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Abstract: If lettuce is contaminated in the field, Shiga toxin-producing E. coli (STEC)
O157:H7 can survive through the distribution chain. Prolonged cold storage during trans-
portation may impact pathogen physiology, affecting subsequent stress survival and viru-
lence. Greenhouse-grown Romaine lettuce, inoculated with three STEC O157:H7 strains,
was harvested after 24 h and stored at 2 ◦C for 5 d following 4 h at harvest temperature
(9 ◦C or 17 ◦C). Culturable, persister, and viable but non-culturable (VBNC) cells were
quantified. Virulence was evaluated using Galleria mellonella and acid tolerance at pH 2.5
and tolerance to 20–25 ppm free chlorine were quantified. Colder harvest temperature
(9 ◦C) before cold storage led to greater transformation of STEC O157:H7 into dormant
states and decreased virulence in most cases. Increasing length of cold storage led to
decreased virulence and acid tolerance of STEC O157:H7 on lettuce, while having no signif-
icant effect on chlorine tolerance. These findings highlight that entry of STEC O157:H7 into
dormant states during harvest and transportation at cold temperatures leads to decreased
stress tolerance and virulence with increasing cold storage. Changes in STEC O157:H7
physiology on lettuce during cold storage can be integrated into risk assessment tools for
producers, which can assist in identifying practices that minimize risk of STEC O157:H7
from consumption of lettuce.

Keywords: persister; VBNC; chlorine; low pH; low temperature; Galleria mellonella;
harvest temperature

1. Introduction
Fresh produce is consumed widely and has been associated with human illnesses

due to contamination by pathogens [1,2]. Of all foodborne illnesses linked to identified
pathogens that occurred in the U.S. between 1998 and 2020, 9.18% are linked to leafy
greens. Romaine lettuce, iceberg lettuce, and other lettuces account for 60.8% of leafy
green-associated outbreaks, and 75.7% of leafy green-associated illnesses [2]. It is estimated
that 19.8% of Shiga toxin-producing E. coli (STEC) outbreaks from 1998 to 2020 have been
associated with Romaine lettuce, resulting in more than 12,000 illnesses annually in the
United States [2]. In recent years, multiple STEC outbreaks attributed to Romaine lettuce
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have been reported [3–10], and some strains associated with these outbreaks have recently
been classified as recurring, emerging, or persistent by the CDC [6].

Lactuca sativa L. (lettuce) is the third most consumed crop in the U.S. [11]. The
production of leafy greens in the U.S. largely occurs in Arizona (~30%) and Califor-
nia (~70%) [12,13]. After harvesting, lettuce is transported to cooling centers and is
chilled [14,15]. Once cooled, field-packed lettuce is transported for distribution and
sale. Lettuce designated for further processing is transported to a processing facility
and differences in transportation time can occur prior to processing [16,17]. For lettuce
processing facilities located outside the West Coast, long haul transportation is used, where
the truck temperature is maintained at <5 ◦C [16,17]. When lettuce is stored at <8 ◦C,
with low relative humidity (<55%), STEC O157:H7 is unable to grow, although it can
survive [18–20]. STEC O157:H7 can tolerate cold stress when present on lettuce, surviving
at 5–6 ◦C for 10–14 days [21,22], which is within the expected shelf-life of romaine lettuce
(12–16 days) [23].

In addition to cold stress, STEC present on lettuce experiences multiple stresses during
post-harvest handling. Once lettuce arrives at a processing facility, it is trimmed, cored, cut,
washed, centrifuged, and then packaged for further distribution and sale [24]. Sanitizers are
included in wash water to reduce cross contamination. Commonly used sanitizers for fresh
produce wash water are chlorine, peroxyacetic acid (PAA), and ozone [25–27]. All three of
these sanitizers pose oxidative stress to microbes, and PAA also poses a low pH stress [26].
STEC O157:H7 levels on lettuce can be reduced by approximately 1.5 to 5 log CFU/g due
to sanitizer treatment; this variability is likely due to differences in organic load in the
wash water, as well as the potential for bacterial adherence and/or internalization [28–30].
STEC O157:H7 that survives on lettuce after washing with sanitizers can persist during
cold storage [31]. While studies have shown that STEC on lettuce can survive refrigeration
temperatures and exposure to sanitizers during washing, it is not known if the length of
time in cold storage prior to washing influences STEC tolerance to wash water sanitizers.

Under unfavorable conditions for prolonged periods of time, bacteria can transition
to dormant states, where metabolic activity is reduced [23]. The process of dormancy
involves a spectrum of physiological transformations, spanning from actively proliferating
cells to stationary phase cells, and culminating in the formation of persister cells or VBNC
cells [23]. Persister cells can be formed during the exponential or stationary phase and
have the potential to transition out of the persister state or into the VBNC state [23]. E. coli
can enter into dormant states during heat treatment [32], which can further induce protein
aggregation [33]. Studies have shown that STEC O157:H7 can transform into dormant
states such as persister and VBNC cells under pre-harvest conditions on leafy greens [34,35].
When STEC O157:H7 was exposed to 8 ◦C in the phyllosphere of pre-harvest lettuce,
transformation into VBNC cells occurred 8–9 days post-inoculation [36]. In post-harvest
conditions, STEC in spinach wash water transformed into persister cells at 15 ◦C [35]. STEC
inoculated into the process water transformed into VBNC cells when process water was
treated with chlorine [37]. These studies suggest that STEC can alter its physiological state
by entering dormant states when presented with stress, but whether the length of cold
storage impacts the entry into dormant states on lettuce is still unknown.

When bacteria experiences cold stress, translation efficiency is reduced due to RNA
folding, with other changes such as reduced membrane permeability, lower substrate
diffusion rates, and disrupted ion equilibrium [38–40]. Activation of the general stress
response occurs when temperatures are shifted from 37–35 ◦C to 25–14 ◦C [41–43]. Various
cold shock proteins (CSPs) are involved in adaptation to cold temperatures. A class of
CSPs, called the RNA chaperones, keep the RNA single-stranded during initial stages of
cold stress [40,44]. At temperatures of 4 ◦C and 18 ◦C, cspA and cspG, respectively, are
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reported to be upregulated in STEC O157:H7 in lettuce lysates [45,46]. Expression of cspH
and survival of persisters is known to be associated [46]. CspD is regulated by (p)ppGpp
independently of RpoS [47] and is also known to play a role in persister cell formation [48].
This could be one of the pathways that STEC O157:H7 utilizes to enter into the persister
state in response to cold stress.

Stresses similar to those imposed on lettuce, as well as entry into dormant states, are
known to impact the virulence potential of STEC. STEC O157:H7 on lettuce stored at 4 ◦C
for 9–10 days shows higher expression levels of virulence-related genes stx1, eae, ehxA, and
fliC [49,50]. For STEC O157:H7, which entered the VBNC state on lettuce at 8 ◦C, Shiga
toxin was still detected, even when culturable cells were not present, indicating that the
STEC retained the potential for virulence [36]. Together, these data demonstrate that cold
temperatures can impact STEC O157:H7 VBNC formation and virulence, although it is
unclear if the length of time in cold storage on lettuce may influence virulence potential.

