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Pre-exposure to sub-lethal stress can increase the resistance of foodborne 
pathogens to inactivation processes, posing potential risks to food safety. This 
study examined how sub-lethal stress influences the resistance of Salmonella 
enterica to ultraviolet-C (UV-C) treatments on raw whole almonds (RWAs) and 
fresh-cut leafy greens (FCLGs), investigated the role of rpoS in stress-induced 
cross-protection, and evaluated Enterococcus faecium NRRL B-2354 as a surrogate 
for S. enterica. Additionally, we assessed the survival of sub-lethally stressed cells 
on FCLGs under cold or temperature abuse condition post-UV-C treatment. A 
cocktail of three S. enterica strains, along with S. Typhimurium ATCC 14028 and 
its ΔrpoS mutant (IB43), were exposed to desiccation stress, heat shock, oxidation 
stress, or acid stress. Afterward, stressed and unstressed cells were inoculated 
onto RWAs and FCLGs, and treated with UV-C (500 μW/cm2, 60 min). Treated 
FCLGs were then stored under cold or temperature abuse condition for 7 days. 
Results showed that acid-stressed S. enterica exhibited greater UV-C resistance on 
RWAs, while oxidation-stressed cells had increased survival on FCLGs (p < 0.05). 
Under temperature abuse, unstressed, oxidation-stressed, or acid-stressed S. 
enterica were inactivated faster, whereas heat-shocked cells persisted until Day 
7. Desiccation-stressed cells rebounded temporarily before inactivation by Day 7. 
IB43 was more susceptible to UV-C (p < 0.05) than the wild-type strain and lacked 
cross-protection from prior sub-lethal stress exposure, confirming the crucial role 
of rpoS in UV-C resistance and stress adaptation. NRRL B-2354 demonstrated 
comparable or greater survival than S. enterica, supporting its use as a suitable 
surrogate. These findings highlight the influence of sub-lethal stress on UV-C 
resistance in S. enterica and emphasize the importance of including stress-adapted 
pathogens in challenge studies to improve food safety.

KEYWORDS

Salmonella enterica, UV-C, almond, leafy green, sub-lethal stress, cross-protection, 
rpoS, surrogate

OPEN ACCESS

EDITED BY

Pedro Rodríguez-López,  
Centre de Recerca en Sanitat Animal (CReSA), 
Spain

REVIEWED BY

Annalisa Serio,  
University of Teramo, Italy
Yanan Wang,  
Henan Agricultural University, China
Amelia Lovelace,  
The Sainsbury Laboratory, United Kingdom

*CORRESPONDENCE

Zhao Chen  
 zhchen29@umd.edu

RECEIVED 24 March 2025
ACCEPTED 19 May 2025
PUBLISHED 18 June 2025

CITATION

Chen Z, Zheng J, Micallef SA and 
Meng J (2025) Sub-lethal stress-induced 
cross-protection against ultraviolet-C in 
Salmonella enterica on raw whole almonds 
and fresh-cut leafy greens.
Front. Microbiol. 16:1599380.
doi: 10.3389/fmicb.2025.1599380

COPYRIGHT

© 2025 Chen, Zheng, Micallef and Meng. This 
is an open-access article distributed under 
the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other forums is 
permitted, provided the original author(s) and 
the copyright owner(s) are credited and that 
the original publication in this journal is cited, 
in accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 18 June 2025
DOI 10.3389/fmicb.2025.1599380

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1599380&domain=pdf&date_stamp=2025-06-18
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1599380/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1599380/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1599380/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1599380/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1599380/full
mailto:zhchen29@umd.edu
https://doi.org/10.3389/fmicb.2025.1599380
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1599380


Chen et al. 10.3389/fmicb.2025.1599380

Frontiers in Microbiology 02 frontiersin.org

1 Introduction

Salmonella enterica is a major cause of foodborne illness in the 
United States, responsible for an estimated 1.2 million illnesses and 
450 deaths annually (CDC, 2004). Raw whole almonds (RWAs) have 
been linked to multiple outbreaks of S. enterica, with evidence of its 
persistence in food processing environments (CDC, 2004). A notable 
case occurred from October 2000 to July 2001, with 168 infections in 
the United States and Canada traced to S. Enteritidis phage type 30 
(PT30) on RWAs (Isaacs et  al., 2005). Current decontamination 
methods for RWAs, such as propylene oxide fumigation or steam 
treatments, may pose health risks and compromise product quality 
(Gao et al., 2011; Jimenez et al., 2015). Recent S. enterica outbreaks 
associated with fresh-cut leafy greens (FCLGs) underscore the urgent 
need for effective pathogen reduction strategies in this commodity 
(Herman et al., 2015; CDC, 2024). Chlorine is widely used for FCLG 
sanitization, but its effectiveness diminishes in the presence of organic 
matter, and the treatment can also result in the formation of 
carcinogenic byproducts (López-Gálvez et al., 2010).

Ultraviolet-C (UV-C) irradiation, approved by the United States 
Food and Drug Administration (FDA, 2000) for microbial control on 
food surfaces, offers a promising non-thermal alternative postharvest 
practice. Although not yet currently adopted as standard practice at 
commercial scale, UV-C has shown promise as a non-thermal 
decontamination strategy. Studies have demonstrated the potential of 
UV-C to reduce pathogens on various food products (Ge et al., 2013; 
Gunter-Ward et al., 2018; Calle et al., 2021). Its application to RWAs 
and FCLGs has also been explored in prior studies as an alternative to 
current methods, making it a relevant candidate for future 
implementation in these food sectors. Ruiz-Hernández et al. (2021) 
reported a 2.4-log reduction in S. Typhimurium on RWAs after 30 min 
of UV-C treatment, while Escalona et al. (2010) observed reductions 
between 2.5 and 5.0 logs for S. Enteritidis on baby spinach treated with 
UV-C doses from 2.4 to 24 kJ/m2.

