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Abstract

This study investigated the persistence and control of S. enterica serovar Newport on garden cress under warming tempera-
ture scenarios (15°C, 17°C, 19°C, 21°C), simulating climate change-relevant conditions. Two contamination routes—seed and
irrigation—were tested with irrigation applied at different plant growth stages to assess the impact of contamination tim-
ing too. In addition, the study evaluated the effectiveness of preharvest bacteriophage irrigation applied at various intervals
prior to harvest. Results showed that both contamination routes supported long-term survival, with the greatest persistence
at 15°C. Late-stage contamination through irrigation resulted in higher bacterial loads at harvest, posing greater food safety
risks. While a washing step significantly reduced Salmonella levels, especially in later contamination scenarios, it was insuf-
ficient to fully remove strongly attached bacterial populations across all cases. Bacteriophage irrigation achieved up to 2.2
log MPN/g reduction when applied close to harvest, particularly when combined with washing. Beyond expanding the mech-
anistic understanding of Salmonella-plant interactions, these findings illustrate how temperature dynamics, contamination
timing, and exposure routes collectively influence bacterial persistence under warming scenarios relevant to climate change,

while also demonstrating the potential of a targeted preharvest intervention strategy with significant control efficacy.
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Introduction

Salmonella is a Gram-negative, rod-shaped, facultatively anaer-
obic bacterium comprising two species: S. bongori and S. enter-
ica, the latter being the main cause of salmonellosis in humans
and animals. In 2023, Salmonella was the leading cause of multi-
country foodborne outbreaks in the EU (EFSA and ECDC 2024).
Globally, itis a majorfoodborne pathogen, responsible for 200 mil-
lion to over 1 billion infections annually, including around 93 mil-
lion gastroenteritis cases and 155 000 deaths (Billah and Rahman
2024).

Leafy greens, sprouts, and herbs are frequently linked to
Salmonella outbreaks (Krishnasamy et al. 2020, CDC 2025). Large
outbreaks across North America, Europe, and Asia have involved
serovars like Newport, Thompson, Typhimurium, Oranienburg,
Enteritidis, Infantis, and Senftenberg, associated with produce
such as melons, onions, peaches, papayas, tomatoes, cucumbers,
cabbage, lettuce, cut fruit, and sprouted seeds (ECDC 2024, ECDC
and EFSA 2024, Alves et al. 2025, ECDC and EFSA 2025). These
events caused hospitalizations, fatalities, and recalls, highlighting
fresh produce as a major transmission vehicle. Initially, contami-
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nation was thought to occur mainly post-harvest, but later studies
showed that Salmonella can persist when introduced at any stage
(Brandl and Mandrell 2002, Guo et al. 2002, Cooley et al. 2003). Ex-
perimental data confirmed its ability to colonize surfaces and in-
ternal tissues, with persistence affected by plant species, serovar,
dose, contamination route, and environment (Roy et al. 2013, Han
and Micallef 2014, Cui et al. 2018, Erickson and Liao 2019, Wong et
al. 2019, Merget et al. 2020, Jacob et al. 2024).

Climate change has altered global temperatures. Since the In-
dustrial Revolution, average surface temperature has risen by
~0.8°C, with two-thirds of this increase occurring post-1975
(Hansen et al. 2010, Stocker 2014). Projections indicate a further
2°C-6°C rise by century’s end (IPCC 2013). Environmental fac-
tors like temperature, precipitation, and hydrology strongly in-
fluence pathogen transmission (Akil et al. 2014). Epidemiologi-
cal data show warming correlates with increased Salmonella in-
fections (Guentchev et al. 2016). In Europe, each 1°C rise above
a 6°C baseline corresponds to a 5%-10% increase in salmonel-
losis (Kovats et al. 2004, Hellberg and Chu 2016). A 1°C increase
in daily maximum temperature raises incidence by 1.3%, varying
by serotype and phage type. Microbiologically, Salmonella grows
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best at 35°C-37°C, with growth increasing above 15°C until this
optimum (Juneja et al. 2007, Zhang et al. 2010, Akil et al. 2014).
Higher temperatures may also enhance stress resistance (Hellberg
and Chu 2016).

Among interventions, bacteriophages offer promise. Lytic
phages replicate within and lyse their bacterial hosts. They
have effectively reduced Salmonella on poultry (Atterbury et al.
2020, Shahdadi et al. 2024) and postharvest produce, such as
sprout seeds and fresh-cut fruit (Leverentz et al. 2001, Pao et al.
2004). However, preharvest phage use has mainly targeted plant
pathogens like those in tomatoes, citrus, and onions (Meaden and
Koskella 2013). Preharvest phage control of Salmonella on pro-
duce remains understudied.

Most research has focused on plant species, serovars, doses,
contamination routes, or competition. However, little is known
about how climate-related factors—especially temperature—
influence Salmonella behavior during plant growth. No study
has jointly evaluated contamination timing, temperature, and
preharvest phage application. This study addresses these gaps
by examining how warming impacts Salmonella persistence
and adaptation during plant development, comparing two con-
tamination routes and including postharvest washing. A phage
application strategy was tested for preharvest control. This in-
tegrated approach is the first to assess all these factors within a
single experimental framework.