Lettuce transported from the West Coast to the East Coast may be held for days at
refrigeration temperature during transport prior to processing, likely impacting pathogen
physiology [16,17]. Physiological changes such as entering a dormant state can protect
cells from environmental stress [23]. While STEC O157:H7 can enter the persister or VBNC
state on lettuce [23,34–36], the extent to which this occurs during harvest, cooling, and
refrigerated transport is unknown. Changes in the physiological state of STEC O157:H7
have the potential to impact risk of illness associated with contaminated lettuce, due to
alterations in tolerance to sanitizers in wash water as well as virulence properties. The
objectives of this study were to investigate the effect of the length of time in cold storage
on (a) the physiological state of STEC O157:H7 on Romaine lettuce; (b) subsequent acid
tolerance and chlorine tolerance; and (c) virulence of STEC O157:H7.

2. Materials and Methods
2.1. Experimental Design

Greenhouse grown Romaine lettuce plants were used for this study. Plants in pots
were considered pre-harvest and three STEC O157:H7 strains were inoculated individually
onto lettuce and incubated in a plant growth chamber. A day later, inoculated plants were
harvested and incubated at the harvest temperature for 4 h. Then, they were transferred to
cold storage of 2.2 ◦C for 5 d. The parameters described below were measured before and
after harvest temperature and every day for 5 d of cold storage. For each strain evaluated,
3 biological replicates were inoculated onto lettuce plants in duplicate for each sampling
point, for a total of 48 lettuce plants for each harvest temperature (9 ◦C or 17 ◦C). In
total, 288 lettuce plants were inoculated and evaluated (3 strains ×3 biological replicates
×2 technical replicates ×8 sampling points ×2 harvest temperatures).

2.1.1. Greenhouse Propagation of Romaine Lettuce

Romaine lettuce plants, Lactuca sativa var. Solid King (Seedway, Hall, NY, USA)
and Parris Island (Gardner’s Basics, Spanish Forsk, UT, USA), were grown in the green-
house complex at Michigan State University. The temperature was maintained between
18–24 ◦C with 14/10 h light/dark periods. Miracle Gro potting mixture (Scotts Miracle-Gro,
Marysville, OH, USA) was used, along with Peter’s Excel pH low 15-7-25 fertilizer (ICL
Fertilizers, George, UT, USA). Plants used for these studies were 45–55-d old.

2.1.2. STEC Strains

Three STEC O157:H7 strains used were obtained from Michigan Department of
Health and Human Services (MDHHS) and were associated with the following out-
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breaks: Yuma, Arizona in 2018 (PNUSAE013458) [9], Central Coast, California in 2018
(PNUSAE019890) [8], and Salinas, California in 2019 (PNUSAE044369) [10].

2.1.3. Selection of Rifampicin-Resistant Isolates

To distinguish inoculated pathogen from native microbes of lettuce, the STEC strains
were selected for resistance to rifampicin (Thermo SCIENTIFIC, Waltham, MA, USA)
by sequentially exposing them to increasing concentrations of rifampicin as described
previously [51]. The strain stocks stored in 15% glycerol at −80 ◦C were streaked on to
Luria Bertani (LB) plates (Invitrogen, Carlsbad, CA, USA) and incubated for 24 h at 37 ◦C.
A single colony was used for incubating 5 mL LB broth with 4 µg/mL rifampicin, which
was incubated at 37 ◦C with shaking for 24 h. A 100 µL aliquot was then transferred to
50 mL LB broth supplemented with 40 µg/mL rifampicin and incubated at 37 ◦C for 24 h
with shaking. Next day, a 100 µL from this culture was transferred to a 50 mL LB broth
supplemented with 80 µg/mL rifampicin and grown at 37 ◦C with shaking for 24 h. The
next day, a loopful culture was streaked onto LB plates supplemented with 80 µg/mL
rifampicin for confirmation of growth. From the overnight culture, 800 µL was added to
200 µL of 75% glycerol and stored at −80 ◦C for use throughout the experiments.

2.1.4. Spray Inoculation of Lettuce

For every experiment, rifampicin-resistant bacterial stock cultures from −80 ◦C were
streaked on to tryptic soy agar plates (Neogen, Lansing, MI, USA) supplemented with
80 µg/mL rifampicin (TSA+ rif) and incubated for 24 h at 37 ◦C. A single colony from
the plates was used to inoculate 5 mL LB+ rifampicin broth, which was then incubated
at 37 ◦C for 18 h with shaking at 150 rpm. For subsequent inoculation, a 100 µL culture
was inoculated into 100 mL LB+ rifampicin, and incubated for 18 h at 37 ◦C. The culture
was centrifuged at 8000 rpm for 15 min at 4 ◦C and the pellet was suspended in 50 mL
PBS. A hand-held sprayer (Miles Scientific, Newark, DE, USA) was used to spray inoculate
the Romaine lettuce plants individually in pots in a biosafety cabinet, with a target of
5.5–6 log CFU/g of STEC O157:H7. It was left to dry for 2 min, and once all the plants
were inoculated, they were transferred to a Caron plant growth chamber model 7303-22-1
(Caron, Marietta, OH, USA) at 17 ◦C for 24 h. Twenty-one plants were inoculated for each
strain, each biological replicate, and each harvest temperature.

2.1.5. Lettuce Harvesting

After 24 h at 17 ◦C in the growth chamber, lettuce plants in pots were removed
and the head of lettuce was harvested by cutting at the base with a sterile knife. After
harvesting, lettuce heads were placed into 81.2 cm × 50.8 cm × 25.4 cm grated plastic
bins (Grainger, Lake Forest, IL, USA) lined with a plastic bag, and these grated bins were
wrapped loosely with another plastic bag. They were then returned to the Caron growth
chamber at the harvest temperature (9 ◦C or 17 ◦C) for 4 h. Harvest temperatures and time
were determined from industry supplied data (see Section 2.3).

2.1.6. Cold Storage

The bins with harvested lettuce were transferred to cold storage for 5 d at 2.2 ◦C. Tem-
perature data were collected from the time of harvest to the last day of cold storage using
an external stainless steel temperature probe (Thermo SCIENTIFIC, Waltham, MA, USA).

2.2. Sample Collection

Lettuce samples were collected at the time of inoculation to enumerate culturable cells.
For every sampling point, one head of lettuce was used as a unit. A sterile knife was used
to chop lettuce on a sterile cutting board. It was first sliced horizontally, then diagonally
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twice. Samples were collected before harvest, after harvest, and every day at the same time
during each day of 5 d of cold storage. The parameters measured at these time points were
culturable cells, injured cells, persister cells, VBNC cells, acid tolerance, chlorine tolerance,
and virulence, as described below.

2.2.1. Culturable Cells

To measuring culturable cells, 10 g of inoculated lettuce was homogenized in Seward
STOMACHER 400 (Seward, Worthing, UK) for 1 min in a 7.5′′ × 12′′ filter Whirl-Pak
stomacher bag containing 90 mL of phosphate buffer saline (PBS) solution at pH 7.2. A
100 µL sample was used to make appropriate dilutions and plated onto TSA+ rif plates.
Plates were incubated at 37 ◦C for 18–20 h.

2.2.2. Injured Cells

Injured cells were measured at every sampling point. A 100 µL sample was taken from
the PBS and inoculated lettuce slurry as described in Section 2.2.1, and appropriate dilutions
were made. Dilutions were plated onto selective media of MacConkey Sorbitol + rif on
plates. Plates were incubated at 37 ◦C for 18–20 h. The cells that were counted using
MacConkey Sorbitol + rif plates were the cells that were not injured. The cells that did not
survive out of a total of culturable cells were injured cells. Injured cells were calculated by
subtracting the number of surviving cells from the number of culturable cells and expressed
as a percentage.

