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This study characterized the types of interactions between Escherichia coli O157:H7 and spinach phylloepi-
phytic bacteria and identified those that influence persistence of E. coli O157:H7 on edible plants. A total of
1512 phylloepiphytic bacterial isolates were screened for their ability to inhibit or to enhance the growth
of E. coli O157:H7 in vitro and on spinach leaf surfaces. Fifteen different genera, the majority belonging to
Firmicutes and Enterobacteriaceae, reduced growth rates of E. coli O157:H7 in vitro by either nutrient compe-
tition or acid production. Reduced numbers of E. coli O157:H7 were recovered from detached spinach leaves
that were co-inoculated with epiphytic isolates belonging to five genera. A 1.8 log reduction in E. coli O157:
H7 was achieved when co-inoculated with Erwinina perscinia and 20% cellobiose, a carbon source used by the
phylloepiphytes but not E. coli O157:H7. The reduction on leaves was significantly less than reduction mea-
sured in vitro. Phylloepiphytic bacteria belonging to eight different genera, increased numbers of E. coli O157:
H7 when co-cultured in vitro on spent medium and when co-cultured on detached spinach leaves. The re-
sults, showing reduction of E. coli O157:H7 numbers by natural epiphytic bacteria, support the hypothesis
that native plant microbiota can be used for bio-control of foodborne pathogens, however, other epiphytes
may promote the persistence of enteric pathogens on the phyllosphere.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Fresh edible plants have become a major vehicle for enteric path-
ogens such as Escherichia coli O157:H7 and Salmonella enterica
(Heaton and Jones, 2008). E. coli O157:H7 persists on foliar surfaces
of leafy greens for extended periods both in field and greenhouse sys-
tems (Brandl, 2008; Erickson et al., 2010; Islam et al., 2004; Moyne
et al., 2011; Solomon et al., 2002; Wood et al., 2010). Understanding
the factors associated with persistence on leaf surfaces by enteric
human pathogens is paramount to the development of science-
based strategies to prevent microbial persistence in point-of-sale pro-
duce to mitigate the risks to consumers.

The phyllosphere of plant surfaces is colonized by millions of bac-
teria (Lindow and Brandl, 2003). When enteric human pathogens
contaminate the plant surfaces, they must co-exist in an ecological
niche already populated by a diverse community of bacterial epi-
phytes (phylloepiphytes) that are adapted to phyllosphere conditions
(Brandl, 2006). The fate of enteric pathogens is determined by their
ability to compete with the epiphytic bacterial community (Cooley
y Center, West Campus Drive
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ent of this study.

rights reserved.
et al., 2006). The survival and establishment of transient bacteria in
the phyllopshere are largely influenced by the niche overlap between
the immigrant bacteria and the established members of the commu-
nity (Lindow and Brandl, 2003). Microorganisms with limited overlap
will co-exist; even stimulate the establishment of a non-competitive
microbe. Survival of E.coli O157:H7 was enhanced 6-fold on lettuce
foliage grown from seed co-inoculated with Wausteria paucula,
though no increase was observed when incubated in lettuce leaf
exudate (Cooley et al., 2006). In contrast, a number of phylloepi-
phytes that antagonize the growth of foodborne pathogens have
been described, however only a few of these studies have examined
survival on leaf surfaces or determined the niche overlap index
(Cooley et al., 2006; Johnston et al., 2009; Liao and Fett, 2001;
Schuenzel and Harrison, 2002). Antagonistic bacteria offer the prom-
ise, as bio-control agents, to prevent enteric pathogens from estab-
lishment on the leaf surfaces (Heaton and Jones, 2008; Liao and
Fett, 2001). The inoculation of epiphytic bacterial antagonists on
leaf or fruit surfaces could be part of an integrated strategy to control
the growth of pathogens (Heaton and Jones, 2008).

In the present study E. coli O157:H7-stimulatory and -antagonistic
epiphytic bacteria isolated from spinach leaf surfaces were identified
and the potential for interaction was predicted using niche overlap
indices. Phylloepiphtyic bacteria predicted to stimulate or inhibit
growth of E. coli O157:H7 were co-cultured with the pathogen in-
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vitro and on detached spinach leaves. Finally, cellobiose, a carbon
source used by many phylloepiphytes but not E. coli O157:H7, was
applied to determine if stimulating the growth of co-inoculated in-
hibitory bacteria further decreases the numbers of E. coli O157:H7 in-
oculated onto detached spinach leaves.

2. Materials and methods

2.1. Escherichia coli O157:H7 and W. paucula cultures

E. coli O157:H7 strain TW14359 (CDC PulseNet pattern number
EXHX01.0124) previously isolated from spinach leaves during the
spinach outbreak of 2006 in California (Kulasekara et al., 2009) and
E. coli O157:H7 (Gfp+/KmR) (transformed from strain H1730, a clini-
cal isolate associated with a lettuce outbreak) were grown in tryptic
soy broth (TSB, Difco, Sparks, MD) at 37 °C for 48 h. Cultures were
screened for purity on sorbitol MacConkey agar (SMAC, Difco) and an
isolated colony was transferred to TSB, incubated at 37 °C/120 rpm
until an OD600 nm of 0.9–1.0 was achieved. The cells were collected by
centrifugation (2500×g 15 min, 4 °C), washed twicewith 1Xphosphate
buffered solution (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,

2 mM KH2PO4) and re-suspended in 1X PBS to achieve a final concen-
tration of 6 log CFU/mL. Growth kinetics of both E. coli O157:H7 strains
were compared by construction of growth curves using an automated
growth curve analysis system (Bioscreen C™ Piscataway, NJ). No differ-
ences in growth rates and kinetic values were observed (data not
shown). Unless stated otherwise the spinach isolated E. coli O157:H7
TW14359 strain was used.

