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Abstract: Interests in using biological agents for control of human pathogens on vegetable seeds
are rising. This study evaluated whether probiotic bacterium Lactobacillus rhamnosus GG, bacterial
strains previously used as biocontrol agents in plant science, as well as a selected plant pathogen
could compete with foodborne human pathogens, such as Salmonella enterica and enterohemorrhagic
Escherichia coli (EHEC), for growth in microbiological media and attachment to vegetable seeds;
and to determine whether the metabolites in cell-free supernatants of competitive bacterial spent
cultures could inhibit the growth of the two pathogens. The results suggest that the co-presence
of competitive bacteria, especially L. rhamnosus GG, significantly (p < 0.05) inhibited the growth of
Salmonella and EHEC. Cell-free supernatants of L. rhamnosus GG cultures significantly reduced the
pathogen populations in microbiological media. Although not as effective as L. rhamnosus GG in
inhibiting the growth of Salmonella and EHEC, the biocontrol agents were more effective in competing
for attachment to vegetable seeds. The study observed the inhibition of human bacterial pathogens
by competitive bacteria or their metabolites and the competitive attachment to sprout seeds among
all bacteria involved. The results will help strategize interventions to produce vegetable seeds and
seed sprouts free of foodborne pathogens.

Keywords: Salmonella; EHEC; vegetable seeds; biological control; bacterial attachment; growth
inhibition

1. Introduction

Consumption of raw and lightly cooked sprouts have been linked to multiple high-
profile outbreaks of human gastrointestinal infections [1–3]. The most likely source of
pathogens in sprout-associated outbreaks is contaminated seeds [4]. Pathogens such as
Salmonella and E. coli O157:H7, when present on seeds, can grow rapidly from a low
contamination level of ca. 0.1 log CFU/g to as high as 106 log units under sprouting
conditions [5]. Although seeds are not generally regarded as a contamination source of
fresh produce other than sprouts, recent research by Deering et al. [6] reported the presence
of E. coli O157:H7 in mature tomato fruits grown from seeds contaminated with the
pathogen. Therefore, the sanitary condition of seeds needs to be addressed in a great effort
to reduce the growing incidence of foodborne outbreaks associated with fresh produce.

Hypochlorite-based sanitizers have been recommended by the U.S. Food and Drug
Administration to inactivate Salmonella and enterohemorrhagic Escherichia coli (EHEC) on
vegetable seeds at the postharvest stage [7,8]. In general, a 3-log population reduction
can be reached by applying the sanitizer on sprout seeds for 10 min [9]. However, these
pathogens cannot be reliably eliminated due to bacterial strain-specific resistance to chlo-
rine and/or the internalization of pathogen cells into the protected niches of vegetable
seeds [10,11].
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The potential of using antagonistic microorganisms as control agents on harvested
vegetable seeds has been discussed [12,13]. Inoculation of Acidovorax avenae subsp. Avenae
on watermelon seeds before planting could reduce the transmission of bacterial fruit
blotch of cucurbits caused by Acidovorax avenae subsp. citrulli by 96.5% [14]. Treating
alfalfa seeds with Pseudomonas strain 2-79 has been reported to reduce the population of
Salmonella by 1-2 log units during sprouting [15]. An advantage of using biocontrol agents
over chemical/physical disinfection for pathogen control is that once the microorganisms
used as biocontrol agents establish a population on vegetable seeds/plants, sustainable
protection can be obtained throughout the sprouting/cultivation process [16].

The mechanisms of utilizing biocontrol agents to improve the microbial safety of
vegetable seeds include growth competition, via accessing available nutrients between
plant/human pathogens and the microorganisms used as biocontrol agents, and the
inhibitory effects of antagonistic metabolites, produced by biocontrol agents towards
plant/human pathogens [17]. For instance, the preemptive colonization of orange flowers
by Pseudomonas fluorescens A506 can effectively prevent future Erwinia amylovora infec-
tions [18]. Active production of lactic acid and bacteriocin by Lactobacillus spp. has
led to its application as Salmonella-control agents on meat products [19]. Beyond that,
metabolites such as fatty acids and biosurfactants produced by Bacillus spp. have been
reported to reduce adhesion and biofilm formation by human pathogen cells on food
contact surfaces [20].

The objectives of this study were to observe whether a probiotic bacterium, strains of
bacteria previously used as biocontrol agents in plant science, as well as a selected plant
pathogen could compete with foodborne human pathogens such as Salmonella and EHEC
for growth in microbiological media and attachment to vegetable seeds, and to determine
whether the metabolites in cell-free supernatants of spent cultures of competitive bacteria
could significantly inhibit the growth of Salmonella and EHEC under laboratory conditions.

2. Materials and Methods
2.1. Bacterial Strains and Vegetable Seeds

Four S. enterica, three E. coli O157:H7, and one E. coli O104:H4 strain were used
in the study due to their previous association with sprout- or fresh produce-associated
outbreaks of infections (Table 1). Cells of each pathogen strain resistant to nalidixic acid
(NA) were selected on tryptic soy agar (TSA) containing 50 µg/mL of NA (NATSA). The
NA resistant derivates were confirmed in a comparative preliminary study as appropriate
surrogates of the wildtype parental strains. Three bacterial strains previously used as
biological control agents including P. fluorescens A506, Bacillus mojavensis RRC 101, and
B. subtilis ATCC 6051 were from the culture collection of Dr. Ronald Walcott (Table 1).
A well-characterized probiotic strain, Lactobacillus rhamnosus GG was obtained from a
commercial source (Culturelle®, i-Health Inc., Cromwell, CT, USA). A plant pathogen,
Pseudomonas syringae pv. Tomato DC3000 (Pst DC3000), was also included to observe its
possible interactions with the human pathogenic bacterial strains used in the study. All
bacterial cultures were maintained at –80 ◦C until use. The microbiological media used
were from Becton, Dickinson, and Company (Sparks, MD, USA) unless specified.