S. enterica can adapt to various sub-lethal stresses, such as drying, 
chlorination, heating, and acidification, often encountered during food 
processing (Wesche et al., 2009; Derossi et al., 2011; Chen and Meng, 
2021). These adaptations may provide cross-protection to other 
stresses, enhancing resistance to subsequent lethal treatments (Capozzi 
et al., 2009). Alternative sigma factor σs (RpoS) is crucial for managing 
stress responses in bacteria (Foster and Spector, 1995). Prior exposure 
to sub-lethal stress can impair control measures during postharvest 
handling, potentially increasing pathogen persistence and virulence 
(Carey et al., 2009). Therefore, understanding the physiological state 
of a pathogen is essential for accurate sanitation evaluations (Samelis 
and Sofos, 2002). To simulate real-world conditions, challenge studies 
should employ cells exposed to similar stresses as those in food 
processing (National Advisory Committee on Microbiological Criteria 
for Foods, 2010). Studies have shown that prior exposure to stresses 
such as desiccation stress, heat shock, or acid stress can elevate UV-C 
resistance in S. enterica on certain food matrices, including coconut 
liquid endosperm (Gabriel, 2015; Estilo and Gabriel, 2017). However, 
limited information exists on how such sub-lethal stresses affect 
pathogen resistance in low-moisture foods and FCLGs.

Moreover, understanding how sub-lethally stressed pathogens 
survive during post-treatment storage is vital for verifying safe storage 
conditions. Temperature control is a fundamental aspect of microbial 
hazard prevention, as mandated by the Food Safety Modernization 
Act (FSMA; FDA, 2014) and the Food Code 2017, which requires 
Time/Temperature Control for Safety (TCS) foods like FCLGs to 
be stored at or below 5°C (FDA, 2017). However, temperature abuse 
during storage can still occur, enhancing pathogen persistence 
(Ndraha et al., 2018). Prior research has indicated that the impact of 
sub-lethal stress on S. enterica survival varies with the type of stress 
and storage conditions (Chen and Meng, 2021).

Non-pathogenic surrogates are essential tools for predicting 
pathogen behavior in food safety validation studies (Hu and Gurtler, 
2017). Enterococcus faecium NRRL B-2354 (also known as ATCC 
8459) has been recognized as an appropriate surrogate for Salmonella 
enterica in thermal processing of RWAs (Almond Board of California, 
2014). Due to its non-pathogenic nature, NRRL B-2354 can be safely 
used in pilot-scale and industrial settings where handling S. enterica 
would pose safety concerns (Kopit et al., 2014). However, while its 
effectiveness has been demonstrated under thermal conditions, its 
behavior under non-thermal treatments such as UV-C exposure—
especially when sub-lethally stressed—remains poorly characterized.

To address these knowledge gaps, this study aimed to assess the 
influence of sub-lethal stress on UV-C resistance in S. enterica on 
RWAs and FCLGs, evaluate the role of rpoS in stress-induced cross-
protection, and determine the suitability of NRRL B-2354 as a 
surrogate for S. enterica. We also examined the survival of sub-lethally 
stressed cells on FCLGs under cold or temperature abuse condition. 
An overview of the experimental design is provided in Figure 1. To 
our knowledge, this is the first study to systematically evaluate 
sub-lethal stress-induced cross-protection to UV-C in S. enterica on 
both RWAs and FCLGs.

2 Materials and methods

2.1 Preparation of bacterial strains

A cocktail of three S. enterica strains, including S. Enteritidis 
ATCC BAA-1045 (PT30), S. Newport ATCC 6962, and 
S. Typhimurium ATCC 14028, were used to inoculate RWAs. PT30 
was chosen due to its association with a RWAs-related outbreak in 
Canada during 2000–2001 (Isaacs et al., 2005). ATCC 6962 and ATCC 
14028 were selected based on the frequent isolation of these two 
serotypes from RWAs (Bansal et al., 2010). For FCLGs, a mixture of 
S. Enteritidis IEH 399657-02 from organic spinach, S. Montevideo 
36099 from iceberg lettuce, and S. Typhimurium 368477 from Tango 
lettuce were used. The ΔrpoS mutant (IB43), derived from ATCC 
14028, was included to investigate the role of rpoS in UV-C resistance 
and stress adaptation. NRRL B-2354 was also evaluated as a surrogate 
for sub-lethally stressed S. enterica. All strains were rendered resistant 
to 100 μg/mL rifampicin using the gradient plate method (Smith et al., 
1982), which involved spreading bacterial cultures onto tryptic soy 
agar (TSA; Fisher Scientific Inc., Hampton, NH, United States) 
containing a gradually increasing concentration of rifampicin across 
the plate to select for resistant mutants. To ensure that rifampicin 
resistance (RifR) did not impact stress responses, multiple resistant 
strains were isolated and compared to the wild-type strain under Abbreviations: RWA, Raw whole almond; FCLG, Fresh-cut leafy green.
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identical conditions. Only strains exhibiting no significant differences 
in growth or stress tolerance were selected for this study. Stock 
cultures of resistant strains were stored at −80°C in tryptic soy broth 
(TSB; Fisher Scientific Inc.) containing 25% glycerol until further use.