W. paucula strain RM5019 was utilized as a positive control for
E. coli O157:H7 growth stimulation experiments. The strain was cul-
tured as previously described (Cooley et al., 2006).

2.2. Isolation of bacteria from spinach surfaces

Fresh spinach was grown and collected as previously described
(Lopez-Velasco et al., 2010). Briefly, 10 g of spinach leaves (replicated
six times) were placed in a filter bag with 90 mL of 1% (wt/vol) pep-
tone supplemented with 1% (vol/vol) Tween-90 and bacteria were
detached by processing in a Pulsifier® (Microbiology International,
Frederick, MD) for 5 min. One milliliter of the suspension was serially
diluted, plated onto R2A media (BBL, Becton Dickson, Franklin Lakes,
NJ) and incubated at 25 °C for 48 h. Aerobic plate counts were repli-
cated in triplicate. A total of 1512 isolated colonies were picked ran-
domly from the resulting plates. Colonies were stored in 30% (vol/vol)
glycerol at−80 °C. A power test was performed, using Statistical solu-
tions ™ software to determine the number of different isolates to be
tested based on bacterial population of the spinach samples, with an
α value of 0.05 and a power of 0.80.

2.3. Screening phylloepiphytic bacterial isolates for in vitro interactions
with E. coli O157:H7

2.3.1. Identification of phylloepiphytic bacteria that inhibit growth of
E. coli O157:H7

The ability to inhibit growth of E. coli O157:H7 was determined for
all bacterial spinach isolates (n=1512) using an agar spot test as de-
scribed (Fleming et al., 1975). Briefly, 100 μL of a suspension of 6 log10
cells (stationary phase) of E. coli O157:H7 suspended in PBS 1X was
spread onto R2A plates and allowed to dry for 30 min within a biolog-
ical safety cabinet. Isolated colonies grown on R2A media, were trans-
ferred to the dried lawn of E. coli O157:H7 using a sterile toothpick.
Plates were incubated at 25 °C and examined for inhibition halos
after 24 and 48 h. Isolates that produced inhibition halos greater
than 5 mm in diameter were considered as bacteria that elicited neg-
ative interactions towards E. coli O157:H7.
2.3.2. Effect of prior growth in medium by phylloepiphytes on the growth
of E. coli O157:H7 in vitro

Selected isolates, chosen based on the frequency the colony mor-
photype were recovered on R2A plates, and a W. paucula control
were statically incubated in 1/10-strength TSB at 25 °C until station-
ary phase was achieved. One milliliter of each culture was transferred
to a sterile micro-centrifuge tube and centrifuged at 13,000×g at 4 °C
for 2 min to collect cells. The supernatant, consisting of spent media,
was filter-sterilized to remove any cells that were not collected by
centrifugation. This filtrate is referred to as spent media and it was
used to determine the effect of nutrient exhaustion by the isolates
and by products of their metabolism on the subsequent growth of
E. coli O157:H7. This spent media (300 μl each) was transferred to
three different wells of a 100-micro well plate (Bioscreen C™, Piscat-
away, NJ). All wells were inoculated with approximately 1000 cells of
E. coli O157:H7 suspended in 1X PBS. The plate was incubated at 25 °C
for 48 h and optical density (420 nm to 580 nm) measurements were
made every 15 min until stationary phase was reached using an auto-
mated growth curve analysis system. Each growth curve was repeat-
ed three times and the results plotted as average±standard deviation
of growth rate and final turbidity (as absorbance at 540 nm) as previ-
ously described (Metris et al., 2006). Growth rates and final yields of
E. coli O157:H7 grown in the spent media of each isolate were com-
pared to those produced using fresh 1/10-strength TSB using t-test
JMP V.8 (SAS Institute, Cary, NC). Controls for nutrient competition
consisted of E. coli O157:H7 grown in the filtrates of spent media
from itself (nutrient competition) and W. paucula (no-competition).
Isolates were considered stimulatory if their filtrate was associated
with growth rates and/or final yields of E. coli O157:H7 significantly
larger (pb0.05) than those obtained in W. paucula spent media or
fresh 1/10-strength TSB. Filtrates from isolates that produced a signif-
icantly lower growth rate or final yield of E. coli O157:H7 were con-
sidered presumptively competitive for nutrients with E. coli O157:
H7 (inhibitory epiphyte) when pb0.05.

2.4. Identification of phylloepiphytes which interact with E. coli O157:H7
in vitro

Bacteria that either inhibited or stimulated the growth of E. coli
O157:H7 were identified based on partial 16S rRNA gene sequence
(1300 bp) (Cole et al., 2009), using amplified fragments of the 16S
rRNA gene with primers 27f/1392r (Rochelle et al., 1995).

2.5. Determination of mechanisms of interaction between E. coli O157:
H7 and phylloepiphytes

2.5.1. Ability of cell-free supernatant to inhibit growth of E. coli O157:H7
Twenty inhibitory isolates, one isolate per species, were screened

to determine if a secreted molecule was responsible for the antago-
nism towards E. coli O157:H7. When there was more than one antag-
onist of the same species, the antagonist that displayed the largest
zone of inhibition determined in 2.3a was selected. Stationary phase
cells were collected from 10 mL 1/2-strength TSB by centrifugation
at 2500×g for 15 min at 4 °C. The resulting supernatant medium
was collected, filter-sterilized, and 10 μl were spotted on a lawn of
E. coli O157:H7 on R2A agar medium. Plates were incubated at 25 °C
for 72 h after which the diameters of zones of inhibition were mea-
sured. Each supernatant was tested in triplicate.

