabled distinguishing dead endogenous bacteria 
from dead inoculated bacteria. 

Quantification of monospecific and mixed bacterial aggre-
gates. The entire surface of each leaf segment was extensively 
scanned at different magnifications in order to locate individual S. 
enterica cells as well as S. enterica cells within monospecific or 
mixed species aggregates (two or more touching cells was con-
sidered an aggregate). Two images were captured for each field of 
view (one image with the CFP filter and another with the DAPI 
filter). All images were captured at a magnification of ×500 and 
processed at a resolution of 300 pixels/in.2 using Adobe PhotoShop 
software. Individual S. enterica cells (live or dead) were enumerated 
visually. One S. enterica cell is composed of 67 pixels. The 
number of cells in a given aggregate was calculated based on the 
area of that object, assuming that they formed a monolayer as in 
other studies (29,30). 

Statistics. All experiments were repeated at least twice, with 
three replications for each experiment. Data management and 
computation were performed by using Microsoft EXCEL. De-
scriptive statistics and analysis of variance of measurements of 
the proportion of living cells were all performed with SYSTAT 
(Systat Software, Inc., Chicago) using a significance level of P = 
0.05. The standard errors of all estimates of the mean of de-
pendent variables are shown. 

RESULTS 

S. enterica sv. Montevideo exhibited lower epiphytic fitness on 
the surface of romaine lettuce leaves than did the mixture of 
endemic bacteria that occurred on these greenhouse-grown plants 
(Fig. 1). Whereas the population size of the inoculated S. enterica 
strain as well as culturable endemic bacteria were each initially 
≈104 cells/fresh weight of tissue, the mixed population of endemic 
bacteria increased to over 107 cells/g while that of S. enterica 
increased to only ≈106 cells/g after ≥3 days of incubation (Fig. 1). 
Because the S. enterica strain harbored a plasmid conferring 
constitutive GFP fluorescence, its total population size was also 
measured by fluorescence microscopy of cells recovered from the 
leaf. The total S. enterica population sizes determined by 
fluorescence microscopy were very similar to those of culturable 
population sizes, suggesting that nearly all cells were alive on 
such moist plants and that the gfp marker gene was maintained on 
plants. 

The influence of preexisting bacterial residents on romaine 
lettuce plants to the survival of immigrant cells of S. enterica sv. 
Montevideo was assessed by comparing the number of viable 
cells of this species when applied to plants that had been previ-
ously inoculated with one of several different common epiphytic 
bacteria with that recovered from plants lacking large preexisting 
epiphytic populations after both were subjected to desiccation 
stress after inoculation. Each of the bacterial strains (P. syringae 
B728a, E. herbicola pv. gypsophila 824-1, E. herbicola BRT98, 
and P. fluorescens A506) (hereafter referred to as indigenous 
epiphytic strains) increased in population size from ≈105 cells/g 
shortly after inoculation to ≈107 cells/g within the 4-day incu-
bation period on plants kept moist after inoculation (Fig. 2).  
S. enterica was then challenge inoculated onto these preinocu-
lated plants or on control plants that had not been precolonized by 
large bacterial populations and the plants kept moist for 24 h. 
After this 24-h moist incubation period, plants were allowed to 
dry for an additional 3 days to impose desiccation stress on the 
bacteria. The numbers of culturable S. enterica cells (≈106 cells/g) 
exhibited little change during this 24-h moist incubation period 
(Fig. 2). However, the numbers of culturable cells decreased 
rapidly on plants as leaf surface moisture dried. Viable population 
sizes of S. enterica decreased 10- to 100-fold within 3 days of the 
imposition of desiccation stress (Fig. 2). Importantly, the loss of 
viability of S. enterica was much less, in all cases, on those plants 

Fig. 1. Culturable population size of a green fluorescent protein (gfp)-marked 
Salmonella enterica sv. Montevideo on the surface of romaine lettuce leaves 
kept moist after inoculation. Viable population size was determined by dilu-
tion plating (open squares) and the total numbers of this strain determined by 
fluorescence microscopy of leaf washings (filled circles). The population size
of endemic bacteria on uninoculated plants was determined by dilution plating
(filled squares). Vertical bars represent the standard error of the mean of log-
transformed population size. 
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having a large preexisting population of a given epiphytic 
bacterial species compared with those on control plants lacking 
such large population sizes at the time of inoculation of S. 
enterica (Fig. 2). For example, culturable population sizes of S. 
enterica on plants preinoculated with P. syringae or either of the 
E. herbicola strains was ≥10-fold higher than that on control 
plants that were not precolonized by these indigenous bacteria 
when assessed 24 or 72 h after the imposition of desiccation stress 
(Fig. 2). Precolonization with E. herbicola BRT98 enhanced the 
survival of S. enterica the most while the protection conferred by 
P. fluorescens A506 was two- to threefold less (Fig. 2). Although 
no evidence of in vitro antagonism was observed between either 
P. syringae or either strain of E. herbicola and any strain of  
S. enterica, modest antibiosis of P. fluorescens A506 to some 
strains of S. enterica was observed (Supplemental Figure 1). 