Materials and methods

Bacterial strains and bacteriophage

S. enterica serovar Newport (MET S1-166) strain, a strong biofilm-
forming isolate, was selected for persistence and phage appli-
cation assays due to its high biofilm-forming capacity and be-
cause Newport is one of the leading serovars associated with fresh
produce-related infections (Acar et al. 2017, Arista-Regalado et al.
2024). Phage MET P1-085 targeting S. Newport was used for treat-
ments (Guzel et al. 2024). Both strains were stored at —80°C at
METU. Strain details are in Supplementary Table 1.

Growth curve preparation of bacterial
strains

S. Newport strains were revived from —80°C stocks on BHI agar
and incubated at 37°C overnight. Single colonies were transferred
to 150 ml BHI broth and grown with shaking. ODgoo and viable
counts were recorded hourly. Curves were plotted to determine
early stationary phase for inoculum preparation.

Biofilm formation assay

Biofilm formation at 15°C and 21°C was assessed in 96-well plates
per modified Woodward et al. (2000). Overnight cultures in NaCl-
free LB were diluted to ODss5¢ = 0.2; 30 pl was added to 100 pl fresh
medium. Plates were incubated for 24-96 h. Wells were washed,
fixed, stained with 0.1% crystal violet, destained (ethanol/acetone,
80:20), and read at 595 nm. Net biofilm was calculated relative to
controls.

Plant growth modeling

Garden cress (Lepidium sativum Linn., cultivar “Bahargiilii”) was
the model plant. Seeds (Zenitt Tohumculuk, Tiirkiye) were pro-
vided from a single batch. To prevent initial contamination, seeds
were surface-sterilized in 12% bleach for 12 min and rinsed three
times (Wright and Holden 2018). Sterile pots (20.1 x 10.9 x 4.9 cm)
with autoclaved potting soil (COMPO SANA®) were used. Plants
grew in a climate chamber (16 h light/8 h dark, 12 000 lux). Seed
germination was completed within 7 days. Plants were irrigated
three times per week, and harvesting was performed on Day 30.
All experiments were conducted in biological triplicates.

Salmonella persistence assay

This assay aimed to assess how temperature and the route and
timing of contamination affect the persistence of Salmonella on
the model plant. A constant cultivation temperature of 15°C was
applied as the reference condition for cress growth (Rana and
Kamboj 2017). To simulate the projected temperature increases
under IPCC global warming scenarios, increments of +2, +4,
and +6°C were tested using the climate chamber. Accordingly,
plant-Salmonella interactions were studied under constant tem-
peratures of 15°C, 17°C, 19°C, and 21°C. Each of these temper-
ature trials was performed independently following the same
experimental setup. Two contamination routes were studied to
introduce S. Newport into the plant environment: seed-based
and irrigation-based. In seed-based contamination, seeds were
inoculated with S. Newport immediately before sowing (Seed
Contamination Groups, SCGs). In irrigation-based contamination,
S. Newport was inoculated at four distinct time points during
plant development (Irrigation Contamination Groups, ICGs). Zero-
contamination control groups, in which no S. Newport introduc-
tion was performed, were included in all experimental scenar-
ios. The germination and growth protocols slightly differed be-
tween the two contamination routes. For SCGs, seeds were dip-
inoculated in a bacterial suspension (~108 CFU/mlin 0.85% NaCl),
then air-dried under a laminar flow cabinet. Following drying, an
initial sample was collected to determine the starting contamina-
tion level. Subsequently, 1 g of contaminated seeds was uniformly
mixed into the substrate and irrigated with 50 ml of sterile water
on Day 0. These seeds were germinated directly at the target ex-
perimental temperatures, which were pre-set in the chamber be-
fore sowing. For ICGs, 1 g of surface-sterilized seeds was sown fol-
lowing the same procedure. During the germination period, un-
like SCGs, pots were kept at 20°C and 65% relative humidity. All
plants were irrigated three times per week with sterile water ex-
cept for ICGs, in which the first irrigation of the designated con-
tamination week was replaced with 50 ml of a bacterial suspen-
sion (108 CFU/mlin 0.85% NaCl), applied by spraying. Harvest and
sampling were performed on Day 30 for all groups. An overview of
the experimental design is provided in Fig. 1.

At harvest, sprouts were aseptically cut, placed in sterile bags,
and transferred to 4°C within 10 min. From each tray, 1 g of plant
material was collected for total and biofilm-associated bacterial
enumeration, and 2 leaf samples were prepared for SEM analysis.