Seeds of alfalfa (Medicago sativa), fenugreek (Trigonella foenum-graecum), lettuce (Lac-
tuca sativa ‘Iceberg’), and tomato (Solanum lycopersicum ‘Roma’) were included in the study.
These seeds or the fresh produce developed from them had a previous link to the out-
breaks of human gastrointestinal infections. The seeds were purchased from Twilley Seed
Company (Hodges, SC, USA) and stored at 10 ◦C until use.
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Table 1. Bacterial strains used in this study.

Nalidixic Acid Resistant Derivate Serovar/Strain Source

Salmonella enterica

Stanley Sprout-related outbreak, Finland, Canada, and the US, 1997
Baildon Tomato- and lettuce-related outbreaks, the US, 1999

Montevideo Tomato-related outbreak, the US, 1993
Cubana Sprout-related outbreak, the US, 2012

Enterohemorrhagic Escherichia coli

F4546 Sprout-related outbreak, the US, 1997
BAA-2326 Fenugreek sprout-related outbreak, Germany, 2011

K4492 Spinach-related outbreak, the US, 2006
H1730 Lettuce-related outbreak, the US, 2003

Pseudomonas fluorescenes A506 Commercial biocontrol agent for Erwinia amylovora (fire
blight) on fruits

Bacillus mojavensis RRC 101 Commercial biocontrol agent for Fusarium verticillioides in
maize and other crops; surfactin-producing

Bacillus subtilis ATCC 6051 surfactin-producing strain

Lactobacillus rhamnosus GG Commercial probiotic

Pseudomonas syringae pv. tomato DC 3000 Frequent seed-borne pathogen on tomato plant

2.2. Competitive Growth between Salmonella or EHEC and Selected Plant Pathogen,
Probiotic Strain, or Biocontrol Agents in Microbiological Media

A previously described [21], 1:1 (v/v) mixture of De Man, Rogosa and Sharpe (MRS)
broth and tryptic soy broth (TSB) (M/T broth) was used in this portion of the study to
minimize the influence of microbiological media on the growth of L. rhamnosus GG vs. other
bacterial strains. Fresh M/T broth was prepared by aseptically mixing an equal volume of
pre-autoclaved MRS broth and TSB before use. Individual cultures of Salmonella and EHEC
strains were grown at 37 ◦C and those of the biocontrol agents/plant pathogen at 25 ◦C, all
in 10 mL M/T broth for 18 h.

The competitive growth study was performed according to a previously described
protocol [21] with modifications. A Salmonella or EHEC overnight culture (1.0 mL), pre-
diluted to ca. 3.0 log CFU/mL with M/T broth, was mixed, respectively with 1.0 mL
of the overnight culture of P. fluorescens A506, B. mojavensis RRC 101, B. subtilis ATCC
6051, L. rhamnosus GG, and their cocktails, as well as plant pathogen Pst DC3000, all
pre-diluted to ca. 5.0 log CFU/mL with M/T broth. One of the cocktails (Cocktail 1) had
an equal number of B. subtilis ATCC6051, B. mojavensis RRC101, and P. fluorescens A506
cells; whereas the other cocktail (Cocktail 2) contained an equal population of the same
three bacterial strains plus L. rhamnosus GG. The cocktails were vortexed vigorously to
ensure uniformity. The mixed cultures of human pathogens and their competitors were
incubated at 25 ◦C with agitation at 100 rpm on a platform shaker (Orbit Shaker, Lab-Line
Instruments, Inc., Lumberton, NC, USA). A separate set of tissue culture plates holding
the mixture of L. rhamnousus GG and each Salmonella/E. coli strain was prepared in the
same manner except that the incubation temperature was set to 37 ◦C since L. rhamnousus
GG, unlike other competitive bacterial strains used in the study, has optimal growth at this
temperature. The control samples were prepared by mixing 1 mL overnight culture of each
S. enterica and EHEC strain pre-diluted to ca. 3 log CFU/mL in M/T broth with 1 mL of
M/T broth for incubation at both 37 and 25 ◦C. Broth culture samples were collected after
6, 12, 24, 48, and 72 h of the incubation at the set temperature, and the collected samples
were diluted in phosphate-buffered saline (PBS; pH 7.4), and appropriate dilutions were
plated in duplicate on XLT4 or sorbitol MacConkey agar supplemented with 50 µg/mL
NA (NASMAC). Colonies of S. enterica, E. coli O157:H7, and E. coli O104:H4 were counted
after 24–48 h of incubation at 37 ◦C.
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2.3. Competitive Attachment between Salmonella or EHEC and Selected Plant Pathogen,
Probiotic Strain, or Biocontrol Agents to Vegetable Seeds

Competitive attachment between Salmonella or EHEC cells and those of selected
plant pathogen, probiotic strain, and biocontrol agents to vegetable seeds was studied
using a previously published protocol [22] with modifications. Two grams of each type of
vegetable seeds described above were placed in 50-mL centrifuge tubes (Fisher Scientific,
Asheville, NC, USA) and sanitized with 10 mL of 20,000 ppm sodium hypochlorite solution
(pH 6.8; BD) at room temperature for 10 min with gentle mixing. The sanitizer solution
was then decanted, and residual chlorine was removed by soaking the seeds in 10 mL
Dey-Engley neutralizing broth (BD) for 10 min and rinsing twice, each with 10 mL of
sterilized deionized water.

