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The landscape of food microbial safety has changed dramatically in the genomic era. 

Modern sequencing technologies are more precise and provide higher resolutions of bacterial 

genomes than previous molecular subtyping methods. We can identify the virulence, 

antimicrobial resistance, and other stress related genes that an isolate may possess as well as 

better establish phylogenetic relationships among isolates. Ideally, a genotype (e.g., gene 

presence or absence) can predict an organism’s phenotype; however, environmental cues 

transiently shape pathogens behavior as well. 

  This work takes steps forward on this nature versus nurture dilemma by developing 

microbial risk assessment methods which balance relevant pre-growth conditions with strain 

diversity and by associating sanitizer tolerance genes with fitness of persistent isolates. 

 Challenge and validation studies rely on accurate predictions of a target pathogen’s 

behavior. Key foodborne pathogens including, Salmonella enterica, Escherichia coli and 

Listeria monocytogenes that were pre-grown under seven different conditions were assessed 

for their (i) survival of a peroxyacetic acid intervention and (ii) growth and survival on 

produce. The findings suggest that risk studies need to consider a shift from multi-strain to 

multi-growth conditions to capture a more accurate range of possible phenotypic responses. 

In this work, it was also investigated if persistent L. monocytogenes isolates harbor tolerance 
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genes that contribute to their survival in a food processing plant. A longitudinal set of L. 

monocytogenes isolates collected over 18 years were genotypically characterized. In specific, 

genes that were identified and phenotypically assessed included sanitizer tolerance genes 

(bcrABC, qacH), stress tolerance genes against acidity and salt stress (SSI-1), as well as 

oxidative stress (SSI-2), and heat stress (clpL). Importantly, this work showed that only 

sanitizer tolerance genes conferred a growth advantage when exposed to low sanitizer 

concentrations. In contrast, presence of stress tolerance genes did not correlate with superior 

growth or survival under the evaluated stress conditions. 
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CHAPTER 1 

INTRODUCTION 

 Each year in the United States approximately 9.4 million people acquire a foodborne 

illness resulting from a confirmed pathogen, of which 55,961 lead to hospitalizations and 

1,351 to death (1). To protect against this, there are food safety systems in place to minimize 

the risk of microbial hazards in food. For example, HACCP (Hazard Analysis Critical Control 

Point), a management system that functions in a preventative context, in which biological, 

chemical, or physical hazards are identified and controlled. HACCP was only required for 

meat, poultry, seafood and juice processors until the Food Safety Modernization Act was 

signed into law in 2011 (2), requiring all food processors to have a risk-based food safety plan 

in place.  

The shift in legislation created an unprecedented demand for different risk assessments 

and science-based safety strategies for food commodities that are now covered under the new 

regulation. One of those commodities is produce, where pre- and post-harvest food safety 

practices are essential to minimize the risk of microbial contamination, especially as produce 

is often consumed raw with no prior kill step that can reduce the microbial risk. In order to 

implement effective control steps and gauge the effectiveness of different interventions, the 

food industry relies on accurate experimental data related to growth and survival of pathogens 

in food. The more we understand how pathogens behave, the more accurate our predictions 

and microbial risk assessments are going to be.  

Current challenge and validation studies focus on genetic diversity (“nature”) by 

including multiple strains, which are often combined (3). Inclusion of multiple strains ensures 



 

2 

 

effectiveness (i) to even more tolerant strains, e.g., strains that were implicated in an outbreak 

are often selected, as well as (ii) to capture the diversity of a foodborne pathogen group e.g., 

representative strains for serotypes or clonal clusters. This approach is justified by a larger 

body of literature that shows genetically different pathogens also differ phenotypically in 

growth and survival (4-7). For example, survival is lineage dependent for some Listeria 

monocytogenes isolates when exposed to hydrogen peroxide (8). Similarly, the survival of 

E. coli isolates after simulated gastric acid exposure is associated with their serogroup (7). 

 In preparation for challenge and validation studies, strains are often pre-grown under a 

single condition; often the condition that provides optimal growth for the pathogen (e.g., 37°C 

and nutrient rich medium). In contrast, some recommendations suggest pre-growth under 

conditions that are more relevant to the target food e.g., acidified growth medium for low pH 

food (9-11). It is challenging to predict which pre-growth condition are more reflective of 

what a pathogen may encounter prior to contaminating the food because pathogens experience 

a complex environment that is not easily captured by one single parameter. Exposure to 

environmental stresses can drive adaptation, increasing their chances of survival of 

subsequent stresses. It is possible that a pathogen’s physiological state (“nature”) might play a 

larger role than genetic diversity (“nature”) on the outcome of challenge and validation 

studies.  

Here, we propose and demonstrate a sturdier framework for challenge and validation 

studies using produce as a model system. In Chapter 2 our aims were to (i) assemble and 

genetically characterize a strain collection including S. enterica, L. monocytogenes and 

E. coli, as well as surrogate organisms relevant for produce safety and to (ii) use a genetically 
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diverse set of strains to assess the effect of pre-growth conditions on subsequent survival of 

peroxyacetic acid exposure as an intervention. In Chapter 3, the same set of genetically 

diverse strains was again assessed to determine the effect of pre-growth conditions on growth 

and survival on selected produce items over time.  

In addition to controlling for microbial growth and survival on food, processors also 

monitor the presence of pathogens in the food processing environment (12). The goal of this 

preventative measure is to verify the effectiveness of sanitation programs and to identify 

niches where pathogens such as Listeria can grow and survive. Pathogens isolated from the 

environment can be subtyped with molecular methods and genetic relationships can be 

determined. These genetic relationships, together with information on where and when the 

pathogen was isolated, can be used to identify persistent strains, their niches, and movement 

within the food facility.  

Since the introduction of whole genome sequencing, pathogen subtyping is performed 

with higher discriminatory power and phylogenetic relationships are now determined with 

more certainty, allowing for more accurate source tracking. Using WGS technologies in 

outbreak investigations also increases the likelihood of their detection (13, 14). However, 

there is still a need to better characterize and interpret genomic differences such as single 

nucleotide polymorphisms (SNPs).  

Pathogens can enter the food supply chain at any point through cross contamination 

events. These events allow transfer either from the environment into the food, or to move 

within or across facilities. When we examine genomes from isolates attributed to temporally 

recent cross-contamination events, they typically differ by less SNPs than compared to the 
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isolate responsible for the source contamination. Nonetheless, depending on the 

environmental conditions and number of generations that have passed, pathogens accumulate 

SNPs at different rates (13). Therefore, there is a need to better understand the evolutionary 

rate of a pathogen under certain environmental conditions to reliably interpret SNP 

differences and conduct a more reliable traceback investigations. 

Furthermore, persistent isolates may have a genetic advantage by harboring stress 

tolerance or sanitizer resistance genes that allow for better survival and growth in the food 

processing environment than sporadic isolates that might not carry any of the genes (15, 16). 

The evolution of L. monocytogenes isolates collected over 18 years from a food processing 

plant is discussed in Chapter 4. In addition to genetic characterization based on WGS data, 

selected isolates harboring stress and sanitizer tolerance genes were phenotypically evaluated 

for their sensitivity to quaternary ammonium compound sanitizer, their ability to attach to an 

abiotic surface, as well as growth and survival under different stress conditions. Identifying 

potential links of gene presence and superior survival can provide an opportunity to develop 

more targeted interventions to remove persistent isolates. 
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ABSTRACT 

Effective control of foodborne pathogens on produce requires science-based validation of 

interventions and control strategies, which typically involves challenge studies with a set of 

bacterial strains representing the target pathogens or appropriate surrogates. In order to facilitate 

these types of studies, a produce-relevant strain collection was assembled to represent strains 

from produce outbreaks or pre-harvest environments, including L. monocytogenes (n=11), 

S. enterica (n=23), shiga-toxin producing E. coli (STEC) (n=13), and possible surrogate 

organisms (n=8); all strains were characterized by whole genome sequencing (WGS). Strain 

diversity was assured by including the 10 most common S. enterica serotypes, L. monocytogenes 

lineages I-IV, and E. coli O157 as well as selected “non-O157” STEC serotypes. As it has 

previously been shown that strains and genetic lineages of a pathogen may differ in their ability 

to survive different stress conditions, a subset of representative strains for each “pathogen group” 

(e.g., Salmonella, STEC) was selected and assessed for survival of exposure to peroxyacetic acid 

(PAA) using strains pre-grown under different conditions including (i) low pH, (ii) high salt, (iii) 

reduced water activity, (iv) different growth phases, (v) minimal medium, and (vi) different 

temperatures (21°C, 37°C). The results showed that across the three pathogen groups pre-growth 

conditions had a larger effect on bacterial reduction after PAA exposure as compared to strain 

diversity. Interestingly, bacteria exposed to salt stress (4.5% NaCl) consistently showed the least 

reduction after exposure to PAA; however, for STEC, strains pre-grown at 21°C were as tolerant 

to PAA exposure as strains pre-grown under salt stress. Overall, our data suggests that challenge 

studies conducted with multi-strain cocktails (pre-grown under a single specific condition) may 

not necessarily reflect the relevant phenotypic range needed to appropriately assess different 

intervention strategies. 
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INTRODUCTION 

Control of foodborne pathogens along the supply chain relies on the development and 

implementation of validated interventions and control strategies, including validated heat 

treatment schemes or other pathogen reduction steps as well as validated sanitation procedures. 

While some industries have well established pathogen reduction steps supported by globally 

recognized validation studies (e.g., pasteurization of milk [1]), other food industries and 

commodities (e.g., baked goods, produce) have an urgent need for scientific validation of 

different control strategies. Validation is particularly challenging for commodities that represent 

considerable diversity of production and processing practices, such as it is the case for produce.  

In addition, new regulations (such as the US Food Safety Modernization Act [FSMA]) 

place an increasing emphasis on science-based approaches and scientific validation of control 

strategies and interventions. Scientifically justifiable strain selection and growth conditions for 

validation and challenge studies are an essential part of a science-based food safety system. 

Typically, studies evaluating relevant pathogen interventions or growth and survival of 

pathogens are conducted using multiple strains, which may be used separately or in cocktails 

(mixture of multiple strains) (2). This approach is used to account for strain diversity and to 

assure that control strategies are designed to deliver the appropriate or required protection even 

with more tolerant strains. Pathogen strains used in these types of studies (and in “cocktails”) are 

typically selected to represent subtypes with a known association with a given product (such as 

“outbreak strains”), while also considering the phylogenetic diversity of a given target pathogen, 

which typically is addressed by including multiple distinct serotypes and/or phylogenetic groups. 
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For example, for shiga-toxin producing E. coli (STEC), representation of E. coli O157 as well as 

other STEC serotypes commonly associated with E. coli infections in the US (e.g., O26, O45, 

O103, O111, O121, O145 [3]) is often desired; these additional serotypes will be referred to here 

as “non-O157 STEC” serotypes (in the US this group is sometimes referred to as the “Big Six 

non-O157 STEC”).  

Importantly, a number of studies have shown that different pathogen strains and genetic 

lineages can differ considerably in their ability to survive stress conditions; this has been well 

documented for key pathogens of concern to the produce industry including L. monocytogenes 

(4-6), Salmonella enterica (7, 8) and STEC (9-12).  

While it has been well established that different strains and genetic lineages of a pathogen 

may differ in their ability to survive and grow under different stress conditions, the physiological 

state of bacterial cells and the conditions under which bacteria are pre-grown also have a 

considerable impact on the ability of foodborne pathogens to survive subsequent stress 

conditions, including produce-relevant interventions (such as chlorine washes) as specifically 

documented for L. monocytogenes (13-15), S. enterica (16-20) and STEC (21, 22). One of the 

most well documented examples of the effect of environmental conditions on stress tolerance is 

the observation that S. enterica present in low water activity (aw) environments are considerably 

more tolerant to heat treatment than S. enterica present in high water activity environments (20, 

23). For example, Salmonella enterica serotype Tennessee (“Salmonella Tennessee”) present in 

peanut butter with an aw of 0.2 showed less than a 3 log reduction after treatment at 90°C for 20 

min, while reduction in peanut butter with an aw of 0.8 was around 5 log, a difference of at least 

2 log reduction (20). These findings do suggest a need for further studies that evaluate and 
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compare the effects of genetic diversity and growth conditions on subsequent stress tolerance 

and growth phenotypes. Challenge study guidance documents typically specify that “for either 

inactivation or growth studies, adaptation of cells should attempt to mimic the likely 

physiological state of the organism at the time it contaminates the food” (24). However, there is 

limited specific guidance or data available that would help to determine which strains or growth 

conditions should be used for challenge or validation studies if no specific physiological state 

can easily be defined for contaminating pathogens, as likely in the produce industry where 

contamination of a single commodity can originate from very different environments.  