Bacteriophage treatment assay

The potential of bacteriophage application as a biological inter-
vention to reduce Salmonella persistence on fresh produce was
evaluated. Since 15°C was determined as the temperature show-
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Figure 1 Experimental design of persistence assay. Columns represent cultivation timeline events at specific days, while rows correspond to the
contamination groups. SCG: seed contamination group (plants originating from seeds inoculated at time of sowing, on Day 0). ICG1-ICG4: irrigation
contamination groups (plants originating from sterilized seeds and inoculated on Days 7, 14, 21, and 28, respectively). All plants were irrigated with
sterile water throughout the cultivation period, except on designated inoculation days, and were sampled at harvest (Day 30).

ing the highest persistence among the tested conditions in the per-
sistence assay, all phage treatments were conducted at this tem-
perature to assess the treatment efficiency under the most chal-
lenging condition. The design focused on testing how the timing
and frequency of phage application relative to bacterial contami-
nation influence treatment efficacy. The lytic activity of the bacte-
riophage against S. Newport was confirmed by titer assays. Briefly,
500 plof an active bacterial culture was mixed with 100 ul of phage
lysate in 50 ml LB broth and incubated overnight at 37°C with shak-
ing (150 r/m). Cultures were centrifuged, filtered (0.22 um), and
serially diluted. Aliquots (100 ul) of each dilution were plated with
400 pl of semi-solid LB containing bacteria, and plaque-forming
units (PFU/ml) were enumerated after 24 h at 37°C. Phage treat-
ment groups (PTGs) were irrigated with a phage suspension (102
PFU/mlin 0.85% NaCl). Six treatment groups were established as
detailed in Fig. 2. For each group, S. Newport inoculation was per-
formed using 50 ml of suspension containing 108 CFU/ml. Thus,
the applied phage-to-bacterium ratio corresponded to a multiplic-
ity of infection (MOI) of 1.

All PTGs were examined at 15°C and accordingly analyzed in
parallel with their corresponding ICGs (examined at 15°C), which
were subjected to the same inoculation schedule but received no
phage treatment, thereby serving as untreated controls. So, com-
parative analysis was conducted in three clusters based on the
timing of Salmonella contamination. Cluster 1 comprised the 1st-
week inoculation groups: ICG1, PTG1, PTG2, and PTG3. Cluster 2
included the 2nd-week inoculation groups: ICG2, PTG4, and PTG5.
Lastly, Cluster 3 included the 3rd-week inoculation groups: ICG3
and PTG6.

Quantification of Salmonella load

Quantification followed I1SO/TS 6579-2:2012 using the Minimized
MPN method (ISO 2012). One gram of sample was taken and ho-
mogenized in BPW (1:9), enriched in MSRV agar, and plated on XLD.
For strongly attached cells, samples were vortexed in 5 ml BPW
for 1 min before homogenization. For each sample, the number
of Salmonella-positive wells in the microtiter plates, confirmed on
XLD, was used to calculate the MPN of Salmonella per gram of
plant material with “MPN calculation program” provided in the ref-
erence method. Specifically, for the SCGs, to eliminate the variabil-
ity in the initial seed contamination levels across temperature tri-
als, persistence was expressed as normalized log MPN values, cal-
culated as the log transformation of the ratio between final counts
at harvest and the initial seed load.

Scanning electron microscopy imaging

SEM was used to visualize S. Newport attachment and biofilm
aggregates. Leaf samples were fixed in >99.7% methanol, de-
hydrated through graded ethanol (10%-96%), immersed in ace-
tone, sputter-coated with gold-palladium, and examined with
Field Emission SEM (Quanta 400F, Eindhoven, Holland) at METU
Central Lab (Samut et al. 2023).

Statistical analysis

All statistical analyses were performed using the general linear
model procedure in Minitab (Minitab Inc., Coventry, UK). Depend-
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Figure 2 Experimental design of bacteriophage treatment assay. Columns represent cultivation timeline events at specific days, while rows correspond
to the PTG. Six PTG were designed: PTG 1-3 were inoculated with Salmonella on Day 7; PTG1 received three phage applications on Days 14, 21, and 28;
PTG2 received two applications on Days 21 and 28; and PTG3 received one application on Day 28. PTG 4-5 were inoculated with Salmonella on Day 14;
PTG4 received two phage applications on Days 21 and 28; and PTG5 received one application on Day 28. PTG 6 was inoculated with Salmonella on Day 21
and received one phage application on Day 28. All plants were irrigated with sterile water throughout the cultivation period, except on designated
inoculation and phage application days, and were sampled at harvest (Day 30).

ing on the experimental design, different factorial models were
applied. In all models, main effects and interactions were tested
using Type Il sums of squares. Tukey’s post hoc test (¢ = 0.05)
was employed to identify pairwise differences between treatment
means. Model adequacy was verified by inspection of residuals for
normality and homogeneity of variance.

Results and discussion

Bacterial growth and biofilm formation

Growth curves (data not shown) indicated that the early stationary
phase was reached after ~8 h of incubation. Cultures harvested at
this phase were used to prepare inoculum for subsequent experi-
ments.

The biofilm-forming ability of the S. Newport isolate (MET S1-
166) was assessed in flat-bottom 96-well polystyrene plates at
15°Cand 21°C, representing the minimum and maximum temper-
atures tested. Biofilm density was quantified over 4 days (Fig. S1).
MET S1-166 formed biofilms at both temperatures, with much
higher levels at 21°C. At 15°C, biofilm remained low until 72 h, fol-

lowed by a sharp rise at 96 h. At 21°C, biomass increased steadily
from 24 h, reaching significantly higher ODsgs values by 72 h and
peaking at 96 h. These results indicate that elevated temperature
(in this range) strongly promotes biofilm development.