Although the population sizes of the indigenous epiphytic 
bacterial strains that were preinoculated onto plants were usually 
much higher than those of S. enterica after desiccation stress, the 
ability of these strains to suppress the death of S. enterica ap-
peared unrelated to their desiccation stress tolerance. For ex-
ample, whereas the numbers of viable cells of E. herbicola 
BRT98 72 h after the imposition of desiccation stress were much 
higher than those of P. syringae, both strains conferred similar 
protection to lethal desiccation stress of S. enterica (Fig. 2). 
Because the indigenous epiphytic bacterial strains preinoculated 
onto plants had achieved much higher population sizes before the 
imposition of desiccation stress, their higher population sizes after 
plants had dried was largely because of their larger initial popu-
lations, and they exhibited a similar proportional loss in viability 
as did S. enterica on plants that had not been preinoculated. 

To verify that the protective effect of indigenous bacteria on 
desiccation stress tolerance of S. enterica was not a strain-specific 
interaction with S. enterica sv. Montevideo, the effects of these 

four indigenous bacterial species on the survival of S. enterica sv. 
Enteriditis was assessed in similar studies. Remarkably similar 
patterns of protection of S. enterica sv. Enteriditis were conferred 
by these four strains as were seen for sv. Montevideo (Fig. 3). The 
death of S. enterica sv. Enteriditis was reduced ≥10-fold on plants 
preinoculated with either P. syringae or either of the two E. herbi-
cola strains, while lesser protection against desiccation stress was 
conferred by P. fluorescens A506 (Fig. 3). Likewise, the presence 
of P. syringae conferred protection to S. enterica sv. Enteriditis 
despite the fact that its own population size decreased much more 
than either of the other three indigenous strains (Fig. 3). 

To verify that the protective effect of indigenous epiphytic 
bacterial species on the desiccation stress tolerance of S. enterica 
was not a plant-species-specific phenomenon restricted to 
romaine lettuce, the survival of S. enterica sv. Montevideo was 
compared on leaves of cilantro that either had or lacked large 
populations of the epiphytes. As observed on romaine lettuce, the 
population size of S. enterica preincubated with either P. syringae 
or one of the two E. herbicola strains was nearly 10-fold higher 
than that on plants that did not harbor large numbers of indige-
nous bacteria (Fig. 4). Also as seen on romaine lettuce, the ap-
parent protective effect of P. fluorescens A506 was noticeably less 
than that of either of the other three epiphytic strains (Fig. 4). 
Likewise, P. syringae exhibited less tolerance of desiccation stress 
than did any of the three other epiphytic bacteria; the population 
size of P. syringae was as much as 10-fold lower than that of the 
other bacteria when assessed 72 h after the imposition of desicca-
tion stress (Fig. 4). Regardless of whether it was inoculated onto 
precolonized or control plants, S. enterica exhibited less ability to 
tolerate desiccation stress on cilantro than did either of the E. 
herbicola strains or P. fluorescens A506 (Fig. 4). Additionally, no 
net increase in population size of S. enterica occurred on cilantro 
during a 24-h moist incubation period after inoculation onto either  

Fig. 2. Viable population size of different bacterial strains at various times after inoculation onto romaine lettuce leaves kept moist for 4 days (dotted line, filled 
triangles). After this 4-day preincubation period (denoted as 0 h after inoculation), these plants that had been precolonized with a given bacterial strain (solid line, 
filled circles) or other plants that had not been previously inoculated (dashed line, open circles) were inoculated with Salmonella enterica sv. Montevideo and kept 
moist for an additional 24 h before plants were then allowed to dry. Culturable S. enterica populations were determined at various times after inoculation onto the 
plants that had been preinoculated with a given bacterial strain (filled circles) or which had not been preinoculated (open circles). Vertical bars represent the
standard error of the mean of log-transformed population size. 
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Fig. 3. Viable population size of different bacterial strains at various times after inoculation onto romaine lettuce leaves kept moist for 4 days (dotted line, filled 
triangles). After this 4-day preincubation period (denoted as 0 h after inoculation), these plants that had been precolonized with a given bacterial strain (solid line, 
filled circles) or other plants that had not been previously inoculated (dashed line, open circles) were inoculated with Salmonella enterica sv. Enteriditis and kept 
moist for an additional 24 h before plants were then allowed to dry. Culturable S. enterica populations were determined at various times after inoculation onto the 
plants that had been preinoculated with a given bacterial strain (filled circles) or which had not been preinoculated (open circles). Vertical bars represent the
standard error of the mean of log-transformed population size. 

Fig. 4. Viable population size of different bacterial strains at various times after inoculation onto cilantro leaves kept moist for 4 days (dotted line, filled triangles). 
After this 4-day preincubation period (denoted as 0 h after inoculation), these plants that had been precolonized with a given bacterial strain (solid line, filled 
circles) or other plants that had not been previously inoculated (dashed line, open circles) were inoculated with Salmonella enterica sv. Montevideo and kept moist 
for an additional 24 h before plants were then allowed to dry. Culturable S. enterica populations were determined at various times after inoculation onto the plants 
that had been preinoculated with a given bacterial strain (filled circles) or which had not been preinoculated (open circles). Vertical bars represent the standard 
error of the mean of log-transformed population size. 