2.2.3. Persister Cells

The minimum inhibitory concentration (MIC) of antibiotic ciprofloxacin for the STEC
O157:H7 strains was determined based on the concentration of ciprofloxacin at which cell
growth did not occur. This was calculated by measuring turbidity during 18 h incubation at
37 ◦C using a plate reader (Molecular Devices, San Jose, CA, USA). MIC was measured for
each strain individually. The MIC for PNUSAE013458 is 0.064 ng/µL, for PNUSAE019890
and PNUSAE044369 is 0.128 ng/µL. The 10×MIC for the identification of persister cells is
calculated to be 0.64 ng/µL for PNUSAE013458, and 1.28 ng/µL for PNUSAE019890 and
PNUSAE044369.

The methodology for measuring persister cells was adapted from the method de-
scribed by Thao et al. [35]. An aliquot of 1 mL in an Eppendorf tube was taken from the
homogenate of 10 g of inoculated lettuce and PBS as described in Section 2.1 and was
exposed to 10×MIC of ciprofloxacin. This was done by adding 5 µL of 1000× concentrated
stock solution of ciprofloxacin, i.e., 0.64 mg/mL or 1.28 mg/mL, depending upon the strain.
This mixture was incubated at 37 ◦C for 3 h with shaking at 150 rpm. Later, a 3 mL syringe
with a removable filter head (Sterilitech, Aurburn, WA, USA) with a 0.22 µm filter (Isopore,
Millipore Sigma, Burlington, MA, USA) was used capture the bacterial cells. The filter was
then added to 1 mL of PBS solution and vortexed (Thermofisher Scientific, Waltham, MA,
USA) at 2000 rpm for 3 min to suspend the cells in PBS solution. Appropriate dilutions
were made and plated on TSA+ rif plates.

2.2.4. VBNC Cells

A 10 mL sample was taken from inoculated lettuce and PBS homogenate as described
in Section 2.1 and centrifuged at 10,000 rpm at 8 ◦C for 10 min. The supernatant was
discarded, and 1 mL of PBS solution was added to suspend the cells by mixing with a
pipette and shaking. To make the final concentration of 50 µM, 3.125 µL of propidium
monoazide (PMA) (Biotium, Freemont, CA, USA), and 250 µL of PMA enhancer (Biotium,
Freemont, CA, USA), was added to the cell suspension. The samples were stored in the
dark before exposure to UV light for 30 min in a PMA-LiteTM device (Biotium, Fremont, CA,
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USA). This is a LED light box that photoactivates the samples treated with photoreactive
devices such as PMA, that crosslinks with dead cell DNA, and will only let live cell DNA
amplify. Every 10 min, the tubes that were kept in the PMA-LiteTM device were vortexed
in minimum lighting at 2000 rpm for 5 s.

To confirm that the PMA concentration effectively discriminated between viable and
dead cells, a control sample of inactivated cells was included. Cells from the three strains
were collected by centrifugation, suspended in 1 mL of 70% ethanol for inactivation, and
vortexed for one minute. PMA and PMA enhancer were added at the same concentrations
as in test samples, and the mixture was exposed to photoactivation as described above.
Optimal PMA concentration was confirmed when no amplification was observed by qPCR,
and culturable counts yielded non-detects.

A Powerlyzer kit (Qiagen, Germantown, MD, USA) was used for DNA extrac-
tion. The samples to be sent to Michigan State University (MSU) core genomics
facility for quantitative PCR (qpCR), were prepared by adding SYBR green (Qia-
gen, MD, USA), qPCR grade water (ThermoSCIENTIFIC), primers targeting ORF
Z3276 gene [52] viz., forward—5′-GCACTAAAAGCTTGGAGCAGTTC and reverse—5′-
AACAATGGGTCAGCGGTAAGGCTA in the ratio of 10:6:2. A 2 µL sample was added to
this working solution of 18 µL, which was read in QuantStudio 7 Flex qPCR (Thermo Fisher
SCIENTIFIC, Waltham, MA, USA) at MSU core genome facility. These data were used for
calculating the total number of viable cells using standard curves (R2 > 90%), previously
prepared with known cell concentrations.

2.2.5. Acid Tolerance

This method utilizes synthetic gastric fluid (SGF) [53] at pH 2.5. The SGF is freshly
prepared 1 h prior to the experiment and serves as a representative simulation of the
acidic environment found in the human stomach. Ten grams of lettuce was added to a
stomacher bag and 90 mL SGF was added to that bag. It was homogenized for 1 min at
230 revolutions per minute (rpm) speed in filter bag in a Seward STOMACHER 400 (Weber
SCIENTIFIC, Hamilton, NJ, USA). Serial dilutions were made and plated on TSA+ rif
plates, to enumerate the initial level of cells. These inoculated lettuce containing bags were
incubated at 37 ◦C for 2 h. After incubation, appropriate dilutions were made from the bag
and plated on TSA+ rif plates, which were incubated at 37 ◦C for 24 h before enumeration.

2.2.6. Chlorine Tolerance

For test samples, 40 g of inoculated lettuce was added in a mesh bag and the bag was
dropped in 1 L of 0.05M KH2PO4 solution (pH 6.8) and exposed to 20–25 ppm of chlorine
solution (XY-12) for 30 s. Free chlorine was measured using an ORION AQUAfast AQ3700
instrument (Thermo SCIENTIFIC, Waltham, MA, USA) with the test kit-AC2071. Chlorine
was measured before and after the lettuce bag was dropped in the 1 L solution. After
chlorine exposure, the lettuce in the mesh bag was placed in a stomacher bag, and 90.4
µL solution of sodium thiosulfate was added to neutralize the chlorine. For the negative
control, 40 g of inoculated lettuce was added to 160 mL of 0.05 M KH2PO4 solution.
Appropriate dilutions were made and plated on TSA+ rif plates, which were incubated at
37 ◦C for 24 h before enumeration.

2.2.7. Virulence Assays

The virulence of STEC O157:H7 strains was determined using killing assays of Galleria
mellonella larvae (Speedway, WI). These methods were adapted from another research
paper [54]. G. mellonella larvae that arrived within 5–7 d were used for the assay and were
stored at 15 ◦C until the time of experiments. To perform the baseline assays for determining
LD50 (lethal dose at which 50% population is killed), G. mellonella larvae were injected with
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each bacterial strain. In this case, a total of 10 larvae were used for each strain, each harvest
temperature, and each of the three biological replicates. The inoculum was prepared by
streaking the bacterial freezer stocks to a TSA+ rif plate, overnight incubation at 37 ◦C,
inoculating 5 mL TSB with one single colony from the overnight grown culture, incubating
the inoculated broth at 37 ◦C for 18 h at 150 rpm shaking, centrifuging at 8000 rpm for
10 min, and resuspending in PBS solution. Bacterial dilutions were made ranging from
102 to 108 cells/mL for larvae inoculations. Larvae were inoculated at the third posterior
pro-leg with insulin syringes with a TRIDAK STEPPER. Ten larvae each were pierced with
an empty needle, and with PBS solution, used as negative controls. After inoculation, the
larvae were incubated at 37 ◦C for 5 d in the dark. They were scored every 24 h ± 0.5 h,
counting the number of live larvae that were pale yellow. The dead black larvae were
removed every time, while counting. These larvae did not respond to any stimulation [55].
These baseline data were collected for each strain in three biological replicates, and later
used as an input for Probit regression model analysis to calculate the LD50 [56]. LD50 values
were used to choose the optimum inoculum during the experiment for three strains and
two harvest temperatures, which was 20 mL sample and a 1/10th dilution of sample. The
LD50 values for the Yuma 2018, Central Coast 2018 and Salinas 2019 strains were 4.5, 6, and
6.7 log CFU/g respectively. During the experiments, from the inoculated lettuce and PBS
homogenate from 2.2.1, 1 mL and 1/10th dilution of the same was used to inoculate larvae
with 20 µL solutions. Larvae pierced with an empty insulin needle and with PBS were used
as negative controls. The virulence assays were conducted in three biological replicates for
each strain and each harvest temperature.