2.2 Preparation of sub-lethally stressed 
cells

Each strain was streaked from stock cultures and grown 
overnight at 35°C on TSA. A single colony was transferred to TSB, 
followed by two successive overnight incubations at 35°C. Cells 
were then harvested and washed with 0.85% saline containing 0.5% 
Tween-80, a non-ionic surfactant used to reduce cell aggregation 
and ensure even dispersion (Brandl and Huynh, 2014). The cell 
suspension was adjusted to 9.0 log CFU/mL, corresponding to an 

optical density of 0.7 at 600 nm, as confirmed by plate counts. 
Equal volumes of the three S. enterica strains were combined to 
prepare a mixed-strain inoculum prior to exposure to 
sub-lethal stress.

Bacterial cells were subjected to sub-lethal desiccation stress, heat 
shock, oxidation stress, or acid stress (Dhakal et al., 2019; Estilo and 
Gabriel, 2017; Koutsoumanis and Sofos, 2004; Singh et al., 2010). The 
required time of exposure to each sub-lethal stress, which stresses the 
cells the most without causing lethality, was determined based on the 
method outlined by Dhakal et al. (2019). Briefly, bacterial cells (9.0 log 
CFU/mL) were suspended in: (1) Desiccation stress: 1 mL of 1 M 
NaCl (aw = 0.96) and incubated at 22°C for 2 h, (2) Oxidation stress: 
1 mL of TSB, mixed with 1 mL of 300 mg/L sodium hypochlorite 
(final concentration = 150 mg/L), and incubated at 22°C for 2 h, (3) 
Heat shock: 1 mL of TSB and incubated at 48°C for 60 min, or (4) 
Acid stress: 1 mL of TSB adjusted to pH 5.0 with 1 M hydrochloric 

FIGURE 1

Schematic overview of the experimental procedure. A cocktail of Salmonella enterica strains was subjected to sub-lethal stress (desiccation stress, heat 
shock, oxidation stress, or acid stress), followed by inoculation onto raw whole almonds (RWAs) and fresh-cut leafy greens (FCLGs). Samples were then 
exposed to ultraviolet-C (UV-C) treatment at 500 μW/cm2 for either 30 or 60 min. Post-treatment, FCLGs were stored under cold (4°C) or temperature 
abuse (35°C for 2 h, then 4°C) condition for 7 days. Bacterial populations were enumerated at multiple time points to assess UV-C resistance and 
survival dynamics. A ΔrpoS mutant (IB43) and Enterococcus faecium NRRL B-2354 were also included to evaluate the role of rpoS in stress adaptation 
and the surrogate potential of NRRL B-2354.
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acid and incubated at 30°C for 1.5 h. Unstressed cells in sterile saline 
containing 0.5% Tween-80 served as the unstressed control.

2.3 Inoculation of RWAs and FCLGs

Conventionally grown RWAs were sourced from a commercial 
grower in Earlimart, CA, United States, and sorted to eliminate 
damaged or blemished kernels prior to experiments. Each sample unit 
included ten RWAs of uniform size. Fresh-cut conventionally grown 
leafy greens, including baby spinach, baby tango lettuce, and radicchio, 
were purchased from a local grocery store and refrigerated at 4°C until 
use. Twenty-one leaves (seven leaves for each leafy green) of uniform 
size, free from visible defects, constituted each sample unit. To ensure 
precise application of a known number of cells for each sample unit, 
RWAs and FCLGs of each sample unit were spot inoculated with 
100 μL of sub-lethally stressed or unstressed cells (approximately 6.0 
log CFU/sample unit), followed by air drying at 22°C for 60 min.

2.4 UV-C treatment

UV-C lamps in a UV CLAVE ultraviolet chamber (Benchmark 
Scientific, Inc., Sayreville, NJ, United States) were warmed up for 
15 min. Inoculated samples were placed 15 cm from the lamps, with 
UV-C irradiance set at 500 μW/cm2 for 60 min, and collected at 0, 1, 
3, 5, 10, 15, 30, and 60 min. Untreated controls consisted of bacterial 
cells inoculated on samples and held under the same conditions for 
60 min without UV-C exposure.

2.5 Storage of FCLGs following UV-C 
treatment

Following the 30- or 60-min UV-C treatment, FCLGs were stored 
under two specified temperature conditions for 7 days: (1) constant 
cold storage at 4°C for the entire duration or (2) temperature abuse, 
involving exposure to 35°C for 2 h followed by storage at 4°C for the 
remaining seven-day period (Huang et al., 2019). Sampling occurred 
on days 0, 1, 2, 4, and 7.

2.6 Microbiological analysis

Samples were homogenized with 10 mL sterile 0.85% saline 
containing 0.5% Tween-80 by hand massaging for 3 min. Decimal 
serial dilutes were then prepared using sterile 0.85% saline containing 
0.5% Tween-80, and 100 μL aliquots were spread in triplicate onto 
TSA supplemented with 100 μg/mL rifampicin (TSA-R), followed by 
incubation at 35°C for 24 h. Colonies on each plate were counted, and 
the average of three counts was recorded and expressed as log CFU/
sample unit. Samples negative for S. enterica by direct plating were 
pre-enriched in universal pre-enrichment broth (UPB; Becton, 
Dickinson and Company, Sparks, MD, United States) at 35°C for 24 h 
and then enriched in Rappaport-Vassiliadis (RV) broth (Becton, 
Dickinson and Company) at 42°C for 24 h. Enriched samples were 
then selectively plated onto xylose lysine desoxycholate (XLD; Fisher 
Scientific Inc.) and incubated at 35°C for 24 h. The limits of detection 

for direct plating and enrichment were 1.0 and 0.0 log CFU/sample 
unit, respectively.