346 PHYTOPATHOLOGY 

precolonized or control plants. When assessed 72 h after the 
initiation of desiccation stress, the relative viable population size 
of the two different S. enterica strains on either romaine lettuce or 
cilantro that had been precolonized with a given resident epi-
phytic strain was similar; on a given plant species, its viable 
population size was similar on plants pretreated with either P. 
syringae or either of the E. herbicola strains and greater than that 
on plants pretreated with P. fluorescens which, in turn, was 
substantially higher than that on plants lacking a large indigenous 
epiphytic bacterial community. 

We considered that the protective effect of P. syringae on 
desiccation stress tolerance of S. enterica, despite the fact that it 
itself did not survive well on either romaine lettuce or cilantro, 
might be associated with virulence traits that it might exhibit. 
Although P. syringae B728a is not a pathogen of romaine lettuce 
(only a hypersensitive reaction was seen within 24 h of 
inoculation of plants with high but not low concentrations of the 
wild-type strain but not the hrpJ mutant), it seemed possible that 
it could have influenced the plant in a way that could have 

reduced the stress that S. enterica would have experienced. As a 
test of this hypothesis, we compared the desiccation stress toler-
ance of S. enterica sv. Montevideo on romaine lettuce pre-
colonized by either a wild-type or a nonpathogenic hrpJ– mutant 
of P. syringae. The viable population size of S. enterica on plants 
72 h after plants were allowed to dry was more than 10-fold 
higher on plants precolonized by either the wild-type or hrpJ–  
P. syringae strain than on control plants lacking such epiphytic 
colonists (Fig. 5). The population sizes of S. enterica on plants 
pretreated with the two P. syringae strains did not differ (Fig. 5). 
Curiously, whereas the proportional decrease in viable population 
size of the wild-type P. syringae strain upon drying of the leaves 
was similar to that of S. enterica on control leaves, the hrpJ– 
mutant exhibited a greater proportional decrease than did the 
wild-type P. syringae strain (Fig. 5). Thus, although the type III 
secretion system (and perhaps certain effectors produced by  
P. syringae) contributes to its epiphytic fitness on the non-host 
plant romaine lettuce, as has also been seen on the host plant bean 
(16), it apparently does not mediate the protective effect of P. 
syringae to cells of S. enterica. 

Because S. enterica has been shown to produce cellular aggre-
gates under some conditions on plants (8), and because the sur-
vival of cellular aggregates of some bacterial species such as P. 
syringae was greater than that of more solitary cells (28), we 
determined to what extent the survival of S. enterica under desic-
cation conditions in this study could be attributed to its formation 
of cellular aggregates. Dispersed suspensions of a GFP- or CFP-
expressing S. enterica strain were applied to romaine lettuce 
leaves using an artist’s paint brush that resulted in the deposition 
primarily of individual cells (data not shown), and the plants were 
then incubated under moist conditions that allowed bacterial 
growth for ≥1 days. Cellular aggregates visualized using epi-
fluorescence microscopy were not large, consistent with the 
relatively restricted growth exhibited by S. enterica on romaine 
lettuce, and were most commonly observed in the grooves be-
tween plant cells (Fig. 6). The numbers of CFP-labeled S. enterica 
cells that occurred individually or in groups of two or more cells 
was determined from analysis of digital images obtained during 
epifluorescence microscopy. When examined after 48 h of 
incubation on moist leaves, a majority of S. enterica cells were in 
small cellular aggregates (Fig. 7); ≈75% of the CFP-labeled S. 
enterica cells were in aggregates of two or more cells. Both the 
proportion of cells found in cellular aggregates as well as the total 
number of cells (either in aggregates or solitary cells) was very 
similar when assessed either 1 or 3 days after the imposition of 
desiccation stress (Fig. 7), suggesting that little or no cellular 
growth occurred after plants were allowed to dry. The death of the 
CFP-labeled S. enterica cells with increasing duration of drying 

Fig. 6. Aggregates of a green fluorescent protein (gfp)-marked strain of Salmonella enterica sv. Montevideo on the surface of romaine lettuce leaves visualized by 
fluorescence microscopy. 

Fig. 5. Culturable population size of Salmonella enterica sv. Montevideo on
romaine lettuce leaves at various times after it was applied to plants that had
been inoculated 4 days previously with either wild-type Pseudomonas syringae
strain B728a (diamonds) or an hrpJ– mutant of strain B728a (filled triangles)
and on plants not previously inoculated (filled circles) and then allowed to dry
shortly after inoculation with S. enterica. The time after inoculation with S. 
enterica is shown on the abscissa. Shown also is the population size of strain
B728a (open circles) and of the hrpJ– mutant (open triangles) at various times 
after plants were allowed to dry. Vertical bars represent the mean of log-
transformed population sizes. 
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was determined by simultaneously assessing CFP fluorescence 
and the red fluorescence associated with propidium iodide 
staining of cells directly on leaves by epifluorescence microscopy. 
Only a very small proportion of either solitary or aggregated CFP-
labeled cells on leaves that had been wet for 48 h were stained by 
propidium iodide and, thus, presumed dead (Fig. 7). The propor-
tion of cells that stained with propidium iodide increased with 
increasing duration of desiccation stress on dry leaves but was 
always much lower for aggregated than solitary cells (Fig. 7). 