2.5.2. Protease sensitivity of the supernatants of antagonists and
subsequent ability to inhibit growth of E. coli O157:H7

Isolated antagonists that tested positive in the supernatant inhibi-
tion assay were screened for proteases in cell-free supernatants of epi-
phytes grown in 1/2-strength TSB medium based on the utilization of
azocoll as non-specific chromogenic substrate as described (Chavira
et al., 1984) Inhibitory protein activity was acessed as described by
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Johnston et al., 2009 using the proteases trypsin (from bovine pancreas,
1000 units per mg solid; Sigma-Aldrich, Saint Louis, MO), α-
chymotrypsin (from bovine pancreas, type II, 51 units per mg solid;
Sigma-Aldrich), proteinase K (from Tritirachium album, 11.3 units per
mg solid; Sigma-Aldrich), and pepsin (from porcine stomach mucosa,
3460 units per mg solid; Sigma-Aldrich). Absence of the inhibition
zone (as compared with the control isolate spot and the negative sterile
water spots) indicated sensitivity to that particular protease and con-
firmed that the isolate produced an inhibitory protein.

2.5.3. Production of acid by phylloepiphytes that to inhibit growth of
E. coli O157:H7

Acid production by isolated antagonists was determined based on
color change of phenol red agar plates. Phenol red agar plates were
produced by adding phenol red (18 mg/L) to half strength R2A
media and the pH adjusted to 7.0. The agar spot inoculation test
was repeated as described in 2.3a. Each plate also contained a nega-
tive control consisting of a 2 μl droplet of sterile deionized water
(DI). After 72 hours incubation at 25 °C any zones of inhibition were
measured and any color change from red to yellow (pH below 6.6) in-
dicated acid production.

2.5.4. Carbon source utilization of epiphytic bacteria
Carbon source utilization of select phylloepiphytes that interacted

positively and/or negatively with E. coli O157:H7 as determined above
and E. coli O157:H7 was determined using BIOLOG EcoPlatesTM follow-
ing the manufacturer's directions (BIOLOG, Hayward, CA). Two plates
were prepared for each isolate. Patterns of carbon source utilization
between E. coli O157:H7 and the selected phylloepiphytes were com-
pared using the CORRELATION procedure, function of Statistical Analy-
sis System 9.2 (SAS Institute). Results with a p-valueb0.05 were
considered significant, indicating competition for the examined nutri-
ents between E. coli O157:H7 and the epiphyte. Additionally, the pro-
portion of metabolite (Pij) and the niche overlap index (NOI) between
E. coli O157:H7 paired with each selected epiphyte were determined
for each group of nutrient sources; amino acids, carbohydrates, fatty
acids and organic acids (MacArthur and Levins, 1967; Wilson and
Lindow, 1994). Pij refers to the proportion between the sum of metabo-
lites utilized by the spinach epiphyte (i) and the sum ofmetabolites uti-
lized by E. coli O157:H7 (j).

2.6. Interactions of phylloepiphytes with E. coli O157:H7 in vitro and on
detached spinach leaves

Selected phylloepiphytes that interacted positively and/or nega-
tively with E. coli O157:H7 as determined above and E. coli O157:H7
(Gfp+/KmR) were grown in 1/2-strength TSB at 25 °C until stationary
phase was reached. The cells were washed 5 times with PBS to re-
move residual nutrients and re-suspended at an absorbance
(600 nm) of 0.1. Co-inoculum mixtures were prepared by combining
equal volumes of E. coli O157:H7 (Gfp+/KmR) with each of the select
phylloepiphytes and 5 drops of 10 μL of the mixed bacterial suspen-
sion were spotted on detached spinach leaves that were surface disin-
fected with 80% ethanol as previously described (Klerks et al., 2007).
The leaves were placed on sterile Petri dishes, but not sealed, and
leaves were incubated at 25 °C at a 75% relative humidity. E. coli O157:
H7 (Gfp+/KmR)were enumerated on TSA containing 50 μg/mL of kana-
mycin (TSAK) after 24 and 48 hours incubation. Overall log increase of
E. coliO157:H7 (Gfp+/KmR) was calculated and compared to the popu-
lation size of E. coli O157:H7 (Gfp+/KmR) grown alone under the same
conditions. Each co-culture was replicated three times. Numbers of
E. coli O157:H7 recovered from detached leaves and in vitro batch cul-
tures were determined for both pure culture and co-culture solutions.
Thefinal population of E. coliO157:H7was used to determine the log re-
duction of this bacterium by the epiphyte. Comparison was done by
analysis of variance using the GLM procedure and Tukey's test for
mean separation, both functions of Statistical Analysis System 9.2 (SAS
Institute, Cary, NC).

2.7. Co-culture of E. coli O157:H7 on spinach leaves in co-culture with an
antagonist provided cellobiose as a carbon source

Spinach leaves were surface disinfected as described in 2.6, the
leaves were subsequently dipped into a solution of 20% cellobiose or
into sterile water for 5 s and subsequently air dried in the biosafety
cabinet for 30 min. After drying, the leaves were inoculated with
E. coli O157:H7 (Gfp+/KmR) and/or one of the antagonists, as de-
scribed in 2.6. The leaves were subsequently air dried in the biosafety
cabinet for 30 min. The leaves were incubated at 25 °C for 24 h inside
of plastic bags to reduce wilting of the spinach leaves. After incuba-
tion, inoculated cells were dissociated from the leaves by homogeniz-
ing (BagMixer, Interscience) 10 g of the leaves with 90 mL of sterile
peptone water with 1% Tween. Serial dilutions were performed and
plated in triplicate onto TSAK to select for only the inoculated E. coli
O157:H7. After 24 h incubation at 25 °C colonies were quantified. Sta-
tistical significance was determined by analysis of variance using the
GLM procedure function of SAS.

3. Results

3.1. Identification of E. coli O157:H7-growth-inhibitory and -stimulatory
phylloepiphytic bacteria

Eighty-seven growth-inhibitory epiphytes (5.5%) and 16 growth-
stimulatory (1.1%) isolates were identified from the 1512-randomly
selected isolates (Table 1). The greatest percentages of inhibitory bac-
teria were classified as γ-Proteobacteria (83%), followed by Firmicutes
(7%), Bacteroidetes (5%), Actinobacteria (2%) and the rest α- and β-
Proteobacteria (Table 1). Stimulatory epiphytes belonged to 8 genera;
primarily Actinobacteria (33%), Bacteroidetes (33%), α-Proteobacteria
(26%) and β-Proteobacteria (6%) (Table 1).