2.7 Mathematical modeling

Six non-linear models were employed to simulate survival curves: 
Weibull, double Weibull, log-linear with tail, log-linear with shoulder 
and tail, biphasic, and biphasic with shoulder (Cerf and Métro, 1977; 
Coroller et  al., 2006; Geeraerd et  al., 2000; Geeraerd et  al., 2005; 
Mafart et al., 2002). The Regression Wizard Module in SigmaPlot 15.0 
(Systat Software Inc., San Jose, CA, United  States) facilitated the 
simulation of survival curves using these models. Non-linear 
regression modeling parameters were set to ensure convergence: 
iterations = 200, step size = 1, and tolerance = 1 × 10−10. The 
performance of each model was evaluated based on adjusted R2 and 
root mean square error (RMSE). Higher adjusted R2 values 
approaching 1 and lower RMSE values approaching 0 indicate better 
simulation of observed data.

2.8 Non-metric multidimensional scaling

Non-metric multidimensional scaling (NMDS) based on Bray-
Curtis distances was used to visualize multivariate clustering and 
explore the influence of food matrix, stress, microorganism, and 
model parameters on microbial inactivation. Analyses were conducted 
using the vegan 2.6–10 (Oksanen, 2013) and ggplot2 3.5.2 (Wickham, 
2011) packages in R 4.5.0. Groupings were defined by: (1) food matrix 
(RWAs vs. FCLGs), (2) stress (no stress, desiccation stress, heat shock, 
oxidation stress, or acid stress), (3) microorganism (S. enterica, IB43, 
vs. NRRL B-2354), and (4) model parameters. Permutational 
multivariate analysis of variance (PERMANOVA) was performed 
using the adonis2() function from the vegan package in R, with 
significance set at α = 0.05. NMDS stress values were interpreted as 
follows: < 0.05 (excellent), 0.05–0.10 (good), 0.10–0.20 (fair), and > 
0.20 (poor), based on Dexter et al. (2018).

2.9 Statistical analysis

All results were obtained from three independent trials. Bacterial 
counts were expressed as log CFU/sample unit. Statistical differences 
among treatments were assessed using analysis of variance (ANOVA) 
followed by the Holm–Šidák post hoc test.

3 Results

3.1 Survival of sub-lethally stressed 
Salmonella enterica on RWAs and FCLGs

3.1.1 RWAs
The populations of untreated controls (cells inoculated on RWAs 

without UV-C exposure) remained stable throughout the 60-min 
treatment, showing no significant change (p > 0.05). The survival 
curves of S. enterica on RWAs under UV-C treatment, with or without 
prior sub-lethal stress exposure, are shown in Figure  2A; 
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Supplementary Figure S1I. Unstressed cells gradually declined from 
6.0 to 5.0 log CFU/sample unit within 10 min, followed by an 
additional two-log reduction by the end of the treatment. Acid-
stressed cells maintained significantly higher counts than unstressed 
cells throughout UV-C exposure (p < 0.05), leveling off around 4.7–4.8 

log CFU/sample unit after the initial 10 min. Desiccation-stressed 
cells initially showed greater sensitivity to UV-C (p < 0.05) in the first 
10 min but exhibited similar survival rates to unstressed cells between 
15 and 30 min. By 60 min, desiccation-stressed cells had significantly 
higher populations than unstressed cells (p < 0.05). Unstressed cells 

FIGURE 2

Survival of Salmonella enterica on raw whole almonds (A) and fresh-cut leafy greens (B) during ultraviolet-C treatment, with or without prior exposure 
to sub-lethal stress. Error bars represent standard deviations from three independent trials. Bacterial counts plotted as 1.0 log CFU/sample unit without 
error bars were below the limit of detection by direct plating but were detectable by enrichment.
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showed better UV-C survival than heat-shocked or oxidation-stressed 
cells (p < 0.05). Oxidation-stressed cells experienced the steepest 
decline, dropping to 3.7 log CFU/sample unit within 1  min and 
further decreasing to 2.3 log CFU/sample unit by the end of the 
treatment. In contrast, heat-shocked cells demonstrated moderate 
survival, consistently maintaining populations 0.7–1.3 log CFU/
sample unit higher than oxidation-stressed cells (p < 0.05).

3.1.2 FCLGs
The populations of untreated controls (cells inoculated on FCLGs 

without UV-C exposure) remained unchanged over the 60-min 
treatment, with no statistically significant variations (p > 0.05). The 
survival of S. enterica on FCLGs during UV-C treatment varied 
significantly depending on prior sub-lethal stress exposure, showing 
distinct UV-C resistance patterns (Figure  2B; Supplementary  
Figure S1II). Unstressed cells declined steadily to 3.2 log CFU/sample 
unit within the first 10 min. However, oxidation-stressed cells 
demonstrated greater resistance than other conditions (p < 0.05), 
decreasing more gradually and retaining a population of 4.0 log CFU/
sample unit after 10 min. In contrast, desiccation-stressed, heat-
shocked, or acid-stressed cells were more sensitive to UV-C than 
unstressed cells, displaying similar vulnerability patterns (p > 0.05). 
These stress conditions lowered UV-C tolerance, leaving cells more 
susceptible. While unstressed cells showed higher UV-C resistance 
within the first 15 min compared to desiccation-stressed, heat-
shocked, or acid-stressed cells (p < 0.05), their sensitivity increased 
after 30 min of exposure (p < 0.05).