Thus, under conditions in which cellular aggregates of S. enterica 
formed on leaves, such aggregations are less susceptible to death 
by dehydration. However, because a very high percentage of 
solitary cells had succumbed to desiccation stress by 3 days of 
exposure on dry leaves, solitary immigrant cells of S. enterica are 
apparently highly susceptible to death by dehydration. 

Because little apparent multiplication of S. enterica occurred in 
the 24-h interval after they were inoculated onto moist leaves that 
were already supporting large indigenous epiphytic bacterial 

Fig. 7. A, Total number of cells of a green fluorescent protein (gfp)-marked strain of Salmonella enterica sv. Montevideo determined by fluorescence microscopy 
that occurred in cellular aggregates of two or more cells (dark bars) or as solitary cells (white bars) on the surface of romaine lettuce at various times after plants
were allowed to dry subsequent to a 24-h initial moist incubation period after inoculation. B, Percentage of cells of S. enterica in cellular aggregates (dark bars) or 
solitary cells (white bars) that were dead as determined by propidium iodide staining and fluorescence microscopy when incubated under dry conditions for 
various times as described above. Vertical bars represent the standard error of the determination of mean log-transformed population size or percentage of dead 
cells. 

Fig. 8. Co-aggregation of cells of green fluorescent protein (gfp)-marked Erwinia herbicola strain BRT98 and a cyan fluorescent protein (cfp)-marked strain of 
Salmonella enterica sv. Montevideo on the surface of romaine lettuce leaves that had been incubated for 24 h under moist conditions and then an additional 72 h 
under dry conditions after inoculation with S. enterica before being visualized using fluorescence microscopy using an enhanced CFP filter set to distinguish gfp
and cfp fluorescence (A). Cells that had died during the dry incubation were identified by their red fluorescence associated with propidium iodide staining when
visualized with a 4′,6-diamidino-2-phenylindole filter set (B). 
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populations, we hypothesized that the surviving immigrant cells 
were located in preexisting cellular aggregates of the resident 
bacteria. We further hypothesized that the protective effect of 
preexisting cellular aggregates on romaine lettuce leaves would be 
restricted to those immigrant cells that were coincident with the 
cellular aggregates. Thus, we assessed the spatial relationships 
and viability of both GFP-marked strains of resident epiphytic 
bacteria that were allowed to precolonize leaves as well as a CFP-
marked strain of S. enterica that immigrated largely as solitary 
cells during inoculation with an artist’s airbrush. When assessed 
24 h after inoculation and subsequent incubation on moist leaves, 
similar numbers of S. enterica cells were found as homogeneous 
aggregates, as solitary cells, and as individual cells in mixed 
aggregates with a given resident epiphytic bacterium such as E. 
herbicola BRT98 (Figs. 8 and 9). Most S. enterica cells coinci-
dent with aggregates of a given resident epiphytic bacterium 
occurred as solitary cells (Fig. 8), suggesting that relatively little 
multiplication of S. enterica had occurred on leaves that were 
precolonized by a given resident bacterial strain. The death of 
immigrant S. enterica cells upon drying of the leaves was 
assessed by propidium iodide staining. CFP-labeled S. enterica 
cells that were stained by propidium iodide could be distinguished 
from those of the GFP-labeled resident epiphytes (Fig. 8). 
Although nearly all cells of S. enterica present on moist plants 
before they dried did not stain with propidium iodide and, thus, 
were apparently alive, a high proportion of solitary S. enterica 
cells had died by 1 or 3 days on dry leaves (Fig. 9). Importantly, 
the proportion of S. enterica cells that had formed homogeneous 
aggregates or which had been found in mixed aggregates with E. 
herbicola BRT98 that had succumbed to desiccation stress by 1 or 
3 days was much lower than the solitary cells (Fig. 9). The fre-
quency of dead individual Salmonella cells that were co-incident 
with aggregates of E. herbicola BRT98 was less than that of 
homogeneous S. enterica aggregates (Fig. 9). Significantly, the 
proportion of individual cells of S. enterica coincident with 
aggregates of P. fluorescens A506 that had stained with propidium 
iodide after either 1 or 3 days of exposure to desiccation stress on 
dry leaves was similar to that of solitary cells (Fig. 10). In 
contrast, the proportion of cells in homogeneous aggregates of  

S. enterica that were stained by propidium iodide after either 1 or  
3 days of exposure to desiccation stress on dry leaves was lower 
than those of individual cells or cells in a mixed aggregate with  
P. fluorescens (Fig. 10). Curiously, a relatively high percentage of 
S. enterica cells coincident with P. fluorescens stained with pro-
pidium iodide even on plants that did not experience drying, 
suggesting that this strain had damaged S. enterica directly. 