Persistence of Salmonella

The persistence of S. Newport isolate (MET S1-166) on cress was
tested via two contamination routes: seed and irrigation. To simu-
late climate change scenarios, plants were grown at constant tem-
peratures of 15°C, 17°C, 19°C, and 21°C. Zero-contamination con-
trol groups with sterilized seeds and sterile irrigation showed no
contamination, confirming the absence of cross-contamination. In
contrast, Salmonella was recovered at harvest from all inoculated
groups, demonstrating that both routes and all tested tempera-
tures supported bacterial persistence.

Seed contamination

For seed contamination, seeds were dip-inoculated with S. New-
port isolate (MET S1-166) before sowing. This caused some varia-
tion in initial loads across temperature trials. To standardize com-
parisons, persistence was expressed as normalized log values,
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calculated as the difference between final counts at harvest (log
MPN/g) and the initial seed load. Figure 3 shows normalized pop-
ulation under four temperatures for both total (A) and strongly at-
tached (B) populations.

Normalization ensured that differences across temperatures re-
flected true persistence rather than initial inoculum levels. Values
near zero indicate strong persistence, while negative values show
greater population reductions relative to the starting load.

To statistically evaluate the population patterns, all data were
analyzed using two-factor ANOVA with temperature (T) and wash-
ing (W) as fixed factors (Table 1).

Both temperature (P < .001) and washing (P < .05) significantly
influenced S. Newport isolate survival. Persistence was greatest
at 15°C, as indicated by the smallest reduction in bacterial lev-
els, although differences compared to 19°C were not significant. In
contrast, reductions observed at 17°C and 21°C were significantly
greater than at 15°C, indicating that warmer conditions generally
reduced survival compared to cooler temperatures. This finding
suggests that cooler conditions favored long-term survival when
introduced via contaminated seeds.

The washing step also led to a significant decrease in S. New-
port populations, an outcome somewhat unexpected given the as-
sumption that early internalization or strong attachment of seed-
inoculated bacteria (Jablasone et al. 2005, Alegbeleye et al. 2018).
At 15°C, washing reduced bacterial load by nearly 2 log MPN/g, but
this effect diminished at higher temperatures. One possible expla-
nation is that elevated temperatures may accelerate surface dry-
ing, facilitating bacterial internalization (Deblais et al. 2019). Ad-
ditionally, stress responses triggered at higher temperatures may
promote aggregation or early biofilm development (Gerstel and
Romling 2003, Yaron and Rémling 2014). Such processes are con-
sistent with the reports that curli fimbriae and cellulose produc-
tion at elevated temperatures enhance adhesion and biofilm sta-
bility on leafy greens (Holden and Barak 2025). Both scenarios
would likely reduce the effectiveness of post-harvest rinsing by ei-
ther shielding bacterial cells or physically embedding them within
plant microstructures.

The persistence observed in our study is consistent with evi-
dence from seed-based investigations. Jablasone et al. (2005) re-
ported that Salmonella populations on germinating seeds at 15°C
increased from initial levels of ~4 log CFU/g to 5-6 log CFU/g,
later stabilizing around 5 log, with strong surface colonization
but only transient internalization for cress, radish, lettuce, and
spinach. Similarly, Van der Linden et al. (2013) demonstrated that
Salmonella persisted on lettuce seeds inoculated at ~8 log CFU/g
forup to 2 years, decreasing to ~7 log CFU/g by the end of storage,
and upon germination, seedlings still harbored ~4.7 log CFU/g.
Cui et al. (2018) also showed that an initial inoculum of ~4.3 log
CFU/g increased to ~7.3 log CFU/g within nine days across four
different sprout and seedling types. Reed et al. (2018) further con-
firmed that Salmonella can survive on alfalfa sprouts and Swiss
chard microgreens even at very low inoculation levels (10 CFU/g),
reaching 2-3 log MPN/g in seedlings, underscoring seeds as a
critical reservoir of contamination. Notably, whereas most sprout
studies focus on microbial dynamics during the first days of ger-
mination, our findings extend this perspective by demonstrating
that Salmonella can persist in more mature plants harvested af-
ter 30 days, highlighting its ability to survive throughout the entire
cultivation period. This distinction emphasizes the importance of
considering not only sprouting but also the full crop cycle in food
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safety assessments, as Salmonella may remain viable and poten-
tially infectious until harvest.

To further support these quantitative findings, SEM micro-
graphs were obtained to visualize the attachment and localization
of S. Newport on cress leaves derived from SCGs under different
temperature conditions (Fig. 4).

The images clearly demonstrate bacterial cell aggregates em-
bedded within stomatal openings and along epidermal grooves,
which are recognized as favorable microsites for colonization. At
15°C and 19°C (Fig. 4A and C), clusters were frequently observed
inside stomata. At 17°C (Fig. 4B), bacteria appeared less aggre-
gated but were still associated with natural surface irregularities
such as grooves and junctions. At 21°C (Fig. 4D), cells were more
widely distributed, with occasional aggregates formed wrinkles on
the surface.

