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ABSTRACT

While lettuce immune responses to enteropathogens have been studied at the molecular and physiological levels,
plant secondary metabolite responses have received little attention. We evaluated romaine lettuce phenolic
metabolite responses to Escherichia coli O157:H7 and Salmonella enterica Enteritidis infiltrated into the leaf
apoplast. Evaluating spectrophotometric profiles of leaf extracts, we detected shifts in overall phenolics and
developed a semi-quantitative method to measure representative phenolics absorbing maximally at 255, 273,
280 and 329 nm, based on known standards for quercetin, gallic acid, catechin and chlorogenic acid, respec-
tively. We also measured reactive oxygen species (ROS) accumulation and bacterial counts following enter-
opathogen infiltration in pre- and post-harvest leaves. Live and heat-killed Salmonella elicited phenolics 4 h post-
inoculation (hpi) (p < 0.05) which declined or returned to control levels 24 hpi, while exhibiting a lag time in
ROS production. Phenolics in leaves inoculated with live or heat-killed E. coli O157:H7 remained mostly un-
changed relative to controls, while ROS was detected at both timepoints. Salmonella populations declined by 2
log at 4 hpi and E. coli 0157:H7 by 1.2 log. Post-harvest leaves had a lower phenolic content than pre-harvest
leaves and exhibited lower log reductions (p < 0.05). The spectrophotometric method proved to be a useful
and efficient tool to elucidate lettuce phenolic shifts in response to enteropathogens, indicating pathogen-specific
responses influenced by lettuce harvest state. This research demonstrates that the complex plant responses to
enteropathogens involve plant secondary metabolite shifts that intersect with basal plant immunity, suggesting
direct and/or indirect links to enterobacterial population decline in the apoplast.

Abbreviation list

1. Introduction

CE catechin equivalent Foodborne pathogens like Escherichia coli 0157:H7 and Salmonella
CGAE chlorogenic acid equivalent . . i . )
DAB 3,3"diaminobenzidine enterica present serious health risks associated with leafy vegetables,
GAE gallic acid equivalent potentially leading to multistate outbreaks or recalls that result in severe
hpi hours post-inoculation economic and public health consequences (Ackerley et al., 2025; Chen
pM:I\I/[VIpP ““cl:"be assoc"‘?teddm"lelmlir patterns et al., 2023). In the United States, records of confirmed E. coli 0157:H7
t t tt ;

pathogen assoclated mo/ecuiar patterns outbreaks linked to leafy greens date back to at least 1998 (Ackers et al.,
PSM plant secondary/specialized metabolites X K X X
PTI PAMP-Triggered Immunity 1998), and since then, the United States has experienced multiple out-
QE quercetin equivalent breaks involving the same pathogen-commodity pair (Machado-Moreira
rif rifampicin ) et al., 2019; Rangel et al., 2005). Salmonella presence in leafy vegetables
ROS reactive oxygen species is also an ongoing concern, marked by numerous recalls and some
TSA trypticase soy agar

outbreaks in the past decade. A recent case involved the removal of
packaged baby leaf salad from distribution in five states following an
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outbreak of 31 reported illnesses and four hospitalizations (FDA, 2022).

To bolster the microbial safety of leafy vegetables, recent research
has sought to shed light on human enteropathogen-plant interactions.
Enteric bacteria on leaves have been shown to aggregate around tri-
chomes and stomata and exploit cut edges to infiltrate the apoplastic
space and internalize into plant tissue (George and Brandl, 2021). In
turn, plants recognize and exhibit defence responses, via patho-
gen/microbe associated molecular patterns (PAMPs/MAMPs), when
they encounter bacterial pathogens (Garcia et al., 2014; Melotto et al.,
2014). Salmonella induced the production of reactive oxygen species
(ROS) and nitric oxide (NO) in tomato leaves (Ferelli et al., 2020), while
E. coli O157:H7 triggered ROS production and stomatal closure in let-
tuce (Jacob and Melotto, 2020; Roy and Melotto, 2019). Both bacterial
outcomes and plant responses to these pathogens can vary by plant
genotype (Ding et al., 2024; Jacob and Melotto, 2020) and the persis-
tence of apoplastic (internalized) E. coli O157:H7 differs in pre- and
post-harvest lettuce, with higher persistence associated with
post-harvest leaves (Hudson and Micallef, 2024). Taken together, these
findings point to plant responses that have the potential to modulate
enteric bacterial populations, especially in pre-harvest plants capable of
systemic responses.