DISCUSSION 

The survival of S. enterica on the leaves of edible plants is 
clearly context dependent because it was strongly influenced by 
the presence of resident bacteria in their vicinity. Interestingly, 
such interactions could either enhance or inhibit the survival of 
these immigrant cells in a strain-dependent manner. The survival 
of S. enterica was strongly increased when immigrant cells were 
coincident with several strains of common epiphytic species such 
as P. syringae and E. herbicola, suggesting that they directly 
enhance survival of this human pathogen. The much reduced 
beneficial effect of aggregates of P. fluorescens A506 was ap-
parently due to negative interactions that occurred between the 
two strains that overwhelmed a physical environment that might 
otherwise have been conducive for the survival of S. enterica. 
Given the diverse species that appear to be protective of  
S. enterica, we presume that most bacteria that are not directly 
inhibitory toward S. enterica will confer some protection to this 
human pathogen. It seems likely that the indirect benefits to S. 
enterica that are conferred by prior colonization of leaves by a 
variety of bacteria is due to their modification of the micro-
environment that cells experience on the leaf surface environment. 
Copious extracellular polysaccharide (EPS) is often observed 
around epiphytic bacteria on leaves (21,22). Such EPS is protec-
tive of the bacterial species such as P. syringae that produce it 
(46), and it is likely that it would be protective of other bacterial 
cells that encounter it. It is possible that other bacterial products 
such as biosurfactants or even phytotoxins could alter the local 
environment of the plant in a way that would stimulate not only 
the producer’s survival but also that of other bacteria as well. 
Thus, epiphytic bacterial species such as E. herbicola that are 

Fig. 9. A, Total number of cells of a cyan fluorescent protein (cfp)-marked strain of Salmonella enterica sv. Montevideo that occurred in homogeneous cellular 
aggregates of two or more cells (dark bars), as solitary cells (white bars), or as individual cells in a mixed aggregate with a green fluorescent protein (gfp)-marked 
strain of Erwinia herbicola BRT98 (striped bars) determined by fluorescence microscopy on the surface of romaine lettuce at various times after plants were
allowed to dry subsequent to a 24-h initial moist incubation period after inoculation with S. enterica. B, Percentage of cells of S. enterica present in homogeneous 
cellular aggregates (dark bars), as solitary cells (white bars), or as individual cells in a mixed aggregate with a gfp-marked strain of Erwinia herbicola BRT98 
(striped bars) that were dead as determined by propidium iodide staining and red fluorescence when incubated under dry conditions for various times as described
above. Vertical bars represent the standard error of the determination of mean log-transformed population size or percentage of dead cells. 
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common colonists of plants presumably modify the leaf surface 
environment in a manner that benefits not only them but other 
species that are coincident. Indeed, the colonization of plants by 
P. agglomerans was shown to protect immigrant cells of not only 
of this species but also of P. fluorescens (31). 

Factors that influence the survival of S. enterica on plants 
might be particularly important in its epidemiology on plants. 
Animal hosts are the probable source of these strains (33). Many 
possible mechanisms exist by which S. enterica could be trans-
ferred to plants, including contaminated water, application of 
pathogen-infested animal waste to soil, direct deposition from 
animal feces, and perhaps even by vectoring by insects or direct 
aerosol deposition (5,17,33,34). S. enterica appears to be less fit 
than many other bacteria normally found on leaves, and capable 
of abundant growth only under the conditions of high temperature 
and the presence of moisture, conditions unlikely to be commonly 
found on plants (5). For this reason, processes that influence the 
survival of immigrant inoculum probably play a prominent role in 
determining the presence of viable cells of this pathogen on plant 
surfaces. The finding here that the presence of a variety of com-
mon epiphytic bacteria on edible plants facilitates the survival of 
Salmonella spp. during dry environmental conditions to which it 
might normally succumb suggests that the normal microflora of 
plants might be considered a risk factor for human exposure to  
S. enterica. That is, plants harboring relatively low population 
sizes of epiphytic bacteria might be expected to be less capable of 
supporting the survival of immigrant cells of Salmonella should 
contamination occur. Although the study did not address the 
population size-dependent protection of S. enterica by epiphytic 
bacteria, the finding that protection appeared to be restricted only 
to those immigrant cells that had merged with aggregates of 
existing epiphytes (Figs. 9 and 10) suggests that high cell num-
bers, which would increase the numbers or sizes of cellular aggre-
gates, would favor such a protective effect. Thus, we would expect 
that those plants with the highest population sizes of epiphytic 
bacteria would also be the most protective of immigrant S. enterica. 
Furthermore, cultural practices such as overhead irrigation or 
other procedures that would favor the development of large 
epiphytic bacterial populations might also enhance the likelihood 

that such plants would support viable populations of S. enterica 
should contamination events occur. 

The wet conditions to which the plants were exposed after  
S. enterica was applied apparently maximized the likelihood that 
these immigrant cells would eventually be co-localized with pre-
existing bacterial epiphytes. In a previous study in which cells of 
various bacterial species were atomized onto leaves in a similar 
manner to that used here, <1% of the cells were coincident with 
preexisting epiphytes (31). In that study, leaves remained dry after 
application of the immigrant bacteria, unlike in this study, where 
leaves were wetted for 24 h after inoculation of S. enterica. In the 
current study, nearly half of the cells of S. enterica were co-
localized with a given preexisting epiphyte (Fig. 9). Therefore, 
the method by which immigrant cells arrive at a leaf surface may 
influence both the likelihood that they could become coincident 
with existing epiphytic bacteria and, thus, their likelihood of 
surviving subsequent stressful conditions. Thus, it seems likely 
that cells of S. enterica that would immigrate to leaves in con-
taminated water or by rain splash would have a maximal likeli-
hood of encountering preexisting bacterial colonists. It is perhaps 
not coincidental that leaf locations such as the grooves between 
epidermal cells are the sites where bacterial aggregates predomi-
nantly occur. Such sites are likely to be where water collects and 
where it is last to evaporate during the drying process (21,22). 
Thus, both the original colonists of a leaf and subsequent im-
migrants such as S. enterica are both likely to be found at such 
sites, largely as a result of the physical process of water move-
ment on the leaf. It seems likely that, if S. enterica immigrated to 
a leaf in a process that did not involve water, the leaf would have 
to subsequently be wetted by rain or dew after the immigration 
event but before the death of the immigrant cells for such cells to 
benefit from habitat modification that might have been conferred 
by preexisting epiphytes; lacking such redistribution, it is unlikely 
that immigrant cells would encounter preexisting epiphytes by 
chance and, thus, they would not benefit from any habitat 
modification that they might have conferred. 