The aim of this study was to (i) assemble a strain collection including S. enterica, L. 

monocytogenes and STEC, as well as possible surrogate organisms relevant for produce safety 

(with an initial bias towards US relevant strains) and to (ii) use a diverse subset of strains from 

this collection to formally assess the effect of pre-growth conditions on subsequent survival of 

produce-relevant interventions, using exposure to PAA as a model. Since PAA was patented in 

1950 to treat fruits and vegetables to reduce spoilage its application for fresh produce has been 

well established (25-28). PAA is also commonly used in wash water as well as for sanitation of 

food contact surfaces due to its activity over a broad temperature range and even under presence 

of organic matter (29, 30). Growth conditions used here were selected to focus on conditions that 

are either produce relevant (e.g., growth at 21°C) or that have previously been linked to 

increased stress tolerance, including low water activity (31, 32), acid stress (33, 34), salt stress 

(13, 14, 35), and minimal medium (36-38). The data from this study will help the produce 

industry to justify the use of (i) specific pathogen and surrogate strains and (ii) specific pre-

growth or pre-adaptation conditions for validation studies. In addition, this study will provide 

access to a well characterized standard strain collection (with all strains characterized by WGS). 
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MATERIAL AND METHODS  

Strain collection assembly. In order to assemble a produce-relevant strain collection, an initial 

draft collection was proposed that included strains linked to fresh produce outbreaks and pre-

harvest environments, including S. enterica, STEC, and L. monocytogenes as well as select 

relevant surrogate strains. As a first step, pathogen strains isolated from human cases or food 

with key produce-associated outbreaks (e.g., the 2011 listeriosis outbreak linked to consumption 

of contaminated cantaloupe) were selected. This initial collection was supplemented with non-

produce-associated strains as needed to represent the pathogen diversity for a given group. For 

example, produce-related STEC strains that were initially selected included E. coli O157 as well 

as two non-O157 STEC serotypes (i.e., O121, O26), these strains were supplemented with seven 

other STEC strains to represent the most common clinically associated serotypes in the US (i.e., 

serotype O145, O111, O45 and O103 [39]). Surrogate organisms for inclusion in the initial draft 

strain collection were selected to include strains that had previously been used in produce-

relevant validation or challenge studies, e.g., the rifampicin resistant E. coli strain TVS 353 (also 

designated W778), which has been used in a number of studies that assessed survival of E. coli 

on leafy greens (40-43). The initial draft strain collection included 13 L. monocytogenes, 24 S. 

enterica, 10 STEC, as well as 10 surrogate organisms (5 additional E. coli, two L. innocua, one 

L. marthii, one Enterococcus faecalis, and one Enterococcus faecium).  

An electronic survey was sent to 30 US-based experts from industry, academia, and 

government to solicit their input on the initial draft strain collection for its suitability to evaluate 

produce-relevant pathogens as well as surrogates for different phenotypic characteristics relevant 
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to produce production and distribution (e.g., survival under selected stress conditions and in the 

presence of sanitizer); see Supplemental Table 2.1. for this survey, which includes a list of all 

strains in the draft collection. Experts were asked to rate each strain on a scale of 1 to 5 (1 – 

strain irrelevant, do not include, 2 – strain may be relevant, 3 – uncertain, strain may or may not 

be relevant, 4 – important, should be included, 5 – very important, must be included); 

information provided on the proposed strain collection included ID numbers, isolate origin (e.g., 

associated outbreak), and references that detailed the strain history or outbreak. Strains were 

selected for inclusion in the final strain set if at least 50% of respondents considered a strain as 

important (score of 4 or 5). Reviewers also had the option to suggest inclusion of additional 

strains; suggested strains were evaluated by the authors, who decided on their inclusion in the 

final strain set.  

Bacterial strain collection composition and storage. The final strain collection included (i) 11 

L. monocytogenes, (ii) 23 S. enterica, (iii) 13 STEC, and (iv) 8 surrogate organisms (Table 2.1). 

All strains are stored in Brain Heart Infusion (BHI; Difco, Becton Dickinson, Sparks, Md.) with 

15% glycerol at -80°C. 

 

 



 

14 

 

TABLE 2.1. Final produce-relevant strains included in the collection L. monocytogenes, S. enterica and E. coli, and surrogate 

organisms 

Serotype 

(lineage, clonal 

complex)a 

 

FSL ID Previous ID (provided by) b Isolate source (* indicates 

outbreak associated sources) c 

SRA/Genomee Refere

ncec 

Salmonella enterica     

Saintpaul R9-5400 CFSAN004126 (FDA) Jalepeno peppers, 2008* SRR5863018/ PDBQ00000000 (44) 

Tennessee† R9-5402 CFSAN001371 (FDA) Peanut butter, 2006-2007* SRR5863017/PDBP00000000 (45) 

Typhimurium R9-5494 K2442 (CDC) Orange juice, 2005* SRR5863016/PDBO00000000 (46) 

Typhimurium R9-5409 CFSAN016159 (FDA) Peanut butter, 2008-2009* SRR5863015/PDBN00000000 (47) 

Poona R9-6568 PTVS001 (UCDavis) Cantaloupe, 2000-2002* SRR5863022/PDBM00000000 (48) 

Poona – RifR R9-6569 PTVS026 (UCDavis) Derivative of PTSV001 SRR5863021/ PDBL00000000 -- 

Enteritidis - 

PT30† 

R9-5272 ATCC BAA 1045  Almonds, 2000-2001  SRR5863020/ PDBK00000000 (49) 

Javiana R9-5273 ATCC BAA-1593 Tomatoes, 2002*  SRR5863019/ PDBJ00000000 (50) 

Newport-RifR R9-5251 MDD314R (UoFlorida) Derivative of MDD314 SRR5863014/ PDBI00000000 -- 

Newport – 

antimicrobial 

susceptible 

R9-5252 MDD314 (UoFlorida) Tomatoes, 2002 and 2005*  SRR5863013/ PDBH00000000g (51) 

Senftenberg 

775W  

R9-5274 ATCC 43845 Chinese egg powder, 1941* SRR5863026/ PDBG00000000 (52) 

Heidelberg R9-5495 2012K-1421 (CDC) Poultry facility, 2012-2013  SRR1616738f   

I 4,[5],12:i:- R9-5496 2011K-0033 (CDC) Alfalfa sprouts, 2010-2011*  SRR5863025/ PDBF00000000 (53) 

Litchfield† R9-5344 BAC0800000628 (NYSDOH) Cantaloupe, 2008* SRR5863028/ PDBE00000000 (54) 

Poona† R9-5502 2015K-0961 (CDC) Cucumber 2015* SRR5863027/ PDBD00000000 (55) 

Anatum R9-5219 LJH#720 (UCDavis) Raw almonds SRR5863030/ PDBC00000000g (56) 

Anatum – NalR R9-5220 LJH#1217 (UCDavis) Derivative of LJH#720 SRR5863029/ PDBB00000000g -- 

Infantis R9-5497 2012K-1623 (CDC) Dry Pet food 2012 SRR5863032/ PDBA00000000 (57) 

Muenchen R9-5498 2016K-0150 (CDC) Alfalfa sprouts, 2016*  SRR5863031/ PDAZ00000000 (58) 

I 13,23:b:- R9-5499 2011K-1002 (CDC) -- SRR5863024/ PDAY00000000 -- 

Newport-MDR R9-5504 AM12179 (CDC) Undercooked ground beef, 2002 SRR5863023/ PDAX00000000 (59) 

Montevideo R9-5406 531954 (FDA) -- SRR5863049/ PDAW00000000 -- 

Enteriditis R9-5505 2015K-0277 (CDC) Bean sprouts, 2014* SRR5863050/ PDAV00000000 (60) 

 

Listeria monocytogenes 

4b (I, CC1) J1-0108 TS27/L4738/DD6304 (ILSI) Coleslaw, 1981* SRR5863034/ PDAL00000000g (61) 

1/2b (I, CC3) R2-0503 G6054 (ILSI) Human, 1994 SRR5863033/ PDAK00000000 (61) 

4d (I, CC1) J1-0107 TS26/L4742/DD6303 (ILSI) Coleslaw, 1981* SRR5863040/ 

PDAJ00000000g 

(62) 

1/2a (II, CC11) J1-0101 G3975/DD6292/F6900 (ILSI) Hot dog* SRR5863039/ PDAI00000000g (63) 

1/2a (II, CC29) † R9-0506 L2625 (CDC) Cantaloupe, 2011*  SRR5863038/ PDAH00000000g (64) 

1/2 b (I, CC88) † R9-5411 897760 (FDA) Caramel apple, 2015d  SRR1812790f  -- 
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4b (I, ST382) † R9-5506 PNUSAL001751 (CDC) Packaged salad, 2016* SRR2485319f (65) 

4b (I, CC554) R9-5507 PNUSAL000954 (CDC) Sprouts, 2014*  SRR1562154f (66) 

4a (II, CC396) † J1-0031 LM36 (ILSI) Human SRR5863041/ PDAE00000000g (61) 

4b (IV, ST382) J1-0158 (ILSI) Goat, 1997 SRR5863011/ PDAD00000000g (61) 

1/2a (II, ST364) S10-2161 - Soil spinach field  SRR5863012/ PNRM00000000g (67) 

Escherichia coli 

O121:H19 R9-5509 2014C-3598 (CDC) Raw clover sprouts, 2014* SRR5863051/ PDAU00000000 (68) 

O104:H4 R9-5256 2011C-3493 (USDA) Sprouts, Germany, 2011* -/ CP003289.1f (69) 

O104:H4 R9-5257 2009EL-2071 (USDA) Human, Republic of Georgia, 

2009 

SRR5863052/ PDAT00000000 (69) 

O104:H4† R9-5258 2009EL-2050 (USDA) Human, Republic of Georgia, 

2009  

SRR5863045/ PDAS00000000 (69) 

O26:H11 R9-5512 2012C-4704 (CDC) Raw clover sprouts, 2012* SRR5863046/ PDAR00000000 (70) 

O157:H7† R9-5271 RM6012 (Wisconsin State Lab) Baby spinach, 2006* SRR5863047/ PDAQ00000000g (71) 

O157:H7 R9-5513 2016C-3325 (CDC) Alfalfa sprouts, 2016* SRR5863048/ PDAP00000000 (72) 

O111:H8 R9-5345 (Cornell) Apple cider  SRR5863043/ PNRN00000000g -- 

O111:H8† R9-5515 2014C-3989 (CDC) Cabbage salad, 2014*  SRR5863044/ PDAO00000000 -- 

O145:NM† R9-5516 2010C-3510 (CDC) Shredded romaine lettuce, 2010* -/ GCA_000615175.1f (73) 

O103:H2† R9-5517 2015C-5140 (CDC) Human SRR5863036/ PDAN00000000 -- 

O26:H11 R9-5639 TW016501 (STEC Center) Sprout, 2012* SRR5863035/ PDAM00000000 -- 

O45:H2 R9-6071 CSU E1-134 (Texas Tech) -- SRR5863006/ PCZZ00000000g -- 
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Surrogate organisms 

L. innocua† C2-0008 - Fish processing plant, 2000 SRR5863009/PNRL00000000g -- 

E. coli 

O88:H25† R9-4077 TVS 353 (UCDavis) Generic E. coli, irrigation water  SRR5863010/PDAC00000000g (40) 

E. coli O88:H25 R9-4078 TVS 354 (UCDavis) Generic E. coli, romaine lettuce  SRR5863007/PDAB00000000g (40) 

E. coli O88:H25 R9-4079 TVS 355 (UCDavis) Generic E. coli, soil SRR5863008/PDAA00000000g (40) 

E. coli O157:H7 R9-3467 ATCC 700728 

Naturally occurring non-

pathogenic E. coli  -/ GCA_000335055.2e (74) 

Salmonella 

Typhimurium R9-6231 MHM108 (UoFlorida) Avirulent Salmonella - (75) 

Salmonella 

Typhimurium† R9-6232 MHM112 (UoFlorida)  Avirulent Salmonella -/ LONA00000000.1e (75) 

E. faecium†  R9-5275 ATCC 8459 

Salmonella Surrogate  

(E. faecium) -/ CP004063.1e  

 

(76) 
a Antibiotic resistant strains are designated with RifR (rifampicin resistance), and NalR (nalidixic acid resistance); † indicates isolates selected for phenotypic experiments 
b Abbreviations for isolate sources include FDA (Food and Drug Administration); CDC (Centers for Disease Control and Prevention); UCDavis (University California 

Davis); American Type Culture Collection (ATCC), UoFlorida (University of Florida); NYSDOH (New York State Department of Health); Cornell (Cornell University); 

International Life Sciences institute (ILSI), STEC Center (STEC Center at Michigan State University); Texas Tech (Texas Tech University)  
c -- Indicates that information is not available 
d This isolate was classified as multilocus sequence type (ST) 88 (the predicted serotype for this ST is 1/2b), isolates associated with the 2014-2015 caramel apple 

outbreak were designated ST1 and 382 (77), suggesting that this isolate may not be associated with the caramel apple outbreak, even though it was isolated from caramel 

apples.  
e First number indicates the SRA accession number and second number indicates the genome accession number; - indicates that a given number is not available. All 

isolates marked with “f”, sequencing data were retrieved from NCBI, all isolates marked with “g”, were sequenced on the HiSeq 2500 platform; all other isolates were 

sequenced on the MiSeq platform  
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Library preparation and whole genome sequencing. Isolates were streaked from glycerol 

stocks onto BHI agar plates and plates were incubated at 37°C for 24 h. An overnight culture 

was prepared by inoculating 5 mL BHI broth with a single colony, followed by incubation at 

37°C for 12-14 h. Following manufacturer’s instructions for DNA extraction, 2 mL of the 12-

14 h culture was pelleted and used for DNA extraction (DNeasy Blood and Tissue kit, 

Qiagen, Valencia, CA). Gram-positive bacteria were pre-treated in 200 µL lysis solution (20 

mg/mL lysozyme, 20 mM Tris-HCl, 2 mM EDTA, 1.2% Triton X-100). DNA was eluted in 

50 µL of 10 mM Tris-HCl at pH 7.5, followed by spectrophotometric assessment of DNA 

purity with a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA) and DNA 

quantification with a fluorescent nucleic acid dye (Qubit dsDNA HS Assay Kit, Thermo 

Fisher Scientific) and a Qubit 2.0 fluorometer (Thermo Fisher Scientific). Libraries were 

prepared for sequencing with Nextera XT DNA sample preparation Kit and the associated 

Nextera XT Index Kit with 96 indices (Illumina, Inc. San Diego, CA). Library preparation 

was conducted according to the PulseNet standard operation procedure “Laboratory Standard 

Operating Procedure for Pulsenet Nextera XT Library Prep and Run Setup for the Illumina 

Miseq” (https://www.cdc.gov/pulsenet/pdf/PNL32-MiSeq-Nextera-XT.pdf). Pooled samples 

were sequenced on an Illumina MiSeq platform with 2x 250 bp paired-end reads (Animal 

Health Diagnostic Center Cornell University) or HiSeq 2500 rapid run with 2x 100 bp paired-

end reads (Genomics Facility of Cornell University).  

Genome assembly and analyses. Adapters were removed from sequences using 

Trimmomatic v 0.33 (78) followed by quality assessment using FastQC v 0.11.4 

https://www.cdc.gov/pulsenet/pdf/PNL32-MiSeq-Nextera-XT.pdf
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(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Sequences were assembled de 

novo with SPAdes version 3.8.0.(79). Quality control of assemblies was performed with 

QUAST v 3.2 (80) and average coverage determined using SAMtools v 1.4.1. (81). Contigs 

smaller than 200 bp were removed and the remaining contigs were searched against Kraken 

(82), using BLAST, to confirm strain identity. Additionally, serotypes were confirmed with 

Seqsero (http://www.denglab.info/SeqSero) for S. enterica (83) and SeroTypeFinder for E. 

coli (84). A standard set of 21 sequenced  Listeria genomes previously described by Liao et 

al. (2017) was used in a SNP-based phylogenetic analysis to confirm lineages for Listeria 

strains (85). S. enterica with acquired antibiotic resistance (e.g., rifampicin, naldixic acid 

resistance) were compared to their wildtype parent to identify high quality SNPs using the 

CFSAN SNP Pipeline (86). BLASTX was used to identify genes if SNPs were located in 

potential open reading frames (ORFs) (87).  