While this knowledge regarding enteropathogen-plant interactions is
crucial for developing strategies to detect enteropathogen contamina-
tion and enhance plant resilience against them, many gaps in our un-
derstanding remain. One such gap pertains to plant secondary
(specialized) metabolites (PSM), which are induced during plant-
microbe interactions and plant immune responses to microbes (Anjali
et al., 2023). Several studies have assessed PSM levels in crops from the
nutritional perspective, especially phenolics and flavonoids (Cho et al.,
2023; Kim et al., 2018; Lee et al., 2022), being known for their human
health benefits due to their antioxidant, antimicrobial and
anti-inflammatory properties (Taniguchi et al., 2023). In plants, PSM are
necessary for protection against stresses, such as ultraviolet-radiation,
maintaining redox homeostasis, mediation of plant-microbe in-
teractions and plant defence, and attracting or deterring insects (Shi and
Liu, 2021; Simmonds, 2003; Wang et al., 2022). While our under-
standing of PSM involvement with phytopathogen interactions and the
specific mechanisms intersecting with plant immunity remains limited
(Anjali et al., 2023), even less is known about how these metabolites
affect enteric pathogens on plants. We recently reported on how lettuce
and kale responses to drought stress augmented PSM levels while also
exhibiting differential susceptibility to Salmonella association (Liu et al.,
2022, 2023) pointing to a possible function for PSM in enteropathogen
modulation. Added complexity in the role PSMs may play through
interacting with enteropathogens in a leafy vegetable crop comes from
variability between the pre- and post-harvest state, since once leafy
greens are harvested, systemic responses are severed and many physi-
ological changes begin to occur, including the rapid decrease in total
phenolic compound concentrations during storage (Rickman et al.,
2007).

Our understanding of how plant association with enteric pathogens
affects plant metabolite profiles in pre- and post-harvest leafy vegetables
is notably limited. This gap in research is significant since, while these
compounds may exert antimicrobial effects on invading microbes, they
are also crucial in scavenging ROS induced by PAMPs and MAMPs to
maintain redox homeostasis. Understanding these complex interactions
could provide insights into plant-enteropathogen associations and their
potential implications for food safety and quality. Our study, therefore,
aimed to assess whether phenolic compound profiles of romaine lettuce
shifted in response to internalized enteric pathogens and to detect any
response differences between live plants and harvested processed leaves.
Leveraging the molar absorptivity of phenolic compounds in the
240-400 nm range, we developed a spectrophotometric method to
accurately and rapidly measure shifts in this compound group. This
method enabled us to evaluate lettuce responses to apoplastic enteric
pathogen presence by identifying variations in spectral regions, allowing
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for the detection of patterns and shifts throughout the course of our
experiments. Moreover, we evaluated how those phytochemical shifts
coincided with ROS accumulation and enteric pathogen population
levels inside lettuce leaves.

2. Materials and methods
2.1. Lettuce growth conditions and processing

Seeds of romaine lettuce cultivar ‘Carlsbad’ (Johnny’s Seeds,
Waterville, ME) were sown in 5 x 5 cm pots filled with Sungro Horti-
culture Professional Growing Mix (Sungro Horticulture, SC). The plants
were grown for 4 weeks under LED grow lights at an intensity of 405
pmol m~2 s~1, with a 16-h photoperiod, maintained at 21 °C during the
day and 16 °C overnight at 65 % relative humidity. Weekly fertilization
was provided with a 100 ppm solution of Jack’s 20-20-20 (Allentown,
PA) after germination.

For post-harvest leaves, four-week-old romaine lettuce ‘Carlsbad’
leaves were harvested and washed with the commercially available
sanitizer, SaniDate 15.0 (BioSafe Systems, Connecticut) at a final con-
centration of 175 ppm of peroxyacetic acid (PAA) and 117 ppm of Hy05,
as per manufacturer’s instructions. Leaves were cut from the plant using
sterile scissors, excluding cotyledons and damaged leaves, shaken in the
sanitizer solution at 100 rpm for 45 s, then transferred to a sterile
stainless-steel colander to drain and air dry. Once dry, they were placed
in a sterile Whirl-Pak bag (Nasco Sampling, WI USA) and stored at 4 °C
for 1 week prior to the start of the experiment, to simulate a harvested,
processed product kept at refrigerated temperatures.

2.2. Inoculum preparation, application, incubation and enumeration

Escherichia coli 0157:H7 strain 2705C, associated with a romaine
lettuce outbreak (U.S. Food and Drug Administration, 2020) and Sal-
monella enterica serovar Enteritidis strain 576710-2, an environmental
strain from a feed mill, were used in this study. Both strains were
adapted to rifampicin (rif) (MilliporeSigma, MA, USA). Bacteria were
revived from frozen stock by streaking onto Trypticase Soy Agar (TSA,
BD) plates supplemented with 50 pg mL ™ rif (TSA™) and incubating for
18-20 h at 35 °C. Single colonies from the overnight growth were then
streaked onto fresh TSA™ plates and incubated for an additional 18 h at
35 °C. The live inoculum (Live) was prepared by suspending fresh bac-
terial colonies in 10 mL of sterile deionized (DI) water and adjusting the
suspension to a 0.5 McFarland standard using a Sensititre Nephelometer
(Intertek, Integrated Technologies). Heat-killed cells (Dead) were pre-
pared by transferring 5 mL of the live inoculum into a sterile tube,
boiling in a water bath for 20 min, then cooling on ice before application
to leaves. Non-viability of heat-killed cells was verified by incubation on
TsA™,

On the day of the experiment, 4-week-old ‘Carlsbad’ lettuce plants
(pre-harvest) were moved to a Biosafety Cabinet (BSC) and allowed to
acclimate for 1-2 h. Using a needleless syringe, 100 pL of either the Live
(7 log CFU/leaf) or Dead inoculum, or DI water (mock treatment to serve
as control) were infiltrated into the abaxial surface of each of three
leaves per plant. The plants were then incubated at room temperature
inside the BSC, with the sash lowered and the blower turned off, for
either 4 h or 24 h. For post-harvest treatments, ‘Carlsbad’ leaves were
removed from storage bags, transferred in triplicate to new bags, inoc-
ulated as described above and incubated for 24 h. The 4 h timepoint was
omitted since plant systemic responses are not possible in post-harvest
leaves.