It seems likely that many epiphytic bacterial species would be 
protective of S. enterica on leaves. Although three of the four 
strains tested for such an effect in the study were strongly 

Fig. 10. A, Total number of cells of a cyan fluorescent protein (cfp)-marked strain of Salmonella enterica sv. Montevideo that occurred in homogeneous cellular 
aggregates of two or more cells (dark bars), as solitary cells (white bars), or as individual cells in a mixed aggregate with a green fluorescent protein (gfp)-marked 
strain of Pseudomonas fluorescens A506 (striped bars) determined by fluorescence microscopy on the surface of romaine lettuce at various times after plants were 
allowed to dry subsequent to a 24-h initial moist incubation period after inoculation with S. enterica. B, Percentage of cells of S. enterica present in homogeneous 
cellular aggregates (dark bars), as solitary cells (white bars), or as individual cells in a mixed aggregate with a gfp-marked strain of Erwinia herbicola BRT98 
(striped bars) that were dead as determined by propidium iodide staining and red fluorescence when incubated under dry conditions for various times as described 
above. Vertical bars represent the standard error of the determination of mean log-transformed population size or percentage of dead cells. 
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protective, even P. fluorescens A506, which exhibited in vitro 
antibiosis, damaging at least some cells of S. enterica (Fig. 10), 
conferred at least modest survival of the population as a whole 
(Figs. 2 to 4). It seems possible that the spatial extent of any 
protective habitat modification that might have been conferred by 
this strain would have been greater than the region in which 
antibiosis is operative. It is significant that the surviving popu-
lation size of an inoculated strain of P. syringae was highly 
positively correlated with the population size of indigenous 
bacteria on the same plants under field conditions (19). Such 
plants presumably harbored a wide variety of different bacterial 
taxa, some of which undoubtedly were inhibitory toward P. 
syringae. Thus, that study provides evidence that indigenous 
bacteria might generally favor the survival of immigrant bacteria 
and that such a phenomenon is operative under the variable 
condition that occur in the field. 

LITERATURE CITED 

1. Barak, J. D., Kramer, L. C., and Hao, L.-Y. 2011. Colonization of tomato 
plants by Salmonella enterica is cultivar dependent, and type 1 trichomes 
are preferred colonization sites. Appl. Environ. Microbiol. 77:498-504. 

2. Barak, J. D., and Liang, A. S. 2008. Role of soil, crop debris, and a plant 
pathogen in Salmonella enterica contamination of tomato plants. PLoS 
One 3:e1657. 

3. Bidol, S. A., Daly, E. R., Rickert, R. E., Hill, T. A., Al Khaldi, S., Taylor, 
T. H., Jr., Lynch, M. F., Painter, J. A., Braden, C. R., Yu, P. A., Demma, 
L., Behravesh, C. B., Olson, C. K., Greene, S. K., Schmitz, A. M., Blaney, 
D. D., and Gershman, M. 2007. Multistate outbreaks of Salmonella 
infections associated with raw tomatoes eaten in restaurants–United 
States, 2005–2006. Morbid. Mortal. Week. Rep. 56:909-911. 

4. Bloemberg, G. V., Wijfjes, A. H., Lamers, G. E., Stuurman, N., and 
Lugtenberg, B. J. 2000. Simultaneous imaging of Pseudomonas 
fluorescens WCS365 populations expressing three different autofluores-
cent proteins in the rhizosphere: New perspectives for studying microbial 
communities. Mol. Plant-Microbe Interact. 13:1170-1176. 

5. Brandl, M. T. 2006. Fitness of human enteric pathogens on plants and 
implications for food safety. Annu. Rev. Phytopathol. 44:367-392. 

6. Brandl, M. T., and Amundson, R. 2008. Leaf age as a risk factor in 
contamination of lettuce with Escherichia coli O157 : H7 and Salmonella 
enterica. Appl. Environ. Microbiol. 74:2298-2306. 

7. Brandl, M. T., and Mandrell, R. E. 2002. Fitness of Salmonella enterica 
serovar Thompson in the cilantro phyllosphere. Appl. Environ. Microbiol. 
68:3614-3621. 

8. Brandl, M. T., Miller, W. G., Bates, A. H., and Mandrell, R. E. 2005. 
Production of autoinducer 2 in Salmonella enterica serovar Thompson 
contributes to its fitness in chickens but not on cilantro leaf surfaces. 
Appl. Environ. Microbiol. 71:2653-2662. 