Salmonella or EHEC cultures were grown in M/T broth at 37 ◦C, while individual com-
petitive bacterial cultures were grown in the same broth at 25 ◦C till the cell concentrations
of each culture reached ca. 109 CFU/mL. An equal volume of the four Salmonella or EHEC
cultures were mixed and then diluted in PBS to create two 4-strain pathogen cocktails
having a cell population of ca. 104 CFU/mL. Individual or mixed competitive bacterial
cultures were also diluted to 104 CFU/mL in PBS. All samples were mixed vigorously
using a vortex device to ascertain that cells were evenly distributed.

Ten milliliters of the Salmonella or EHEC cocktail was mixed with an equal volume of
each competitive strain/mixture in Falcon centrifuge tubes containing sanitized vegetable
seeds. Ten milliliters of each Salmonella or EHEC cocktail and 10 mL of PBS were added to a
separate set of seeds as controls. The precise inoculation levels were determined by plating
0.1 mL of appropriately diluted cell suspensions on TSA or NATSA. Vegetable seeds in
the centrifuge tubes were agitated horizontally at 100 rpm in an orbital platform shaker at
20 ◦C for 5 h. The inoculums were then decanted, and the seeds were rinsed twice, each
with 10 mL sterile water for 1 min with gentle mixing. Seeds were then soaked overnight
at 4 ◦C in 5 mL of PBS to release attached bacterial cells. On the next day, seed samples
were vortexed at maximal speed (3200 rpm) (Fisher Scientific) for 50 s before 0.1 mL of
soaking solution was spread plated on XLT4 or NASMAC plates in duplicate. The plates
were incubated at 37 ◦C for 24–48 h for the enumeration of Salmonella and E. coli colonies.
The percentage of attached cells in the total number of cells used in the experiment was
used to express the ability of each pathogen cocktail in attaching to the vegetable seeds as
affected by the presence of bacterial competitors.

2.4. Effect of Metabolites in Cell-Free Supernatants (CFS) of the Spend Cultures of Biocontrol
Agents and Probiotic Strain on Salmonella and EHEC

For the preparation of cell-free supernatants, L. rhamnosus GG was grown in 10 mL
MRS broth at 37 ◦C for 72 h. Each biological control agent was grown individually in 10 mL
TSB at 25 ◦C for 72 h. Obtained bacterial cultures were centrifuged at 6,000× g for 10 min.
The resulting supernatants of the bacterial cultures were carefully removed. Suspending
bacterial cells in the supernatants were removed by filtration using 0.45-µm sterile syringe
filters (Fischer Scientific, Hampton, NH, USA). A one-milliliter aliquot of each filtered
supernatant was mixed with 1 mL of an overnight culture of each Salmonella and E. coli
strain, pre-diluted to ca. 105 CFU/mL with PBS. The pathogens cells in the supernatants of
competitive bacterial spent cultures were incubated at 25 ◦C, and samples were collected
after 2, 4, 8, 12, 24, and 48 h during incubation. Collected samples (0.1 mL) were plated in
duplicate on XLT4 or NCSMAC agar plates, and colonies of Salmonella and EHEC were
counted after incubation at 37 ◦C for 24–48 h.
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2.5. Statistical Analysis

Every sample in the experiment has a duplicate, and each experiment was conducted
in triplicates. The mean populations of different Salmonella and EHEC strains as affected by
(1) the presence of different competitive agents or their cell-free metabolites, (2) different
pathogen strains used, and (3) sampling times were arranged into the general linear model
of the SAS software (Version 4, SAS Institute, Cary, NC, USA). Fisher’s Least Significance
Difference test was used to separate the means. The same statistical protocol was also used
to compare the percentage of attachment of Salmonella and EHEC cells to alfalfa, fenugreek,
lettuce, and tomato seeds. Type III error test was performed to determine the significance
of each variable and interaction between or among different variables. For all comparisons,
p-value less than 0.05 was considered significant.

3. Results
3.1. Competitive Growth between Salmonella/EHEC and Bacterial Competitors

Overall mean populations of all four Salmonella or EHEC strains in co-cultures with
individual competitive bacterial strains/cocktails are shown in Table 2. The mean popu-
lations of both Salmonella and EHEC in the co-cultures were significantly lower (p < 0.05)
than those in the control samples. However, the margins of differences were sometimes
small; Salmonella and EHEC population differences in co-cultures with competitive bacterial
strains other than L. rhamnousus GG were all below 1 log unit. Among the three tested
biocontrol agents, Salmonella and EHEC populations in co-culture with P. fluorescens A506
were the lowest. EHEC or Salmonella populations in co-culturing with B. mojavensis RRC
101 were similar to those with B. subtilis ATCC 6051. The presence of plant-pathogen, Pst
DC3000 in co-cultures also slightly retarded the growth of Salmonella and EHEC during the
72-h co-incubation period.

Table 2. Overall mean S. enterica and EHEC populations in co-cultures with different competitive bacterial strains and at
different sampling points.

Main Effect

Mean Population of
Salmonella or EHEC (log

CFU/mL) as Influenced by Main Effect
Mean Population (log

CFU/mL) of Salmonella
and EHEC as
Influenced byS. enterica 1

(n = 540)
E. coli 2

(n = 540)

Competitive bacteria presence S. enterica strains used
Control (n = 60) 7.8 ± 0.26 A 8.1 ± 0.26 A S. Montevideo (n = 135) 6.8 ± 0.19 A

P. syringae pv. tomato DC 3000 (n = 60) 7.4 ± 0.24 B 7.8 ± 0.26 B S. Baildon (n = 135) 6.6 ± 0.19 A
B. subtilis ATCC 6051 (n = 60) 7.3 ± 0.22 BC 7.6 ± 0.25 C S. Stanley (n = 135) 6.1 ± 0.20 B
B. mojavensis RRC 101 (n = 60) 7.2 ± 0.21 C 7.5 ± 0.24 C S. Cubana (n = 135) 6.1 ± 0.19 B