3.2. Growth inhibition of E. coli O157:H7 with phylloepiphytic bacteria in
vitro and on spinach leaves

E. coli O157:H7 populations were significantly reduced when co-
cultured with 3 phylloepiphtyic isolates for 12 h in 1/2-strength TSB
medium (Table 2). Reductions in numbers of E. coli O157:H7 in vitro
compared to the control ranged from 1.6 to 4.2 log CFU, after 24 h
from 1.2 to 2.7 log CFU after 48 hours co-incubation with isolates
(Table 2). Smaller log reductions (0.26 log to 1.29 log CFU/g spinach
leaves) were measured on detached leaf surfaces compared to those
in broth medium. There was no difference in numbers of E.coli O157:
H7 recovered from detached leaves dipped in a solution of 20% cellobi-
ose compared to leaves dipped in water prior to inoculation (Table 2).
Application of cellobiose to the leaf surface significantly decreased
the numbers of E.coli O157:H7 (2 log) when co-inoculated with the
phylloepiphyte, Erw. perscinia, however no significant reduction was
detected on leaves dipped in water (Table 2). In contrast, cellobiose ad-
dition reduced or did not affect the amount of growth inhibition by the
majority of the tested phylloepiphtyes in comparison to the leaves
rinsed in water (Table 2). No colonies of epiphytic isolates were recov-
ered on TSAK plates, indicating that epiphytic bacteria did not contrib-
ute to these E. coli O157:H7 counts. Ten randomly chosen colonies of
each plate were confirmed using primers specific for the E. coli O157:
H7 specific gene rfbE (results not shown).

3.3. Growth inhibition of E. coli O157:H7 by acid production and
proteinaceus metabolites

Growth inhibition of E. coli O157:H7 in vitrowas associated with in-
creased acid production, as indicated by a yellow color surrounding the



Table 1
Identified microorganisms that elicited in vitro growth inhibition or stimulation of E.
coli O157:H7.

Identified bacteria
(number of isolates)O

Strain
numberP

GeneBank accession
number of closest
matchQ

% of
similarity

Epiphytes that elicited presumptive growth inhibition of with E. coli O157:H7R

Acinetobacter calcoaceticus (4) KFS200725 FJ867364 96
Aeromonas encheleia (1) KFS2007916 AJ458416 97
Arthrobacter spp. (1) KFSISO88 GQ332346 97
Bacillus cereus (5) KFSNO1C1Aa FJ763650 97
Bacillus pumilus (3) KFSNO2A1Ba FJ263042 98
Bacillus spp.(1) KFS2007301a EU781520 97
Brevundimonas vesicularis (1) KFSNO2A1Aa FJ999941 98
Curtobacterium herbarum (3) KFSISO138B AM410692 97
Erwinia persicina (24) KFSORG1C4a AJ937838 98
Erwinia rhapontici (2) KFSORG1A3A EU340562 98
Flavobacterium spp.(1)T KFSNO2C3Aa AM110987 98
Frigobacterium spp. (1) KFSNO2A4a AF157479 98
Kaistia spp. (1) KFSISO103 FJ006913 99
Microbacterium oleivorans (2) KFSNO1G1a EU71438 99
Microbacterium phyllospherae
(2)

KFSISO37 NR025405 97

Paenibacillus polymyxa. (1) KFSNO1H1a FJ940900 86
Pantoea agglomerans (5) KFSNO1E4a EF050808 99
Pseudomonas fluorescens (2) KFS2007178a CP000094 97
Pseudomonas koreensis (8) KFSISO85a GQ368179 96
Pseudomonas rhodesiae (1) KFS20071822 FJ462694 96
Pseudomonas spp. (12) KFS2C3 FN547413 100
Rhodococcus spp. (1) KFSISO31A AY188941 97
Stenotrophomonas maltophilia
(3)

KFSNO2G3Ba GU385870 97

Unclassified γ-Proteobacteria
(6)

– – –

Epiphytes that elicited presumptive growth stimulation of E. coli O157:H7S

Acidovorax konjaci (1) KFSISO54 GQ260128 97
Brevibacillus brevis (1) KFSISO142 EU931557 96
Flavobacterium spp. (5)T KFSISO87 EF601822 100
Patulibacter spp.(1) KFSISO110 AJ871305 100
Rhizobium spp. (1) KFSISO80 FJ006911 98
Sphingomonas spp. (3) KFSISO97 AF395031 98

(a) Indicates strain produced acid resulting in a color change on phenol red plates.
(O) Bacterial species isolated from spinach and identified using partial 16S rRNA
(approximately 1300 bp).
(P)Strain number of bacteria isolated from spinach leaves that were used for this study.
(Q) National Center for Biotechnology Information database as on March 3, 2010.
(R)Bacteria selected for inhibiting E. coli O157:H7 TW14359 growth in lawn inoculation
experiments (Zones of inhibition of E. coli growth ranged between 5.0 and 17 mm in
diameter) and/or competition assays.
(S)Bacteria whose spent media stimulated E. coli O157:H7 growth rate and/or yield, as
compared to growth in fresh media or spent media from W. paucula.
(T) Flavobacterium spp. strains KFSISO87 and KFSNO2C3 were annealed and had a 95%
similarity between them.