9. Cooley, M. B., Miller, W. G., and Mandrell, R. E. 2003. Colonization of 
Arabidopsis thaliana with Salmonella enterica and enterohemorrhagic 
Escherichia coli O157:H7 and competition by Enterobacter asburiae. 
Appl. Environ. Microbiol. 69:4915-4926. 

10. Cummings, K., Barrett, E., Mohle-Boetani, J. C., Brooks, J. T., Farrar, J., 
Hunt, T., Fiore, A., Komatsu, K., Werner, S. B., and Slutsker, L. 2001. A 
multistate outbreak of Salmonella enterica serotype Baildon associated 
with domestic raw tomatoes. Emerg. Infect. Dis. 7:1046-1048. 

11. Ercolani, G. L. 1979. Differential survival of Salmonella typhi, Escherichia 
coli and Enterobacter aerogenes on lettuce in the field. Zentralbl. 
Bakteriol. Parasitenk. Infektionskrankh. Hyg. Zweite Naturwiss. Abt. 
Mikrobiol. Landwirtsch. Technol. Umweltschutzes 134:402-411. 

12. Gallegos-Robles, M. A., Mora Les-Loredo, A., Aivarez-Ojeda, G., Vega-P, 
A., Chew-M, Y., Velarde, S., and Fratamico, P. 2008. Identification of 
Salmonella serotypes isolated from cantaloupe and chile pepper pro-
duction systems in Mexico by PCR-restriction fragment length polymor-
phism. J. Food Prot. 71:2217-2222. 

13. Gillespie, I. A., O’Brien, S. J., Adak, G. K., Ward, L. R., and Smith, H. R. 
2005. Foodborne general outbreaks of Salmonella Enteritidis phage type 
4 infection, England and Wales, 1992–2002: Where are the risks? 
Epidemiol. Infect. 133:795-801. 

14. Hallmann, J., Quadt-Hallmann, A., Miller, W. G., Sikora, R. A., and 
Lindow, S. E. 2001. Endophytic colonization of plants by the biocontrol 
agent Rhizobium etli G12 in relation to Meloidogyne incognita infection. 
Phytopathology 91:415-422. 

15. Hedberg, C. W., MacDonald, K. L., and Osterholm, M. T. 1994. Changing 
epidemiology of food-borne disease: A Minnesota perspective. Clin. 
Infect. Dis. 18:671-682. 

16. Hirano, S. S., Charkowski, A. O., Collmer, A., Willis, D. K., and Upper, 
C. D. 1999. Role of the Hrp type III protein secretion system in growth of 
Pseudomonas syringae pv. syringae B728a on host plants in the field. 
Proc. Natl. Acad. Sci. USA 96:9851-9856. 

17. Islam, M., Morgan, J., Doyle, M. P., Phatak, S. C., Millner, P., and Jiang, 
X. 2004. Persistence of Salmonella enterica serovar typhimurium on 
lettuce and parsley and in soils on which they were grown in fields treated 
with contaminated manure composts or irrigation water. Foodborne 
Pathogens Dis. 1:27-35. 

18. King, E. O., Ward, M. K., and Rainey, D.E. 1954. Two simple media for 
the demonstration of pyocyanin and fluorescein. J. Lab. Clin. Med. 
44:310-307. 

19. Kinkel, L. L., Wilson, M., and Lindow, S. E. 1996. Utility of microcosm 
studies for predicting phylloplane bacterium population sizes in the field. 
Appl. Environ. Microbiol. 62:3413-3423. 

20. Kroupitski, Y., Pinto, R., Brandl, M. T., Belausov, E., and Sela, S. 2009. 
Interactions of Salmonella enterica with lettuce leaves. J. Appl. 
Microbiol. 106:1876-1885.  

21. Lindow, S. E., and Brandl, M. T. 2003. Microbiology of the phyllosphere. 
Appl. Environ. Microbiol. 69:1875-1883. 

22. Lindow, S. E., and Leveau, J. H. J. 2002. Phyllosphere microbiology. 
Curr. Opin. Biotechnol. 13:238-243. 

23. Loper, J. E., and Lindow. S.E. 1987. Lack of evidence for in situ 
fluorescent pigment production by Pseudomonas syringae pv. syringae on 
bean leaf surfaces. Phytopathology 77:1449-1454. 

24. Lopez-Velasco, G., Tomas-Callejas, A. A., Sbodio, A., Artes-Hernandez, 
F., and Suslow, T. V. 2012. Chorine dioxide dose, water quality and 
temperature affect the oxidative status of tomato processing water and its 
ability to inactivate Salmonella. J. Food Control 26:28-35. 

25. Manulis, S., Haviv-Chesner, A., Brandl, M. T., Lindow, S. E., and Barash, 
I. 1998. Differential involvement of indole-3-acetic acid biosynthetic 
pathways in pathogenicity and epiphytic fitness of Erwinia herbicola pv. 
gypsophilae. Mol. Plant-Microbe Interact. 11:634-642. 