After each incubation period, leaves were carefully removed from
the plant using a sterile razor blade, or from post-harvest bags using
sterile forceps. In each triplet leaf set, one leaf was immediately flash-
frozen in liquid nitrogen and then lyophilized for further analysis,
another set aside for HyO, detection as described below, and the
remaining leaf used for pathogen retrieval and quantification as
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previously described (Hudson and Micallef, 2024). Briefly, leaves were
homogenized in 1 mL 0.1 % peptone water using a porcelain pestle by
crushing the leaf through the bag. The homogenate was serially diluted
and plated in duplicate on TsA™f agar. The lower limit of detection was
1.7 log CFU mL ™.

2.3. Preparation of leaf tissue extracts

Lyophilized leaf tissue was ground into a fine powder. A 10 mg
aliquot of the powder was weighed into a 2 mL centrifuge tube and 1.5
mL of 70 % methanol (Sigma-Aldrich, MO, USA) with 0.5 % formic acid
(Avantor, Inc., Radnor, PA, USA) was added. The tubes were vortexed at
maximum speed for 5 min at room temperature, then extracted in the
dark using a sonicating water bath (Branson 8510R-DTH, Branson Ul-
trasonics Corporation, CT, USA), set to 30 °C for 60 min. The extracts
were filtered through a 0.45 pm nylon syringe filter (Avantor, Inc.
Radnor PA, USA) and used immediately.

2.4. Development of spectrophotometric phenolic profiling and
quantification method

Phenolic compounds (such as gallic and chlorogenic acid) absorb UV
light maximally at specific wavelengths in the range of 240-400 nm.
Some flavonoids, such as quercetin, have distinct spectra with two peaks
in the region of 240-295 nm (band II, associated with ring A) and
wavelengths greater than 300 nm (band I, associated with ring B, while
other flavonoids such as catechin, absorb maximally at a single wave-
length <300 nm (Taniguchi et al., 2023). To obtain extract profiles of
plant tissue, 1.5 mL aliquot of the filtered extracts were transferred to
quartz cuvettes (1 cm) for same day relative absorbance measurements
using a GENESYS™ 180 UV-Vis Spectrophotometer (ThermoFisher
Scientific), scanning from 240 to 400 nm at 1 nm intervals. We then
developed a phenolic metabolite quantification method using these
UV-vis spectral scans. Extract profiles were analysed for phenolic
compound equivalents for quercetin (QEass), gallic acid (GAEjys),
(+)-catechin (CEag0) and chlorogenic acid (CGAEsy) (Avantor, Inc.
Radnor PA, USA) were determined using calibration curves produced
from 1 mg mL~! standards for each metabolite at Amax 255, 273, 280 and
329 nm, respectively. Dilutions of extracts were made as needed to keep
relative absorbances within the standard curve absorbance range. Using
the linear equation generated from the regression model for each
metabolite, we used the following formula to determine the equivalent
concentration g’1 dry tissue:

(C x V x DF)
w

Where C = concentration from standard curve in mg mL™}, V = volume
in mL, DF = Dilution factor and W = weight of dry tissue extracted in g.

2.5. Histochemical detection of Hy03 in pre-harvest leaves

The amount of H30, in leaves in response to mock (DI water) or Live
and Dead pathogen inoculation by syringe infiltration was detected
using the 3,3-diaminobenzidine (DAB) staining method, as described by
Ferelli et al. (2020). Post-inoculation, the leaves were collected and
submerged in 10 mL of DAB solution made of 1 mg mL ™! aqueous DAB
(Alfa Aesar, Ward Hill, MA, USA), 200 mM Na,HPO4 (VWR, West
Chester, PA, USA), 0.05 % Tween 20 (Amresco, Solon, OH, USA), with
pH adjusted to 7 using ~100 pL of 1 M NaOH. The leaves were incubated
overnight in the dark. The following day, leaves were decolourised by
boiling in absolute ethanol for at least 20 min, transferred to
glycerol-soaked paper towels, and once pliable, gently dabbed dry with
Kim wipes and placed in clear plastic sleeves for imaging. The leaves
were scanned at 600 dots per inch (dpi) using a Sharp MX-M365 printer
scanner (Montvale, NJ, USA). Images were analysed on a transparent

Food Microbiology 133 (2026) 104896

background using Adobe Photoshop 25.5.1. Percent leaf area DAB
stained was calculated by obtaining the total leaf area (pixels) and the
total stained area (pixels). Using the histogram function, total pixel
counts per leaf were measured. Then, utilizing the colour range tool and
eyedropper selector, pixels with brown staining (indicative of HyO4
production) were selected and recorded. Leaf area stained was calcu-
lated as a percentage of total leaf area.