P. fluorescenes A506 (n = 60) 7.0 ± 0.22 D 7.4 ± 0.24 D E. coli strains used
Cocktail 1 3 (n = 60) 6.9 ± 0.24 D 7.3 ± 0.24 D E. coli H1730 (n = 135) 7.9 ± 0.12 A
Cocktail 2 4 (n = 60) 6.9 ± 0.24 D 7.2 ± 0.24 E E. coli K4492 (n =135) 7.7 ± 0.13 A

L. rhamnosus GG (25 ◦C; n = 60) 6.0 ± 0.23 E 6.8 ± 0.22 F E. coli F4546 (n = 135) 7.1 ± 0.17 B
L. rhamnosus GG (37 ◦C; n = 60) 2.5 ± 0.31 F 6.6 ± 0.15 G E. coli BAA 2326 (n = 135) 6.4 ± 0.17 C

Sampling points (h) used
24 (n = 108) 7.5 ± 0.15 A 8.7 ± 0.07 B
48 (n = 108) 7.5 ± 0.23 A 9.0 ± 0.06 A
72 (n = 108) 6.9 ± 0.26 B 8.4 ± 0.10 C
12 (n = 108) 6.2 ± 0.12 C 6.3 ± 0.14 D
6 (n = 108) 3.8 ± 0.24 D 4.1 ± 0.11 E

1 Mean populations of S. enterica within the same variable in a column not followed by the same letter are significantly different (p < 0.05).
2 Mean populations of E. coli within the same comparable in a column not followed by the same letter are significantly different (p < 0.05).
3 A mixed culture of P. fluorescenes AS06, B. mojavensis RRC 101 and B. subtilis ATCC 6051. 4 A mixed culture of P. fluorescenes AS06,
B. mojavensis RRC 101, B. subtilis ATCC 6051 and L. rhamnosus GG.

The Salmonella populations in the co-culture with L. rhamnousus GG were significantly
lower than those in other co-cultures, at both 37 ◦C and 25 ◦C (Table 2). The mean
population of Salmonella in co-culture with L. rhamnousus GG at 37 ◦C was 5.3 log units
lower than the population in the control and 1.8 log lower than the Salmonella population
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in the co-culture grown at 25 ◦C. Adding L. rhamnousus GG to Cocktail 1 did not result in a
greater (p > 0.05) impact on Salmonella growth, but a different result was observed with
EHEC over the 72-h co-incubation period. Mean Salmonella and EHEC populations in the
co-culturing with Cocktail 2 were significantly higher than those with L. rhamnousus GG
at both 25 ◦C and 37 ◦C. The populations of EHEC were significantly lower when they
were co-cultured with Cocktail 2 compared to the co-cultures with individual competitive
bacterial strains. Mean Salmonella populations were similar in the co-cultures with the two
cocktails and P. fluorescens A506, and the three populations were significantly lower than
those in the co-cultures with B. mojavensis RRC 101, B. subtilis ATCC 6051, and Pst DC3000.

When co-cultured with their growth competitors, the mean populations of S. Cubana
and S. Stanley were significantly lower (p < 0.05) than those of S. Montevideo and S. Baildon
(Table 2). E. coli H1730 and K4492 populations were significantly higher than the mean
populations of E. coli F4546 and BAA 2326. A significant increase in the mean populations
of Salmonella and EHEC was seen at most sampling points except the Salmonella population
at the 24 and 48 h sampling points.

Different from the results of overall statistical analysis shown in Table 2, no significant
difference was observed among the populations of the four individual Salmonella strains
recovered from the co-cultures with different bacterial competitors at 25 ◦C (Table 3), except
co-incubation with L. rhamnosus GG. Furthermore, all four Salmonella strains had similar
mean cell populations in the co-cultures with the same growth competitors. Different
observations were made with EHEC, and co-culture with L. rhamnosus GG only significantly
reduced the population of H1730 and K4492 (Table 4). The mean populations of E. coli
BAA2326 were the lowest among all EHEC cultures.

According to the results in Figure 1a, the mean populations of Salmonella in the control
and co-cultures with each competitive bacterium increased exponentially within the first
24 h of incubation at 25 ◦C before entering the stationary growth phase. The population
difference between the controls and co-cultures with individual bacterial strains was from
0.9 to 1.3 log units at the 24 h sampling point. No significant improvement in Salmonella
inhibition was observed at the 48-h sampling point. At the 72-h sampling point, however,
the mean Salmonella population in the co-culture with L. rhamnosus GG was 4.5 log units
lower than the control. Salmonella population differences among other co-cultures ranged
from 0.5 to 1.4 log units at this sampling point.

Compared to the control, the mean populations of all four tested EHEC strains were
0.7–2.9 log units lower when co-incubated with the bacterial competitors throughout the 72-
h incubation period at 25 ◦C (Figure 1b). At the 72-h sampling point, the EHEC population
was 1.4 log CFU/mL lower in the co-cultures with Cocktail 1, 1.3 log CFU/mL lower in
co-culture with Cocktail 2, and 2.8 log CFU/mL lower in co-culture with L. rhamnosus GG
than the population in the control culture. Similar to what was observed with Salmonella,
a significant decrease in the EHEC population was observed between 48 and 72 h in co-
culture with L. rhamnosus GG, but the level of population decrease was less profound
compared to that of Salmonella (Figure 1a).