26. Miller, W. G., Bates, A. H., Horn, S. T., Brandl, M. T., Wachtel, M. R., 
and Mandrell, R. E.. 2000. Detection on surfaces and in Caco-2 cells of 
Campylobacter jejuni cells transformed with new gfp, yfp, and cfp marker 
plasmids. Appl. Environ. Microbiol. 66:5426-5436. 

27. Miller, W. G., Leveau, J. H. J., and Lindow, S. E. 2000. Improved gfp and 
inaZ broad-host-range promoter-probe vectors. Mol. Plant-Microbe 
Interact. 13:1243-1250. 

28. Monier, J. M., and Lindow, S. E. 2003. Differential survival of solitary 
and aggregated bacterial cells promotes aggregate formation on leaf 
surfaces. Proc. Natl. Acad. Sci. USA 100:15977-15982. 

29. Monier, J.-M., and Lindow, S. E. 2003. Pseudomonas syringae responds 
to the epiphytic environment on leaves by cell size reduction. 
Phytopathology 93:1209-1216. 

30. Monier, J. M., and Lindow, S. E. 2004. Frequency, size, and localization 
of bacterial aggregates on bean leaf surfaces. Appl. Environ. Microbiol. 
70:346-355. 

31. Monier, J. M., and Lindow, S. E. 2005. Aggregates of resident bacteria 
facilitate survival of immigrant bacteria on leaf surfaces. Microb. Ecol. 
49:343-352. 

32. O’Brien, R. D., and Lindow, S. E. 1989. Effect of plant species and 
environmental conditions on epiphytic population sizes of Pseudomonas 
syringae and other bacteria. Phytopathology 79:619-627. 

33. Pachepsky, Y., Shelton, D. R., McLain, J. E. T., Patel, J., and Mandrell,  
R. E. 2011. Irrigation waters as a source of pathogenic microorganisms in 
produce: A review. Adv. Agron.113:73-138. 

34. Rai, P. K., and Tripathi, B. D. 2007. Microbial contamination in 
vegetables due to irrigation with partially treated municipal wastewater in 
a tropical city. International J. Environ. Health Res.17:389-395. 

35. Sabaratnam, S., and Beattie, G. A. 2003. Differences between Pseudo-
monas syringae pv. syringae B728a and Pantoea agglomerans BRT98 in 
epiphytic and endophytic colonization of leaves. Appl. Environ. 
Microbiol. 69:1220-1228. 

36. Sambrook, J., Fritsch, E. F., and Maniatis, T. 1989. Molecular Cloning: A 
Laboratory Manual. Cold Spring Harbor Laboratory Press, Plainview, NY. 

37. Scallan, E., Hoekstra, R. M., Angulo, F. J., Tauxe, R. V., Widdowson,  
M. A., Roy, S. L., Jones, J. L., and Griffin, P. M. 2011. Foodborne illness 
acquired in the United States- major pathogens. Emerg. Infect. Dis. 17:7-
15. 

38. Sivapalasingam, S., Friedman, C. R., Cohen, L., and Tauxe, R. V. 2004. 
Fresh produce: A growing cause of outbreaks of foodborne illness in the 
United States, 1973 through 1997. J. Food Prot. 67:2342-2353. 

39. Teplitski, M., Barak, J. D., and Schneider, K. R. 2009. Human enteric 
pathogens in produce: Un-answered ecological questions with direct 
implications for food safety. Curr. Opin. Biotechnol. 20:166-171. 

40. Tomas-Callejas, A., Lopez-Galvez, F., Sbodio, A., Artes, F., Artes-
Hernandez, F., and Suslow, T. V. 2011. Chorine dioxide and chorine 
effectiveness to prevent Escherichia coli O157:H7 and Salmonella cross-



Vol. 103, No. 4, 2013 351 

contamination on fresh-cut red chard. Food Control 23:325-332. 
41. Tyler, H. L., and Triplett, E. W. 2008. Plants as a habitat for beneficial 

and/or human pathogenic bacteria. Annu. Rev. Phytopathol. 46:53-73. 
42. Wells, J. M., and Butterfield, J. E. 1997. Salmonella contamination 

associated with bacterial soft rot of fresh fruits and vegetables in the 
marketplace. Plant Dis. 81:867-872. 

43. Wilson, M., and Lindow, S. E. 1993. Effect of phenotypic plasticity on 
epiphytic survival and colonization by Pseudomonas syringae. Appl. 
Environ. Microbiol. 59:410-416. 

44. Wilson, M., and Lindow, S. E. 1994. Ecological similarity and co-

existence of epiphytic ice-nucleating (Ice+) Pseudomonas syringae strains 
and a non-ice-nucleating (Ice–) biological control agent. Appl. Environ. 
Microbiol. 60:3128-3137. 

45. Winfield, M. D., and Groisman, E. A. 2003. Role of nonhost environ-
ments in the lifestyles of Salmonella and Escherichia coli. Appl. Environ. 
Microbiol. 69:3687-3694. 

46. Yu, J., Penaloza-Vazquez, A., Chakrabarty, A. M., and Bender, C. L. 
1999. Involvement of the exopolysaccharide alginate in the virulence and 
epiphytic fitness of Pseudomonas syringae pv. syringae. Mol. Microbiol. 
33:712-720. 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <>
    /CHT <>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide. )
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