The core SNP based analysis was performed using kSNP v 3, with estimated optimal 

kmer size 13 (determined using Kchooser), for each bacterial group including (i) Listeria, (ii) 

S. enterica, and (iii) E. coli (88). A maximum-likelihood phylogeny based on core genome 

SNP was generated with 1000 bootstrap repetitions in RAxML for each bacterial group. 

Surrogate strain sequences were integrated into phylogenetic analysis with their associated 

bacterial group except for E. faecium (ATCC 8459) (89). Phylogenetic trees were edited using 

FigTree v 1.3.4 (http://tree.bio.ed.ac.uk/software/figtree/).  

As an example, for additional screening for mutations, the selected strains were 

analyzed for mutations in key stress response regulator genes, including sigB (for Listeria) 

http://www.denglab.info/SeqSero
http://tree.bio.ed.ac.uk/software/figtree/
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and rpoS (for S. enterica and E. coli). Reference genes used were sigB of EGD-e (259 aa; 

NCBI accession no. NC_003210.1:930671-931450), rpoS of S. enterica Typhi str. CT18 (330 

aa, NCBI accession no. NC_003198.1:c2916069-2915077) and rpoS of E. coli K-12 (330 aa; 

NC_000913.3:c2867551-2866559); the K12 reference sequence was selected to represent a 

strain that was lacking any rpoS mutations that had been reported for some K12 strains, 

including the codon 33 amber mutation (90).To identify non-synonymous mutations or 

premature stop codons, amino acid sequences were aligned using MUSCLE (91). 

Pre-growth conditions before PAA exposure. Bacterial isolates were streaked from 

glycerol stocks onto Tryptic Soy Agar plates (TSA; Difco, Becton Dickinson, Sparks, Md.) 

and incubated at 37°C for 24 h; following incubation plates were held at 4°C for a minimum 

of 24 h and a maximum of seven days. Single colonies from these plates were inoculated into 

5 mL of TSB, followed by incubation at 37°C with shaking for 12-14 h. These cultures were 

used to inoculate, at a 1:1000 dilution, pre-warmed side-arm flasks (Nephelo Flasks/C38 300 

mL; Belco, Vineland, NJ) that contained either 30 or 100 mL of growth medium. Bacterial 

cultures were grown without shaking to early stationary phase at 37°C except when the pre-

growth condition was defined as “mid-log phase” or “21°C”. Growth curves were generated 

for each strain in each condition to determine the OD for each growth phase using a 

spectrophotometer (20D+, Thermo Fisher Scientific) with a linear range from 0.2-0.7. 

Appropriate dilutions were made prior to reading if necessary, to stay within the linear range. 

For this study, seven different pre-growth conditions were selected, including (i) low pH (pH 

5.0 for S. enterica and E. coli; pH 5.5 for Listeria), (ii) high salt (4.5% NaCl), (iii) reduced 
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water activity (0.96 for S. enterica and E. coli; 0.95 for Listeria), (iv) two different growth 

phases (mid-log phase, stationary phase), (v) minimal medium including M9, prepared as 

previously described (Green and Sambrook, 92) using 0.1% (w/v) casamino acids and either 

0.4% glucose (w/v) (for S. enterica) or 0.3% fructose (w/v) (E. coli) and chemically defined 

minimal medium with 10 mM glucose for Listeria (94) and (vi) two different temperatures 

(37°C, 21°C). Water activity was adjusted using glycerol at 15.6% (v/v) and 13% (v/v) to 

achieve an aw of 0.95 (Listeria) and 0.96 (S. enterica and E. coli), respectively. The pH was 

adjusted using lactic acid and high salt environment was generated with additional 4% NaCl 

(w/v). The parameters for pre-growth were chosen based on preliminary experiments that 

identified the most stressful conditions (e.g., lowest pH) that would still allow for 

reproducible growth curves. The pre-growth conditions chosen for this project are only a 

selection of possible relevant stress conditions. For examples, pathogen contamination can 

occur both at the preharvest stages (e.g., from soil, wildlife feces) or post-harvest 

environments (e.g., dry or wet processing plant environments); hence pre-growth conditions 

may reflect a wide range of environmental conditions. Importantly, all stresses selected for 

this study have been previously shown to increase stress tolerance including low water 

activity (95, 96), acid stress (97,98), salt stress (14, 99,100), and minimal medium 

(37,101,102). Further details on all pre-growth conditions are reported in Supplemental 

Material (Supplemental Table 2.2 and Supplemental Figures 2.1-2.3).  

PAA treatment. Phylogenetic and SNP data were used to select four diverse wild 

type strains for L. monocytogenes and S. enterica as well as five diverse wild type strains for 
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STEC for phenotypic characterization. These strains were supplemented with one surrogate 

for L. monocytogenes (L. innocua FSL C2-0008), two surrogates for S. enterica (the avirulent 

S. enterica MHM112 and E. faecium ATCC 8459), and one surrogate for STEC (E. coli TVS 

353). Bacterial cultures pre-grown under different pre-growth conditions were exposed to 

PAA (Tsunami, Ecolab, St. Paul, MN) and PAA concentration was measured using 

Reflectoquant (RQflex 10, Millipore, Darmstadt, Germany). For each treatment, 1 mL of 

bacterial culture was added to 9 mL PAA (in a 15 mL Falcon tube) for a final concentration of 

either 60 ppm (Listeria), or 40 ppm (E. coli, S. enterica) followed by mixing through four 

inversions and incubation for 45 s (the 45 s time period included the time required for the four 

inversions). The sanitizer solution was inactivated by adding 100 μL 50% Na2S2O3 (w/v) 

immediately after the 45 s incubation, followed by four inversions of the tube to assure 

complete mixing; the four inversions took about 10 s and were completed after the 45 s 

exposure time. Control cultures were treated with phosphate-buffer saline solution (PBS) 

instead of PAA. Immediately after sanitizer inactivation, 50 μL of the appropriate dilutions 

were plated in duplicates on TSA plates using a spiral plater (Autoplate 4000, Advanced 

Instruments Inc., Norwood, MA). Plates were incubated at 37°C for 24 h (S. enterica, E. coli) 

or 48 h (Listeria). Colonies were enumerated using Color Q-Count (Model 530, Advanced 

Instruments Inc.). The PAA concentrations chosen here are below the maximum use level 

concentration of 80 ppm for wash water detailed in the US Code of Federal Regulations Title 

21 (21CFR173.315); PAA concentrations were chosen to typically yield bacterial numbers 

above the detection limit of 100 CFU/mL after PAA treatment (in order to allow for 

quantification of die-off). 
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Statistical analyses. Statistical analyses were performed in R (version 3.1, R Core 

Team, Vienna, Austria). A generalized linear model was fitted to the binomial proportion of 

surviving cells with a loge link function using lme4 package (103); independent variables 

were the crossed random effects of strain and condition. The arithmetic mean of observed log 

reduction was reported when survival of surrogate organisms was compared to a particular 

strain set and limit of detection was substituted for values where post sanitizer count was zero. 

All experiments were conducted in biological triplicate.  

WWW-based data access. Trimmed raw reads and assembled genomes for all strains 

were submitted under the BioProject ID PRJNA395587 to NCBI’s Sequence Read Archive 

(SRA) and GenBank (Table 2.1). Information about the strain collection is also available at 

https://foodsafety.foodscience.cornell.edu/research-and-publications/cps-strain-collection. 

Data associated with each strain (e.g., source isolation, serotype, published papers associated 

with a given strain) are also available on Food Microbe Tracker 

(http://www.foodmicrobetracker.com) (104).  

Strain availability. Strain requests within the US or internationally can be directed to the 

original provider or the Food Safety Laboratory (FSL; Department of Food Science, Cornell 

University, Ithaca, N.Y.; e-mail: mw16@cornell.edu). Strain requests for strains provided by 

the FDA, USDA, ATCC or the STEC Center have to be directed to these institutions (see 

Supplemental Table 2.3 for current contact information).  

 

http://www.foodmicrobetracker.com/
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RESULTS 

Assembly of final collection. Among the 30 experts that were surveyed for their 

feedback on an initial draft collection that included a total of 57 strains, 19 provided responses 

including experts in academia (n=6), government (n=5), and industry (n=8), all with at least 

10 years of experience in food safety. More than 50% of experts who responded classified 33 

of the 57 strains as “important” (ranking of 4 or 5); all of these strains were included in the 

final set. While 24 strains were classified as important by <50% of experts, seven of them 

were still included in the final set as their inclusion was necessary to assure strain diversity 

including the 10 most common S. enterica serotypes in the US based on the incidence rate of 

Salmonella infections (105), all four L. monocytogenes lineages, and the most common non-

O157 STEC serotypes linked to human illnesses in the US (39). For example, the L. 

monocytogenes lineage IV strain FSL J1-158 (isolated from a goat) was classified as 

important by only 7/19 experts but was included to assure presence of at least one lineage IV 

strain in the final strain set. Expert reviewers also suggested 10 additional strains for 

inclusion. Of the suggested strains, four were added to the final strain collection. In addition, 

four parent strains were acquired along with antibiotic resistant derivates of the parent strains, 

e.g., Salmonella Poona FSL R9-6569 is the rifampicin resistant derivative of FSL R9-6568. 

During the strain acquisition process and after completion of the survey, an additional seven 

strains were submitted to the strain collection by experts in academia and government e.g., the 

avirulent Salmonella  Typhimurium strain MHM112 (FSL R9-6232) (75). The final collection 

includes a total of 55 strains, which are discussed in more detail below. While all strains were 
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assigned Food Safety Lab (“FSL”) numbers, in this publication, the previous ID numbers will 

be used for previously reported surrogates to be consistent with previously published 

literature. 

Strains for the collection were obtained from either (i) previously described collections 

(e.g., ILSI NA Listeria strain collection [61], ATCC [106]), the Cornell Food Safety Lab 

(FSL) collection or (ii) various outside sources, e.g., Food and Drug Administration (FDA), 

Centers for Disease Control and Prevention (CDC), United States Department of Agriculture 

(USDA), Wisconsin State Laboratory of Hygiene, Texas Tech University, STEC Center 

Michigan State University, University of California Davis, and University of Florida (Table 

2.1). 

Listeria monocytogenes strain set. The L. monocytogenes strain set is comprised of 11 

strains, 4 of them from listeriosis cases linked to produce, including cantaloupe (2011), 

packaged salad (2016) and sprouts (2014); one strain was obtained from soil collected in a 

spinach field (67). An additional six strains were included to ensure inclusion of lineages I-

IV. The final strain set represented four Listeria serotypes, as well as six lineage I strains, 

three lineage II strains, and one strain for each lineage III and lineage IV. In addition to the 11 

Listeria detailed above, the strain set includes L. innocua as a possible surrogate organism for 

L. monocytogenes (107,108,109); we specifically included L. innocua strain FSL C2-0008 

(Table 2.1). 

 For three of the Listeria strains, WGS data were already available. WGS data for all 
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other strains were generated (see Supplemental Table 2.4 for detailed WGS data). A core SNP 

maximum-likelihood tree showed that strains clustered by their lineages (Figure 2.1). 

 

Figure 2.1. Listeria maximum-likelihood tree based on core SNP analysis using kSNP. The 

phylogeny for strains was inferred using RAxML and tree was rooted by midpoint. The strain 

FSL ID is followed by serotype and lineage. The node labels represent bootstrap values of 

1000 repetitions. The bar indicates 0.2 substitutions per site. Strains marked with a star were 

selected as representative strains for phenotypic analyses (i.e., PAA experiments). 

 

Among all Listeria, the number of pairwise core SNP differences ranged from 1 to 

6,014 SNPs. The maximum number of core SNP differences within lineage I strains was 359 

SNPs as compared to 1,055 SNPs within lineage II. Lineage I isolates FSL J1-0107 and FSL 

J1-0108, showed no SNP differences based on the kSNP-based core SNPs, consistent with the 

fact that both isolates were obtained from the same outbreak. In contrast, high quality SNP 

analysis identified 14 SNP differences between these two isolates. Also, all strains were 

assessed for potential mutations in sigB, which encodes the alternative sigma factor σB; 

mutations in this gene may reduce stress tolerance (110). Among the 12 strains, SigB was 
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highly conserved with only four polymorphic amino acid sites (see Supplemental Figure 2.4 

for details).  

Salmonella enterica strain set. The S. enterica strain set is comprised of 23 strains; 13 of 

these strains are from outbreaks linked to produce, including cantaloupe (two outbreaks, 

2000-2002 and 2008), tomatoes (two outbreaks, 2002 and 2005), orange juice (2005), 

jalapeno peppers (2008), cucumbers (2015), alfalfa sprouts (2016), and bean sprouts (2014). 

Three strains were associated with outbreaks linked to almonds (2000-2001) and peanut butter 

(two outbreaks, 2006-2007 and 2008-2009). An additional four strains were included to 

ensure representation of the 10 most common serotypes associated with human illnesses in the 

US (FoodNet, 105); the final set represents 16 S.enterica serotypes. Finally, the strain set 

includes two S. enterica strains that have previously been used in produce-relevant validation 

studies (e.g., Salmonella Senftenberg FSL R9-5274). In addition to the 23 S. enterica detailed 

above, the strain set also includes three surrogate organisms relevant for S. enterica, 

specifically E. faecium ATCC 8459 (FSL R9-5275) and the two avirulent S.Typhimurium 

MHM112 and MHM108 (FSL R9-6232 and FSL R9-6231, respectively).  

For one of the 23 S. enterica strains (as well as for E. faecium ATCC 8459 and the 

avirulent Salmonella Typhimurium MHM112), WGS data were already available; WGS data 

were generated for all other strains (Table 2.1). Initial analysis of the WGS data identified two 

S. enterica isolates where the serotype predicted based on WGS did not match the reported 

serotype (i.e., the serotype reported for the two outbreaks these isolates were associated with). 

For example, a Salmonella Poona isolate (received as representing an isolate from the 

cantaloupe outbreak in 2000-2002) was identified as serotype Agona based on WGS data, 
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indicating that the wrong isolate was sequenced. These two isolates were subsequently 

acquired from another source; WGS of these new isolates confirmed that they represented the 

correct serotype.  