2.6. Statistical analysis

Experiments were repeated at least three time with at least four
biological replicates per experiment and the data were pooled for
analysis. At least one of the experiments included DAB staining at two
time points for pre-harvest leaves. Bacterial counts were taken in
duplicate, averaged and log-transformed to obtain log CFU/leaf mea-
surements. To account for the small differences in inoculum concen-
tration across multiple experiments, the log reduction from the
inoculum was calculated. Metabolite equivalents and DAB stain were
represented as values relative to mock-inoculated leaves. To meet the
assumptions for parametric statistical analysis of % DAB area stained,
data were square-root transformed prior to analysis.

Data were analysed using JMP Pro ver. 17.0 (SAS Institute Inc., Cary,
NC). The least squares mean model with Tukey’s Honestly Significant
Difference (HSD) test was employed to assess differences in metabolite
equivalent concentrations and DAB stain area relative to mock treat-
ment levels, as influenced by incubation time (4 or 24 h) and pathogen
state (Live or Dead). ANOVA analysis with the Dunnett’s Method for
multiple comparisons was employed to test for differences between
mock-treated (control) and Live or Dead inoculated leaves for each
dependent variable grouped by pathogen strain and incubation time.

3. Results

3.1. Development of spectrophotometric phenolic profiling and
quantification method based on standards with peak absorbances at
varying wavelengths

To profile and quantify phenolics in lettuce leaf extracts, we devel-
oped a method that calculates metabolite equivalents from UV-vis scans
of lettuce extracts. The phenolic acids, gallic and chlorogenic acid, and
the flavonoids, catechin and quercetin, were selected as standards for
having peak absorbances in the two main bands typical of phenolics
(Table 1, Fig. 1). The presence of these compounds has been confirmed
in romaine lettuce extracts via chromatography and mass spectrometry
(Ji et al., 2015). Utilizing scan mode between 240 and 400 nm, we ob-
tained spectra for the serially diluted standards and determined the
wavelength for the strongest peak (4max) that remained stable and dis-
played no drift across the serial dilutions. To construct the standard
curves, we used a linear regression model to relate the known concen-
trations of the standard to the measured absorbance at each specific
Jmax- The fitted models were evaluated using several fit diagnostics to
assess accuracy and reliability (Table 1). Each model generated R>
values ranging from 0.981 (catechin) to 0.999 (gallic acid, quercetin and
chlorogenic acid) and robust and statistically significant F-ratios, indi-
cating that each linear model was a highly significant fit for our stan-
dards (Table 1).

3.2. Secondary metabolite equivalent concentrations in romaine lettuce
were affected by harvest stage

Romaine lettuce *Carlsbad’ plants were grown, harvested and pro-
cessed in-house, enabling a direct comparison of UV-Vis spectral pro-
files between pre- and post-harvest conditions of the same cultivar
grown under the same conditions. The overall UV-Vis profile obtained
from extracts of uninoculated leaves revealed marked differences be-
tween pre- and post-harvest stages (Fig. 1). The profiles of pre-harvest
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Table 1
Fit diagnostics for phenolic compound standard curves generated at specific 1. for each metabolite.
Metabolite Zmax (nm) Linear equation (y = mx + b) R? Sum of Squares Regression (SSR) Residual F-ratio p-value
Sum of Squares (RSS)
Quercetin 255 Abs = 68.186x + 0.010 0.999 7.415 0.0002 104254.3 <0.0001
Gallic acid 273 Abs = 60.532x+ 0.017 0.999 5.423 0.0013 16707.6 <0.0001
Catechin 280 Abs = 9.814x+ 0.171 0.981 5.116 0.0098 156.2 0.001
Chlorogenic acid 329 Abs = 56.271x+ 0.063 0.999 3.166 0.0033 2904.7 <0.0001
detected a downward shift in relative absorbance of leaf extracts be-
30 — Pre-harvest tween 280 and 380 nm (Fig. 2B) and reductions in CExgp by 2.9 + 1.4
—Post-harvest mgE g~ and CGAEa59 by 1.0 + 0.5 mgE g~ relative to mock-inoculated
levels but these changes were not statistically significantly supported
25
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Fig. 1. UV-Vis spectral scans of crude extracts of pre-harvest and post-harvest
leaves of romaine lettuce ‘Carlsbad’. Dashed lines represent wavelengths at
which absorbances were measured for metabolite equivalent calculations (Q:
Quercetin 255 nm, GA: Gallic Acid 273 nm, C: Catechin, 280 nm, CGA:
Chlorogenic Acid 329 nm).

leaves indicated higher metabolite concentrations compared to post-
harvest leaves. Overall, QEys5 equivalent levels were the highest and
CGAEg3yg levels the lowest in pre-harvest leaves. On average, CEago and
CGAEg3y9 showed a considerable decrease post-harvest, with a reduction
of 2.2 and 1.3 mg equivalent/g dry tissue (mgE g~ 1), respectively,
compared to pre-harvest leaves (CEagp, p < 0.05; CGAE329, p < 0.001)
(Fig. 1). GAEy;3 and QEgss were also lower in post-harvest leaves,
decreasing by 0.5 mgE g™ (p = 0.01) and 0.8 mgE g~! (p < 0.001),
respectively (Fig. 1).