3.2 Survival of sub-lethally stressed IB43 on 
RWAs and FCLGs

3.2.1 RWAs
The populations of untreated controls (cells inoculated on RWAs 

without UV-C exposure) exhibited no significant fluctuations over the 
60-min treatment (p > 0.05). The wild-type data were excluded from 
Figure 3 to enhance clarity and eliminate redundancy; however, they were 
provided in Supplementary Figure S2 for reference. The lack of a functional 
RpoS system diminished survival in stressed IB43 cells compared to the 
wild-type (Figure  3A; Supplementary Figures S1I, S2A) (p < 0.05). 
However, no notable difference was observed between unstressed IB43 and 
wild-type cells under UV-C exposure on RWAs (p > 0.05). Among the 
stressed cells, oxidation-stressed IB43 declined most rapidly, reaching 1.3 
log CFU/sample unit within 30 min—significantly more than other groups 
(p < 0.05). Within the initial 15 min, no significant difference was seen 
between unstressed and desiccation-stressed IB43 (p > 0.05), though 
unstressed cells showed better survival afterward. Heat-shocked IB43 
populations remained consistently lower than unstressed cells (p < 0.05), 
while acid-stressed IB43 exhibited similar survival to unstressed cells 
(p > 0.05) throughout the treatment.

3.2.2 FCLGs
Untreated controls (cells inoculated on FCLGs without UV-C 

exposure) maintained a consistent population over the 60-min period, 
with no significant changes detected (p > 0.05). On FCLGs, the 
population of unstressed IB43 rapidly declined to undetectable levels by 
enrichment within the first 10 min of UV-C exposure (Figure  3B), 
whereas unstressed wild-type remained detectable by direct plating 

throughout the entire exposure period (Supplementary Figures S1II, S2B). 
This rapid reduction was consistent across all sub-lethal stresses assessed. 
Stressed IB43 cells were eliminated within 10 min, with heat-shocked 
IB43 showing the sharpest decline, reaching undetectable levels by 
enrichment within just 5 min (p < 0.05). Desiccation- or oxidation-
stressed IB43 exhibited survival patterns similar to unstressed cells 
throughout the UV-C exposure, while both unstressed and acid-stressed 
IB43 showed no significant differences in the first minute (p > 0.05). 
However, unstressed cells demonstrated better survival after 3 min of 
UV-C exposure.

3.3 Survival of sub-lethally stressed NRRL 
B-2354 on RWAs and FCLGs

3.3.1 RWAs
The populations of untreated controls (cells inoculated on RWAs 

without UV-C exposure) remained constant throughout the 60-min 
period, showing no significant differences (p > 0.05). Both unstressed 
and acid-stressed NRRL B-2354 exhibited similar UV-C resistance to 
S. enterica (p > 0.05) (Figure 4A; Supplementary Figure S1I). However, 
NRRL B-2354 showed significantly higher resistance than S. enterica 
after exposure to desiccation stress, oxidation stress, or heat shock 
(p < 0.05). The respective population differences were 0.6–0.9, 0.3–1.2, 
and 0.4–1.6 log CFU/sample unit. Notably, only a slight reduction 
(0.7–0.8 log CFU/sample unit) was observed for desiccation- or acid-
stressed NRRL B-2354, further highlighting its resistance.

3.3.2 FCLGs
Untreated controls (cells inoculated on FCLGs without UV-C 

exposure) showed no measurable changes in population over the 
60-min period (p > 0.05). NRRL B-2354 demonstrated greater UV-C 
resistance than S. enterica under unstressed conditions, as well as after 
desiccation or acid stress (p < 0.05) (Figure  4B; Supplementary  
Figure S1II). The population differences ranged from 0.3 to 2.4 log 
CFU/sample unit under no stress, 0.4 to 0.8 log CFU/sample unit 
following desiccation stress, and 0.1 to 1.1 log CFU/sample unit after 
acid stress. However, NRRL B-2354 and S. enterica exhibited similar 
survival patterns following heat shock or oxidation stress (p > 0.05).

3.4 Mathematical modeling

Modeling of bacterial inactivation demonstrated non-linear 
survival curves with pronounced tailing, suggesting the presence of 
phenotypic heterogeneity or persister cells (Supplementary  
Results and Discussion; Supplementary Tables S1–S6). Among all 
models, double Weibull provided the best fit for most datasets, 
supporting its value in describing complex inactivation kinetics 
(Supplementary Table S2).

3.5 Multivariate analysis of inactivation 
patterns

NMDS plots (Figure 5) visualize the multivariate distribution 
of survival curve data across food matrix, stress, microorganism, 
and model parameter groupings. Double Weibull parameters, 
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including α [difference between the sensitive subpopulation and 
the resistant subpopulation (log CFU/sample unit)], δ1 [time of 
the first decimal reduction of the sensitive subpopulation (min)], 
δ2 [time of the first decimal reduction of the resistant 
subpopulation (min)], and p (shape factor), were used for NMDS 

due to their overall good performance in capturing the non-linear 
survival behavior observed across conditions (Supplementary  
Table S2). The data points of model parameters were highly 
dispersed, making it impossible to define clear clusters or 
representative confidence ellipses.