Table 2
Log reduction of E. coli O157:H7 populations when co-cultured with inhibitory isolates in v

Time after co-culture 12 h 24 h 48 h

Bacterial isolate Log CFU/ml Log
reduction(U)

Log CFU/ml Log
reduction(U)

Log CF

E. coli O157:H7 (control) 4.31A na 7.72B na 10.04
Bacillus sp. 3.93A⁎ 0.38 5.54B⁎ 2.18 8.79C

Bacillus pumilus 4.24A 0.07 4.43A⁎ 3.29 8.89C

Erwinia perscina 4.38A 0.07 5.31A⁎ 2.41 8.46C

Paenibacillus polymyxa 2.33A⁎ 1.98 3.46A⁎ 4.26 7.27C

Pantoea agglomerans 3.77A⁎ 0.54 6.13B⁎ 1.59 8.46C

Pseudomonas spp. b1A⁎ >4.31 3.73B⁎ 3.99 7.59C

(U) Log reduction was calculated as the difference between the numbers of E. coli O157:H7 H
itself. (V) Spinach leaves were dipped in a 20% solution of cellobiose and allowed to air-dry p
Different letters within columns denote significant difference (pb0.05) when comparing in
na (not applicable).
⁎ Denotes statistical significant difference when compared to E. coli O157:H7 (pb0.05; n
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isolate, by isolates Bacillus KFS2007301, Erw. perscinia KFSORG1C4,
Frigoribacterium KFSNO2A4, P. polymyxa KFSNO1H1, Pseudomonas spp
KFSNOH1 and Stenotrophomonas sp KFSNO2G3A (results not shown).
Supernatants of only two isolates; P. polymyxa and Pseudomonas spp.,
resulted in zones of inhibition surrounding E. coliO157:H7. Protease ac-
tivity was not responsible for this activity as azocoll hydrolysis was not
observed for supernatants of P. polymyxa or Pseudomonas spp. (results
not shown). A secreted protein was also not responsible as zones of in-
hibition were still produced when supernatants were exposed to a
cocktail of proteases (results not shown).

3.4. Influence of spinach epiphytes on E. coli O157:H7 growth due to
nutrient competition

Growth rates of E. coli O157:H7 determined using media previous-
ly used to culture four phylloepiphytic bacterial isolates were signifi-
cantly reduced (pb0.05) compared to the rate of growth of E. coli
O157:H7 in fresh 1/10-strength TSB (Table 3). Growth rates of E. coli
O157:H7 grown in the spent media of select phylloepiphytes, were re-
duced to that of E. coliwhen grown inmedia previously used for growth
of itself. All the epiphyte's spent media reduced the final yield of E. coli
O157:H7 (Table 3).

To determine whether growth inhibition was due to competition
for a specific substrate, the nutrient utilization profiles of E. coli
O157:H7 and growth inhibitory phylloepiphytes were compared by
Pearson's correlation (r), Pij and NOI between nutrient sources uti-
lized by E. coli O157:H7 and selected epiphytic bacteria based on BIO-
LOG profiles (Table 4). A positive correlation (pb0.05) was calculated
between carbon sources used by E. coli O157:H7 and Arthrobacter spp.,
Erw. persicina and M. phyllospherae, while a negative correlation
(pb0.05) was calculated between E. coli O157:H7 and Bacillus spp.
(Table 4). The largest NOI was determined between E. coli O157:H7 and
Erw. persicina (0.906). The Pij was larger than 1.00 for Erw. persicina and
Rhodococcus spp. for all groups of metabolites within the BIOLOG plates.

Growth rates of E. coli O157:H7 with isolates Acidovorax konjaci,
Curtobacterium herbarum, Flavobacterium spp., Kaistia spp., Patulibac-
ter spp., Rhizobium spp., Sphingomonas spp. and the W. paucula control
were not significantly different (p>0.05) from the growth rate of
E. coli O157:H7 on fresh 1/10 X TSB (Table 3). The yield of E. coli
O157:H7 in Flavobacterium spp. spent media was significantly higher
than the yield from the fresh 1/10 strength-TSB control (Table 3).

Pearson's correlation (r), Pij and NOI between each of the spinach
phylloepiphytes and E.coli O157:H7 were calculated based on the re-
duction of the 23 carbon sources in the BIOLOG® plates. Positive cor-
relations were obtained for isolates Flavobacterium spp., Kaistia spp.,
Rhizobium spp., Sphingomonas spp. and the control of W. paucula
(Table 4) however, the correlations were not significant (p>0.05) ex-
cept for Curtobacterium spp., Rhizobium spp. and Kaistia spp. (pb0.05)
itro and on detached spinach leaves.

24 h detached leaves–water 24 h detached leaves
20% cellobioseV

U/ml Log
reduction(U)

Log CFU/gspinach Log
reduction(U)

Log CFU/gspinach Log
reduction(U)

C na 7.26 na 7.28 na
⁎ 1.25 6.42⁎ 0.84 7.36 0.08
⁎ 1.15 5.97⁎ 1.29 6.40⁎ 0.88
⁎ 1.58 7.00⁎ 0.26 5.22⁎ 2.03
⁎ 2.77 6.72⁎ 0.54 7.22 0.06
⁎ 1.58 6.49⁎ 0.77 6.58⁎ 0.70
⁎ 2.45 6.62⁎ 0.64 6.66⁎ 0.62

1730 (Gfp+/KmR) co-cultured with spinach epiphytes and control of E.coli O157:H7 by
rior to inoculation while control leaves were dipped in sterile water and allowed to dry.
vitro growth at 12, 24 and 48 h.

=3).

ncbi-n:FJ867364
ncbi-n:AJ458416
ncbi-n:FJ763650
ncbi-n:FJ263042
ncbi-n:EU781520
ncbi-n:FJ999941
ncbi-n:AM410692
ncbi-n:AJ937838
ncbi-n:EU340562
ncbi-n:AM110987
ncbi-n:AF157479
ncbi-n:FJ006913
ncbi-n:FJ940900
ncbi-n:EF050808
ncbi-n:CP000094
ncbi-n:FJ462694
ncbi-n:AY188941
ncbi-n:EU931557
ncbi-n:EF601822
ncbi-n:AJ871305
ncbi-n:FJ006911


Table 3
Growth rate and yield of E. coli O157:H7 grown in vitro using filtered growth media
previously used for growth of select spinach phylloepiphytes.