3.3. Phenolic levels in pre-harvest romaine lettuce leaves changed in
response to internalized Live and Dead enteric pathogens in a pathogen
specific manner

The UV-vis profiles of pre-harvest lettuce leaf extracts at 4 and 24 h
post-inoculation (hpi) (Fig. 2) and post-harvest leaves 24 hpi (data not
shown) were generated to assess the impact of Live or Dead E. coli 0157:
H7 and Salmonella Enteritidis on plant phenolic levels. Phenolic equiv-
alent concentrations for these compounds in pathogen-inoculated sam-
ples were calculated relative to mock-inoculated leaves, provided in
Table 2. We observed differential responses to the two pathogens and
between incubation times in pre-harvest leaves (Fig. 3).

Pre-harvest leaves inoculated with E. coli 0157:H7 showed a weak
response to the introduction of the pathogen into the apoplast. After 4
hpi, all four metabolites in pre-harvest leaves inoculated with either Live
or Dead E. coli 0157:H7 remained unchanged compared to the mock-
treated leaves (Fig. 2A and 3A). At 24 hpi with live bacteria, we

(Fig. 3A).

In contrast, pre-harvest leaves inoculated with Salmonella Enteritidis
showed a stronger response (Fig. 2C, D, 3B). Notably, all four metabolite
equivalents were elicited 4 hpi when leaves were infiltrated with either
Live or Dead Salmonella (Fig. 2C and 3B). The highest increases were
observed in CEygo, which were 5.3 + 1.4 and 5.1 + 1.4 mgE g~ ! higher
than the controls on leaves infiltrated with Live and Dead Salmonella,
respectively (p < 0.05 for both; Fig. 3B). CGAEgyg increased by 1.8 + 0.6
and 2.0 + 0.6 mgE g~ ! compared to the controls in Live (p = 0.06) and
Dead (p < 0.05) inoculated leaves, respectively, and GAEy;3 rose by 0.7
+ 0.2 and 0.6 + 0.2 mgE g’1 in Live (p < 0.05) and Dead (p = 0.07)
inoculated leaves relative to the mock-treated leaves, respectively.
Additionally, QEss5 increased 4 h post Live-inoculations by 0.9 + 0.2
mgE ¢! (p < 0.05) and leaves inoculated with Dead Salmonella
increased by 0.8 + 0.2 mgE g~! (p = 0.06) (Fig. 3B).

The metabolite induction observed at 4 h was reversed 24 hpi. With
Live Salmonella infiltration, all metabolite equivalent concentrations
dropped to levels below those measured for mock-inoculated leaves,
although the differences from mock-treated leaves were small (p < 0.1
for all) (Fig. 2D and 3B). With Dead Salmonella, GAEz73 and QEjss
remained lower than mock-inoculated leaves 24 hpi (p < 0.05 for both),
while CEzgp (p = 0.06) and CGAE3yg (p = 0.08) were slightly lower,
respectively (Fig. 3B). Moreover, all metabolite equivalent levels
measured at 4 hpi differed from levels measured at 24 hpi (CEyg,
GAEy73, QEgs5, p < 0.01; CGAE3, p < 0.05), regardless of whether
pathogen was viable or heat-killed.

Post-harvest leaves showed no differences in phenolic levels
compared to the mock-treated leaves when inoculated with Live or Dead
E. coli 0157:H7 or Salmonella (data not shown).

3.4. Greater log reductions of E. coli 0157:H7 and Salmonella Enteritidis
in the pre-harvest stage

Log reductions of either pathogen on pre-harvest leaves were com-
parable at both incubation times of 4 and 24 hpi. However, Live E. coli
0157:H7 infiltrated into leaves in the pre-harvest state and incubated
for 4 hpi showed greater declines (p < 0.05) compared to populations in
post-harvest leaves 24 hpi, with reductions relative to inoculum of 1.2
and 0.6 log, respectively (Fig. 4A). When infiltrated with Salmonella,
leaves in the pre-harvest state yielded lower counts at both 4 and 24 hpi,
compared to post-harvest leaves (Fig. 4B). Pre-harvest declines were
calculated at 2.2 and 2.0 log, respectively (p < 0.001 for both time
points), while post-harvest leaves 24 hpi exhibited a smaller reduction of
1.3 log relative to inoculum.

3.5. H30; detection in pre-harvest leaves

The production of H305 in leaves at the site of infiltration with Live
E. coli 0157:H7 was evident 4 hpi and showed markedly more staining
compared to mock-inoculated leaves (9.5 % + 2.5, p < 0.01). In
contrast, leaves inoculated with Live Salmonella Enteritidis did not show
increased DAB stain compared to mock-inoculated leaves 4 hpi
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Fig. 2. UV-vis spectral scans of pre-harvest lettuce ‘Carlsbad’ leaf extracts following inoculations with E. coli 0157:H7 at 4 h (A) and 24 h (B), and with Salmonella

Enteritidis at 4 h (C) and 24 h (D).

Table 2
Metabolite equivalent (mgE g~! dry weight) in pre- and post-harvest ‘Carlsbad’
leaves mock-inoculated with deionized water.