FIGURE 3

Survival of Salmonella Typhimurium IB43 (ΔrpoS mutant of S. Typhimurium ATCC 14028 wild-type) on raw whole almonds (A) and fresh-cut leafy 
greens (B) during ultraviolet-C treatment, with or without prior exposure to sub-lethal stress. ‘Error bars represent standard deviations from three 
independent trials. Bacterial counts plotted as 1.0 log CFU/sample unit without error bars were below the limit of detection by direct plating but were 
detectable by enrichment. Bacterial counts are not shown at certain time points because no cells were detected, even after enrichment.
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To assess the multivariate structure of survival curve parameters 
across treatments, a NMDS ordination was performed followed by 
PERMANOVA (Table 1). While no statistically significant differences 
were detected (p > 0.05), moderate effect sizes for parameters such as 
α (R = 0.206) and δ2 (R = 0.261) suggested trends in curve shape 

potentially influenced by stress or microorganism. Although the 
multivariate analysis did not reveal significant clustering, the observed 
separation trends in α and δ2 parameters demonstrated potential 
variation in microbial inactivation kinetics related to physiological 
stress adaptations.

FIGURE 4

Survival of Enterococcus faecium NRRL B-2354 on raw whole almonds (A) and fresh-cut leafy greens (B) during ultraviolet-C treatment, with or 
without prior exposure to sub-lethal stress. Error bars represent standard deviations from three independent trials.
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3.6 Survival of sub-lethally stressed 
Salmonella enterica, IB43, and NRRL B-2354 
on FCLGs under cold or temperature abuse 
condition after UV-C exposure

3.6.1 Salmonella enterica
Following a 30-min UV-C treatment (Figure 6I), reductions in 

unstressed and acid-stressed S. enterica were significantly 

accelerated under temperature abuse (p < 0.05). In contrast, heat-
shocked cells exhibited greater persistence under temperature abuse 
(p < 0.05), with viable populations detectable until Day 7. Oxidation-
stressed cells showed higher populations under temperature abuse 
compared to cold storage (p < 0.05); however, all were undetectable 
by Day 2. Desiccation-stressed cells exhibited temporary population 
rebounds on Day 1 (cold) or Day 2 (temperature abuse) before 
declining to undetectable levels by Day 7.

FIGURE 5

Non-metric multidimensional scaling (NMDS) based on grouping factors including food matrix (A), stress (B), microorganism (C), and model 
parameters [α (D), δ1 (E), δ2 (F), and p (G)] for the survival of Salmonella enterica, S. Typhimurium IB43, and Enterococcus faecium NRRL B-2354 on raw 
whole almonds (RWAs) and fresh-cut leafy greens (FCLGs) during ultraviolet-C treatment, with or without prior exposure to sub-lethal stress. Model 
parameters, including α [difference between the sensitive subpopulation and the resistant subpopulation (log CFU/sample unit)], δ1 [time of the first 
decimal reduction of the sensitive subpopulation (min)], δ2 [time of the first decimal reduction of the resistant subpopulation (min)], and p (shape 
factor), were derived from the double Weibull model but their data points were highly dispersed, precluding the use of representative confidence 
ellipses. Ellipses represent groupings at a 95% confidence level. Top and right density plots show the distribution of data points along NMDS1 and 
NMDS2 axes, respectively. The size of each data point for model parameters is proportional to the magnitude of its value.

TABLE 1 Permutational multivariate analysis of variance based on non-metric multidimensional scaling, assessing centroid differences among food 
matrix, microorganism, stress, and model parameters for each grouping factor for the inactivation of Salmonella enterica, S. Typhimurium IB43, and 
Enterococcus faecium NRRL B-2354 on raw whole almonds (RWAs) and fresh-cut leafy greens (FCLGs) under ultraviolet-C treatment, with or without 
prior exposure to sub-lethal desiccation stress, heat shock, oxidation stress, or acid stress.

Factora R P

Food matrix 0.014 0.282

Stress 0.002 0.403

Microorganism 0.021 0.258

α 0.206 0.130

δ1 −0.204 0.851

δ2 0.261 0.163

p 0.051 0.332
aFood matrix: RWAs vs. FCLGs; microorganism: S. enterica, S. Typhimurium IB43, vs. NRRL B-2354; stress: no stress, desiccation stress, heat shock, oxidation stress, or acid stress; model 
parameters, including α [difference between the sensitive subpopulation and the resistant subpopulation (log CFU/sample unit)], δ1 [time of the first decimal reduction of the sensitive 
subpopulation (min)], δ2 [time of the first decimal reduction of the resistant subpopulation (min)], and p (shape factor), were derived from the double Weibull model.
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For the 60-min UV-C treatment (Figure 6II), similar trends were 
observed across stress conditions, but initial bacterial populations were 
lower due to the longer exposure, leading to faster inactivation for 
unstressed and desiccation-stressed S. enterica. Notably, extended UV-C 
exposure diminished the effect of storage temperature, as oxidation-
stressed cells treated for 60 min showed no significant difference in 
survival between cold and temperature abuse conditions (p > 0.05).

3.6.2 IB43
For IB43, exposure to a 30-min UV-C treatment resulted in 

complete inactivation by Day 4 under both cold and temperature 
abuse conditions, irrespective of prior stress (Figure 7). Heat-shocked 
or acid-stressed IB43 cells were especially vulnerable (p < 0.05), with 
no survivors by Day 1 in either environment. Unstressed, desiccation-
stressed, or oxidation-stressed cells declined slightly more slowly 
under temperature abuse, though all were inactivated by Day 4. In 
contrast, the wild-type displayed adaptive responses, where 
temperature abuse allowed temporary recovery in desiccation-stressed 
or heat-shocked cells (Supplementary Figure S3).