2.3. Industry Supplied Data

Time and temperature profile data were sourced from an industry partner, detailing
the harvesting, transport and cooling conditions of Romaine lettuce. Temperature probes
were placed in harvest bins and the temperature was recorded from the time of harvest to
the time of cooling. The time and temperature profile data were collected for 3 yr and 2 mo
(February 2016 to April 2019). Of the collected datapoints, 5615 were for Romaine lettuce
grown and harvested in the Salinas, California growing region, and 4623 for the Yuma,
Arizona growing region. The data were analyzed in the R programming language [57]
for summaries and probability distributions of the data. The temperature and times for
harvesting, transportation and cooling were first checked for outliers and distributions
using boxplots and histograms, respectively. Using the group function, the median, upper
and lower quartile of these data were generated for the different locations. Differences in
the time and temperature data for the two locations were evaluated using pairwise tests,
and where the data were not normal, Mood’s median test was used. Time taken to cool the
lettuce at the cooling center was generated from the difference between the time at the start
of cooling and at the end of cooling. Time taken from harvest to cooling was computed by
calculating the difference between the time at the end of harvesting and the start of cooling.

2.4. Data Analysis
2.4.1. Generating Standard Curve for the VBNC Cells

To generate standard curves for qPCR, different bacterial concentrations (108, 107,
106, 105 and 104) were prepared. The culture was prepared as described in Section 2.2.1
and then diluted to make appropriate dilutions. The above-mentioned dilutions of the
bacteria were added to stomacher bags containing 10 g of lettuce. PBS was added to make
the liquid portion up to 90 mL including the inoculations. Samples were homogenized at
230 rpm for 1 min in Seward STOMACHER 400 (Weber SCIENTIFIC, Hamilton, NJ, USA),
and 10 mL sample was collected, which was then centrifuged at 10,000 rpm for 10 min
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at 8 ◦C. The pellet was suspended in 1 mL of PBS, 250 µL of PMA enhancer (Biotium,
USA), and 3.125 µL and 4.688 µL of PMAxx dye (Biotium, Fremont, CA, USA) to make the
final concentration of the dye up to 50 µM and 75 µM, respectively, out of 20 mM stock
solution. Samples were held in the dark for 10 min and exposed to UV light for 30 min with
vortexing after every 10 min at 2000 rpm for 5 s. DNA extraction and qPCR master mix
preparation were performed as described in Section 2.2.4, and sent to MSU core genome
facility for performance of QuantStudio 7 Flex qPCR (Thermo Fisher Scientific). Samples
at concentrations of 108, 106, and 104 were plated to collect plate count data. A standard
curve (R2 > 90%) plotting plate count data against qPCR data was prepared for each strain,
comprising three biological replicates.

2.4.2. Statistical Analyses

All the statistical analyses of the microbial data were performed in R programing
language [57]. Log Nt/No or counts at (log) at time (t) days from the baseline (time 0 days)
were calculated using the culturable counts to describe changes due to chlorine and acid.
Response variables including fraction of VBNC and percentages of persister states were also
calculated. The length of cold storage, harvest temperature (9 ◦C or 17 ◦C), and each strain
were analyzed as independent variables. Package dplyr was used to group the response
variables by independent variables [58]. Normality of the data was tested using Wilk’s
Shapiro test and outliers were visualized using box plots. Assumptions of homogeneity of
variance of the response variables were tested using Levene’s test. Correlations between
microbial counts and time, VBNC fraction and time, and persister percentage and time
were analyzed. ANOVA was used to test whether harvesting conditions at different tem-
peratures and strains influenced the culturable counts, injured cell percentages, persister
cell percentages, VBNC counts, acid tolerance, and chlorine tolerance. Statistically different
means were separated using Tukey’s honest significant difference (HSD) test. Two-way
analysis of covariance (ANCOVA) was used to test the main effects and the interaction of
harvest temperature and strain type on microbial behavior. Estimated marginal means (em-
means) of the Package emmeans [59] was utilized to separate statistically different (p < 0.05)
means. In cases where the assumptions of ANCOVA were violated, linear modeling using
the lm function was used. Regression tree analysis was performed to check the effect of
independent variables on microbial behavior [60]. Virulence was analyzed using binomial
logistic regression, with survival as the count for pathogens that were alive after 4 d, and
all three independent variables were evaluated.

3. Results
3.1. Harvest Temperatures and Cut-to-Cool Times of Romaine Lettuce from Salinas and Yuma
Growing Regions

Lettuce harvested from the Salinas growing region had significantly higher median
bin temperatures, 14.4 ◦C, than those from the Yuma growing region, 12.00 ◦C (p < 0.001,
Mood’s median test, Figure 1A). The median temperature at the end of cooling of lettuce
from the Salinas region was 1.38 ◦C, which was statistically different from that of the Yuma
region, which was 1.50 ◦C (p < 0.001, Mood’s median test, Figure 1B). The time from the
end of harvest to the start of cooling is called the cut-to-cool time. The cut-to-cool time for
Romaine lettuce harvested from the Salinas growing region (163 min) was significantly
lower (p < 0.001, Mood’s median test) than that for lettuce from the Yuma growing region
(232 min), see Figure 2A. While statistically different (p < 0.001, Mood’s median test,
Figure 2B), the median time taken to cool Romaine lettuce from the Yuma growing region
was 33 min, which similar to that from the Salinas growing region at 32 min.
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Figure 1. Average temperature of Romaine lettuce in the bins at harvest (A) and after cooling (B).
Boxplots represent 5615 and 4623 datapoints for samples collected from the Salinas and Yuma growing
regions, respectively. The median temperature of Romaine lettuce in bins at the time of harvest was
13.55 ◦C (min = −10.00, max = 31.77 ◦C).

Figure 2. Harvest-to-cool time (A) and time taken to cool Romaine lettuce at the cooling plants
(B) for Romaine lettuce harvested from two different growing regions. Boxplots represent 5615 and
4623 datapoints for samples collected from Salinas and Yuma growing regions, respectively.

3.2. Behavior of STEC O157:H7 on Inoculated Romaine Lettuce at the Two Harvest Temperatures
from Cut to Cool
3.2.1. Transitions in Physiological States of STEC O157:H7 on Inoculated Lettuce

To assess the effects of harvest temperature on STEC O157:H7 physiology, we selected
the harvest temperatures (9 ◦C or 17 ◦C) representing the 25th and 75th percentiles from the
Yuma and Salinas growing regions, respectively. For the experiment, the cut-to-cool time
of 240 min was selected, which was similar to the median cut-to-cool time for Romaine
lettuce from the Yuma growing region. The greenhouse grown lettuce was inoculated
with the different STEC O157:H7 strains and lettuce was incubated at the selected harvest
temperatures for 240 min before cooling.