Irrigation contamination

Following a germination phase at 20°C, each group was sub-
sequently maintained at its designated trial temperature (15°C,
17°C, 19°C, or 21°C) for the remainder of the experiment. Bacte-
rial contamination was applied at different growth stages to eval-
uate the impact of temperature, timing, and a basic post-harvest
washing step on Salmonella persistence. At harvest (Day 30), one
portion of each sample underwent a rinsing step to simulate min-
imal washing. Total and strongly attached S. Newport loads were
determined for each group (Figs 5 and 6).

A three-way ANOVA was performed to analyze the individual
and interactive effects of temperature (T), inoculation time (1), and
washing (W).

Each of these factors significantly influenced S. Newport levels.
Notably, the T x 1and | x W interactions were also statistically sig-
nificant, indicating that contamination timing plays a pivotal role
in determining bacterial survival depending on both environmen-
tal and post-harvest conditions (Table 2). Conversely, T x W and
the three-way interaction (T x | x W) were not significant, suggest-
ing the presence of more complex or subtle dynamics.

Temperature significantly influenced S. Newport survival. Al-
though Salmonella is generally known to adapt better to warmer
temperatures within a favorable range (Brandl 2006), our findings
show a nuanced trend: 15°C supported higher S. Newport levels
compared to 17°C and 21°C, while 19°C yielded statistically simi-
lar results to 15°C. This observation aligns with the findings of De-
blais et al. (2019), who demonstrated greater persistence of S. Ty-
phimurium on foliage under lower environmental temperatures.
Aplausible explanation is that higher temperatures may have trig-
gered stronger plant defense responses, creating conditions less
favorable for Salmonella. This interpretation is supported by stud-
ies showing that elevated temperatures can enhance plantimmu-
nity through mechanisms such as stomatal closure and reactive
oxygen species production, thereby restricting bacterial coloniza-
tion (Kroupitski et al. 2009, Deblais et al. 2019).

In contrast, the in vitro biofilm assay revealed stronger biofilm
formation at 21°C, indicating that temperature may differently
modulate bacterial fitness mechanisms depending on the en-
vironmental context. While higher temperatures appear to en-
hance biofilm formation on inert surfaces, this advantage may
not directly translate to plant-associated persistence, where host
physiological responses play a crucial role. The discrepancy be-
tween biofilm formation and persistence likely reflects distinct
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Figure 3 Normalized S. Newport populations in SCGs. (A) Total populations; (B) strongly attached populations (“W” indicates washing). Values represent
the log ratio of final counts to initial seed inoculum; negative values indicate reductions over 30-day cultivation period.

Table 1 Factors affecting S. Newport persistence on cress in seed contamination.

Factors df SS MS F-value P-value Significance®
T 3 40.56 13.52 24.05 <.001 ook

w 1 3.01 3.01 5.36 .034 *ok
TxW 3 3.74 1.25 2.22 125 ns
Residuals 16 8.99 0.56

2% P < .05, s P < .01, s P < .001, ns: not significant

Table 2 Factors affecting S. Newport persistence on cress in irrigation contamination.

Factors Df SS MS F-value P-value Significance?
T 3 5.85 1.95 5.00 .004 *k

I 3 69.94 2331 59.75 <.001 Hkok

w 1 3.28 3.28 8.40 .005 *ok

TxI 9 18.13 2.01 5.16 <.001 Hokok
TxW 3 3.05 1.02 2.61 .064 ns

I x W 3 3.36 1.12 2.87 .045 *
TxIxW 9 1.57 0.17 0.45 .903 ns
Residuals 53 20.68 0.39

2% P < .05, #* P < .01, %% P < .001, ns: not significant.

regulatory pathways: biofilm development is primarily driven by
metabolic activity and quorum sensing, whereas in planta survival
is more affected by plant-microbe interactions and stress adap-
tation responses (Yaron and Romling 2014, Zarkani and Schikora

2021).

Contamination time was found to be another major factor. As
anticipated, S. Newport populations declined with increasing time
between inoculation and sampling, likely due to plant defense ac-
tivity and unfavorable plant environmental conditions. Interest-
ingly, populations from the 1st- and 2nd-week inoculations did
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Figure 4 Attachment of S. Newport to cress leaf surfaces in SCGs. SEM micrographs show plants grown at 15°C (A), 17°C (B), 19°C (C), and 21°C (D). Scale
bars are shown in each micrograph.
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not differ significantly, suggesting stabilization of bacterial lev-
els during this early phase, potentially facilitated by physiological
adaptation or protected niches on the leaf surface (Kroupitski et
al. 2009). By contrast, plants inoculated in the 4th week retained
higher S. Newport loads, indicating that late-stage contamination
poses a particularly elevated food safety risk.

Washing was an effective post-harvest intervention, reducing S.
Newport counts significantly. This outcome suggests that a pro-
portion of S. Newport cells remained weakly attached or external
to plant tissue and were thus removable via simple rinsing. While
this effect may appear modest, it is statistically significant and un-
derscores the importance of washing in food safety, even for min-
imally processed produce (Aruscavage et al. 2006).