Metabolite Equivalent concentration mgE g~ dry tissue
Pre-harvest Post-harvest
4h 24 h 24h

Catechin 13.80 19.95 15.68

Gallic acid 2.90 4.21 3.41

Quercetin 3.30 4.76 3.47

Chlorogenic acid 2.90 3.77 1.86

(Fig. 5A). After 24 h, DAB stain remained higher in Live E. coli 0157:H7
inoculated leaves (8.9 % + 4.3, p = 0.05) compared to controls and at
this time we saw a strong response from leaves inoculated with Live
Salmonella enterica Enteritidis (13.7 % + 5.1, p = 0.01) (Fig. 5A and B).
Dead E. coli 0O157:H7 induced a low level of HoO, which was not
significantly altered from mock-treated leaves. Of note, the variability in
these measurements was quite high, resulting in no significant differ-
ences by Live/Dead pathogen state nor hpi. By contrast, HyO, accu-
mulation in Live Salmonella inoculated leaves 24 hpi was markedly
higher than 4 hpi and in leaves receiving Dead Salmonella (p < 0.05;
Fig. 5A and 4B). A multiple regression model to evaluate the effect of
pathogen species, pathogen state and incubation time on the ROS
response in leaves explained 35.5 % of the variability (F-Ratio 4.41, p <
0.01). The strongest effects identified were incubation time (p < 0.01)

driven by the Salmonella response (Fig. 5) and pathogen state (live or
heat-killed) (p < 0.05). Overall, pathogen species was not found to be a
significant factor.

4. Discussion

Enteric pathogen-plant associations have been shown to invoke
reciprocal genetic and physiological responses, resulting in the expres-
sion of plant defence and bacterial tolerance mechanisms. This study
addresses a knowledge gap relating to the in planta secondary metabolite
response to enteric pathogens. Overall, we found that lettuce phenolic
content shifted in response to enteric pathogens delivered to the apo-
plast of romaine lettuce leaves, as related to the representative com-
pounds catechin, chlorogenic acid, gallic acid and quercetin. Whether
phenolic metabolites increased or decreased was dependent on enteric
pathogen species and the harvest state of inoculated leaves. Salmonella
elicited phenolics at 4 h in pre-harvest plants, unlike E. coli 0157:H7
which provoked no such phenolic shift. One day later, both pathogens
caused an attenuation of phenolic levels. The viability of the pathogen
was discriminant only in the E. coli 0157:H7 response, while both live or
heat-killed Salmonella induced a decline in lettuce phenolics. Concomi-
tantly, pathogen population declines were greater and ROS onset was
delayed in leaves inoculated with Salmonella compared to E. coli 0157:
H7, suggesting that the magnitude and timing of the plant response is
pathogen specific and may modulate bacterial persistence.

It has long been established that the initial ROS burst, in recognition
of plant pathogenic bacteria at least, occurs in the apoplast (Torres et al.,
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Capital letters denote significant differences due to inoculum and incubation
time within each metabolite (LS means ANOVA and Tukey HSD). Asterisks
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inoculated leaves 4 and 24 hpi with live and heat-killed E. coli 0157:H7 and
Salmonella on pre-harvest 4-week-old romaine lettuce *Carlsbad’. Capital letters
indicate differences (LS means ANOVA and Tukey HSD p < 0.05) for each
species separately. Asterisks indicate significant differences from mock-
inoculated leaves (ANOVA with Dunnett’s test, **p < 0.01, *p < 0.05. (B) Ex-
amples of DAB stained pre-harvest ‘Carlsbad’ leaves 24 hpi with i) live or ii)
heat-killed E. coli 0157:H7 and iii) live or iv) heat-killed Salmonella.

2006). Salmonella and E. coli 0157:H7 elicit an ROS response in leaves
(Ferelli et al., 2020; Jacob and Melotto, 2020), to which both pathogens
respond by up-regulating ROS and NO detoxification genes (Ding et al.,
2025; Han et al., 2020). Respiratory burst oxidase homologues (RBOH)
are the major ROS generating enzymes in plants, activated in response to
the PAMP-triggered Ca®* influx into cells (Qi et al., 2017). ROS accu-
mulation was evidenced in our study by the detection of HyO5 in lettuce
inoculated with live E. coli 0157:H7 and Salmonella. It has been sug-
gested that another potential source of MAMP-triggered ROS could
involve the pro-oxidant action of phenolic compounds (O’Brien et al.,
2012). The phenolic acetosyringone, known from the tobacco apoplast,
caused a high and prolonged redox potential (consistent with high ROS)
in the presence of Hy05 and horseradish peroxidase, in vitro (Baker et al.,
2014). In our study, the sustained HyO detection in lettuce responding
to enteric pathogens 24 hpi could indicate that phenolic compounds
were contributing to a sustained ROS burst, but further investigation is
needed to confirm this.