The geometric means of culturable counts of STEC O157:H7 on harvested Romaine
lettuce were 4.25–6.57 and 4.16–5.02 log CFU/g for the three strains at 9 and 17 ◦C, respec-
tively. The average percentages of injured cells were 26.5 (sd = 12.4) to 81.1% (sd = 25.5)
and 58.6 (sd = 24.3) to 72.7% (sd = 22.6), the average percentages of cells in the persister
state were 2.4 (sd = 2.47) to 20.0 (sd = 7.95) and 6.7 (sd = 9.64) to 18.9 (sd = 20.1), and the
average VBNC cell counts were −0.47 (sd = 0.7) to 0.54 (sd = 1.00) and −0.37 (sd = 0.56)
to 0.99 (sd = 0.54) log CFU/g after harvest at 9 and 17 ◦C, respectively. The effect of har-



Appl. Microbiol. 2025, 5, 45 10 of 26

vest temperature and strain on the physiological state was statistically evaluated using
factorial ANOVA tests, accounting for the interactions. For changes in culturable and
injured cells, significant differences (p < 0.05, ANOVA) were observed among the strains
(Figure 3A,B). The change in persister percentages and VBNC counts were dependent on
strain and harvest temperature, as evidenced by a significant interaction (p < 0.05, ANOVA;
Figures S1 and S2). The Yuma outbreak strain had greater changes in culturable and injured
cells compared to the Central Coast outbreak strain (Figure S3). The Salinas 2019 outbreak
strain had a significantly higher persister percentage and amount of VBNC cells compared
to that of the Central Coast 2018 outbreak strain on lettuce harvested at 9 ◦C (Figure 3C,D).
For lettuce harvested at 17 ◦C, the Yuma outbreak strain had a higher amount of VBNC
cells compared to the Central Coast 2019 outbreak strain.

Figure 3. Boxplots representing (A) change in culturable cells, (B) injured cell percentage, (C) persister
cell percentage, and (D) VBNC cells at 4 h after harvest. X- axis shows harvest temperature. Culturable
cells and VBNC cells are shown as change in log CFU/g, whereas persister cells, and injured cells
are shown as change in percentages on Y-axis. Solid boxplots represent 25th and 75th percentile of
the data. Outliers are shown by solid dots. Each boxplot represents one strain with at least three
biological replicates and two technical replicates.

3.2.2. Effect of Harvest Temperature on Acid and Chlorine Tolerance of STEC O157:H7 on
Inoculated Lettuce

To quantify changes in acid and chlorine tolerance, the change in log values as Nt/N0
was over the 4 h period was calculated. The change in log reduction was computed as the
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difference of the LRV at harvest (0 h) and after 4 h of incubation at harvest temperatures
(9 and 17 ◦C). Median log reduction values due to chlorine and acid treatments were
reported for the Central Coast outbreak strain (0.17 and 0.30), the Salinas 2019 outbreak
strain (−1.50 and −0.18), and the Yuma 2018 outbreak strain (0.05 and 0.04) at 9 ◦C and
17 ◦C harvesting temperatures, respectively (Figure 4). Despite the variations, strain and
harvest temperature did not significantly (p > 0.05, ANOVA) affect the change in log
reduction due to acid and chlorine treatments. The interaction of harvest temperature and
strain did not significantly (p > 0.05, ANOVA) affect the change in log reduction due to acid
nor chlorine treatments.

Figure 4. Boxplots representing (from top) change in log reduction of culturable cells due to (A) ex-
posure to pH 2.5 for 2 h, and (B) exposure to chlorine for 30 s. X- axis shows harvest temperature.
Y- axis shows change in reduction in log CFU/g. Solid boxplots represents 25th and 75th percentile
of the data. Outliers are shown by solid dots. Each boxplot represents one strain with at least three
biological replicates and two technical replicates.

3.3. Transitions in Physiological States of STEC O157:H7 on Romaine Lettuce During
Cold Storage
3.3.1. Changes in Culturable Cells During Cold Storage

This study assessed the changes in STEC O157:H7 culturable cells on Romaine let-
tuce during cold storage by computing the log reduction over the period, calculated with
day 0 as the baseline. Strains from the Central Coast outbreak and Yuma outbreak consis-
tently showed higher median log reduction values over the cold storage period for Romaine
lettuce harvested at 9 and 17 ◦C compared to day 0 (Figure 5A). Correlation analysis of
the log reduction in culturable cells over the period of storage showed a weak relationship
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between reduction and harvest temperature at 9 (r = −0.1) and 17 ◦C (r = −0.1). Analysis
of covariance (ANCOVA) with days as a covariate was used to assess the effect of the
interaction between harvest temperature and strain on the culturable cells during cold
storage. The interaction of harvest temperature and strain did not significantly (p > 0.05)
affect the levels of the culturable cells on stored lettuce. However, the main effects of strain
(η2 = 0.14, 95% CI = 0.09, 1.00) and harvest temperatures (η2 = 0.01, 95% CI= 0.00, 1.00)
significantly (p < 0.05, ANCOVA) influenced the change in culturable cells. The Central
Coast outbreak strain had significantly (p < 0.05, ANCOVA) higher log reduction values
compared to other strains over the period of cold storage for lettuce harvested at both
temperatures (Figure S4). For the other strains, harvest temperature had no significant
(p > 0.05, ANCOVA) effect on the log reduction of culturable cells during cold storage.

Figure 5. Boxplots representing culturable cells (A), injured cell percentage (B), persister cell per-
centage (C), and VBNC cells (D) during 5 days of cold storage. Culturable cells and VBNC cells
are shown as reduction (log CFU/g), and persister cells, and injured cells are shown as percentages
(%) on Y-axis. Solid boxplots represent the 25th and 75th percentile of the data. Outliers are shown
by solid dots. Each boxplot represents one strain with at least three biological replicates and two
technical replicates.
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To assess the effect of harvest temperature, cold storage days, strains and their inter-
actions on log reduction of culturable cells, a regression tree analysis was used. Optimal
pruning of the tree was performed using a defined complexity parameter (CP), known
to determine how deep a tree will grow, and cross-validation error (xerror): a CP that
minimized the xerror was selected to optimally account for explained variance. The tree
had three splits optimally explaining the variance of culturable cells during cold storage
(CP = 0.01, xerror = 0.856). While regression trees have the disadvantage of variation in
the splits, bootstrapping (n = 100) was used to minimize variation in establishing the most
important factors explaining variance in the culturable cells. Number of cold storage days
accounted for 56.1% of the variance and was the most important factor explaining the
reduction in culturable cells (Figure S5). Regardless of the harvest temperature, lettuce
inoculated with the Central Coast 2018 outbreak strain and stored for >1 day averaged
the highest log reduction (0.72 log CFU/g, probability = 0.24), followed by the Yuma
2018 outbreak strain in cold storage for same time (0.34 log CFU/g, probability = 0.27);
see Figure 6. The lowest log reduction was reported for the Salinas 2019 outbreak strain
regardless of storage time (−0.11 log CFU/g, probability = 0.38).

Figure 6. Regression tree analysis of the combined effect of harvest temperature, strain and cold
storage period on the log reduction of culturable cells over cold storage period. The criteria used in
splitting the trees are indicated for each decision node and the relative probability of each decision
indicated as a %.

3.3.2. Transition of STEC O157:H7 Cells to the Injured State During Cold Storage

The median value of injured cells on day 0 was 66.4% (95% CI = 31.6%, 91.1%) while
that after 5 d of cold storage was 72.7% (95% CI = 41.9%, 96.9%). Whereas the median value
of injured cells on lettuce harvested at 9 ◦C was 62.5% (95% CI = 26.8%, 94.6%), that on
lettuce harvested at 17 ◦C was 71.6% (95% CI = 27.9%, 95.8%); see Figure 5B. The median
values of injured cells for strains from the Central Coast, Salinas and Yuma outbreaks were
52.3% (95% CI = 21.0%, 78.7%), 78.6% (95% CI = 32.7%, 97.1%) and 65.1% (95% CI = 28.4%,
86.9%), respectively. There were weak correlations (r ≤ 0.1) between injured cells and cold
storage times at both 9 and 17 ◦C temperatures.