WGS data for all S. enterica strains yielded genome sizes from 4.6 Mbp to 5.3 Mbp 

(see Supplemental Table 2.4 for detailed WGS data). Among all S. enterica strains (excluding 

antibiotic resistant strains derived from a given parent strain), the number of pairwise core 

SNP differences ranged from 51 to 13,436 SNPs. A core SNP maximum-likelihood tree 

showed that strains clustered by serotypes except for (i) the one serotype 4,[5],12:i:- strain, 

which, as expected, clustered closely within Typhimurium and (ii) one Newport strain, which 

clustered closely with serotype Litchfield, consistent with previous data that Newport is 

polyphyletic and represents multiple lineages (111-113) (Figure 2.2).  
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FIGURE 2.2. Salmonella maximum-likelihood tree based on core SNP analysis using kSNP. 

The phylogeny for strains was inferred using RAxML and tree was rooted by midpoint. The 

strain FSL ID is followed by serotype; R* and N* indicate rifampicin and nalidixic acid 

resistant strains, respectively. The node labels represent bootstrap values of 1000 repetitions. 

The bar indicates 0.04 substitutions per site. Strains marked with a star were selected as 

representative strains for phenotypic analyses (i.e., PAA experiments). 

 

 

 

Further WGS analyses were performed to identify specific mutations in (i) the two S. 

enterica strains that had been selected for resistance to rifampicin (FSL R9-6567, FSL R9-

5251) and (ii) one S. enterica strain that had been selected for resistance to nalidixic acid 

(FSL R9-5220). High quality SNP analysis identified a single point mutation in the RNA 

polymerase subunit B gene (rpoB) in the rifampicin resistant strain FSL R9-6567, as 

compared to its parent strain (FSL R9-6568). The rifampicin resistant strain FSL R9-6567 



 

29 

 

also had a non-synonymous mutation in flhE, which is part of the flhBAE operon and has a 

potential role as a chaperone and contributes to flagellar biosynthesis (114). The rifampicin 

resistant strain FSL R9-5251 showed 9 non-synonymous mutations relative to its parent 

strain, including two in rpoC, which encodes the RNA polymerase β’ subunit, as well as one 

each in fadJ (fatty acid oxidation complex subunit alpha) (115), fadR (the transcriptional 

regulator for fatty acid degradation), hemL (the glutamate-a-semialdehyde aminotransferase), 

glpR (transcriptional repressor of sugar metabolism), and yhdA (encoding the regulatory 

protein CsrD, which controls degradation of CsrB and CsrC RNA) (116). The nalidixic 

resistant strain FSL R9-5220 showed one non-synonymous mutation in gyrA, which encodes 

the DNA gyrase subunit A and plays an essential role in DNA replication (117) (see 

Supplemental Table 2.5 for details).  

All strains were also assessed for potential mutations in rpoS, which encodes the 

alternative sigma factor (RpoS); mutations in this gene have previously been shown to 

accumulate during lab passages and may reduce stress tolerance (118). Among the 22 strains, 

RpoS was highly conserved with only three polymorphic amino acid sites; strain FSL R9-

5505 carried a point mutation, which leads to a frameshift and premature stop codon (see 

Supplemental Figure 2.5 for details). The surrogate organism (the avirulent S.Typhimurium, 

MHM112) was excluded from the analysis due to low coverage.  

Escherichia coli strain set. The STEC set is comprised of 13 strains; eight of these strains are 

from E. coli outbreaks linked to produce, including baby spinach (2006), shredded romaine 

lettuce (2010), sprouts (two outbreaks, 2011 and 2012), clover sprouts (two outbreaks, 2012 

and 2014), cabbage salad (2014), and alfalfa sprouts (2016). An additional two strains 
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collected in the Republic of Georgia (2009) and one strain from an outbreak linked to apple 

cider were also included. In order to ensure inclusion of the non-O157 STEC serotypes, an 

additional two strains were included representing serotypes O45 and O103. The strain set also 

includes four surrogate organisms relevant for E. coli, including three generic E. coli isolated 

from the environment (FSL R9-4077, FSL R9-4078, FSL R9-4079), as well as a naturally 

occurring non-pathogenic E. coli O157:H7 (FSL R9-3467), all of which have been used 

previously as surrogates (40,41,42,43,74,119) (Table 2.1). 

For two of the 13 STEC strains (as well as the non-pathogenic E. coli O157:H7), WGS 

data was already available; WGS data were generated for all the other strains and yielded 

genome sizes from 5.2 to 5.6 Mbp (see Supplemental Table 2.4 for detailed WGS data). A 

core SNP maximum likelihood tree showed that strains clustered by serotype (Figure 2.3).  
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FIGURE 2.3. Escherichia coli maximum-likelihood tree based on core SNP analysis 

using kSNP. The phylogeny for strains was inferred using RAxML and tree was 

rooted by midpoint. The strain FSL ID is followed by serotype. The node labels 

represent bootstrap values of 1000 repetitions. The bar indicates 0.05 substitutions 

per site. Strains marked with a star were selected as representative strains for 

phenotypic analyses (i.e., PAA experiments). 

 

 

 

Among all E. coli strains, the number of pairwise core SNP differences ranged from 

22 to 1,174 SNPs. All strains were also assessed for potential mutations in rpoS, which 

encodes the alternative sigma factor (RpoS); polymorphism in this gene as well as 

accumulation of mutations in lab strains which may alter stress response have been previously 

described (120). Among the 17 strains, RpoS was highly conserved with only two 
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polymorphic amino acid sites detected in FSL R9-5257 (D118N), and FSL R9-5513 (G309D). 

In addition, a single point mutation in strain FSL R9-3467 lead to a frameshift and premature 

stop codon. For strain FSL R9-5512, the last eight amino acids in the sequence differ from the 

consensus sequence, due to a 11 bp deletion (nucleotides 966 to 976) at the 3’ end of rpoS 

(see Supplemental Figure 2.6 for details).  

Effect of strain diversity and pre-growth conditions on PAA sensitivity across 

bacterial groups. As an initial application, our strain collection was used to characterize the 

die-off of different bacterial strains after short exposure to a produce industry relevant 

sanitizer (i.e., PAA). For these experiments, a subset of strains was conveniently selected for 

each bacterial group, including (i) four L. monocytogenes and one L. innocua  (this species 

represents a possible surrogate for L. monocytogenes); (ii) four S. enterica and two potential 

S. enterica surrogates (the avirulent Salmonella Typhimurium MHM112 and E. faecium 

ATCC 8459) and (iii) five STEC and one potential surrogate (i.e., E. coli FSL R9-4077). 

Pathogen strains were selected to represent phylogenetically distinct strains (based on the core 

SNP phylogenies, see Fig. 2.1 – 2.3) and preference was given to select strains from produce-

associated outbreaks. Each strain was pre-grown under each of the seven different conditions 

to assess the relative impact of strain diversity and growth condition on PAA survival.  

To assess the variance of responses due to strain versus the variance of responses due 

to pre-growth condition, data for each of the three pathogen groups (i.e., L. monocytogenes, S. 

enterica, STEC) were assessed using a crossed random effects model. This model showed that 

for each pathogen group, the “condition” variance component was larger than the “strain” 

variance component and the “strain-condition interaction” variance component (Table 2.2).  
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TABLE 2.2. Variance components of crossed random effects model for L. monocytogenes, S. 

enterica and STEC 

 

Model Variable Variance Component 95% Confidence 

Interval 

L. monocytogenes   

Condition 64.2 21.2, 245.2 

Strain 7.4 0.0, 72.6 

Strain-Condition 

Interaction  

1.6 0.0, 28.0 

Salmonella 

Condition 53.0 0.0, 122.2 

Strain 15.9 0.0, 51.0 

Strain-Condition 

Interaction  

26.5 0.0, 107.4 

E. coli 

Condition 126.7 13.6, 274.9 

Strain 0.0 0.0, 9.0 

Strain-Condition 

Interaction  

0.0 0.0, 28.0 

 

A larger variance component for condition means that condition contributes the most 

to the overall response variance. For L. monocytogenes, the variance component for 

“condition” was 64.2 (95% CI=21.2, 245.2), while the variance components for “strain” and 

“strain-condition interaction” were 7.4 (95% CI=0.0, 72.6) and 1.6 (95% CI=0.0, 28.0), 

respectively. For S. enterica, the variance component for “condition” was 53.0 (95% CI=0.0, 

122.2), while the variance components for “strain” and “strain-condition interaction” were 

15.9 (95% CI=0.0, 51.0) and 26.5 (95% CI=0.0, 107.4), respectively. For STEC, the variance 

component for “condition” was 126.7 (95% CI=13.6, 274.9); while the variance components 

for “strain” and “strain-condition interaction” were 0.0 (95% CI=0.0, 9.0) and 0.0 (95% 

CI=0.0, 28.0), respectively. The reported variance components for L. monocytogenes, 
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S. enterica and STEC indicate that pre-growth conditions have a larger effect on variation in 

responses than strain diversity.  

Survival of PAA exposure by different Listeria strains pre-grown under different 

conditions. As four L. monocytogenes strains, each pre-grown under seven different 

conditions, were evaluated for survival of exposure to 60 ppm PAA for 45 s, die-off data for a 

total of 28 “strain-condition” combinations were created. Among these “strain-condition” 

combinations, die-off ranged from a low of 0.5 log (FSL J1-0031, growth under high salt) to a 

high of 6.4 log (FSL R9-5411, growth in defined minimal medium). The mean die-off rates 

for different conditions ranged from a low of 1.0 log (for pre-growth under salt stress) to a 

high of 5.6 log (for pre-growth in minimal media). The range of die-off values observed with 

different strains pre-grown under a single condition ranged from 0.5 to 1.8 log (1.3 log range) 

for pre-growth under salt stress to 2.5 to 4.6 log (2.1 log range) for pre-growth at 21°C.  

The mean die-off rates for different strains ranged from a low of 2.1 log (for FSL J1-

031, lineage III, 4a) to a high of 3.3 log (FSL R9-0506, lineage II, 1/2a). The range of die-off 

values observed for a given strain pre-grown under different conditions ranged from 0.5 to 4.5 

log (4.0 log range) for strain FSL J1-031 to 1.0 to 6.4 log (5.4 log range) for strain FSL R9-

5411. Consistent with the model data detailed in the previous section, the ranges of responses 

observed within a strain pre-grown under different conditions were considerable larger than 

the ranges of responses observed within a given condition. While this observation could be 

due to the fact that more conditions than strains were evaluated, the model results detailed 

above are not affected by the difference in number of strains (n=4) and conditions assessed 

(n=7). 
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The average response for the L. innocua strain (FSL C2-0008) lies within the range of 

response of the other strains for five of the conditions (i.e., pre-growth in defined minimal 

medium, at 21°C, at pH 5.5, to mid-log phase and high salt). When pre-grown to stationary 

phase L. innocua showed a 2.9 log reduction as compared to the average log reduction for the 

four L. monocytogenes strains, which ranged from 0.9 to 2.8 log. When pre-grown in reduced 

water activity, L. innocua showed numerically higher tolerance (1.5 log reduction) as 

compared to the range observed among the four L. monocytogenes strains (log reduction 

ranged from 2.0 to 3.8 log) (Figure 2.4; see Supplemental Table 2.6 for detailed log reduction 

data).  
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FIGURE 2.4. Average log reduction of four Listeria strains and one surrogate  (L. 

innocua, FSL C2-0008) when pre-grown under different conditions prior to exposure to 

60 ppm PAA for 45 s. Pre-growth conditions are shown on the X-axis and include pre-

growth (i) at 21°C (21C), (ii) in defined minimal medium (DM), (iii) under reduced 

water activity (Glycerol), (iv) to mid-log phase (Midlog), (v) in 4.5% additional NaCl 

(NaCl), (vi) at pH 5.5 (pH5.5) and (vii) to stationary phase (Stationary). When 

calculating log reduction, values with count zero post-sanitizer treatment were substituted 

with the detection limit (e.g., 100 CFU/mL). Data represent averages from three trials; 

the standard deviation of the three trials and number of trials with values below detection 

limit after PAA exposure are listed in Supplementary Table 2.6. 
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Survival of PAA exposure by different S. enterica strains pre-grown under 

different conditions. As four S. enterica strains, each pre-grown under seven different 

conditions, were evaluated for survival of exposure to 40 ppm PAA for 45 s, die-off data for a 

total of 28 “strain-condition” combinations were created. Among these “strain-condition” 

combinations, die-off ranged from a low of 2.6 log (FSL R9-5344, growth under salt stress) to 

a high of 7.1 log (FSL R9-5272, growth in minimal medium). The mean die-off rates for 

different conditions ranged from a low of 3.1 log (for pre-growth under salt stress) to a high 

of 6.0 log (for pre-growth to mid-log phase). The range of die-off values observed with 

different strains pre-grown under a single condition ranged from 4.9 to 6.4 log (1.5 log range) 

for pre-growth at low pH to 4.8 to 7.1 log (2.3 log range) for pre-growth in minimal media.  

The mean die-off rates for different strains ranged from a low of 4.6 log (for FSL R9-

5502, Salmonella Poona) to a high of 6.2 log (FSL R9-5272, Salmonella Enteritidis). The 

range of die-off values observed for a given strain pre-grown under different conditions 

ranged from 4.3 to 7.1 log (2.8 log range) for strain FSL R9-5272 to 2.6 to 6.2 log (3.6 log 

range) for strain FSL R9-5344. Consistent with the model data detailed in the previous 

section, the ranges of responses observed within a strain pre-grown under different conditions 

are considerable larger than the ranges of responses observed within a given condition.  

The average response for the avirulent S. enterica strain MHM112 lies within the 

range of response of the other strains for four of the conditions (i.e., pre-growth in reduced 

water activity, M9 minimal medium, to mid-log phase and stationary phase). When pre-grown 

under salt stress, at 21°C and pH 5.0, the avirulent S. enterica showed a numerically larger 

reduction after PAA exposure (5.4 log for salt stress, 4.0 log for 21°C and 4.4 log for pH 5.0) 
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as compared to the average log reduction for the four S. enterica strains, which ranged from 

2.6 to 4.3 log for salt stress, 4.8 to 6.8 log for 21°C and 4.9 to 6.4 for pH 5.0) (Figure 2.5; see 

Supplemental Table 2.6 for detailed log reduction data). The average log reduction of 

surrogate organism E. faecium (ATCC 8459) for S. enterica was numerically lower across all 

conditions ranging from 0.0 to 0.08 log when the lowest log reduction for all other S. enterica 

ranged from 2.6 to 4.6 log, not including the 3.9 log reduction for E. faecium cells grown to 

mid-log phase which was also numerically lower than compared to 6.0 log reduction for all 

other S. enterica strains (Figure 2.5; Supplemental Table 2.6). Log reduction data for E. 

faecium in minimal medium was not available due to the lack of growth in the medium.  
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FIGURE 2.5. Average log reduction of four S. enterica strains and two surrogate 

strains (avirulent Salmonella, MHM112 and E. faecium, ATCC8459) when pre-grown 

under different conditions prior to exposure to 40 ppm PAA for 45 s. Pre-growth 

conditions are shown on the X-axis and include pre-growth (i) at 21°C (21C), (ii) under 

reduced water activity (Glycerol), (iii) in minimal medium (M9), (iv) to mid-log phase 

(Midlog), (v) in 4.5% additional NaCl (NaCl), (vi) at pH 5.0 (pH5) and (vii) to 

stationary phase (Stationary). When calculating log reduction, values with count zero 

post-sanitizer treatment were substituted with the detection limit (e.g., 100 CFU/mL). 