Phenolic compounds are better known for their ROS scavenging
activity by acting as electron donors, making them powerful antioxi-
dants and contributing to redox homeostasis in plants. While phenolic
compounds are largely confined to the intracellular compartments of
plant cells, it has been shown that metabolites such as flavonoids are
transported to the apoplast via vesicle trafficking when needed (Zhao
and Dixon, 2010; Podgorska et al., 2017). Phenolic compounds can also
be bound to cell walls or occur freely in the apoplast (Dragisic¢
Maksimovic et al., 2008; Hutzler et al., 1998). ROS detoxification ca-
pacity in the apoplast is low compared to intracellular mechanisms and
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once phenolics have been quenched, ROS will continue to accumulate in
the apoplastic space (Podgorska et al., 2017). We detected higher levels
of Hy0, in Salmonella-inoculated leaves at 24 h. The presence of ROS
could have a direct restricting effect on enteric bacteria and we did
indeed measure a higher log reduction in Salmonella than E. coli 0157:
H7. However, this reasoning could not be extended to the 4 h timepoint,
during which low HO, levels coincided with high Salmonella log
reduction. Moreover, at least for our lettuce system, this could not be
attributed to active immune response suppression by Salmonella, as has
been suggested for other plant systems (Shirron and Yaron, 2011), since
little HoO was detected in plants inoculated with heat-killed Salmonella.
The concomitant increase in phenolic compounds measured in Salmo-
nella-inoculated lettuce at this time point, however, suggests that they
were induced to neutralize an oxidative environment, likely caused by
an earlier strong ROS burst following Salmonella inoculation. In turn,
this ROS burst could have caused the observed Salmonella log reduction
and would explain the lack of HoO, detected at the same time point,
which would have been scavenged by the high levels of phenolics
induced. Support for this scenario, whereby an inverse relationship
existed between ROS and phenolic levels, comes from a study that
monitored the phenolic levels and redox potential of tobacco cell sus-
pensions to which a Pseudomonas pathovar was added (Baker et al.,
2013). Several hours post-inoculation of the cell suspension with the
phytopathogen resulted in an increase in the redox potential of the
suspension (extracellular), which coincided with a decrease in antioxi-
dant capacity (Baker et al., 2013). In addition, in our study, Salmonella
itself could have contributed to ROS detoxification, a known Salmonella
response to the plant niche (Goudeau et al., 2013; Han et al., 2020).

The antimicrobial action of plant phenolic compounds is well
established. As such, we cannot overlook the possibility that the induced
phenolic compounds detected in lettuce in response to Salmonella were
released for their direct antimicrobial action. Numerous in vitro studies
have shown that chlorogenic acid, gallic acid, catechin and quercetin
can inhibit the growth of both E. coli and Salmonella and also restrict
E. coli biofilm formation (Bae et al., 2022; Shao et al., 2015; Sun et al.,
2020). The primary mode of action for these phenolics is generally
attributed to disruption of the bacterial cell membrane, leading to
increased permeability, leakage of cellular contents and lipid damage
(Wang et al., 2018) which in some cases is irreversible (Borges et al.,
2013). Among these phenolic compounds, quercetin is believed to
interact more strongly with bacterial membranes because of its amphi-
philic structure, which allows it to insert into lipid bilayers and disrupt
membrane integrity (Nguyen and Bhattacharya, 2022). In our study, we
expect that several unknown phenolic compounds were elicited in
addition to the four metabolites we quantified. These metabolites might
have dual ROS scavenging and antimicrobial action. Future research
should evaluate how ROS and apoplastic phenolics, induced in response
to enteric pathogens, work in balance to maintain redox homeostasis in
plants, while limiting enteropathogen populations.

There is still debate regarding whether plants perceive enteric
pathogens as opportunists or pathogens. While enteric bacteria rarely
cause visible disease symptoms in plants, they can trigger basal plant
immune responses similar to those induced by plant pathogens - spe-
cifically PAMP-Triggered Immunity (PTI), which is a broad and rapid
defence activated by conserved microbial patterns such as flagellin,
including Ca®" and ROS signalling, stomatal closure and callose depo-
sition between the plasma membrane and the cell wall to limit pathogen
spread (Garcia et al., 2014; Meng et al., 2013; Oblessuc et al., 2020;
Shirron and Yaron, 2011). Nevertheless, differences have been identi-
fied in plant responses to E. coli 0157:H7 versus Salmonella (Roy et al.,
2013). In our system, the lettuce ROS response was detected at the
earlier timepoint against Live E. coli 0157:H7 and sustained for 24 h,
accompanied by a decline in some phenolics. This pattern is reminiscent
of the response reported for a saprophyte in in vitro tobacco cell sus-
pension studies, whereby an initial early spike in redox potential in the
extracellular matrix stabilized at a level higher than the control,
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accompanied by a sharp decline in antioxidant capacity (Baker et al.,
2013). By contrast, in our study, the Salmonella ROS spike arrived later,
but was stronger and was preceded by upward shifts in phenolic com-
pounds (and a stronger inhibition of the enteric bacterial population).
This pattern matches more closely that described for the avirulent
pathogen to tobacco cells (Baker et al., 2013).