Regression methods were used to assess the combined effect of harvest temperature,
strain and cold storage days on the percentage of injured cells. Different combinations of
factors were incorporated into regression models, and the best fitting combinations were
selected using the corrected Akaike Information Criterion (AICc). The selected model inputs
were evaluated for their effect on the injured cells. Strain significantly (p < 0.001) affected
the transition to injured cells during cold storage (Figure 7). In the Salinas outbreak strain,
significantly (p < 0.05) more cells transitioned into injured cells than in the Central Coast strain.
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Figure 7. Beta coefficients from beta regression model evaluating the effect of strain, harvest tempera-
ture and cold storage period on injured cells. Statistical significance (*) was established when the
confidence interval was not equal to zero and the computed effect size of the model (R2) was 0.236.
The baseline categories for strain was Central Coast, CA 2018.

The response variable, injured cells, was transformed into the interval (0, 1) and the
factors of strain, harvest temperature and cold storage days evaluated using beta regression.
A confidence interval of beta coefficient > 0 or <0 denote significant (p < 0.05) effect, whereas
a confidence interval including 0 is not significant (p > 0.05). Strain was transformed into a
dummy variable with the Central Coast 2018 outbreak strain as a baseline category.

3.3.3. Transition of Microbial Cells into the Persister State During Cold Storage

The median persister percentage increased from 8.78% (95% CI = 0.7%, 42.0%) on
day 0 to 19.6% (95% CI = 1.5%, 74.4%) after 5 d of cold storage. The median values of
persister cells on lettuce harvested at 9 and 17 ◦C were 24.4% (95% CI = 2.03%, 78.2%) and
13.3% (95% CI = 0.8%, 64.9%), respectively. The outbreak strains from Central Coast 2018,
Salinas 2019 and Yuma 2018 had median persister percentages of 18.6% (95% CI = 1.7%,
68.3%), 24.6% (95% CI = 2.2%, 73.7%) and 6.57% (95% CI = 0.8%, 63.6%), respectively, over
the cold storage period. Lettuce harvested at 9 ◦C had relatively higher persister percentage
for all strains over the cold storage period compared to that harvested at 17 ◦C (Figure 5C).

Spearman rank correlation tests showed weak correlations between persister per-
centage and cold storage days for lettuce that was harvested either at 9 ◦C (r = 0.12) or
17 ◦C (r = 0.14). Regression analysis was conducted to evaluate the combined effects of
strain, harvest temperature and cold storage period on transition to persister state. With
increasing cold storage days, the persister formation also increased (beta = 0.082, p = 0.009);
see Figure 8. On the other hand, increasing harvest temperature to 17 ◦C had a negative
impact (beta = −0.046, p = 0.002) on persister formation. Strain differences also affected the
formation of persisters. Fewer persister cells were formed by the Yuma 2018 outbreak strain
than Central Coast 2018 outbreak strain (beta = −0.046, p < 0.001). The interaction of the
factors did not significantly (p > 0.05) affect the formation of persisters during cold storage.

3.3.4. Transition of Microbial Cells to the VBNC State During Cold Storage

Log increase for the VBNC cells during the cold storage period ranged from−3.62 to 3.90.
Whereas on lettuce harvested at 9 ◦C, a change of 0.002 log CFU/g was reported in VBNC
over the cold storage period, lettuce harvested at 17 ◦C had −0.01 log. Among the strains, the
Central Coast 2018 outbreak strain had the highest increase of 0.284 logs across the period
of storage, while Yuma 2018 and Salinas 2019 outbreak strains had −0.269 and −0.003 logs,
respectively. Over cold storage, the Central Coast 2018 outbreak strain had a relatively higher
increase in transition to VBNC cells than other strains (Figure 5D). Correlation tests for trends
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of transition to VBNC showed that period of storage was not correlated to formation of the
dormant cells at either harvest temperature 9 ◦C (r = 0.03) or 17 ◦C (r = −0.11). ANCOVA
tests showed that the interaction of harvest temperature and strain significantly (p < 0.001)
affected the formation of VBNC cells. The Central Coast 2018 outbreak strain had increased
VBNC formation during cold storage compared to the Yuma 2018 and Salinas 2019 outbreak
strains (Figure S6, η2 = 0.19 [95% CI = 0.15, 1.00]). The Yuma 2018 outbreak strain showed
higher formation of VBNC cells at 9 ◦C than at 17 ◦C.

Figure 8. Effects of harvest temperature, strain and cold storage period on the formation of persister
cells in lettuce. The computed effect size (R2) for the model was 0.152. Persister fraction is presented
as a proportion (0, 1) and the analysis was conducted using the beta regression function. Significant
(*) values < 0 indicate decreasing persister formation with increasing values, whereas significant
values > 0 indicate increasing persister formations with increasing values. Strain was transformed
into a dummy variable with the Central Coast 2018 outbreak strain as a baseline category.

Regression tree analysis showed that the variance in VBNC formation was optimally
explained by 8 splits (CP = 0.01, xerror = 0.78; Figure 9). The highest formation of VBNC
cells during cold storage occurred for the Central Coast 2018 outbreak strain, stored for
≥1 day on lettuce harvested at 17 ◦C (1 log, probability 0.12). The least formation of VBNC
cells (−1.1 logs, probability = 0.19) was reported for the Yuma 2018 outbreak strain on
produce that was harvested at 17 ◦C and stored for ≥5 days. Cold storage days accounted
for 47.6% of the variance in the formation of VBNC cells (Figure S5).

3.4. Acid and Chlorine Tolerance of STEC O157:H7 on Inoculated Lettuce During Cold Storage

The median log reduction due to acid treatment for all the strains increased from
0.18 (95% CI = −0.48, 0.97) on day 0 to 0.32 (95% CI = −0.35, 1.37) at 5 d of cold storage.
The log reduction values due to acid treatment according to strain and harvest temperature
were as shown in Figure 10. There were weak to no correlations between cold storage days
and log reduction due to acid treatment, for lettuce harvested at either 9 ◦C (r = 0.28) or
17 ◦C (r = 0.02). The interaction of harvest temperature and strain significantly (p < 0.001,
ANCOVA, η2 = 0.08 [95% CI = 0.03, 1.00]) affected the log reduction due to acid treatment
during cold storage. The Salinas 2019 outbreak strain had significantly higher log reduction
at 9 ◦C (0.81) than at 17 ◦C (0.07) [η2 < 0.01, 95% CI = 0.00, 1.00], see Figure S7. Regression
tree analysis optimally explained the variance in the increase in log reduction in 6 splits
(CP = 0.017, xerror = 0.950). The Salinas 2019 outbreak strain on lettuce harvested at 9 ◦C
had the highest increase (1.1, probability = 0.07) under cold storage (≥2 days); see Figure 11.
The Central Coast 2018 outbreak strain had the lowest log reduction due to acid treatment
during cold storage (0.11, probability = 0.43). Cold storage day explained the highest
variance (49.3%) of change in log reduction due to acid treatment (Figure S5).
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Figure 9. Regression tree analysis of the combined effects of harvest temperature, strain and cold
storage period on the formation of VBNC cells over the cold storage period. The criteria used in
splitting the trees are indicated for each decision node and the relative probability of each decision
indicated as a %.