Data represent averages from three trials; the standard deviation of the three trials and 

number of trials with values below detection limit after PAA exposure are listed in 

Supplementary Table 2.6. 
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Survival of PAA exposure by different E. coli strains pre-grown under different 

conditions. As five STEC strains, each pre-grown under seven different conditions, were 

evaluated for survival of exposure to 40 ppm PAA for 45 s, die-off data for a total of 35 

“strain-condition” combinations were created. Among these “strain-condition” combinations, 

die-off ranged from a low of 1.5 log (FSL R9-5271, growth under salt stress) to a high of 6.5 

log (FSL R9-5516, FSL R9-5271, growth in minimal medium). The mean die-off rates for 

different conditions ranged from a low of 2.9 log (for pre-growth under salt stress and at 

21°C) to a high of 6.5 log (for pre-growth in minimal media). The range of die-off values 

observed with different strains pre-grown under a single condition ranged from 5.3 to 6.1 log 

(0.8 log range) for pre-growth to mid-log phase to 1.5 to 4.2 log (2.7 log range) for pre-

growth under salt stress.  

The mean die-off rates for different strains ranged from a low of 4.2 log (for FSL R9-

5516, O145) to a high of 4.6 log (FSL R9-5517, O103). The range of die-off values observed 

for a given strain pre-grown under different conditions ranged from 2.9 to 6.1 log (3.2 log 

range) for strain FSL R9-5258 to 1.5 to 6.5 log (5.0 log range) for strain FSL R9-5271. 

Consistent with the model data detailed in the previous section, the ranges of responses 

observed within a strain pre-grown under different conditions are considerable larger than the 

ranges of responses observed within a given condition.  

The average response for the STEC surrogate E. coli TVS 353 lies within the range of 

response of the other strains for six conditions (i.e., pre-grown in reduced water activity, high 

salt, M9 minimal medium, pH 5.0, to mid-log phase and stationary phase). When pre-grown 

at 21°C, E. coli TVS 353 showed a 5.2 log reduction as compared to the average log reduction 
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for the five STEC strains, which ranged from 2.0 to 3.9 log (Figure 2.6; see Supplemental 

Table 2.6 for detailed log reduction data).  

 

 

FIGURE 2.6. Average log reduction of five STEC strains and one surrogate (E. coli strain, 

TVS 353) when pre-grown under different conditions prior to exposure to 40 ppm PAA for 45 

s. Pre-growth conditions are shown on the X-axis and include pre-growth (i) at 21°C (21C), 

(ii) under reduced water activity (Glycerol), (iii) in minimal medium (M9), (iv) to mid-log 

phase (Midlog), (v) in 4.5% additional NaCl (NaCl), (vi) at pH 5.0 (pH5) and (vii) to 

stationary phase (Stationary). When calculating log reduction, values with count zero post-

sanitizer treatment were substituted with the detection limit (e.g., 100 CFU/mL). Data 

represent averages from three trials; the standard deviation of the three trials and number of 

trials with values below detection limit after PAA exposure are listed in Supplementary Table 

2.6. 
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Prediction model estimates for the likely ranges of reduction after PAA exposure 

for different combinations of strains and pre-growth conditions. A modelling-based 

approach was used to assess the range of bacterial reductions expected when different 

combinations of strains and growth conditions were tested for PAA survival. Specifically, the 

95% prediction intervals (PIs) for log reduction were estimated with a cross-random effects 

model where either (i) no effect was fixed (random combinations of strain and growth 

condition), (ii) the effect of a single strain was fixed (single strain with random selection of 

growth condition) or (iii) the effect of a single pre-growth condition was fixed (single 

condition with random selection of strains). For example, for L. monocytogenes when all 

strains and conditions were chosen at random and none of the effects were fixed, the PI 

covered a 8.7 log range. By comparison, the experimentally observed responses for L. 

monocytogenes covered a 5.9 log range (from a 0.5 log reduction observed for FSL J1-031 

pre-grown under high salt to a 6.4 log-reduction observed for FSL R9-5411 pre-grown in 

minimal medium). The larger range for the model-based approach is due to the fact that the 

possible log reduction parameters cover a larger range than the observed log reductions 

(which represents the arithmetic mean of 3 replicates). The L. monocytogenes PIs for single 

strains pre-grown under different conditions ranged from 8.4 to 8.6 log (depending on strain), 

while PIs for single pre-growth conditions (each with multiple strains) ranged from a 6.3 to a 

6.4 log reduction (depending on growth condition) (Figure 2.7A). For S. enterica, when all 

strains and conditions were chosen at random and none of the effects were fixed, the PI 

covered a 9.7 log range, for single strains pre-grown under different conditions PIs ranged 

from 9.7 to 9.9 log, while PIs for single pre-growth conditions ranged from 8.6 to 8.8 log 
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(Figure 2.7B). For STEC, when all strains and conditions were chosen at random and none of 

the effects were fixed, the PI covered a 11.3 log range, for single strains pre-grown under 

different conditions PIs ranged from 11.1 to 11.3 log, while PIs for single pre-growth 

conditions ranged from 7.4 to 7.7 log (Figure 2.7C). Overall, the model predictions further 

support that assessment of a single strain pre-grown under different conditions captures a 

larger range of responses as compared to assessment of multiple strains pre-grown under a 

single condition. 
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FIGURE 2.7. Estimated ranges of log reduction after PAA exposure for different 

combinations of strains and pre-growth conditions. 95% prediction intervals for log reduction 

were estimated based on a crossed-random effects model where no effect was fixed (left 

panel, labeled “None”), the effect of strain was fixed, and conditions were random effects 

(middle panel, labeled “Strain”), and the effect of condition was fixed and strains were 

random effects (right panel, labeled “Condition”). The error bars of the 95% prediction 

intervals show the range of responses in log reduction (y-axis) for a given effect after 

exposure to PAA of (A) L. monocytogenes, (B) S. enterica, and (C) STEC. 
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DISCUSSION 

With increasing requirements for science-based food safety strategies, industry needs 

scientifically sound approaches for validation studies, including selection of pathogen or 

surrogate strains used and the use of specific protocols for bacterial growth prior to validation 

studies. There is a particular need for pathogen and surrogate strain collections, as well as 

growth protocols for the produce industry as validation of intervention and control strategies 

is particularly important for this industry, which often lacks well established and validated 

pathogen control steps. Therefore, we assembled a produce-relevant bacterial strain collection 

that includes key pathogens as well as possible surrogate organisms, followed by WGS to 

characterize and validate the strains in this collection. In a proof of concept experiment, a 

subset of strains was further assessed, after pre-growth under different conditions, for survival 

of PAA exposure. These experiments provided clear evidence that growth conditions prior to 

challenge studies have a larger effect on phenotypic outcomes than strain diversity, suggesting 

that the use of a cocktail that contains strains pre-grown under different conditions may 

provide a valuable alternative to currently more typically used multi-strain cocktails pre-

grown under a single condition. 

 

Assembly of a unique produce-relevant strain collection will facilitate challenge and 

validation studies 

The produce-relevant strain collection assembled includes 11 L. monocytogenes, 23 S. 

enterica, and 13 STEC, as well as 8 possible surrogate organisms. Selection of appropriate 
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surrogate organisms can be controversial since it is necessary to determine whether the chosen 

organism emulates the target for each different use condition. While additional surrogates 

may hence need to be added, the current collection should represent an appropriate starting 

point. For example, L. innocua has been well established as a surrogate for L. monocytogenes 

including through studies where representatives of these two species showed similar (i) 

growth on baby spinach leaves (109), (ii) survival rates in soil (107), and (iii) D and z-values 

for heat treatment at various temperatures (108). While microbial strain collections for a 

variety of pathogens have been established (e.g., ILSI NA Listeria monocytogenes Strain 

Collection [61]; standard reference collection of STEC strains [121]), the collection here 

represents the first strain collection tailored to produce safety research. Broad use of this 

standard strain collection will also allow for better comparison of data across different studies. 

This will be facilitated by the fact that some of the strains in this collection have already been 

used, including studies of S. enterica survival on tomatoes (122, 123), antimicrobial 

treatments of broccoli and radish seeds (124), penetration of S. enterica into fruit (125), E. 

coli survival on lettuce (119,126), and persistence on tomatoes, cantaloupe and spinach (75). 

In addition, initial characterization of selected surrogates in this collection for PAA sensitivity 

already provides some valuable information. For example, while a comparison of the 

avirulent Salmonella surrogate strain MHM112 with the other Salmonella for strains suggests 

the suitability of this strain as a surrogate organism for PAA treatment, use of E. faecium in 

challenge studies, at least with PAA, would typically underestimate the efficacy of PAA for 

Salmonella as this surrogate strain showed considerably higher PAA resistance as compared 

to Salmonella. 
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Acquisition of pathogen strains, particularly from international sources, is however not 

trivial and hence this collection is biased towards strains from the US, even though some 

strains from international sources are included, such as an E. coli O104:H4 (FSL R9-5256) 

from the sprout-associated outbreak in Germany 2011 (69). Lack of a broad geographical 

representation could be a particular challenge for S. enterica, where it has been established 

that some serotypes show strong geographical associations; for example, serotype Stanley is 

predominantly found in Thailand (127) and was responsible for an outbreak linked to alfalfa 

sprouts (128). One could also consider including additional L. monocytogenes strains that 

represent the most prevalent clonal complexes (CC) worldwide for each lineage e.g., CC1, 

CC2 and CC3 for lineage I, as well as CC7 and CC9 for lineage II (129). Moreover, the 

collection could be extended to include spoilage organisms such as Pseudomonas strains to 

assess the effectiveness of sanitizer against (i) spoilage organisms or (ii) foodborne pathogens 

present in mixed biofilms that include Pseudomonas. While the strain collection described 

here provides a valuable starting point, it is anticipated that in the future other strains (e.g., 

from new outbreaks, international sources) will be added and that individual users may 

supplement the collection with specific strains of interest (e.g., strains previously linked to a 

facility or recalls of interest). 

 

WGS is essential for unambiguous identification of strains 

All strains included in the collection were characterized by WGS using KRAKEN and 

kSNP to confirm strain identity and to classify strains based on their genetic relationships, 

respectively. WGS data will also allow for future unambiguous identification of strains and 
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strain verification, which is crucial when strains are distributed to other researchers with the 

associated risk of cross-contamination or mislabeling. This challenge was confirmed here as 

two isolates received did not match the expected serotype and needed to be re-acquired from a 

third party. Similarly, previous studies (130,131,132) have shown for bacterial isolates and 

viruses that mislabeling can occur at culture collections for type strains. Availability of a 

strain collection with associated publicly available WGS data will allow users to validate 

every strain upon receipt and/or over time, as well as after completion of experiments. For 

example, after PAA exposure surviving strains could have been characterized by WGS to 

identify if the sanitizer is selecting for strains with spontaneous mutations that confer an 

advantage. WGS data could also be used to develop strain specific primers, which would be 

valuable if confirmation of recovered challenge strains is needed (e.g., in field studies) (40,  

133). Not unexpected, some genome sequence data represented a considerable number of 

contigs (>100), including all E. coli strains, which is consistent with previous observations 

that assembly of E. coli genomes from short read sequencing data is challenging, presumably 

due to the presence of a larger number of repeat regions (134-137). Future users of this 

collection may hence select to re-sequence some of the strains in this collection with long-

read sequencing methods, e.g. Pacific Biosciences (PACBIO). 

WGS data for strains included in a collection also provides an opportunity to screen 

strains for unusual mutations that may lead to phenotypes that are not representative of a 

specific species or serotype. Initial WGS-based screen and quality checks could include (i) 

identification of genes with premature stop codons, (ii) identification of non-synonymous 

changes in functional regions of key genes (e.g., stress response genes), and (iii) partial or full 
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deletions of key genes. Identification of mutations that affect key phenotypes is particularly 

important if strains will be used for challenge studies, where mutations that affect stress 

response mechanisms may lead to overestimation of the effectiveness of an intervention. 

Bioinformatic evaluation of strains for mutations in key stress response (and virulence genes) 

is also important as many strains may have been passaged for a number of generations in rich 

media and hence are more likely to have undergone adaptation to a laboratory environment 

(138,139). Importantly, we identified premature stops codons in rpoS, which encodes a global 

stress regulator, in one Salmonella and one E. coli strain; mutations in this gene have 

previously been shown to lead to reduced stress resistance (140,141). A previous study of 

human, spinach, and environmental E. coli O157:H7 isolates associated with the 2006 spinach 

outbreak in the US, also reported that three human isolates as well as two spinach isolates 

tested carried rpoS mutations and showed considerably reduced acid tolerance as compared to 

environmental and spinach isolates without rpoS mutations (142).  

Strains can also be modified to ease the recovery of a specific strain from a mixed-

sample e.g., selection for antibiotic resistance or incorporation of antibiotic resistance genes 

into the chromosome. Three strains in the collection (FSL R9-5251, FSL R9-5220, FSL R9-

6567) had been selected for resistance to nalidixic acid or rifampicin; for these antibiotics, a 

single point mutation is sufficient to confer resistance. However, antibiotic resistance can lead 

to pleiotropic effects resulting in dramatic changes in the phenotype which has to be 

considered when drawing conclusions from challenge or validation studies using the antibiotic 

resistant strain instead of the wildtype. Also, multiple additional mutations may be present in 

strains selected for antibiotic resistance, including compensatory mutations that occurred 
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subsequently to the mutation that conferred antibiotic resistance (143,  144). Indeed, 

additional non-synonymous mutations were identified in two out of three strains. For 

example, in strain FSL R9-6567, a non-synonymous change was found in flhE, which is a 

periplasmatic protein that regulates flagellar biosynthesis. As deletion of flhE in S. enterica 

has previously been shown to cause a proton leak and changes in the outer membrane (114), it 

may be necessary to assess the consequences of this (or other) non-synonymous mutations 

before including strains in experimental studies.  