Spent media produced by Growth rate of
E. coli O157:H7 (μ)V

Final yield
(OD)V,W

Control fresh 1/10 TSB 0.117±0.004A 0.603±0.002B

E. coli O157:H7 0.066±0.003C 0.322±0.006D

W. paucula 0.104±0.005A 0.553±0.043B

Epiphytes that elicited presumptive inhibitory growth of E. coli O157:H7
Arthrobacter spp. 0.108±0.004A 0.527±0.026C

Bacillus spp. 0.063±0.004C 0.528±0.007C

Brevibacillus brevis 0.095±0.007B 0.513±0.023C

Curtobacterium herbarum. 0.117±0.004A 0.550±0.022C

Erwinia persicina 0.042±0.007D 0.338±0.019E

Kaistia spp. 0.129±0.004A 0.566±0.048C

Microbacterium phyllospherae 0.108±0.007A 0.510±0.012C

Pseudomonas koreensis 0.075±0.006C 0.469±0.009D

Rhodococcus spp. 0.109±0.006A 0.569±0.023C

Epiphytes that elicited presumptive stimulatory or no effect on growth of E. coli O157:H7
Acidovorax konjaci 0.110±0.002A 0.648±0.021B

Flavobacterium spp. 0.123±0.004A 0.757±0.061A

Rhizobium spp. 0.110±0.007A 0.606±0.003B

Sphingomonas spp. 0.117±0.005A 0.618±0.025B

VResults represent the mean±standard deviation (n=3) of the growth rate (h−1) and
yield of E. coli O157:H7 TW14359 grown in filter sterilized 1/10-strength TSB
previously utilized to culture a selected epiphyte. Different letters within the same
column denote significant differences between the spent media and the control of
fresh 1/10 TSB (pb0.05).
WMeasurement of optical density (OD) with the wide band (420 to 580) when
stationary phase was reached.
zClassification of presumptive inhibitory for growth of E.coli O157:H7 was based on
presence of zones of inhibition on agar assays or based on reduction in final yield and/
or growth rate. Presumptive stimulatory or neutral for growth of E.coli O157:H7 was
based on an increased or no difference in growth rate or final yield of E.coli O157:H7.
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(Table 4). In contrast, negative, non-significant correlation was
obtained for isolates Acidovorax spp. and Patulibacter spp. (Table 4).
NOI values based on the 23 carbon sources were similar between bac-
teria that either stimulated or inhibited growth of E.coli O157:H7
(Table 4), however differences in the amount of reduction were ob-
served suggesting competition could also be important. Larger
Table 4
Pearson's correlation (r), proportion of metabolite utilization (Pij) and niche overlap index

Isolate (r)X Total Pij/
NOIY

Pij/N

Carb

E. coli O157:H7 1.000 1.000/1.000 1.00
W. paucula 0.163 0.506/0.809 0.36
Epiphytes that elicited presumptive inhibitory growth of E. coli O157:H7z

Arthrobacter spp. 0.384⁎ 0.264/0.814 0.23
Bacillus spp. −0.008⁎ 0.581/0.870 0.19
Brevibacillus brevis −0.074 0.177/0.781 0.16
Curtobacterium herbarum. 0.327⁎ 0.326/0.794 0.26
Erwinia persicina 0.615⁎ 1.023/0.906 1.08
Kaistia spp. 0.356⁎ 0.299/0.835 0.24
Microbacterium phyllospherae 0.403⁎ 0.199/0.811 0.17
Pseudomonas koreensis 0.305 0.828/0.801 0.53
Rhodococcus spp. 0.418 1.636/0.803 1.45

Epiphytes that elicited presumptive stimulatory or neutral for growth of E. coli O157:H7
Acidovorax konjaci −0.006 0.216/0.819 0.13
Flavobacterium spp. 0.329 0.324/0.871 0.32
Rhizobium spp. 0.488⁎ 0.252/0.885 0.25
Sphingomonas spp. 0.265 0.181/0.819 0.16

XPearson correlation was calculated for all isolates and E. coli O157:H7 TW14359 the data pr
coli O157:H7 with each of the bacterial isolates, utilizing BIOLOG® plates.
YProportion of nutrient utilization (Pij) refers to the proportion between the sum of metabol
O157:H7 (j). Niche overlap index (NOI) was determined by the MacArthur and Levins (196
epiphyte in relation to those utilized by E. coli O157:H7 according with the different metab
zClassification of presumptive inhibitory for growth of E.coli O157:H7 was based on presence
rate presented in Table 3. Presumptive stimulatory or neutral for growth of E.coli O157:H7 w
presented in Table 3.
⁎ Correlation was considered significant when pb0.05.
variations in the Pij values (0.199–1.636) were calculated for the epi-
phytes that antagonized growth of E. coli O157:H7.

3.5. Growth stimulation of E. coli O157:H7 with phylloepiphytic bacteria
on spinach leaves

Numbers of E. coli O157:H7were determined on spinach leaves in-
oculated with and without epiphytes. Isolates Sphingomonas spp. and
Rhizobium spp. were selected for co-culture given their abundance on
the phyllosphere and the rhizosphere respectively (Delmotte et al.,
2010) and Flavobacterium sp. (KFSISO087) was selected because it en-
hanced the growth of E. coli O157:H7 during the nutrient competition
assays. After 24 h a significant increase (pb0.05) in E. coliO157:H7 num-
berwas observed for all inoculated spinach leaves. However, the popula-
tion size of E. coli O157:H7 was significantly higher (pb0.05) when co-
cultured with Flavobacterium sp. (Table 5). After 48 h of incubation the
population size of E. coli O157:H7 alone was not significantly different
from the population size when co-cultured with Flavobacterium sp.
(p>0.05) (Table 5).