In our study we detected shifts in compounds absorbing in 240-400
nm range and used specified wavelengths to obtain equivalent levels of
known standards. While our study does not confirm the dynamics of
specific phenolics, we detected the largest fluctuations in the equiva-
lents for catechin and chlorogenic acid. One other study, evaluating
apoplastic phenolic compound changes in tobacco plants, also identified
hydroxycinnamic acid derivatives (precursor to catechin) and chloro-
genic acid isomers in response to virulent and avirulent pathogens, as
well as a saprophyte (Baker et al., 2015). While the patterns of apo-
plastic phenolic induction in tobacco plants (Nicotiana tabacum) were
not directly comparable to what we observed in romaine lettuce, the
induced compounds matched our study. This could be partly due to the
fact that we were measuring both extra- and intracellular levels of
phenolics. Of note, however, is that Baker et al. (2015) suggest that
increased phenolic levels may have been derived from intracellular re-
serves. Having measured the total levels of phenolics, our study suggests
de novo synthesis of phenolics, at least in response to Salmonella. Further
research is needed to confirm this hypothesis.

In pre-harvest leaves, we observed elicitation of phenolic metabolites
from infiltrations with both live and heat-killed Salmonella, with an
equal phenolic compound response elicited regardless of cell viability. In
contrast, phenolic levels in leaves inoculated with live or dead E. coli
0157:H7 did not change markedly. Nevertheless, the highest phenolic
equivalents in E. coli 0157:H7 inoculated plants were obtained 4 hpi
with dead inoculum, while the lowest were measured 24 hpi with live
cells. Taken together, these data suggest that while a heat-stable MAMP
in both Salmonella and E. coli 0157:H7 is recognized by lettuce, another
mechanism appeared to be at play in the case of live E. coli 0157:H7,
which may have had a slight dampening effect on the plant metabolite
(but not the ROS) response.

Post-harvest leaves had lower phenolic content compared to pre-
harvest leaves. The PAA-H;0, sanitizer used in this study is a power-
ful oxidizing agent that is utilized widely for pathogen control during
post-harvest rinsing of leafy greens (Stearns et al., 2022). While washing
with this sanitizer may reduce the population of foodborne pathogens
after a contamination event (Stearns et al., 2022), it seems plausible,
given the depleted phenolic content of post-harvest leaves (observed
herein), that if a contamination event were to occur post-wash, leaves
may be more hospitable to enteric pathogens. In our study, post-harvest
leaves exhibited lower log reductions for both enteric pathogens (E. coli
0157:H7 < Salmonella Enteritidis) compared to pre-harvest leaves,
which is consistent with previous work (Brandl and Amundson, 2008;
Hudson and Micallef, 2024). Taken together, it seems that phenolic
content and harvest state are key factors influencing the persistence of
both Salmonella Enteritidis and E. coli 0157:H7 in the apoplast.

The analysis of total phenolic and flavonoid content is typically
carried out using colorimetric assays, such as the Folin—Ciocalteu and
aluminium chloride assays, which are valuable tools for estimating total
antioxidant capacity of extracts but have serious limitations (Lester
etal., 2012; Shraim et al., 2021). These methods offer only a partial view
of the compounds present. More advanced techniques, such as HPLC
mass spectrometry with quantitative time of flight, can deliver precise
measurements of specific metabolites (Otify et al., 2023), but these
methods are costly and time-consuming. In our study, we focused on
efficiently obtaining overall profiles of phytocompounds in sample ex-
tracts, rather than on exact quantification of unknown metabolites. To
achieve this, we utilized scanning spectrophotometry to generate
UV-vis profiles for each plant extract. This method provides a novel
visualization tool for emerging trends throughout the experiments. We
were quickly able to observe acute plant responses to Live and Dead
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Salmonella Enteritidis 4 hpi in pre-harvest leaf extracts in specific re-
gions of the spectrograph, for example the increased absorbances be-
tween 300 and 360 nm, which indicated an increase in metabolites
absorbing maximally in this region, for instance CGAE329. We were also
able to quickly convert single absorbance values from a wavelength of
interest to produce semi-quantitative equivalent values generated from
standard curves. This method is cheap, accessible and efficient when
estimating relative changes in metabolite profiles of plant extracts.
However, it is important to recognize that crude extracts may contain
hundreds of metabolites, some of which may have similar maximal
absorbance wavelengths to the target standard compounds. Future work
could adopt mass spectrometry to hone in on specific compounds of
interest.

5. Conclusion

This study showed how the lettuce response to leaf-infiltrated enteric
pathogens E. coli 0157:H7 and Salmonella enterica involves phenolic
metabolite shifts in leaves. By simultaneously measuring ROS levels in
leaves, our study also evaluated the connection with plant immunity
involvement. While responses varied by pathogen species, the dynamic
changes in phenolic profiles detected also coincided with an ROS
response. In the case of Salmonella, phenolic metabolite elicitation pre-
ceded an ROS burst. These effects were accompanied by Salmonella log
reductions. By contrast, we detected unremarkable metabolite shifts
with E. coli 0157:H7, but a more consistent ROS response, coinciding
with a weaker restrictive effect on the bacterial population. This study
demonstrated that plant secondary metabolites can be a significant
component of the plant’s response to enteric pathogens. Our findings
suggest that the phenolic response is complex, interconnected with the
plant immune response and may play a direct or indirect role in
modulating enteric bacterial populations in lettuce.
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