3.6.3 NRRL b-2354
NRRL B-2354 populations remained stable across cold and 

temperature abuse conditions, showing only minor reductions by Day 
7 across all sub-lethal stresses (Figure 8). Similar survival patterns 
across both storage conditions indicated minimal variation in bacterial 
count reduction.

4 Discussion

This study provides novel insights into how sub-lethal stress 
influences UV-C resistance in S. enterica on RWAs and FCLGs. By 
evaluating the role of the general stress response regulator rpoS and 
comparing S. enterica to the non-pathogenic surrogate NRRL B-2354, 
we  expanded our current understanding of cross-protection 
mechanisms and microbial survival under UV-C treatment.

Prior research has shown that exposure to sub-lethal conditions 
can induce cross-protection against subsequent stresses. Gabriel 

(2015) reported increased D-values for desiccation- (aw = 0.85, 4–24 h) 
or acid- (pH 4.5, 18–24 h) stressed S. Enteritidis, Infantis, and 
Montevideo in coconut liquid endosperm compared to unstressed 
cells. Similarly, Mutz et al. (2020) observed a 14-fold increase in UV-C 
dose requirements for the first log reduction of S. Typhimurium in 
dry-fermented sausage (aw = 0.85, pH 5.4) after a 24-h habituation 
period. Our findings supported these observations: desiccation- or 
acid-stressed S. enterica exhibited improved survival on RWAs during 
UV-C exposure, likely due to the upregulation of protective stress 
response systems. These results are particularly relevant because mild 
acidification and drying are common food processing steps, which 
could unintentionally prime pathogens for increased resistance during 
sanitation. Our modeling data reinforces the need to consider 
subpopulations with elevated resistance when evaluating disinfection 
efficacy, as these cells can disproportionately influence survival 
outcomes and pose persistent risks.

In contrast, oxidation stress caused the greatest UV-C sensitivity 
in S. enterica, especially on RWAs. This aligns with previous findings 
showing that chlorine-induced oxidative damage impairs DNA repair 
and cellular function (Chaves et  al., 2019). Oxidation stress may 
compromise membrane integrity in a way that interacts specifically 
with the low-moisture RWA surface—possibly intensifying UV-C-
induced damage (Fukuzaki, 2006). In contrast, certain properties of 
FCLGs (e.g., residual moisture, antioxidant compounds, or leaf surface 
chemistry) might help buffer oxidative damage or support limited 
recovery during UV-C exposure. Importantly, other stressed cells did 
not show the same pattern, indicating that the interaction between 
oxidation stress and food surface may be uniquely synergistic. The 
outcome likely reflects a complex interplay between the physiological 
state of the cells and food surface characteristics such as moisture 
availability, matrix composition, and UV-C reflectivity or absorption. 
Importantly, since chlorine is a widely used disinfectant in produce 
processing (Goodburn and Wallace, 2013), our data suggests that 
oxidation-stressed cells may be more vulnerable to UV-C, offering a 
potential advantage for sequential disinfection strategies.

However, on FCLGs, oxidation-stressed cells displayed greater 
survival during UV-C exposure than on RWAs, highlighting the 
matrix-dependent nature of bacterial survival. This variation likely 

FIGURE 6

Survival of Salmonella enterica on fresh-cut leafy greens during a seven-day storage period under cold or temperature abuse condition following 
ultraviolet-C (UV-C) treatment. Bacterial survival is shown for unstressed cells (A) and cells subjected to sub-lethal desiccation stress (B), heat shock 
(C), oxidation stress (D), or acid stress (E). UV-C treatment was applied for 30 (I) or 60 min (II). Error bars represent standard deviations from three 
independent trials. Bacterial counts plotted as 1.0 log CFU/sample unit without error bars were below the limit of detection by direct plating but were 
detectable by enrichment. Bacterial counts are not shown at certain time points because no cells were detected, even after enrichment. Different 
letters above bars indicate significant differences (p < 0.05) between cold and temperature abuse conditions.
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stems from differences in surface texture and hydrophobicity (Fan 
et al., 2017). Rough or irregular RWA surfaces can shield bacteria from 
UV-C exposure by creating micro-shadows, while smoother FCLG 
surfaces may allow more direct UV-C irradiation. Adhikari et  al. 
(2015) observed that UV-C was more effective in killing Escherichia 
coli O157:H7 and Listeria monocytogenes on smoother fruit surfaces 
(e.g., apples and pears) than on rougher ones (e.g., cantaloupes and 
strawberries). Similarly, Mukhopadhyay et  al. (2014) found lower 
reductions of S. enterica and E. coli O157:H7 on tomato stem scars 
compared to smoother areas. To support this notion, scanning 
electron microscopy by Yun et al. (2013) revealed that UV-C struggles 
to reach bacteria nestled within surface irregularities on plants, with 
these structural features forming protective niches that shield 
pathogens from UV-C exposure. Interestingly, we  observed that 
oxidation-stressed cells were more susceptible on RWAs but more 
resistant on FCLGs, reinforcing that UV-C effectiveness is highly 
dependent on the food matrix. These findings suggest that UV-C-
based interventions must be tailored to the surface characteristics of 
the specific commodity.

Our study also emphasizes the critical role of rpoS in protection 
against UV-C exposure. The ΔrpoS mutant (IB43) exhibited 
significantly reduced survival across all stress conditions, with no 

evidence of cross-protection. Child et al. (2002) found that a ΔrpoS 
mutant of S. Typhimurium SL 1344 was more UV-C sensitive on 
Luria-Bertani agar than its wild-type counterpart. Similarly, Bucheli-
Witschel et al. (2010) reported greater UV-C susceptibility in a ΔrpoS 
mutant of E. coli K12 in water. Our data further confirmed RpoS as a 
key regulator of adaptive stress responses and pathogen persistence in 
food systems.