 

Pre-growth conditions tested lead to larger range of phenotypic response than strain 

diversity 

Currently, challenge and validation studies are typically conducted with multiple 

strains, which may be used separately or as a mixture of multiple strains (so called 

“cocktails”) (145). This approach allows to account for strain diversity and to assure that 

control strategies are designed to deliver the appropriate or required protection even with 

more tolerant strains. Strains are often selected to represent outbreaks or food sources relevant 

to a given challenge study (e.g., studies on lettuce would use strains from lettuce or lettuce-

associated outbreaks) and strains typically are pre-grown under a single condition. In this 

study, it was shown that pre-growth conditions have a larger effect on the range of phenotypic 

responses than strain diversity. Inclusion of different pre-growth conditions in challenge and 

validation studies is particularly important if it is not possible to define the specific 

physiological status of bacteria in the natural environments and contamination events relevant 

for a given challenge study, which may often be the case in the produce industry.  
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However, the importance of including strain diversity in challenge studies cannot be 

neglected. In this study, the importance of strain diversity was particularly evident for S. 

enterica, where even though the variance component for “condition” was very large, the 

variance component for “strain- condition interaction” was larger than for the other two 

pathogen groups, indicating that the interaction between strain diversity and pre-growth 

conditions had an impact on PAA survival. These findings for S. enterica could at least be 

partially due to the fact that the S. enterica strains included in the collection appear to 

represent larger genomic diversity (as, for example, supported by larger variation in genome 

size, suggesting a larger accessory genome) than the STEC and L. monocytogenes strains. 

While a number of previous studies have also shown strain variation with regard to bacterial 

survival of stress conditions e.g., salt or acid stress (146,147), in many cases this is driven by 

a few strains that showed extremely high sensitivity to a given stress, which often could be 

tracked to mutations in key genes (e.g., stress response genes) (142,148). In other cases, 

strains do clearly differ in their tolerance to food relevant stress conditions, even though the 

magnitude of variation is often comparatively small and therefore may be of limited practical 

relevance. For example, among 101 L. monocytogenes isolates the minimum inhibitory 

concentration (MIC) to benzalkonium chloride, a quaternary ammonium compound, ranged 

from 5 to 13 ppm for isolates containing the resistance genes qacH or bcrABC, while isolates 

without these genes showed MICs ≤ 5 ppm (149). While this suggests that strains with and 

without these resistance genes should have a low tolerance to quaternary ammonium at the 

typical use concentrations, which are at least 200 ppm, one could argue that reduced 

sensitivity to low quaternary ammonium concentrations could still be relevant as pathogens in 
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processing plants may sometimes only be reached by diluted sanitizer. 

There are however also a few clear examples of foodborne pathogen strains that show 

considerably enhanced tolerance to specific food-associated stress conditions, such as S. 

enterica and E. coli strains that encode a heat resistance islet (LHR), which appears to 

considerably enhance heat resistance; up to 3 log decreased survival of heat stress was 

reported in E. coli when one of the three genes yfdX1, yfdX2, and hdeD on LHR1 were deleted 

(150). Even though the contribution of strain diversity to phenotypic variation are on average 

smaller than the contributions of growth conditions, inclusion of highly tolerant strains in 

challenge studies as well as inclusion of strain diversity thus remains important. This leads to 

the proposal that future challenge studies should consider including multiple strains, but with 

each pre-grown under a different condition. If conditions that organisms are typically exposed 

to are known and well defined (e.g., dry inoculation for nuts [151]), these conditions should 

be used for or included among the pre-growth conditions. Similarly, if a specific sanitizer is 

repeatedly used in a processing facility, validation studies should assess if pathogens are 

adapting to low level concentrations of the sanitizer over time. For experiments on sanitizer 

survival, it may also be appropriate to include pre-growth under exposure to sub-lethal 

sanitizer levels. Overall, if “typical” pre-growth conditions are unknown or cannot easily be 

defined, pre-growth under different conditions, focusing on those that have shown to increase 

stress tolerance, may be appropriate, which is consistent with prior recommendations to grow 

the inoculum to stationary phase, which typically leads to more stress tolerant bacterial cells 

(152).  

Interestingly, in this study strains consistently showed highest PAA tolerance when 
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pre-grown under high salt (mean die-off was 1.0 log for L. monocytogenes, 3.1 log for S. 

enterica and 2.9 log for STEC) and least tolerance when pre-grown in minimal medium 

(mean die-off 5.6 log for L. monocytogenes and 6.0 log for STEC) or mid-log phase (mean 

die-off 6.0 log for S. enterica). These findings are consistent with a number of studies that 

have shown cross-protection of bacteria exposed to one stress (e.g., salt stress) to subsequent 

exposure to another stress (e.g., oxidative stress). For example, L. monocytogenes pre-adapted 

in 6% NaCl became more tolerant when exposed to 50 mM H2O2 than compared to control 

cultures (14). In another study, pre-growth of L. monocytogenes under osmotic stress lead to 

increased heat resistance (153), as well as nisin and bile salt tolerance (99,  100). Examples of 

cross-protection, by other stresses, against additional food relevant stress conditions include 

increased heat resistance after acid adaptation in S. enterica and E. coli (154, 155), increased 

survival of filamentous S. enterica in low pH and during desiccation, when pre-grown in 

reduced water activity (17). However, exposure to one stress, does not always provide 

enhanced tolerance to another stress; for example, it has been shown for S. enterica that 

adaptation to acid stress leads to increased sensitivity to subsequent oxidative stress (98) due 

to the downregulation of the transcription factor OxyR, which is crucial in oxidative stress 

response (156).  Overall, this supports the importance of pre-growth under multiple conditions 

rather than focusing on pre-growth in a single condition (e.g. salt), as different pre-growth 

conditions may enhance tolerance to different given interventions. Our data indicate though 

that certain pre-growth conditions (e.g., mid-log phase, minimal media) may generally lead to 

less stress tolerant bacterial cells and hence should potentially be excluded as an appropriate 

pre-growth condition. This is consistent with data that show reduced stress tolerance of log 
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phase cells during osmotic stress as compared to stationary phase cells (102). Similarly, 

reduced stress tolerance to high osmolarity had previously been shown for L. monocytogenes 

that was pre-grown in defined minimal medium as compared to pre-growth in BHI (157). This 

is likely due to accumulation of compatible solutes, such as glycine betaine and carnitine, that 

are present in full media (e.g., BHI); accumulation of these compounds helps stabilize 

enzymes and proteins, thus ensuring their continuous function in adverse conditions (158). 

 

CONCLUSION 

Overall, our data indicate that conditions used to grow bacterial strains prior to challenge 

studies have, on average, a larger effect on challenge study outcomes and survival as 

compared to strain diversity. Strain diversity parameters that may affect stress tolerance and 

survival of interventions can often be linked to mutations in stress response genes that can be 

easily identified with appropriate bioinformatic approaches as long as genome sequence data 

are available, as is the case for all strains included in the collection described here. However, 

strains that show “hyper-tolerance” to certain stress conditions do exist and their inclusion in 

challenge sets is important, particularly if challenge studies are intended to identify “worst 

case scenarios” (i.e., highest resistance to be expected among naturally occurring pathogen 

strains). Based on the data available to date, we suggest that challenge studies may want to 

utilize a 5-strain cocktail with (i) each strain confirmed to not have known mutations in key 

relevant stress response and other genes and where (ii) each strain is pre-grown under a 

different condition (possibly excluding conditions that are well established to yield hyper-

tolerant strains, e.g., log phase); under some circumstances, random number generators could 
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be used to select the 5 conditions to be used from a larger set of possible and valid pre-growth 

conditions. In addition, where existence of strains that are hyper-tolerant has been established, 

these should be included when appropriate for the stress condition or intervention evaluated. 

However, consistent with prior recommendations, if a given challenge study targets a product 

pathogen combination where pathogens are expected to be in very specific and well defined 

physiological state (e.g., low water activity in dry foods), pre-adaptation of all strains in 

cocktail to these conditions would typically still be warranted.  
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ABSTRACT 

Inoculation studies are important when assessing the survival and growth of microbes 

within food products. Current practices for these studies typically involve the pre-growth of 

multiple strains of a target pathogen under a single condition; this emphasizes strain diversity. 

To gain a better understanding of the impacts of strain diversity (“Nature”) and pre-growth 

conditions (“Nurture”) on bacterial growth in foods, we assessed the growth and survival of S. 

enterica (n=5), E. coli (n=6) and Listeria (n=5) inoculated onto tomatoes, pre-cut lettuce and 

cantaloupe rind, respectively. Pre-growth conditions included (i) low pH, (ii) high salt, (iii) 

reduced water activity, (iv) different growth phases, (v) minimal medium, and (vi) different 

temperatures (21°C, 37°C). Inoculated tomatoes were incubated at 21°C; lettuce and 

cantaloupe were incubated at 7°C. Growth and survival were assessed by analyzing bacterial 

counts over three phases, including initial die-off (“phase 1”), change in bacterial numbers 

over the initial 24 h incubation period (“phase 2”), and population change over the 7-day 

incubation period (“phase 3”). E. coli showed overall reduction (although <1 log) over the 7-

day incubation period, except for pre-growth in high salt and to mid-log phase (increase <1 

log). In contrast, S. enterica and Listeria showed regrowth after an initial die-off. Pre-growth 

condition had a substantial and significant effect on all three phases of S. enterica and E. coli 

population dynamics on inoculated produce, whereas strain did not show a significant effect. 

For Listeria, both pre-growth condition and strain affected changes in phase 2, but not phases 

1 and 3.  
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IMPORTANCE  

Our findings suggest that inclusion of multiple pre-growth conditions in inoculation studies 

can best capture the range of growth and die-off patterns expected for S. enterica and E. coli 

present on produce. This is particularly important for fresh and fresh-cut produce where stress 

conditions encountered by pathogens prior to contamination can vary widely, making 

selection of a “typical pre-growth condition” virtually impossible. Use of multiple pre-growth 

conditions will allow for more robust microbial risk assessments that account more accurately 

for uncertainty.  

INTRODUCTION 

As food safety strategies continue to shift from responding to contamination events 

towards the implementation of preventative controls (e.g., as mandated in the US FSMA 

legislations [1]), the food and produce industry rely on accurate data on microbial growth, 

survival, and inactivation to design and employ appropriate risk-based food safety systems. 

Understanding growth kinetics of surviving pathogens in food is particularly important for 

fresh produce, due to the absence of a kill step. In addition to assessing pathogen growth on 

produce, it is essential to identify key factors that contribute to both uncertainty and 

variability of growth parameters. More specifically, understanding growth of certain 

pathogens in produce is important for risk assessments and could be used to inform safety-

based shelf life labelling. For Listeria monocytogenes, growth studies are also important as 

requirements for control strategies may differ for food that do or do not support 
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L. monocytogenes growth; a food typically is considered to not support L. monocytogenes 

growth if L. monocytogenes numbers show < 1 log increase during shelf life (2). 

Recommendations for validation and shelf life studies, such as by the National 

Advisory Committee on Microbial Criteria for Foods (NACMF), suggest including at least 

three to five strains to ensure genetic diversity (3, 4); the selected strains are often used to 

inoculate products as a cocktail. The variability in phenotypic responses due to genetic 

variation has been well established and has been the focus of a number of past growth and 

survival studies (e.g., 5, 6, 7). For instance, a study by Wong et al. (2019) demonstrated strain 

variability for 43 Salmonella strains, including 29 serovars, in growth and survival on two 

lettuce cultivars incubated at 21°C (6). The number of cells recovered on day five showed a 5 

log difference across strains (0.07 to 5.85 log CFU/g) (6). A study by Ells and Hansen (2010) 

inoculated shredded cabbage with 24 individual Listeria strains representing L. 

monocytogenes serotypes 1/2a, 1/2c, 4b, L. innocua and L. welshimeri, followed by 

incubation at 5°C (7). In this study, serotype 1/2a strains showed significantly higher increase 

in bacterial count on day 14 on shredded cabbage (1.02 log CFU/cm2) as compared to the 

increase for other serotypes and species (0.68 to 0.81 log CFU/cm2) (7).  

While current standards for challenge studies and studies of pathogen growth (3, 8) 

emphasize the representation of genetically diverse strains (“Nature”), strains are typically 

pre-grown under a single condition (“Nurture”). Pre-growth is often performed under a 

condition that provides optimal growth of the bacteria used; optimal growth typically refers to 

conditions in which cells reach high population densities in a short amount of time (e.g., 
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nutrient rich media incubated at 37°C) (4, 8). However, a number of challenge study protocols 

(3, 4) specifically recommend use of inoculum that was pre-grown under a “relevant” 

condition assumed likely to be experienced by bacteria prior to introduction into the target 

products. For example, NACMF (3) acknowledges that adaptation of strains is sometimes 

warranted, e.g., acid-adaptation for low pH foods. However, the more complex the 

environment is (e.g., produce supply chain where contamination can occur at various steps 

such as at the harvest level through the soil or in the processing facility), the more challenging 

it is to select pre-growth conditions that mimic the physiological state of organisms to reflect 

the “real world”. It is therefore important to assess pathogens’ survival and growth on produce 

with strains pre-grown under different conditions such that the range of phenotypic responses 

a target pathogen may exhibit can be better understood. While few studies have been 

conducted on the effect of pre-growth conditions on subsequent growth in produce, some 

prior studies support that pre-growth conditions affect pathogen survival on foods. For 

example, a study by Gahan et al. (1996), showed that bacterial counts for an acid-adapted and 

non-adapted L. monocytogenes strain fell below the detection limit after 90 min and 15 min, 

respectively, in a salad dressing (9). Similarly, while an acid-adapted Escherichia coli 

O157:H7 strain was detected for up to 81 h after inoculation of apple cider, the non-adapted 

E. coli strain was undetectable at 28 h post-inoculation (10). 

While we previously showed that pre-growth conditions (“Nurture”) have a larger 

effect than S. enterica, E. coli and Listeria strain diversity (“Nature”) on the outcome of 

challenge studies (i.e., survival of peroxyacetic acid exposure) (11), few studies have assessed 
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the effect of pre-growth conditions on pathogen growth and survival in different food matrices 

(9, 10). The goal of this study was to fill this knowledge gap and to test the hypothesis that a 

pathogen’s physiological state has a larger effect on the outcome of growth and survival 

studies than strain diversity. The scientific data provided through the work reported here will 

allow one to better account for the range of possible pathogen growth and survival patterns 

expected in foods contaminated by pathogens that could have grown under a variety of 

different conditions before introduction onto the food matrix. More specifically, a standard set 

of thirteen strains representing S. enterica, E. coli and Listeria strains, as well as three 

surrogate organisms were each grown under seven different pre-growth conditions; S. 

enterica, E. coli and Listeria strains were subsequently used to inoculate grape tomatoes, 

romaine lettuce and cantaloupe rind, respectively. 