The competitiveness of L. rhamnosus GG towards Salmonella and EHEC growth was
much stronger at 37 ◦C compared to 25 ◦C (Figure 2). After 24 h of co-incubation with L.
rhamnosus GG, the mean populations of all four tested Salmonella or EHEC strains were
lower at 37 ◦C than at 25 ◦C. No Salmonella cells were detected from the co-culture with L.
rhamnosus GG at 37 ◦C after the 48-h sampling point (detection limit: 10 CFU/mL). The
mean populations of EHEC recovered from the co-cultures with L. rhamnosus GG were
relatively higher than those of Salmonella incubated at the same temperatures.
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Table 3. Mean populations of individual Salmonella strains in co-cultures with different competitive bacterial strains and the plant pathogen at 25 ◦C.

Salmonella Strains

Mean Population of Salmonella 1

(log CFU/mL) (n = 480)

P. fluorescens
A506 Cocktail 2 Cocktail 1 L. rhamnosus GG Pst DC3000 B. mojavensis

RRC101 Control B. subtilis
ATCC6051

Montevideo (n = 15) 7.6 ± 0.39 aAB 7.4 ± 0.44 aAB 7.3 ± 0.44aAB 6.5 ± 0.39 aB 7.8 ± 0.45 aA 7.6 ± 0.40 aAB 8.0 ± 0.55 aA 7.6 ± 0.41 aAB
Baildon (n = 15) 7.2 ± 0.45 aA 7.2 ± 0.46 aA 7.4 ± 0.46 aA 5.9 ± 0.53 aB 7.8 ± 0.41 aA 7.4 ± 0.39 aA 8.0 ± 0.49 aA 7.6 ± 0.38 aA
Stanley (n = 15) 6.8 ± 0.47 aAB 6.3 ± 0.46 aAB 6.5 ± 0.48aAB 5.7 ± 0.47 aB 7.2 ± 0.46 aA 7.0 ± 0.45 aAB 7.5 ± 0.56 aA 7.0 ± 0.49 aAB
Cubana (n = 15) 6.5 ± 0.46 aAB 6.5 ± 0.54 aAB 6.5 ± 0.45 aAB 5.9 ± 0.49 aB 6.8 ± 0.54 aAB 6.8 ± 0.45 aAB 7.9 ± 0.50 aA 6.8 ± 0.47 aAB
1 Mean values within a column not followed by the same lowercase letter are significantly different (p < 0.05). Mean values within a row not followed by the same uppercase letter are significantly different (p < 0.05).

Table 4. Mean populations of individual EHEC strains in co-cultures with different competitive bacterial strains and the plant pathogen at 25 ◦C.

EHEC Strains
Mean Population of EHEC 1

(log CFU/mL) (n = 480)

P. fluorescens
A506 Cocktail 2 Cocktail 1 L. rhamnosus GG Pst DC3000 B. mojavensis

RRC101 Control B. subtilis
ATCC6051

H1730 (n = 15) 8.2 ± 0.30 aAB 7.5 ± 0.35 abAB 7.7 ± 0.35 abAB 7.4 ± 0.38 aB 8.6 ± 0.33 aAB 8.2 ± 0.33 aAB 8.6 ± 0.42 abA 8.3 ± 0.32 aAB
K4492 (n = 15) 8.1 ± 0.40 aAB 7.6 ± 0.43 aAB 7.7 ± 0.42 aAB 7.1 ± 0.46 aB 8.4 ± 0.38 aA 8.3 ± 0.38 aA 8.7 ± 0.41 aA 8.3 ± 0.39 aA
F4546 (n = 15) 6.9 ± 0.56 abA 7.3 ± 0.58 abA 7.3 ± 0.56 abA 6.7 ± 0.47 aA 7.7 ± 0.52 abA 7.3 ± 0.53 abA 7.9 ± 0.52 abA 7.2 ± 0.54 abA

BAA2326 (n = 15) 6.3 ± 0.48 bA 6.2 ± 0.53 bA 6.6 ± 0.49 bA 6.0 ± 0.43 aA 6.6 ± 0.60 bA 6.7 ± 0.57 bA 7.3 ± 0.65 bA 6.6 ± 0.59 bA
1 Mean values within a column not followed by the same lowercase letter are significantly different (p < 0.05). Mean values within a row not followed by the same uppercase letter are significantly different (p < 0.05).
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3.2. Competitive Attachment to Vegetable Seeds by Salmonella/EHEC as Affected by
Bacterial Competitors

The mean percentages of attached cells of Salmonella or EHEC cocktail to the four
types of vegetable seeds were significantly lower (p < 0.05) when the competitive bacterial
strains were present (Table 5). When no competitive bacterial strains were used, the mean
percentage of attachment of Salmonella and EHEC cells were 10.5% and 3.9%, respectively.
In the co-cultures with P. fluorescens A506, both Salmonella and EHEC strains had the lowest
percentages of attachment, 7 and 2.4%, respectively, on the vegetable seeds. The percentages
of attachment of Salmonella in the co-cultures with B. mojavensis RRC 101 (7.9%), B. subtilis
ATCC 6051 (8.1%), and Pst DC 3000 (8.2%) were statistically similar (p > 0.05) but were
significantly lower than the percentage of attachment in co-cultures with L. rhamnosus GG
(9.4%) and the competing cocktail (9.0%). Except for the controls, the highest percentages
of attachment of EHEC were seen in the co-cultures with L. rhamnosus GG (3.4%) and Pst
DC3000 (3.5%), followed by the bacterial cocktail (3.1%), B. mojavensis RRC 101 (2.9%), and
B. subtilis ATCC 6051 (2.8%). The percentages of attachment of both Salmonella and EHEC
cells were the highest on fenugreek seeds (12.5% and 6.7%), followed by alfalfa (11.8% and
2.0 %) and lettuce (8.9% and 1.7%) seeds. No attachment was detectable from tomato seeds
used in the study.

Table 5. Mean percentages of attached cells of the four-strain S. enterica or EHEC mixtures as affected
by individual competitive bacterial strains and their cocktail.