Post-UV-C storage under temperature abuse revealed additional 
survival patterns. Heat-shocked S. enterica survived longer at 
elevated temperatures, likely due to the induction of RpoS-regulated 
chaperones and membrane-stabilizing proteins (Sirsat et al., 2015; 
Yoon et  al., 2015). Desiccation-stressed cells exhibited brief 
population rebounds, possibly driven by the accumulation of 
osmoprotective solutes like trehalose and proline (Li et al., 2012; 
Chen and Meng, 2021). These findings illustrate that certain stresses 
may prime cells for recovery under fluctuating storage conditions. 
Importantly, temperature abuse—commonly encountered during 
cold chain breakdown—could unintentionally promote survival of 
sub-lethally stressed pathogens. In contrast, the ΔrpoS mutant 
showed rapid inactivation regardless of storage conditions, further 
underscoring the essential role of RpoS in cross-protection 
and persistence.

FIGURE 7

Survival of Salmonella Typhimurium IB43 (the ΔrpoS mutant of S. Typhimurium ATCC 14028) on fresh-cut leafy greens during a seven-day storage 
period under cold or temperature abuse condition following ultraviolet-C (UV-C) treatment. Bacterial survival is shown for unstressed cells (A) and cells 
subjected to sub-lethal desiccation stress (B), heat shock (C), oxidation stress (D), or acid stress (E). UV-C treatment was applied for 30 min. Error bars 
represent standard deviations from three independent trials. Bacterial counts plotted as 1.0 log CFU/sample unit without error bars were below the 
limit of detection by direct plating but were detectable by enrichment. Bacterial counts are not shown at certain time points because no cells were 
detected, even after enrichment.

FIGURE 8

Survival of Enterococcus faecium NRRL B-2354 on fresh-cut leafy greens during a seven-day storage period under cold or temperature abuse 
condition following ultraviolet-C (UV-C) treatment. Bacterial survival is shown for unstressed cells (A) and cells subjected to sub-lethal desiccation 
stress (B), heat shock (C), oxidation stress (D), or acid stress (E). UV-C treatment was applied for 30 (I) or 60 min (II). Error bars represent standard 
deviations from three independent trials. Bacterial counts plotted as 1.0 log CFU/sample unit without error bars were below the limit of detection by 
direct plating but were detectable by enrichment. Bacterial counts are not shown at certain time points because no cells were detected, even after 
enrichment.

https://doi.org/10.3389/fmicb.2025.1599380
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Chen et al. 10.3389/fmicb.2025.1599380

Frontiers in Microbiology 12 frontiersin.org

The stability of NRRL B-2354 across all tested conditions—
including different food matrices, multiple sub-lethal stresses, and 
post-treatment storage scenarios such as temperature abuse—supports 
its use as a conservative and reliable surrogate for S. enterica. Its 
consistently equal or greater resistance to UV-C inactivation further 
reinforces its suitability, offering a safety margin critical for process 
validation. These findings align with previous reports highlighting its 
robustness in both thermal and non-thermal interventions (Jeong 
et al., 2011; Rane et al., 2021; Sudarsan and Keener, 2002), and extend 
its validation to novel conditions reflective of real-world food 
processing and storage environments.

A major strength—and key novelty—of this study lies in its 
comprehensive experimental design, which systematically integrated 
distinct food matrices, multiple sub-lethal stress conditions, and 
post-treatment storage scenarios to mimic real-world food 
processing and distribution environments. This multifactorial 
approach enables a more realistic evaluation of cross-protection 
mechanisms and microbial resistance during and after UV-C 
treatment. However, limitations include the reliance on culture-
based methods, which may overlook viable but non-culturable 
(VBNC) cells, and the lack of molecular-level insight into stress 
response pathways. Future studies should apply transcriptomic, 
proteomic, or metabolomic tools to elucidate mechanisms of cross-
protection and persistence, and evaluate combined interventions 
(e.g., UV-C combined with chemical sanitizers) across diverse 
commodities to strengthen food safety protocols. Moreover, 
although the inoculum levels used in this study were higher than 
typically found under natural contamination, they were selected to 
simulate a worst-case scenario, ensuring robust evaluation of UV-C 
efficacy against stressed populations and aligning with established 
practices in food safety challenge studies.

5 Conclusion

This study provides critical insights into how sub-lethal stress 
influences S. enterica survival during UV-C treatment on RWAs and 
FCLGs. Sub-lethal stresses enhanced UV-C resistance in S. enterica 
through cross-protection, an effect largely dependent on a functional 
rpoS gene. The ΔrpoS mutant (IB43) exhibited no cross-protection 
and was more susceptible to UV-C, confirming the key role of rpoS in 
stress adaptation. NRRL B-2354 showed comparable or greater 
resistance than S. enterica, supporting its use as a surrogate for UV-C 
validation. Tailing in survival curves suggests the presence of persister 
subpopulations, underscoring the need for hurdle-based sanitation 
strategies. Our findings highlight the importance of considering 
physiological heterogeneity in challenge studies. Incorporating 
sub-lethally stressed cells can improve predictive models and risk 
assessments. By integrating diverse stresses and food matrices, this 
study advances both mechanistic understanding and practical 
strategies for controlling foodborne pathogens.
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