The interaction between inoculation time and washing (I x W)
revealed that washing was more effective when contamination oc-
curred later in the growth period. In 3rd week, a significant re-
duction in S. Newport was observed post-wash, suggesting that
many cells were still externally located. In contrast, for early inoc-
ulations (1st and 2nd weeks), washing had limited impact possi-
bly due to more time for deeper attachment, internalization, or es-
tablishment of biofilms. This observation agrees with the findings
of Lapidot et al. (2006) who demonstrated that S. Typhimurium
populations on parsley became increasingly resistant to surface
treatments over time. For 4th-week inoculations, despite a mea-
surable decrease (mean 0.8 log MPN/g), the effect was not statis-
tically significant, likely due to higher loads, which led to ineffi-
ciency of washing volume.

Further support for this trend was found in a week-by-week
analysis of washing efficacy across different temperatures. The re-
duction achieved by washing was lowest in 1st-week contamina-
tion groups, while greater reductions were observed in the 3rd
and 4th weeks. Notably, the 3rd week showed the largest de-
creases across all temperature conditions, ranging from 0.6 to 1.5
log MPN/g. This trend suggests a transient phase during which
Salmonella cells are less fit on leaf surfaces and have not yet fully
internalized or formed resilient biofilms, thereby increasing their
susceptibility to interventions such as washing. Nonetheless, com-
plete elimination was not achieved.

The T x | interaction further revealed complex dynamics. For
the 4th-week inoculation group, S. Newport levels were not sig-
nificantly influenced by temperature, likely due to the short time
(~2 days) before sampling. However, for the 3rd week group, 15°C
allowed highest S. Newport levels among temperatures and, sup-
ported significantly higher persistence than 17°C, suggesting that
either cooler temperatures delayed plant defense activation or re-
duced microbial competition (Deblais et al. 2019). At 2nd week,
19°C supported significantly more S. Newport than 17°C-21°C, re-
inforcing the hypothesis of a narrow optimal temperature range
more favorable for persistence. In contrast, temperature did not
significantly affect S. Newport survival in the 1st-week inoculation
group, possibly due to early colonization allowed the bacteria to
establish before environmental changes became influential.

Irrigation water quality emerged as a central determinant of
produce contamination risk. Salmonella occurrence has been re-
ported in water bodies worldwide, with prevalence ranging from
3% to 100% (Levantesi et al. 2012). Even relatively low concentra-
tions (e.g. 300 CFU/ml) have been shown to contaminate leaves
and maintain bacterial persistence for at least 48 h (Kisluk and
Yaron 2012). Moreover, because Salmonella can persist in a vi-
able but nonculturable (VNC) state in water sources, actual viable

numbers may be 100-1000 times higher than detected by culture-
based methods (Domingo et al. 2000). Multiple outbreaks have di-
rectly implicated irrigation water, including S. Newport in toma-
toes and S. Saintpaul in chili peppers (Kisluk and Yaron 2012). Col-
lectively, these findings highlight that even low-level contamina-
tion in irrigation water can serve as a vehicle for pathogen trans-
fer, while heavy contamination promotes extended persistence in
the fresh produce consistent with our results. Thus, irrigation wa-
ter quality represents a critical control point for ensuring produce
safety.

To complement the quantitative findings, SEM imaging was per-
formed to visualize bacterial attachment under irrigation contam-
ination conditions (Fig. 7). The micrographs confirm that bacterial
attachment patterns varied with both temperature and inocula-
tion timing.

SEM images revealed that aggregates of cells were consistently
detected on the leaf surface in all conditions, often localized near
stomatal openings or trapped within epidermal grooves. Notably,
bacterial clusters and aggregate-like structures were more fre-
quently observed at 17°C and 19°C, particularly in later-stage ir-
rigation groups (ICG3 and ICG4). In contrast, at 21°C, fewer large
clusters were visible, and the bacterial presence appeared more
dispersed. These patterns may reflect temperature-dependent
changes in bacterial colonization strategy or plant surface physi-

ology.

Preharvest bacteriophage treatment

The efficacy of bacteriophage treatment as a preharvest biocon-
trol strategy was evaluated by applying phages through irrigation
at distinct plant growth stages. This design enabled assessment
of how application timing influenced Salmonella persistence on
cress.

PTGs were examined at 15°C and analyzed in parallel with the
corresponding ICGs at the same temperature trial to determine
how the timing of phage application affected S. Newport persis-
tence on cress. Results are presented across three clusters (Cluster
1-3), with separate reporting for total populations (Fig. 8) and for
strongly attached populations remaining after washing (Fig. 9).

A two-factor ANOVA was performed separately for each cluster,
with phage treatment (PT) and washing (W) considered as fixed
factors.