Percentage (%) of Attached Cells

Salmonella1 (n = 84) EHEC (n = 84)

As influenced by competitive strains
Control (n = 12) 10.5 ± 0.38 A 3.9 ± 0.14 A

L. rhamnosus GG (n = 12) 9.4 ± 0.33 B 3.4 ± 0.11 B
Cocktail 2 2 (n = 12) 9.0 ± 0.29 C 3.1 ± 0.18 C

B. mojavensis RRC 101 (n = 12) 7.9 ± 0.21 D 2.9 ± 0.16 C
B. subtilis ATCC 6051 (n = 12) 8.1 ± 0.24 D 2.8 ± 0.23 C

P. syringae pv. tomato DC 3000 (n = 12) 8.2 ± 0.27 D 3.5 ± 0.20 B
P. fluorescenes A506 (n = 12) 7.0 ± 0.20 E 2.4 ± 0.12 D

On different seed types
Fenugreek (n = 21) 12.5 ± 0.19 A 6.7 ± 0.11 A

Alfalfa (n = 21) 11.8 ± 0.08 B 2.0 ± 0.08 B
Lettuce (n = 21) 8.9 ± 0.08 C 1.7 ± 0.04 C
Tomato (n = 21) ND 3 ND

1 Mean percentages of attachment within a column not followed by the same letter are significantly different
(p < 0.05). 2 Cocktail 2: A mixed culture of P. fluorescenes AS06, B. mojavensis RRC 101, B. subtilis ATCC 6051, and
L. rhamnosus GG. 3 Attachment not detected.

3.3. Inhibition of Salmonella and EHEC by the CFS of L. rhamnousus GG Spent Cultures

Changes in the mean population of all four Salmonella and EHEC strains grown in
PBS amended with the CFS of 72-h spent cultures of the three individual biocontrol agents
and L. rhamnousus GG are shown in Figure 3. The addition of L. rhamnousus GG CFS to
the diluted Salmonella and EHEC cultures resulted in significant (p < 0.05) reductions in
the populations of Salmonella and EHEC. The mean populations of the four Salmonella
strains reduced approximately 1 log unit after 2 h of incubation. Salmonella cells became
undetectable (<10 CFU/mL) at the 12 h sampling point and forward. At the 24 h sampling
point, a total of 5 log unit reduction was achieved. During the incubation period from
the 4 h to 6 h sampling point, the mean population of the four EHEC strains decreased
by 2.4 log CFU/mL. A total of 4 log CFU/mL reduction was observed after the 24 h
incubation period. In comparison, the growth of Salmonella and EHEC in other co-cultures
was not inhibited and the pathogen populations increased exponentially before entering
the stationary phase after 24 h of incubation. The populations of Salmonella and EHEC
recovered from these co-cultures did not differ from each other throughout the incubation
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period, with the maximum population difference of 0.6 log units for Salmonella and 0.4 log
units for EHEC.
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The responses of the four individual Salmonella or EHEC strains to the CFS of L. rham-
nousus GG over the 48-h incubation period are shown in Figure 4. The population of
the four Salmonella strains decreased rapidly after 4 h of incubation, and populations of
S. Baildon and S. Cubana fell below the detection limit of plate count assay after 8 h of
incubation (Figure 4a). S. Montevideo and S. Stanley cells were not detectable after 12 h of
incubation. The population of all 4 EHEC strains also decreased rapidly after the initial 4 h
of incubation, and cells of E. coli BAA 2326 became undetectable after 12 h of incubation in
PBS amended with CFS (Figure 4b). Cells of E. coli F4546 and H1730 were detectable till
24 h of incubation. However, the population of K4492 increased to 3.3 and 3.5 log CFU/mL
at the 24 and 48 h sampling points after dropping from the 5.2 log CFU/mL inoculation
level to 2.7 log CFU/mL during the initial 12 h of incubation.
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), as well as S. Baildon and E. coli BAA-2326 ( ).

4. Discussion

Results of the overall statistical analysis showed that co-cultures with L. rhamnousus
GG had the lowest Salmonella and EHEC populations at both 25 and 37 ◦C compared to
the co-cultures with other bacterial competitors (Table 2). Production of various organic
acids and antimicrobial peptides including bacteriocin by L. rhamnousus GG might be the
underlying mechanisms of the observed phenomenon. Organic acids can lower the pH
of microbiological media and consequently inhibit the growth of bacterial pathogens [23].
Bacteriocins are proteinaceous or peptidic toxins produced by bacterial cells, which can kill
susceptible pathogens by changing the permeability of bacterial membranes or interfering
with the biological function of essential bacterial enzymes [24]. Distinct from the antimicro-
bial peptides produced by other Lactobacillus spp., those produced by L. rhamnousus GG
belong to the least-characterized class of complex bacteriocin which had a broad spectrum
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of antagonistic activity against Gram-positive and Gram-negative organisms [24]. Previous
studies have shown that the bacteriocin produced by L. rhamnousus GG can also inhibit the
growth of some plant pathogens such as Pseudomonas aeruginosa and several major food
spoilage microorganisms [25,26]. These findings suggest that the probiotic bacterium has
a potential application as a biological control agent for improving the microbial safety of
vegetable seeds, particularly sprout seeds.