4. Discussion

The bacterial members of the spinach phyllopshere are diverse
groups, with over 8800 unique bacterial sequences, belonging to 11
different genera co-existing on the spinach phyllopshere (Lopez-
Velasco et al., 2011). Interactions with native microbiota may influ-
ence the survival and establishment of immigrant bacteria (Lindow
and Brandl, 2003) and their persistence after post-harvest operations
(Francis et al., 1999). In this study, spinach phylloepiphytic bacteria,
belonging to 20 different genera, were isolated for their ability to ei-
ther stimulate or inhibit the growth of E. coli O157:H7 in vitro and
on spinach leaf surfaces. As seen in other studies that identified an-
tagonists from fresh vegetables, the majority of these genera were
γ-Proteobacteria, the same taxonomic class as E. coli O157:H7
(Cooley et al., 2006; Johnston et al., 2009; Liao and Fett, 2001; Liao,
2007; Schuenzel and Harrison, 2002). Other isolates such as Stenotro-
phomonas sp., Hafnia sp. and Brevundimonas sp. have not previously
(NOI) between E. coli O157:H7 and spinach epiphytes.

OI by group of nutrients

ohydrates Amino acids Fatty acids Carboxylic acids

0/1.000 1.000/1.000 1.000/1.000 1.000/1.000
9/0.852 1.100/0.950 0.884/0.805 0.545/0.885

7/0.863 0.526/0.993 0.369/0.839 0.239/0.825
6/0.819 0.467/0.990 0.294/0.845 0.203/0.803
3/0.824 0.368/0.996 0.269/0.814 0.147/0.756
9/0.842 0.682/0.993 0.465/0.853 0.285/0.799
8/0.910 1.073/0.999 1.082/0.800 0.805/0.926
9/0.873 0.422/0.990 0.237/0.828 0.165/0.799
7/0.863 0.417/0.992 0.264/0.883 0.187/0.805
7/0.859 1.030/0.995 1.475/0.769 1.108/0.825
8/0.829 2.966/0.985 2.192/0.883 1.503/0.812
z

2/0.671 0.304/0.966 0.519/0.766 0.259/0.738
8/0.836 0.540/0.998 0.308/0.907 0.289/0.826
6/0.846 0.308/0.982 0.203/0.840 0.249/0.886
6/0.835 0.324/0.997 0.280/0.809 0.159/0.865

esented represents only the correlation of the pattern of carbon source utilization by E.

ites utilized by the spinach epiphyte (i) (i) and the sum of metabolites utilized by E. coli
7) method. Both parameters, were calculated based on the nutrients utilized per each
olites utilized in the BIOLOG plates.
of zones of inhibition on agar assays or based on reduction in final yield and/or growth
as based on an increased or no difference in growth rate or final yield of E.coli O157:H7



Table 5
Population of E. coli O157:H7 grown in co-culture with stimulatory epiphytes on spin-
ach surfaces.

Time 0 h 24 h 48 h

E. coli O157:H7 numbersZ (log CFU/g spinach)

E. coli O157:H7 4.98±0.04A 5.46±0.16B,2 6.30 ±0.08C,1

Bacteria utilized for co-culture:
Flavobacterium spp. (KFSISO87) 6.15±0.03B,1 6.48±0.07C,1

Rhizobium spp. 5.36±0.05B,2 5.90±0.06C,2

Sphingomonas spp. 5.21±0.04B,2 5.62±0.03C,2

ZPopulation of E. coli O157:H7 H1730 (Gfp+/KmR) was determined on TSA plates
amended with 50 μg/mL of kanamycin. The results represent the mean and standard
deviation of three independent replicates, each containing 10 g of spinach leaves
inoculated with E. coli O157:H7 and the selected epiphyte.
Different letter within the same row denote significant difference (pb0.05).
Different numbers within the same column denote significant difference (pb0.05).
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been reported as antagonistic towards human pathogens but have
been reported to antagonize plant pathogens (Hayward et al., 2010).

Bacterial co-existence is frequently governed by resource usage
and availability, production of antimicrobial compounds and other
strategies to promote resource acquisition (Hibbing et al., 2010). Al-
though the exact mechanisms used by antagonistic phylloepiphtyic
bacteria described within this work remain unknown, this study sug-
gests that competition for nutrients and end products of metabolism
are important for reducing the growth of E. coli O157:H7 in vitro, and
presumably on epiphytic surfaces. A pH reduction was observed for
the majority of antagonistic bacteria, in this study. Johnston et al.
(2009) have previously reported acid production by lettuce and spin-
ach bacterial isolates as a possible mechanism for growth inhibition of
E. coli O157:H7. However, Gragg and Brashears (2010) did not detect
production of organic acids by lactic acid bacteria inoculated onto
spinach stored at refrigeration temperatures suggesting that other
compounds such as bacterocins, hydrogen peroxide and carbon diox-
ide would provide more effective growth deterrents on leaf surfaces.
Two isolates in this study, Pseudomonas spp. and P. polymyxa likely
produced a non-proteinaceous or a protease-resistant secreted me-
tabolite that was associated with growth inhibition as their superna-
tants were able to inhibit the growth of E. coli O157:H7. Previous
studies showed that Pseudomonas strains secreted antimicrobial mol-
ecules, including pyocyanin, hydrogen cyanide and siderophores that
allow for competition for iron (Hibbing et al., 2010; Wensing et al.,
2010). It is unlikely that the secreted inhibitory molecules in this
study were siderophores as zones of inhibition were still produced
after incubation with a protease cocktail.