 

RESULTS 

Overall growth and survival patterns.  Bacterial strains representing three pathogen 

groups (i) S. enterica, (ii) E. coli and (iii) Listeria were pre-grown under seven different 

conditions prior to inoculation on grape tomatoes, pre-cut romaine lettuce, or cantaloupe rind, 

respectively. Inoculated grape tomatoes were incubated at 21°C, while inoculated lettuce and 

cantaloupe rind were incubated at 7°C. Bacteria were enumerated on day 0, 1, 3, 4 and 7 and 

changes in bacterial numbers were assessed for three phases including (i) initial die-off (Nday0-

Ninoc), measured by bacterial enumeration after 1 h of drying of produce in a biosafety hood 
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post inoculation (“phase 1”); (ii) change in bacterial numbers over the initial 24 h incubation 

period (Nday1-Nday0) (“phase 2”), and (iii) 7-day population change (Nday7-Nday1) (“phase 3”); 

the definition of phase 3 was chosen to represent the largest change in bacterial counts 

throughout the seven day incubation period. For phase 1 (Nday0-Ninoc), initial reduction was 

observed for all strains and pre-growth conditions (Fig. 3.1, 3.3 and 3.5). However, for phase 

3, S. enterica and Listeria showed an increase in bacterial counts for all strains and pre-

growth conditions (Fig. 3.1 and 3.5), while E. coli showed a decrease in bacterial counts (die-

off) for all strains and all pre-growth conditions, except for two strains pre-grown in high salt 

where an increase in numbers was observed (Fig. 3.3). We also used DMfit to estimate 

growth rate parameters; growth rate parameters could only be obtained for Listeria due to 

poor model fit for Salmonella and E. coli growth and survival data (see Supplemental Table 

3.6 for Listeria data).  

For S. enterica, pre-growth condition has a larger effect than strain on changes in 

bacterial numbers in all three phases. Overall growth patterns on grape tomatoes for the 

different Salmonella strains pre-grown under different conditions showed an initial decline, 

followed by regrowth (Fig. 3.1).  
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FIGURE 3.1. Population dynamics for Salmonella strains inoculated on grape tomatoes.  Numeric value at each 

data point represents average of three biological replicates in log CFU/tomato; X-axis includes “Inoculum (Inoc)” 

(indicating bacterial numbers inoculated) as well as days of bacterial enumeration on tomatoes (days 0, 1, 3, 4 

and 7). Facets are divided into pre-growth conditions (rows), including 21°C (21C), reduced water activity 

(Glyc), minimal medium (M9), mid-log phase (MidLog), high salt (NaCl), pH 5.0 (pH5) and early stationary 

phase, as well as strains (columns). The ribbons indicate the standard deviation of three biological replicates. 

APC stands for aerobic plate count.
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ANOVA analysis showed that “pre-growth condition” was the only factor 

significantly associated with changes in bacterial numbers for the three phases evaluated; 

“strain” and “strain-condition interaction” were not significant for any of the three phases 

(Table 3.1). Among these three factors, “pre- growth condition” also always represented the 

highest proportion of results explained with 73.9, 61.4, and 34.9% (P<0.001) for phases 1, 2, 

and 3, respectively (Table 3.1). The only other parameter that explained >10% of results was 

the “residual” (18.9, 31.9, and 52.8% for phases 1, 2, and 3), suggesting additional factors that 

affect Salmonella population dynamics, particularly in phase 3. 
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TABLE 3.1. Statistical analysis (performed using ANOVA) of population dynamics for S. enterica, E. coli and Listeria for 

each of the three phases evaluated 

Phase of population dynamic Dfa Sum Sqb Mean Sqc F value Proportion (%) of  

Results Explained 

Pr(>F)d Sign.  

levele 

S. enterica 

Initial die off (Nday0-Ninoc)        

Pre-growth condition 6 90.69 15.11 45.72 73.89 <0.001 *** 

Strain 4 1.59 0.40 1.20 1.30 0.319  

Strain-Condition Interaction  24 7.32 0.30 0.92 5.96 0.573  

Residuals 70 23.14 0.33 NAf 18.85 NAf  

First 24 h (Nday1-Nday0)        

Pre-growth condition 6 128.98 21.50 22.48 61.41 <0.001 *** 

Strain 4 3.14 0.79 0.82 1.50 0.516  

Strain-Condition Interaction  24 10.96 0.46 0.48 5.22 0.977  

Residuals 70 66.94 0.96 NAf 31.87 NAf  

7-day population change  

(Nday7-Nday1)   

       

Pre-growth condition 6 95.79 15.97 7.71 34.87 <0.001 *** 

Strain 4 8.61 2.15 7.04 3.13 0.39  

Strain-Condition Interaction  24 25.29 1.05 0.51 9.21 0.97  

Residuals 70 145.00 2.07 NAf 52.79 NAf  

E. coli      

Initial die off (Nday0-Ninoc)        

Pre-growth condition 6 4.71 0.79 4.07 18.40 0.001 ** 

Strain 5 2.00 0.40 2.07 7.81 0.077 . 

Strain-Condition Interaction  30 3.24 0.11 0.56 12.66 0.962  

Residuals 81g 15.65 0.19 NAf 61.13 NAf   

First 24 h (Nday1-Nday0)        

Pre-growth condition 6 9.75 1.62 4.09 19.08 0.001 ** 

Strain 5 2.51 0.50 1.27 4.91 0.287  

Strain-Condition Interaction  30 5.86 0.20 0.49 11.47 0.985  

Residuals 83h 32.99 0.40 NAf 64.55 NAf  

7-day population change  

(Nday7-Nday1)   

       

Pre-growth condition 6 8.99 1.50 2.78 13.19 0.017 * 

Strain 5 3.78 0.76 1.40 5.55 0.234  

Strain-Condition Interaction  30 11.53 0.38 0.71 16.92 0.853  

Residuals 81g 43.85 0.54 NAf 64.34 NAf  
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a Df – degrees of freedom 

b Sum sq – sum of squares 

c Mean Sq – mean of squares 
d Pr(>F) – significance probability associated with F value  

e significance level, ’***’ corresponds to P-value of <0.001, ‘**’ corresponds to <0.01, ‘*’ corresponds to <0.05, ‘.’ corresponds to <0.1, and ‘ ‘ 

corresponds to 1 
f NA – not applicable 
g 81 out of 84 residuals due to plating error for (i) isolates FSL R9-5271 (replicate 2) and FSL R9-4077 (replicate 3), pre-grown at NaCl, and (ii) 

isolate FSL R9-5516 (replicate 1), which did not show growth after inoculation into medium with reduced water activity 
h 83 out of 84 residuals due to lack of growth for FSL R9-5516 (replicate 1) pre-grown in medium with reduced water activity  
i65 out of 70 residuals due to plating error for all five strains pre-grown to stationary (replicate 2)   

Phase of population dynamic Df a Sum Sqb Mean Sqc F value  Proportion (%) of 

Results Explained 

Pr(>F) d Sign.  

levele 

Listeria  

Initial die off (Nday0-Ninoc)        

Pre-growth condition 6 2.30 0.38 1.19 8.05 0.320  

Strain 4 0.09 0.02 0.07 0.31 0.991  

Strain-Condition Interaction  24 5.35 0.22 0.69 18.71 0.838  

Residuals 65i 20.85 0.32 NAf 72.93 NAf  

First 24 h (Nday1-Nday0)        

Pre-growth condition 6 1.95 0.32 2.64 13.18 0.009 ** 

Strain 4 1.80 0.44 3.64 12.16 0.023 * 

Strain-Condition Interaction  24 2.41 0.10 0.81 16.28 0.707  

Residuals 70 8.64 0.12 NAf 58.38 NAf  

7-day population change  

(Nday7-Nday1)   

       

Pre-growth condition 6 2.25 0.38 0.52 3.26 0.791  

Strain 4 0.53 0.13 0.18 0.77 0.947  

Strain-Condition Interaction  24 15.70 0.65 0.91 22.78 0.591  

Residuals 70 50.44 0.72 NAf 73.19 NAf  

Growthrate        

Pre-growth condition 6 0.00 0.00 0.98 6.29 0.44  

Strain 4 0.00 0.00 1.21 5.51 0.31  

Strain-Condition Interaction  24 0.00 0.00 0.57 15.75 0.93  

Residuals 65 0.01 0.00 NAf 70.87 NAf  
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More specifically, for all strain-condition combinations, Salmonella showed an initial 

die-off over the first 1 h (phase 1; Nday0-Ninoc) (Fig. 3.1); log reductions showed a wider range 

for condition (0.34 to 3.10 log) than strain (1.18 to 1.50 log) (Supplemental Table 3.1). The 

highest log reduction (3.10 log) and the lowest log reduction (0.34 log) were observed when 

cultures were pre-grown to mid-log phase and in high salt, respectively (Fig. 3.2); the die-off 

for Salmonella grown to mid-log was significantly higher than for any other conditions (Fig. 

3.2).  

 

 

FIGURE 3.2. Estimated means of change in log CFU (Y-axis) for Salmonella compared 

across seven pre-growth conditions (X-axis). Different letters indicate significant difference 

based on post-hoc Tukey HSD analysis. Whiskers indicate upper and lower confidence 

interval. (A) Initial die-off (Nday0-Ninoc) in log CFU, (B) change in bacterial number over the 

first 24 h of incubation (Nday1-Nday0) in log CFU, (C) 7-day population change (Nday7-Nday1) in 

log CFU. Pre-growth conditions include 21°C (21C), reduced water activity (Glyc), minimal 

medium (M9), mid-log phase (MidLog), high salt (NaCl), pH 5.0 (pH5) and early stationary 

phase (Stationary). 
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For phase 2 (Nday1-N day0), Salmonella population changes ranged from a log reduction 

of 2.87 log to 0.50 log growth for conditions (with 6 of 7 conditions yielding reductions) and 

from 1.13 log to 1.53 log reduction for strains (Fig. 3.2 and Supplemental Table S1). The 

highest log reduction (2.87 log) and the lowest log reduction (0.29 log) were observed when 

cultures were pre-grown at 21°C and in high salt, respectively. Salmonella pre-grown in 

defined medium showed a model estimated mean increase of 0.50 log in phase 2 (Fig. 3.2 and 

Supplemental Table 3.1). For the four conditions (21°C, reduced water activity, low pH, and 

water activity) that showed the highest log reduction, reductions were significantly larger than 

the three other conditions (Fig. 3.2 and Supplemental Table 3.1). For phase 3 (7-day 

population change; Nday7-Nday1), Salmonella growth ranged from 0.41 log to 3.54 log for 

conditions and from 1.28 log to 2.09 log for strains (Supplemental Table 3.1). The largest 

increase in bacterial cell number (3.45 log) and the least increase (0.41 log) were observed for 

cultures pre-grown at 21°C and in minimal medium, respectively; these values differed 

significantly (see Fig. 3.2 and Supplemental Table 3.1). The average aerobic count of the 

uninoculated tomatoes increased by 1.50 log (SD±0.18) from day 0 to day 7 (Fig. 3.1 shows 

APC data for each set of experiments).  

In addition to analysis of changes in bacterial numbers in the three phases, as detailed 

above, we also assessed “net growth”, which we defined as the difference in bacterial 

numbers between day 7 and the inoculum. While the three phases were defined to represent 

biologically relevant time intervals (such as initial die-off and regrowth), the net growth 

parameter represents the number that may typically be generated in industry validation 
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studies, where bacterial numbers may only be determined at one or a few time points around 

the end of shelf life. Interestingly, the net growth for Salmonella was negative for most strain-

condition combinations, including all strains pre-grown at 21°C, in minimal medium, and 

when grown to mid-log and stationary phase. For the other three conditions, some strains 

showed net growth, which was always < 1 log (Supplemental Table 3.2). These net growth 

patterns result from the fact that under most conditions, the magnitude of the initial die-off is 

larger than the magnitude of the subsequent regrowth.  

As compared to our data reported here, the ComBase prediction model overestimated 

the growth potential of Salmonella (Supplemental Fig. 3.1). The maximum log CFU/g for day 

7 was predicted to be 8.52 log CFU/g, 2 to 5 log higher than compared to the experimentally 

obtained lowest and highest bacterial counts which were 2.7 log CFU/g (FSL R9-5502 pre-

grown at 21°C) and 6.6 log (FSL R9-5272 pre-grown in reduced water activity) 

(Supplemental Table 3.3).   

The S. enterica Typhimurium strain FSL R9-6232 (previously MHM-112), which was 

included as a surrogate strain, showed similar changes in bacterial numbers as the pathogenic 

S. enterica strains for all three of the assessed phases (see Fig. 3.1). This is also supported by 

the overall ANOVA analysis, which included the data for this surrogate strain, and showed no 

significant effect of either “strain” or “strain-condition” interaction. The 95% confidence 

intervals for the estimated mean population parameters for the surrogate strain for each of the 

three phases also overlap with the confidence intervals for the wildtype Salmonella strains 

(see Supplemental Table 3.1 for details).  
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For E. coli, pre-growth condition has a significant effect on changes in bacterial 

numbers in all three phases. Growth patterns on pre-cut romaine lettuce for the different E. 

coli strains pre-grown under different conditions showed overall die-off, except for two 

strains pre-grown in high salt where an increase in bacterial numbers was observed (<1 log 

increase) (Fig. 3.3, Supplemental Table 3.2).  The net growth (Nday7-NInoculum) for E. coli was 

negative for most strain-condition combinations, except for two strains pre-grown in high salt, 

which showed net growth <1 log (Supplemental Table 3.2).  

ANOVA analysis showed that “pre-growth condition” was the only factor 

significantly associated with changes in bacterial numbers for the three phases evaluated; 

“strain” and “strain-condition interaction” were not significant for any of the three phases 

(Table 3.1). Among these three factors, “pre-growth condition” also represented the highest 

proportion of results explained; 18.4 and 19.1% (P<0.001) for phases 1, and 2, respectively 

(Table 3.1). For phase 3, even though condition was the only significant factor, the proportion 

of results explained by “strain-condition” interaction was larger than “pre-growth condition” 

or “strain”; 16.9, 13.2 and 5.6%, respectively. The other parameter that explained >60% of 

results was the “residual” (61.1, 64.6, and 64.3% for phases 1, 2, and 3), suggesting a 

considerable effect of additional factors on E. coli population dynamics throughout all three 

phases. 