Figure 10. Boxplots of the changes in acid (A) and chlorine (B) tolerance of the STEC O157:H7 cells in
leafy greens stored under cold temperature over 5 days. Acid and chlorine tolerance were measured as
difference in log reduction due to acid and chlorine treatment, respectively, from 0 days of cold storage.
Solid boxplots represent 25th and 75th percentile of the data. Outliers are shown by solid dots. Each
boxplot represents one strain with at least three biological replicates and two technical replicates.
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Figure 11. Regression tree analysis of the combined effects of harvest temperature, strain and cold
storage period on the change in log reduction values due to acid treatment. The criteria used in
splitting the trees are indicated for each decision node and the relative probability of each decision
indicated as a %.

The median log reduction due to chlorine treatment increased from 0.93 (95% CI = −0.34,
1.91) on day 0 to 1.01 (95% CI = −0.00, 1.80) at 5 days of cold storage. Partial correlations
accounting for the chlorine concentrations showed weak relationship between cold storage
days and log reduction due to chlorine treatment at 9 ◦C (0.08) and 17 ◦C (0.19). ANCOVA
analysis with chlorine concentration as a covariate showed that harvest temperature and
strain did not significantly (p > 0.05) affect the log reduction due to chlorine treatment
(Figure S8). The effects of harvest temperature, strain and cold storage with chlorine
concentration as a covariate were assessed using regression trees (Figure 12). Produce
that was inoculated with outbreak strains Salinas 2019 and Yuma 2018 and stored for
>2 days in cold storage after chlorine washing (>20 ppm) had the highest log reduction
(1.8, probability = 0.07). Produce that was stored for ≥2 days in the cold had higher log
reduction than that stored in the cold for <2 days. Concentration of chlorine (41.9%) and
cold storage days (31.3%) accounted for the highest variance in the change in log reduction
due to chlorine treatment (Figure S5).

3.5. Impact of Cold Storage and Harvest Temperature on Virulence of STEC O157:H7

Binomial logistic regression with counts for survival of the G. mellonella larvae as the
response variable was used to evaluate the effects of strain, harvest temperature and cold
storage time on virulence. Strain specific differences from lettuce harvested at different
harvesting temperatures over the cold storage period are as shown in Figure 13. The
Central Coast 2018 outbreak strain on lettuce harvested at 9 ◦C and stored for 0 days was
the baseline group. Larvae from the baseline group (day 0) were more likely (odds = 3.76,
p < 0.001) to survive compared to larvae inoculated with STEC from lettuce held in cold
storage over extended periods of time. Lower survival of the larvae (odds = 0.276, p = 0.015)
occurred when the STEC O157:H7 inoculum was from lettuce harvested at 17 ◦C rather
than at 9 ◦C (Figure S9). The time in cold storage and strain differences did not significantly
(p > 0.05) affect the larvae survival rates. Interaction was reported between the strains and
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harvesting temperatures. Better survival (odds = 16.8, p = 0.001) of larvae was seen when
they were inoculated with the Salinas 2019 outbreak strain from lettuce harvested at 17 ◦C
compared to the baseline group.

Figure 12. Regression tree analysis of the combined effects of harvest temperature, strain and cold
storage period on the change in log reduction values due to chlorine treatment. The criteria used in
splitting the trees are indicated for each decision node and the relative probability of each decision
indicated as a %.

Figure 13. Survival of G. mellonella larvae inoculated with STEC O157:H7 from produce harvested
at two different temperatures and stored in the cold over five days. The points are the observed
values of the proportion of the surviving G. mellonella larvae, and the line is the fitted predicted values
from the binomial logistic regression model. The computed pseudo R2 for the model were McFaden
0.18 and Nagelkerke’s R2 0.538.
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4. Discussion
4.1. Changes in Physiology During Cut-to-Cool Were Minimal, While Significant Differences in
Physiology Occurred During Cold Storage

Cold storage is used for storage and transportation of perishable foods including fruits
and vegetables [61–63]. Refrigeration poses cold stress [64], so any pathogens present on
those foods need to adapt to cold stress in order to survive. The optimal growth temperature
of E. coli is 37 ◦C, and its growth is impaired under 21 ◦C and stops at 7.5 ◦C [65]. When
the temperature shifts from optimal to low, bacterial cell growth is arrested [66]. During
that temperature shift, phenotypic changes in bacteria happen, such as alterations in cell
membrane, change in translational and transcriptional machinery, production of cold shock
acclimation proteins [67], and expression of RpoS [68]. In STEC O157:H7, activation of genes
related to the barrier function of the outer membrane, polysaccharide synthesis, and curli
production increases [69]. In addition to these responses, STEC can enter dormant states on
exposure to lower temperatures [35,36]. In inoculated field water at 15 ◦C, approximately
10–23% of the overall population of four STEC strains were seen to transform into persister
cells [35]. When inoculated onto lettuce leaves, STEC O157:H7 maintained culturability
at 16 ◦C, but entered the VBNC state when lettuce was stored at 8 ◦C [36]. Here, we
utilized 2 ◦C to represent refrigerated storage of lettuce. The impacts of temperature
shifts were evaluated by the two different harvest temperatures, which did have an effect
on the entry of different STEC O157:H7 strains into dormant states. When inoculated
lettuce was harvested at 9 ◦C compared to at 17 ◦C, a greater proportion of the Salinas
2019 outbreak strain entered the persister and VBNC states during cold storage, a trend
similarly observed for VBNC cell formation in the Yuma 2018 outbreak strain. It may be
that exposure to a lower temperature during harvest could prime the pathogen to better
adapt to cold stress by enabling entry into dormant states. Taken together, our data and
previous research demonstrate that STEC O157:H7 enters dormant states as part of the
adaptation to cold stress.

4.2. Increasing Cold Storage Time Led to Reduced Acid Tolerance

STEC O157:H7 is very tolerant to low pH [70–72], with minimal decrease in cell
numbers after 5 h at pH 2.5 [64]. Cold stress negatively impacts acid tolerance in STEC
O157:H7, as 4 wk of cold stress of 4 ◦C and pH 5.5 prior to exposure to pH 1.5–2 in tryptic
soy broth led to decreased tolerance [73]. In this study, STEC O157:H7 was stressed through
comparatively low pH and low temperature for 4 wk prior to the actual treatment of
pH 1.5–2.0, whereas our study only used low temperature stress over time. With our
research, we found that cold storage led to decreased tolerance to pH 2.5, where cold
storage of 2 days or more led to higher log reduction values for the Salinas 2019 outbreak
strain, showing that acid tolerance decreases as duration of cold storage increases.

4.3. Increasing Cold Storage Time Did Not Influence Chlorine Tolerance

STEC O157:H7 can survive on leafy greens even after washing with chlorine-based
sanitizers [28,29,74–76]. The duration for which the pathogen remains on pre-harvest
lettuce leaves has been shown to increase tolerance to post-harvest chlorine washing. A
90 s chlorine exposure led to 3.79–5.37 log reduction of STEC O157:H7 in wash water
of inoculated fresh-cut leafy greens [28]. In a study where lettuce was inoculated with
STEC O157:H7, significantly lower reductions in a chlorine-based wash water were seen
at 3 and 5 days post-inoculation compared to 1 day post-inoculation [74]. In our study,
we found that STEC O157:H7 on lettuce stored in the cold for 5 days was able to survive
chlorine treatment, with change in log reductions ranging from 0.58–1.8 log CFU/g, and
that chlorine tolerance varied over the length of cold storage. One of the differences
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between the two studies is that cold stress was not applied in the study by Tyagi et al.,
which could lead to the differences in findings.