When L. rhamnousus GG was co-cultured with Salmonella or EHEC at 25 ◦C, the incuba-
tion time required for observable pathogen inhibition was relatively longer than incubation
at 37 ◦C. Furthermore, Salmonella and EHEC population differences were much smaller
between different sampling points at 25 ◦C (Figure 2). The relatively lower antagonistic
ability of L. rhamnousus GG at 25 ◦C might be the result of a slower growth pace and
accumulation of pathogen-cidal metabolites since this incubation temperature was less
than optimal [23]. The growth rates of L. rhamnousus GG in MRS broth (pH 6.5) at 37 ◦C and
25 ◦C were reported as 0.95 and 0.36 OD600/h, respectively [27]. At 25 ◦C, the maximum
L. rhamnousus GG population was 0.5–1.5 OD600 readings lower, and the time required for
L. rhamnousus GG to reach the stationary phase was about 12 h longer than at 37 ◦C. When
grown in UHT milk for 48 h, the amount of organic acids and acetaldehyde produced
by L. rhamnousus GG at 30 ◦C was found significantly lower than at 37 ◦C [28]. Fayol-
Messaoudi and coworkers [23] observed that when incubated at 32 ◦C, the killing activity
of CFSs of the 24 h-culture of L. rhamnousus GG was significantly lower, although the lactic
acid concentration in CFSs did not differ significantly from that at 37 ◦C. It is believed that
the production of pathogen-cidal metabolites other than organic acid is also affected by the
incubation temperature used to cultivate the probiotic bacterium.

In general, lower (p < 0.05) populations of Salmonella than EHEC were observed in the
co-cultures with L. rhamnousus GG (Table 2) or in PBS supplemented with its CFS (Figure 3).
Similar observations were made by Arias and co-workers [29] who reported that the
inhibition of L. rhamnousus and its CFS to S. Typhimurium was significantly stronger than
to E. coli O157:H7. E. coli O157 strains are known to be more acid-resistant than Salmonella
at pH from 2.5, 3.5, to 3.8 [30]. Higher tolerance of E. coli O157 to acetic acid and lactic
acid were also reported [31,32]. Since the production of organic acid and the resulting
low environmental pH are among the important antagonistic mechanisms utilized by
L. rhamnousus GG [33], the ability of E. coli O157 to better adapt to the acidic environment
might have contributed to the lower inhibitory effects of L. rhamnousus GG and its CFS
observed in the present study. E. coli O104:H4 strain BAA 2326 used in the present study
had a similar response to co-culture with L. rhamnousus GG and in PBS supplemented
with its CFS compared to the two O157 strains, F4546, and H1730 (Figure 4b). The higher
cell counts of E. coli K4492 in co-cultures with L. rhamnousus GG CFS indicates that the
resistance of EHEC to the metabolites of L. rhamnousus GG is likely strain dependent.

Commercially used as a biocontrol agent, P. fluorescens A506 is known to compete
with plant pathogen E. amylovora via preemptive utilization of growth-limiting nutrients
at growth niches such as nactaries of pear blossoms [34]. In the present study, the use
of a 100-fold higher start inoculum of P. fluorescens A506 over the tested Salmonella and
EHEC strains resulted in a significant (p < 0.05), but overall a less than 1 log unit difference
in Salmonella and EHEC population during the 72 h co-incubation period (Tables 2–4).
The observed population reduction is likely the result of competition for nutrients by
P. fluorescens A506 as the CFS of P. fluorescens A506 did not cause observable inhibition
of Salmonella and EHEC (Figure 3). A similar observation has been noticed in several
earlier studies. The presence of a P. fluorescens strain in the mixed culture with E. coli
O157:H7 ATCC 43895 reportedly reduced the pathogen population overtime at 10, 15, and
25 ◦C [35]. The incubation temperature of 25 ◦C might also provide P. fluorescens A506
competition advantages over the two human pathogens, as the optimal growth temperature
of P. fluorescens A506 is 25 ◦C while that of Salmonella and EHEC is 37 ◦C.

Slight, but significant (p < 0.05) differences in Salmonella and EHEC populations were
observed when they were co-cultured with B. mojavensis RRC101 and B. subtilis ATCC6051



Foods 2021, 10, 285 13 of 17

compared to the pathogen populations in the control cultures (Table 2). The antagonistic
activities of the two biocontrol agents were reported to rely on the release of specific
fungicidal cyclic lipopeptides and/or bio-surfactants [36,37]. Whether the bio-surfactants
can effectively inhibit the growth of Salmonella and EHEC remains contradictory. The
surfactin extracted from the 7-day culture of B. licheniformis M104 inhibited the growth
of S. Typhimurium ATCC 14028 and two E. coli strains ATCC 11775 and 11246 in a disc
diffusion assay [38]. However, Mireles and coworkers found that surfactins of B. subtilis
could only inhibit biofilm formation, but not the growth of S. enterica and E. coli cells [39].
The slight reductions in Salmonella and EHEC populations resulted from the co-presence of
B. mojavensis RRC101 and B. subtilis ATCC 6051 in the present study are likely the result of
another mechanism such as the competition for nutrients in microbiological media.

Using multiple biocontrol agents simultaneously could be one of the solutions to the
unsatisfactory inhibition to target pathogen(s) by individual biocontrol agents. Knowing
the inhibitory mechanisms of each biocontrol agent is crucial in finding the most efficient
components of a biological control cocktail, ideally, different modes of action can be
applied simultaneously to avoid possible adaption of the target pathogen(s) [40]. It is also
important to understand if synergistic/antagonistic effects exist among all candidates used
in the same cocktail. Ye and coworkers [16] previously reported the success in using a
combination of plant bacterium E. asburiae JX1 and a cocktail of Salmonella lytic phages to
achieve a 3-log unit reduction in the Salmonella population on sprouting mung bean and
alfalfa seeds. Other studies also described the potential of using cocktails of antagonistic
strains in the control of various plant and human pathogens [40–42]. In the current study,
slightly lower pathogen populations were observed when the two cocktails were used
(Table 2). It is not yet clear if the slightly larger pathogen population differences caused
by the presence of the two cocktails were the results of synergetic interactions among the
biocontrol agents or simply the effect of a greater overlap of nutrition requirements among
cells of multiple biocontrol agents and Salmonella/EHEC strains. Further research is needed
to fully understand and improve the inhibitory effects of the cocktails on human pathogens
in the co-culture systems.