Despite evidence of some antimicrobial compound secretion it is
likely that competition for carbon sources was responsible for the in
vitro growth reductions of E. coli O157:H7 associated with certain epi-
phytes. Growth rates of E. coli O157:H7 were significantly reduced
when grown in spent media previously used to grow several isolates
(Table 3). When grown in the spent media of Erw. persicina, E. coli
O157:H7's growth rate and final yield were reduced. This corre-
sponded with larger Pij and NOI values, suggesting the low growth
rate was due to reduced amounts of nutrients. Growth rates of
E. coli O157:H7 in spent Erw. perscinia media increased when 50% of
the media was replenished with fresh 1/10 TSB, supporting competi-
tion for nutrients as the likely mechanism of antagonism (data not
shown). A statistically significant, positive correlation between car-
bon source utilization profiles, as well as large NOI and Pij values for
E. perscinia, P. korensis and Rhodococcus spp. with E. coli O157:H7
were determined (Tables 4) . Future studies with an expanded
panel of carbon sources, especially those associated with leaf surfaces,
should be performed to examine the importance of niche overlap in-
dices for prediction of competitive bacteria. Nutrient depletion has
been previously reported as a mechanism used by P. fluorescens and
Enterobacter asburiae, to prevent growth of E. coli O157:H7 when
co-cultured in lettuce exudates (Cooley et al., 2006; McKellar, 2007).
The great diversity of bacterial members of the phyllopshere is pos-
sible due to the broad functional capabilities of its members. Phyllop-
shere bacteria vary greatly in their catabolic specialization, including
ability to use abundant carbon sources other members may not utilize
and/or the ability to use low concentrations of nutrients relatively
quickly. Wilson and Lindow (1994) demonstrated that Pseudomonas
syringae achieved much larger populations on bean plants in the pres-
ence of immigrant epiphytes (eg. Stenotrophomonas maltophila) that
did not compete for the same amino acids or carbohydrates. In contrast
low levels of co-existence were determined for P. syringae and presence
of P. fluorscens,which have large amounts of niche overlap. In this study,
we identified several isolates belonging to the genera Acidovorax, Flavo-
bacterium,, Rhizobium and Sphingomonas that improved or did not affect
the growth of E. coli O157:H7 in vitro (Table 3). The Pij values were low,
indicating these isolates did not compete for the same carbon sources as
E. coli O157:H7 (Table 4). Only one isolate, Flavobacterium KFSIS087,
resulted in a significant increase (0.70 log) in E. coli O157:H7 popula-
tions on leaf surfaces (Table 5), it is unclear if this increase would result
in biologically significant increases on the leaf surface. Flavobacterium
sp. is known to be metabolically versatile, using additional types of nu-
trients in comparison to E. coli O157:H7 (Cousin et al., 2008). In this
study we did not observe an increase in E. coli O157:H7 recovered
from co-inoculated leaves using W. paucula, however low NOI and Pij
values were calculated, indicating that lack of competition alone may
not promote the growth of E.coli O157:H7 (Table 4). Cooley et al.,
2006 previously reported no signifigant increase in numbers of E.coli
O157:H7 when co-inoculated with W. paucula in lettuce leaf exudates,
but survival increased 1 log on the lettuce phyllopshere when E.coli
O157:H7 and W. paucula were coinoculated on seeds. This suggests
that other factors during plant germination and development may pro-
mote growth of E.coliO157:H7. The surface disinfectionmethod applied
to the detached leaves may have damaged some plant cells, releasing
nutrients for E. coli growth (Brandl, 2008). Furthermore this method
did not completely remove all the other epiphytic bacteria that may
have enhanced E. coli numbers as these populations recovered after
48 h andwere detected on plates (Tydings, 2010). The decreased antag-
onism on the leaf surfaces compared to in vitro studies (Table 2) sup-
ports the availability of additional, spatially isolated nutrients on the
spinach leaves. Alternatively, the unknown inhibitor concentration
may be diluted below its minimum inhibitory concentration. In previ-
ous studies, the different conditions encountered in the rhizosphere
and in ground beef in comparison to in vitro batch cultures resulted in
physiological changes to the bacteria and a subsequent reduction in
amounts of inhibitory compounds produced (Simons et al., 1996;
Ruby and Ingham, 2009). Conditions on the leaf surface may not sup-
port the production of the same inhibitory compounds produced in
vitro.

Enteric pathogens on the leaf surface do not interact with a single
bacterial population, but rather with a diverse microbial community.
Therefore it is important to develop strategies to improve the survival
and encourage growth of antagonists on leaf surfaces. By amending
the leaves with a carbon source that is metabolized by spinach epi-
phytic bacteria but not by E. coli O157:H7, it may be possible to de-
crease populations of E. coli O157:H7. In this study we attempted to
improve the antagonism by providing cellobiose, a carbon source
that was used by the majority of the antagonists in this study but
not E. coli O157:H7 (Tydings, 2010). Reduced populations of E. coli
O157:H7 were recovered from spinach leaves co-inoculated with
Erw. perscinia and provided 20% cellobiose (Table 2), however the
log reduction was not enough to result in numbers below the infec-
tious dose of 10–100 E. coli O157:H7. The increase in E. coli O157:
H7 numbers when co-inoculated with antagonists and cellobiose
highlights the importance of understanding how human interven-
tions such as proposed bio-control dips on the microbial community.
Disruption of the native phyllopepiphytic microflora may promote
the establishment of E. coli O157:H7 on the leaf surface (Lopez-



357G. Lopez-Velasco et al. / International Journal of Food Microbiology 153 (2012) 351–357
Velasco et al., 2010). How the sum of these individual interactions
(positive and negative) affect the overall fate of enteric pathogens
on edible plants remains to be elucidated. This study highlights the
importance of members of the phyllopshere community to influence
the growth and potentially establishment of E. coli O157:H7 on leafy
greens. Additional studies must characterize the function of these mi-
crobe populations to elucidate mechanisms to promote establishment
of antagonistic bacteria and to characterize the ability of E. coli O157:
H7 to survive on leaf surfaces.
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