In Cluster 1 (ICG1vs. PTG1, PTG2, PTG3), both treatment type (P
< .001) and washing (P < .001) significantly affected Salmonella
load when considered individually (Table 3). Moreover, their inter-
action (T x W) was also significant (P < .05), indicating that the ef-
ficacy of phage treatment depended on post-treatment washing.
Considering the treatments, surprisingly, PTG1 and PTG2, which
involved repeated phage applications, did not outperform PTG3
and even exceeded the control group ICG1. In contrast, PTG3
showed significantly lower counts than all other groups (P < .05)
demonstrating the strongest reduction when phage was applied
once and closer to harvest. Multiple spraying (three times for PTG1
and twice for PTG2) may have altered the leaf microenvironment,
diminishing phage efficacy. Moreover, from the Salmonella per-
spective, excess surface moisture created by repeated sprayings
could have modified leaf surface conditions in favor of Salmonella.
This observation may reflect the accelerated selection of tem-
porarily phage-resistant bacterial variants under repeated appli-
cation. Repeated exposure to phages could impose selective pres-
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Figure 7 Attachment of S. Newport to cress leaves in ICGs. SEM micrographs show plants grown at 15°C (A-D), 17°C (E-H), 19°C (I-L), and 21°C (M-P).
Within each temperature, panels correspond to ICG1-ICG4. Scale bars are shown in each micrograph.

sure on Salmonella, allowing a subpopulation of cells with tran-
sient resistance mechanisms, such as altered receptor expression
or activation of stress-response pathways, allowing them to sur-
vive subsequent treatments. These phage resistant cells could
then persist longer on the leaf surface, thus reducing the overall ef-
ficacy of repeated phage applications. A similar phenomenon has
been reported in alfalfa seed studies, where repeated phage irri-
gation did not enhance control and was even linked to temporary
phage resistance (Kocharunchitt et al. 2009). Across treatments,
washed samples averaged 4.3 log MPN/g, which was significantly
lower than unwashed samples (5.1 log MPN/g). This confirms the
expected contribution of physical removal in reducing surface-
associated cells. When treatment and washing were considered
together, PTG3 with washing (2.7 log MPN/g) achieved the low-
est bacterial levels, significantly different from all other groups.
Although washing has no significant effect on ICG1, PTG3 com-
bined with washing achieved a 2.2-log MPN/g reduction compared

to ICG1 without washing (P < .05). This combined effect surpassed
the impact of washing alone. Similar combined effects of washing
and phage treatment have been reported in fresh produce decon-
tamination studies (Zhang et al. 2019). Unlike our study, which in-
volved pre-harvest phage irrigation, their post-harvest approach
applied washing with chlorinated water before phage treatment,
achieving a 2.41 log CFU/g reduction (P < .001), which was further
enhanced to 3.8 log CFU/g by subsequent phage treatment.

In Cluster 2 (ICG2 vs. PTG4, PTG5), treatment type significantly
influenced S. Newport levels (P < .05), whereas washing (W) alone
was not significant (P > .05). Likewise, no significant interaction
was observed between treatment and washing (PT x W). ICG2
(mean 5.2 log MPN/g) clustered separately from PTG5 (mean 4.0
log MPN/g), indicating that PTG5 achieved a significant reduction
(P < .05). The relatively stronger performance of PTG5 suggests
that fewer but well-timed phage applications can be more effec-
tive, consistent with the observations for Cluster 1. Although wash-
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treatments.

ing alone did not significantly affect bacterial levels in ICG2 or
PTG4, its application following PTG5 reduced S. Newport by an ad-
ditional 1.1 log, yielding a total 1.6-log reduction compared to un-
washed ICG2. This pattern suggests that, despite the absence of
statistically significantinteraction, washing can enhance the effect
of phage treatment in a complementary manner.

In Cluster 3 (ICG3 vs. PTG6) treatment with phages significantly
affects the S. Newport load (P < .01), whereas washing (P > .05)
and the interaction term (P > .05) did not reach significance.
Accordingly, the reduction in S. Newport load was primarily at-
tributable to the phage treatment itself rather than the washing
step. When combined, PTG6 with washing (5.3 log MPN/g) repre-
sented the lowest bacterial levels among all groups, yet the inter-
action term remained statistically non-significant, implying that
the observed benefit was additive rather than synergistic. Impor-
tantly PTG6 combined with washing achieved a level of reduction

with 1.8 log MPN/g compared to ICG3 unwashed samples, a magni-
tude comparable to the 1.6-log reduction observed for PTG5 with
washing in Cluster 2.

Although none of the treatments eliminated Salmonella, the
reductions achieved—up to 2.2 log MPN/g with PTG3 and wash-
ing in Cluster 1, 1.6 log MPN/g with PTG5 and washing in Clus-
ter 2, and 1.8 log MPN/g with PTG6 and washing in Cluster 3—
demonstrate a meaningful mitigation of pathogen levels. These re-
ductions, while not eliminating the pathogen, are meaningful from
a food safety perspective and broadly consistent with the 1-3 log
decreases commonly reported in post-harvest phage intervention
studies. For example, Leverentz et al. (2001) reported 2.5-3.0 log
reductions on fresh-cuthoneydew melon, and Sharmaetal. (2017)
observed up to 3 log reductions on cucumbers following phage
spraying. Similarly, Ye et al. (2010) documented ~3 log reduction
on mung bean sprouts. More recent studies have also demon-

9Z0Z YdIBN #0 uo Jasn (eAnoeu]) (N.LAO) Areiqi] Alsieaiun yiuxe L nbod euo AQ 281 +8/100681/Z/Z01 /elo1e/oeswa)/woo dno-ojwapede//:sdly woly papeojumod



11

Table 3 Factors affecting S. Newport persistence on cress in phage treatment.