4.4. Increasing Cold Storage Time Led to Decreased Virulence in G. mellonella

Even as sudden temperature fluctuations lead to production of heat and cold shock
proteins to protect bacterial functions, shifts in temperature can also lead to the production
of bacterial virulence factors [77]. Stress response and virulence genes such as rpoS, stx1,
and osmY have been shown to be highly expressed during cold shock transition from
37 ◦C to 4 ◦C or 7.5 ◦C [46,78]. At longer cold storage temperatures, for cells inoculated on
leafy greens, virulence genes such as iha, stx2A, and eae have increased expression [49,50].
In lettuce lysate, a cold shock of 10 min or 1 h led to increased expression of stx1A [78].
Shiga toxins have a cytotoxic effect, and cytotoxicity is an aspect of virulence that can be
quantified in laboratory studies. A study in tissue culture cells showed that stressed STEC
O157 cells had higher cytotoxicity than non-stressed controls [79]. This study also showed
that chlorine-, starvation-, acid-, or oxidative-stressed STEC O157 cells have higher survival
during cold storage of 4 wk at 8, 12, and 16 ◦C compared to non-stressed cells [79].

We assessed relative virulence in our study with the insect model Galleria mellonella.
Mammalian models of infection can raise ethical issues, generally are limited to small
samples sizes, and are costly, and insect models provide an alternative representation of the
innate immune response to pathogens. G. mellonella is a common insect model that is used
to investigate bacterial pathogenesis, including STEC O157:H7 [55,57]. Our data shows that,
in the Central Coast 2018 outbreak strain, there was a positive relationship between survival
of larvae and cold storage, meaning that the virulence decreased with cold storage. This
means that cold transportation of lettuce is likely to decrease virulence of STEC O157:H7
if it happened to contaminate lettuce. Our results are different from those reported in the
previous study on cytotoxicity for stressed STEC O157 cells, although it is important to
note that the previous research was conducted in cell culture rather than a more complex
model host [79]. Previous studies have shown that cold temperature leads to increased
virulence of gene expression, but only the effect of short-term shock has been evaluated on
virulence phenotypes. Similar to our findings, a recent study showed decreased virulence
of STEC O157:H7 in G. mellonella following refrigerated storage of sprouts [80].

4.5. Strains Affected the Variability in the Physiological, Tolerance, and Virulence Response of
the Strains

The strains that we used belong to different phylogenetic categories. The Central
Coast 2018 and Salinas 2019 outbreak strains are more closely related to each other than
to the Yuma outbreak strain, which belongs to the REPEXH01 category [3]. The Central
Coast 2018 outbreak strain belongs to Clade 1, and the Salinas 2019 strain belongs to Clade
2 of REPEXH02 [6]. A recent study showed that a REPEXH01 strain had a lower persister
cell formation and a higher VBNC cell formation compared to a REPEXH02 strain [81]. A
similar trend was seen with our data, where the Yuma outbreak strain had a lower persister
cell formation, and a higher VBNC cell formation compared to the Salinas strain. The
Central Coast 2018 outbreak strain had the least increase in LRV during chlorine treatment,
meaning that it was able to tolerate chlorine stress. Another study has shown that these
REP strains, including Central Coast, CA 2018, and Salinas, CA 2019 outbreak strains,
can form stronger biofilms, and exhibit a higher tolerance to gastric acid stress compared
to other non-REP strains [82,83]. Taken together, these data suggest differences in stress
tolerance and entry into dormant states among REPEXH01 and REPEXH02 strains.
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4.6. Limitations of the Study

Our study focused on three STEC O157:H7 strains from recent outbreaks linked to
Romaine lettuce to determine the impact of cold storage on physiological changes among
these strains. Including additional strains as an outgroup for comparison could determine
if these findings differ for strains not associated with leafy greens. We evaluated stress
tolerance and virulence responses for STEC O157:H7 only on lettuce, so we cannot deter-
mine if the effects observed were simply due to changes in temperature, or a combination
of association with the lettuce and changes in temperature. To discern inoculated strains
from background microbes, we utilized rifampicin-resistant isolates. We did not compare
the virulence or stress tolerance of the rifampicin-resistant strains to the parental strains
that were rifampicin-susceptible, but research shows that rifampicin-resistant strains acted
similarly compared to rifampicin-susceptible strains when presented with stress [35,84,85].
Studies that have determined exposure levels of O157:H7 have reported them to be usually
quite low (<100 cells) [86], and the levels that were used here were designed to facilitate
enumeration of cells in dormant states, which is similar to previous research [35,87]. While
allowing measurement of persister and VBNC cells, this does not allow us to account for
any density dependent effects on stress tolerance or virulence.

5. Conclusions
Our study aimed to understand the microbial dynamics that occur when pathogenic

cells such as STEC O157:H7 are exposed to temperature shifts during harvesting and
storage. These findings can inform the assessment of risks posed by STEC O157:H7
on lettuce. We found that both low harvest temperatures and prolonged cold storage
increased the transition of STEC O157:H7 into dormant states. This transition poses a
risk of underestimating pathogen survival when microbial concentrations in lettuce are
evaluated, which is important for more accurate risk modeling. Our study highlights the
need to account for conditions that promote dormancy when using such data in QMRA.
Furthermore, we demonstrated that the efficacy of sanitization processes, such as chlorine
washing to minimize post-harvest cross-contamination, is influenced by the exposure of
pathogens to temperatures at harvest or during storage. We also established that increasing
the duration of cold storage did not result in evidence of increased strain virulence. Future
risk assessments should therefore not only consider the effects of harvesting and cold
storage temperatures on STEC O157:H7 die-off or growth but also account for physiological
changes that could otherwise lead to an underestimation of risks. Entry into dormant states
also poses a risk, as in routine culturing, only viable cells are considered. We concluded
that colder harvest temperature followed by cold storage led to a higher transformation of
STEC O157:H7 into dormant states. Length of cold storage led to greater reduction of STEC
O157:H7 due to acid treatment, but not chlorine treatment. These results demonstrate that
forward processing of lettuce does not lead to increased risk of STEC O157:H7 survival or
stress tolerance.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/applmicrobiol5020045/s1, Figure S1: Post-hoc tests for
pairwise comparison of the interactive effect of strain and harvesting temperature on VBNC cells
of STEC O157:H7 on Romaine lettuce. Figure S2: Post-hoc tests for pairwise comparison of the
interactive effect of strain and harvesting temperature on persister percentage of STEC O157:H7
on Romaine lettuce. Figure S3: Pairwise comparison of the effect of strain on the on the injured
and culturable cells of STEC O157:H7 during incubation of Romaine lettuce at harvesting temper-
ature. Figure S4: Pairwise comparison of the predicted log reduction values of the culturable cells
for different strains in lettuce harvested at different temperatures. Figure S5: Most important factors
explaining the variance in (A) culturable and (B) VBNC cells and (C) acid and (D) chlorine tolerance.
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Figure S6: Pairwise comparison of the predicted increase in VBNC cells for different strains in lettuce
harvested at different temperatures. Figure S7: Pairwise comparison of the predicted increase in log
reduction due to acid treatment. Figure S8: Pairwise comparison of the predicted increase in log
reduction due to chlorine treatment. Figure S9: Odd ratios for the factors affecting the survival of G.
mellonella after inoculation with STEC cells from cold stored lettuce.
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Rif Rifampicin
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