Although the presence of L. rhamnousus GG in a co-culture had the lowest Salmonella
and EHEC populations, adding L. rhamnousus GG to Cocktail 1 did not significantly
(p > 0.05) change the ability of the biocontrol cocktail in inhibiting the growth of Salmonella
(Table 2). The reduction in the EHEC population caused by the presence of the two
cocktails differed only by 0.1 log units. It was found in the study that the pH of 72-h
mixed cultures containing Cocktail 2 and Salmonella or EHEC ranged from 6.8 to 7.2,
which was higher than the pH of 3.7–4.3 from the co-cultures of L. rhamnousus GG with
Salmonella/EHEC (data not shown). This indicates a poor L. rhamnousus GG growth in
the mixed culture containing Cocktail 2, subsequently a low level of accumulation of
anti-Salmonella and –EHEC metabolites in the cocktail. Since the biocontrol agents used
in Cocktail 2 had an optimal growth temperature of 25 ◦C, L. rhamnousus GG was likely
to be outgrown by the biocontrol agents in the cocktail at this incubation temperature.
The relatively higher pH in Cocktail 2 could also affect the function of non-organic acid
antimicrobial molecules produced by L. rhamnousus GG. It has been reported that the
antagonistic compounds produced by L. rhamnousus GG suppressed the growth of S.
Typhimurium at pH 4.5 but not at pH 6.5 [23]. Synergistic effects between lactic acid and
non-lactic acid antimicrobial molecules released by Lactobacillus strains have been described
by Alakomi and coworkers [43] who reported that the lactic acid molecules can modify the
permeability of the outer membrane of gram-negative pathogens, allowing antimicrobial
molecules to more easily across cell membranes of the target bacteria. As stated previously,
a good biocontrol cocktail should not contain bacterial strains which are antagonistic with
one another.

Although not as competitive as L. rhamnousus GG in inhibiting the growth of Salmonella
and EHEC, the three biocontrol agents significantly (p < 0.05) reduced the attachment of
Salmonella and EHEC cells to tested vegetable seeds (Table 5). The lower level of Salmonella
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and EHEC attachment caused by the co-presence of these bacterial strains might partially
result from the competition among cells of participating bacterial strains including those of
human pathogens for limited niches of attachment on vegetable seeds. Ideal attachment
niches for microorganisms usually include the wrinkles, cracks, and crevices on the surface
of vegetable seeds [44]. The production of surfactin-like molecules by L. rhamnousus GG [45]
and the two Bacillus strains [37] might have interfered with the attachment by Salmonella
and E. coli cells to seed surfaces. Most significant reductions in Salmonella and EHEC
attachment to vegetable seeds were observed when P. fluorescens A506 was present. The
reason for the observed phenomenon is unclear, but it may because P. fluorescens is a better
colonizer that can attach firmly to seeds, roots, and various plant tissues in the presence of
many other competitive plant microorganisms [46].

The interactions between plant and human pathogens have been discussed widely
as plant pathogens might play a role in the survival of human pathogens within various
plant hosts [47,48]. Certain activities of plant pathogens (e.g., breach of plant cell walls,
the necrotic release of nutrients from plant cells and suppression of plant immunity, etc.)
might boost the survival of human pathogens that are present in nearby proximity. Esseilli
and coworkers [49] reported that the necrotic lesions created by Xanthomonas campestris pv.
vitians or cucumber mosaic virus strain Fny enhanced the postharvest survival of human
pathogens on leafy green vegetables. Water-soaking of tomato leaves from the infection by
X. euvesicatoria and X. gardneri supported the persistence and/or growth of S. enterica [50].
The majority of the known interactions between plant and human pathogens were observed
within mature plant hosts. Although P. syringae and its multiple pathovars (e.g., syringae,
tomato) have been reported to enhance the survival and growth of S. Typhimurium and
pathogenic E. coli on leaves of different plants [51], Pst DC3000 in the current study only
slightly inhibited the growth of the two pathogens (Table 2). Whether and how the two
types of pathogens interact with each other outside mature plants, such as on vegetable
seeds and seedlings, demands further, and more systematic investigation.

5. Conclusions

Biological control of human pathogens on vegetable seeds at both pre- and post-
harvest stages has drawn the attention of many researchers, as it can lead to the production
of vegetable seeds and fresh produce with high microbial qualities. In this study, sig-
nificantly lower populations of Salmonella and EHEC were observed when they were in
co-cultures with L. rhamnousus GG in M/T broth and PBS supplemented with L. rham-
nousus GG CFS. Since L. rhamnousus GG is a probiotic organism and its beneficial effect
on human gut health has been proven in numerous clinical trials, it could be a potential
biocontrol agent to improve the microbial safety of vegetable seeds, especially at posthar-
vest stages. Although not as competitive as L. rhamnousus GG in inhibiting the growth
of Salmonella and EHEC, the three biocontrol agents were more effective in competing
with Salmonella and EHEC for attachment to vegetable seeds. Thus, in addition to the
control of plant pathogens, these agents could also be used to control human pathogens
during vegetable seed production. The different responses of the S. enterica and EHEC
strains to each competitive bacterium and cocktails highlight the importance of choosing
appropriate biocontrol agent(s) for targeted pathogens. Future studies should focus on the
identification of additional effective competitive bacterial strains with negligible adverse
influences on seed/fresh produce quality as well as a better understanding of the synergetic
mechanisms among participating bacterial strains to maximize their antagonistic effects.
The effectiveness of the identified biocontrol agents should be verified during pilot trials of
vegetable seed production and storage after laboratory evaluations.
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