FEMS Microbiology Ecology, 2026, Volume 102, Issue 2

Factors df SS MS F-value P-value Significance?
Cluster 1

PT 3 15.40 5.13 26.79 <.001 Kok
W 1 3.11 3.11 16.22 .001 *k
PT x W 3 2.04 0.68 3.55 .040 *
Residuals 15 2.87 0.19

Cluster 2

PT 2 3.70 1.85 4.75 .033 *
W 1 0.43 0.43 1.11 315 ns
PT x W 2 1.42 0.71 1.83 .206 ns
Residuals 11 4.29 0.39

Cluster 3

PT 1 5.07 5.07 16.53 .004 Kk
W 1 0.75 0.75 2.45 .156 ns
PT x W 1 0.56 0.56 1.84 212 ns
Residuals 8 2.45 0.31

@ P < .05, sk P < .01, %% P < .001, ns: not significant

strated comparable outcomes: a combination of bacteriophages
with chemical antimicrobials such as chlorine or PAA achieved >1
log reduction of S. Heidelberg on apples, melons, and lettuce dur-
ing storage at 4°C (Moye et al. 2020), while a phage cocktail target-
ing multiple bacterial receptors achieved 2-5 log reductions of S.
Typhimurium on lettuce and cucumber (Bai et al. 2019). Likewise,
a five-strain cocktail (®3, ®6, Felix01, HER20, SE13) reduced S. en-
terica serovars by 1-4 log CFU/cm? on melons and lettuce (Wong
et al. 2020). Collectively, these findings confirm that phage-based
strategies consistently yield reductions within the range observed
in the present study, though their magnitude can vary depending
on phage formulation, bacterial strain, and produce type. Impor-
tantly, while most of these interventions employed relatively high
MOI values (10-10 000), the present study achieved comparable
reductions with an MOl of only 1, underscoring that timing and de-
livery mode may be as critical as phage dose in determining effi-
cacy.

In Clusters 1 and 2, where Salmonella inoculation occurred ear-
lier (Day 7, Day 14), one time bacteriophage application groups
(PTG3, PTG5) combined with washing yielded the strongest re-
ductions, indicating that both interventions contributed to bac-
terial control. By contrast, in Cluster 3, in which Salmonella inoc-
ulated on Day 21, phage treatment alone was the dominant fac-
tor, and washing provided no significant additional benéefit. Inter-
estingly, this pattern is opposite to the persistence experiment,
where washing had little impact during the first 2-week inocu-
lated groups. Taken together, these findings suggest that phages
are also effective on Salmonella cells in strongly attached states or
at early stages of biofilm formation, conditions that are often un-
responsive to physical removal by washing. Indeed, phage cock-
tails have been shown to disrupt Salmonella biofilms and decrease
biofilm viability, thereby targeting bacterial reservoirs that typ-
ically withstand standard sanitation measures (Gong and Jiang
2017, Torkashvand et al. 2024, Wong et al. 2020). Beyond their
standalone efficacy, this highlights the critical role of phages in
mitigating the residual risk posed by cells that survive conven-
tional washing, representing a particularly valuable outcome from
a food safety perspective.

Overall, our findings indicate that preharvest irrigation with
bacteriophages, when applied at critical points in the cultivation
period, can substantially reduce Salmonella persistence on leafy
greens. As such, phage applications have the potential to comple-
ment conventional interventions by providing an additional layer
of microbial control in the production chain, especially where
washing alone proves insufficient.

Conclusion

This study demonstrates that Salmonella can persist throughout
the cultivation cycle of leafy greens, with both seed and irriga-
tion routes supporting survival under climate-relevant temper-
ature regimes. Cooler conditions (15°C) promoted stronger per-
sistence, while higher temperatures reduced survival, likely due
to enhanced plant defenses and less hospitable phyllosphere
conditions. Late-stage irrigation contamination resulted in higher
pathogen loads, highlighting elevated food safety risks near har-
vest. Washing significantly reduced Salmonella populations, par-
ticularlyin laterinoculations, but could not fully eliminate strongly
attached orinternalized cells. Preharvest bacteriophage irrigation
emerged as a promising complementary strategy, achieving re-
ductions comparable to postharvest phage applications, even at
low MOI. The greatest reductions were observed when phages
were applied closer to harvest and combined with washing, under-
scoring the importance of timing. These findings provide a com-
prehensive view of Salmonella persistence under climate-relevant
conditions and emphasize the value of integrating preharvest bio-
control strategies like phage irrigation into food safety manage-
ment. The study highlights that both seeds and irrigation water
serve as critical entry points for contamination, with risks lasting
through cultivation and becoming evident at harvest. This work
advances understanding of pathogen-plant interactions and of-
fers a risk assessment framework illustrating how contamination
routes, timing, and environmental conditions shape the microbial
safety of fresh produce. Although further validation in field set-
tings is needed, the results highlight practical opportunities to re-
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duce contamination risks through targeted preharvest interven-
tions.
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