For all strain-condition combinations, E. coli showed an initial die-off over the first 1 

h (phase 1; Nday0-Ninoc) (Fig. 3.3); log reductions showed a slightly wider range for condition 

(1.15 to 1.69 log) than strain (1.27 to 1.65 log) (Supplemental Table 3.4). The highest log 
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reduction (1.69 log) and the lowest log reduction (1.15 log) were observed when cultures 

were pre-grown in high salt and in reduced water activity, respectively (Fig. 3.3 and 3.4). 

Over the first 24 h of incubation (phase 2; Nday1-N day0), changes in E. coli populations ranged 

from 0.58 log reduction to 0.22 log increase depending on conditions (with 5 of 7 conditions 

yielding reductions) and from 0.41 log reduction to 0.07 log in increase depending on strain 

(with 5 of 6 strains showing reductions in numbers) (Fig. 3.4 and Supplemental Table 3.4). 

The highest log reduction (0.58 log) was observed when cultures were pre-grown to mid-log 

phase and the largest increases in bacterial numbers (0.22 log and 0.13 log) were observed 

when cultures were pre-grown at 21°C and in high salt, respectively (Fig. 3.4 and 

Supplemental Table 3.4). For phase 3 (7-day population change; Nday7-Nday1), changes in E. 

coli populations ranged from 0.77 log reduction to 0.06 log increase depending on conditions 

(with 5 of 7 conditions yielding reductions) and from 0.44 log to 0.01 log reductions across all 

strains (Fig. 3.4 and Supplemental Table 3.4). The highest log reduction (0.77 log) and the 

largest increase (0.06 log) were observed for cultures pre-grown in reduced water activity and 

in high salt, respectively; these values differed significantly (Figure 3.4 and Supplemental 

Table 3.4). The average aerobic count of the uninoculated lettuce increased by 2.20 log 

(SD±0.33) from day 0 to day 7 (Fig. 3.3 shows APC data for each set of experiments). 
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FIGURE 3.3. Population dynamics for E. coli strains inoculated on romaine lettuce. Numeric value at each data 

point represents average of three biological replicates in log CFU/lettuce; X-axis includes “Inoculum (Inoc)” 

(indicating bacterial numbers inoculated) as well as days of bacterial enumeration on lettuce (days 0, 1, 3, 4 and 

7). Facets are divided into pre-growth conditions (rows), including 21°C (21C), reduced water activity (Glyc), 

minimal medium (M9), mid-log phase (MidLog), high salt (NaCl), pH 5.0 (pH5) and early stationary phase, as 

well as strains (columns). The ribbons indicate the standard deviation of three biological replicates. APC stands for 

aerobic plate count.
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FIGURE 3.4: Estimated means of change in log CFU (Y-axis) for E. coli compared 

across seven pre-growth conditions (X-axis). Different letters indicate significant 

difference based on post-hoc Tukey HSD analysis. Whiskers indicate upper and 

lower confidence interval. (A) Initial die-off (Nday0-Ninoc), (B) first 24 h of 

incubation (Nday1-Nday0) in log CFU, (C) 7-day population change (Nday7-Nday1). Pre-

growth conditions include 21°C (21C), reduced water activity (Glyc), minimal 

medium (M9), mid-log phase (MidLog), high salt (NaCl), pH 5.0 (pH5) and early 

stationary phase (Stationary).  

 

The E. coli strain FSL R9-4077 (previously TVS 353), which was included as a 

surrogate strain, showed similar changes in bacterial numbers as the pathogenic E. coli strains 

for all three of the assessed phases (see Fig. 3.3). This is also supported by the overall 

ANOVA analysis, which included the data for this surrogate strain, and showed no significant 

effect of either “strain” or “strain-condition” interaction (significance level p<0.05). The 95% 

confidence intervals for the estimated mean population parameters for the surrogate strain for 

each of the three phases also overlap with the confidence intervals for the wildtype E. coli 

strains (Supplemental Table 3.4 for details).  
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For Listeria, pre-growth condition and strain have a significant effect on 

population dynamics in phase two. Overall growth patterns on cantaloupe rind for the 

different Listeria strains pre-grown under different conditions showed an initial decline, 

followed by regrowth (Fig. 3.5, Supplemental Table 3.2). The net growth (Nday7-NInoculum) for 

Listeria was positive for all strain-condition combinations. Net growth over 7 days ranged 

from 0.50 to 2.32 log across all strains and conditions. 

ANOVA analysis showed that for phase 2 “pre-growth condition” and “strain” were 

both significantly associated with changes in bacterial numbers. In phase 1 and 3, none of the 

evaluated factors were significant (Table 3.1). Strain also always represented the highest 

proportion of results explained; 18.71, 16.28, and 22.8% for phases 1, 2, and 3, respectively 

(Table 3.1). The other parameter that explained >50% of results was the “residual” (72.9, 

58.4, and 73.2% for phases 1, 2, and 3), suggesting additional factors that affect Listeria 

population dynamics.  

More specifically, for all strain-condition combinations, Listeria showed an initial die-

off over the first 1 h (phase 1; Nday0-Ninoc) (Fig. 3.1); the highest log reduction (1.26 log) and 

the lowest log reduction (0.85 log) were observed when cultures were pre-grown at 21°C and 

to stationary phase, respectively (Supplemental Table 3.5). Over the first 24 h of incubation 

(Phase 2; Nday1-N day0), Listeria isolates showed increases in bacterial numbers for all pre-

growth conditions ranging from 0.15 log to 0.58 log for conditions and 0.14 log to 0.51 log 

for strains (Fig. 3.5 and Supplemental Table 3.5). The highest log increase (0.58 log) and the 

lowest log increase (0.15 log) observed for different growth conditions were for cultures pre-
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grown to stationary phase and in minimal medium, respectively; these values differed 

significantly (Fig. 3.6 and Supplemental Table 3.5). For phase 3 (Nday7-Nday1), Listeria growth 

ranged from 1.86 log to 2.31 log for conditions and from 2.04 log to 2.22 log for strains 

(Supplemental Table 3.5). The largest increase (2.31 log) and the least increase (1.86 log) 

were observed for cultures pre-grown in minimal medium and at 21°C, respectively; 

(Supplemental Table 3.5). The average aerobic count of the uninoculated cantaloupe rinds 

increased by 3.18 log (SD±0.54) from day 0 to day 7 (Fig. 3.5 shows APC data for each set of 

experiments).  
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FIGURE 3.5: Growth curves for Listeria strains inoculated on cantaloupe rind. Numeric value at each data point 

represents average of three biological replicates in log CFU/cantaloupe rind; X-axis includes “Inoculum (Inoc)” 

(indicating bacterial numbers inoculated) as well as days of bacterial enumeration (days 0, 1, 3, 4 and 7). Facets are 

divided into pre-growth conditions (rows), including 21°C (21C), reduced water activity (Glyc), defined medium 

(DM), mid-log phase (MidLog), high salt (NaCl), pH 5.5 (pH5) and early stationary phase, as well as strains 

(columns). The ribbons indicate the standard deviation of three biological replicates. APC stands for aerobic plate 

count.
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FIGURE 3.6: Estimated means of change in log CFU increase after 24 h of incubation (Y-axis) 

for Listeria compared across seven pre-growth conditions (X-axis). Different letters indicate 

significant difference based on post-hoc Tukey HSD analysis. Whiskers indicate upper and lower 

confidence interval.  Pre-growth conditions include 21°C (21C), reduced water activity (Glyc), 

defined medium (DM), mid-log phase (MidLog), high salt (NaCl), pH 5.5 (pH5.5) and early 

stationary phase (Stationary).  

 

The ComBase growth rate prediction for Listeria was 0.01 log CFU/h; by comparison, 

the mean growth rate for all 35 strain-condition combination was 0.02 log CFU/h , which is 

higher than the predicted value (Supplemental Fig. 3.2 and Supplemental Table 3.6). Combase 

was also used to predict L. monocytogenes numbers at day 7, which were used to calculate the 

differences between the observed values and the Combase predicted values (Supplemental Table 

3.7).   

The L. innocua strain, FSL C2-0008, which was included as a surrogate strain, showed 

similar changes in bacterial numbers as the pathogenic L. monocytogenes strains for all three of 

the assessed phases (see Fig. 3.5). This is also supported by the overall ANOVA analysis, which 

included the data for this surrogate strain, and showed no significant effect of either “strain” or 
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“strain-condition” interaction in phase 1 and 3. In addition, the 95% confidence intervals for the 

estimated mean population parameters for the surrogate strain for each of the three phases 

overlap with the confidence intervals for the L. monocytogenes strains (see Supplemental Table 

3.5 for details).  

 

DISCUSSION 

In food safety, validation studies as well as growth studies typically include multiple 

strains of a given pathogen or their surrogates to capture a range of phenotypic responses that 

could be expected in naturally contaminated products. This is important, for example, to prevent 

an overestimate of the effectiveness of an intervention or an underestimate of the growth of 

pathogen in a product. The pathogen physiological state, however, might play a larger role in 

their growth and survival than its genotype. This is supported by a previous study, which used 

the same set of strains as in the study presented here to show that, compared to strain diversity, 

pre-growth condition had a larger effect on pathogen survival after exposure to peroxyacetic acid 

(11). As estimates of pathogen growth in produce are important for (i) risk assessments and (ii) 

validation studies that, for example, assess whether a given product supports growth, we 

evaluated the effect of pre-growth conditions and strain diversity on the growth and survival of 

thirteen S. enterica, E. coli and Listeria, as well as three respective surrogates, on fresh produce, 

using bacteria pre-grown under seven different conditions, resulting in 112 strain-condition 

combinations. While our data showed similar growth patterns to those previously reported, we 

found that “pre-growth condition” had a significant effect on S. enterica and E. coli population 

dynamics on produce, with no significant effect observed for “strain” or “strain-condition 
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interaction”. These findings have important implications for the design and performance of 

inoculation studies that assess foodborne pathogen growth on produce as well as other food 

products. 

S. enterica and Listeria showed regrowth after die-off on tomatoes and cantaloupe 

incubated at 21°C and 7°C, respectively, while E. coli predominantly showed die-off over 

the full 7-days on lettuce incubated at 7°C. 

Overall growth pattern observed for (i) S. enterica on tomato incubated at 21°C, (ii) E. 

coli on pre-cut romaine lettuce incubated at 7°C , and (iii) Listeria on cantaloupe rind incubated 

at 7°C, were generally consistent with previous studies (12-15). All three pathogens showed a 

reduction in bacterial counts after 1 h air drying before regrowth was observed (Salmonella and 

Listeria) or reductions in bacterial numbers continued (E. coli). The air drying can impose a 

stress to the cells and potentially lead to injured cells that cannot be recovered with selective 

media (16) and therefore the reported initial reductions in bacterial counts may represent actual 

die-off or may be due to injured cells that are viable but not culturable (or a combination). Future 

studies may want to use the strains and growth conditions reported here to assess the impact of 

pre-growth conditions on subsequent cell injury or entry into VNBC when bacteria are 

inoculated into different matrices.  

The observed regrowth of S. enterica strains on tomatoes incubated at 21°C is consistent 

with previous findings where inoculated tomatoes incubated at 22°C showed an increase in 

bacterial number on the last timepoint of incubation (relative to the initial S. enterica inoculum) 

(14, 17). The initial reductions in bacterial numbers observed here were, however, not observed 

in either of these previous studies (14, 17); this could be due to the fact that the cultures for S. 
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enterica inoculation in our study were undiluted and ~ 4 log higher compared to these two 

previous studies. In contrast, a study conducted by Guo et al. (2002), where tomatoes were spot 

inoculated with a cocktail of five Salmonella serovars pre-grown in BHI broth at 37°C showed a 

continuous reduction of bacterial cells (~3 log) during the 14-day period of incubation at 20°C 

(18). Even though the initial inoculum concentration was also undiluted, regrowth was not 

observed.  

Overall, these data indicate that growth of Salmonella on tomatoes incubated at room 

temperature may be affected by a number of variables (e.g., tomato variety, environmental 

condition other than temperature, e.g., humidity), such that appropriate prediction of Salmonella 

growth in tomatoes may require further studies. 

While the Salmonella growth experiments reported here used an incubation temperature 

of 21°C, growth experiments with E. coli on lettuce used an incubation temperature of 7°C, 

which could be considered typical for storage under mildly abusive refrigeration temperatures. 

For most pre-growth conditions, E. coli showed a reduction in numbers over the 7-day 

incubation period (“phase 3”), with numbers up to 3.63 log lower at day 7 as compared to the 

initial inoculum, even though for two pre-growth conditions, E. coli showed a slight increase in 

numbers (<1 log over 7 days). The trend of continued reduction over time is consistent with 

another study that showed E. coli strains pre-grown at 37°C in BHI (with ampicillin, which was 

added to maintain a plasmid carrying a green fluorescent reporter gene), also decreased in 

numbers (~1 log reduction) on pre-cut lettuce incubated at 5°C over 18 days (19). The reported 

population dynamics at incubation temperature of 5°C to 7°C, are consistent with the fact that 

these temperatures represent the lower temperature growth limit for E. coli strains (15).   
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Listeria inoculated on cantaloupe rind incubated at 7°C showed an increase in bacterial 

numbers over the 7-day incubation period, regardless of pre-growth conditions. The observation 

of growth is consistent with other studies that showed an average increase of 1.3 log of L. 

monocytogenes strains on cantaloupe rind when incubated at 8°C or an ~1 log increase when 

incubated at 5°C (12, 13). The growth rates obtained from DMfit are also in accordance with 

previously reported growth rates that ranged from 0.02 to 0.09 μmax log CFU/g/h for three L. 

monocytogenes strains inoculated on cantaloupe rind incubated at 5°C and 10°C (20). The 

observation for Listeria growth at the incubation temperature used here and in the previous 

studies are also consistent with the well documented ability of Listeria to grow at temperatures 

as low as -0.3°C (21, 22).  

Pre-growth conditions have a significant effect on S. enterica and E. coli population 

dynamics but not on Listeria population dynamics 

Overall, our data showed that pre-growth conditions have a significant and consistent 

effect on S. enterica and E. coli population dynamics, while there was a limited effect of both 

pre-growth condition and strain on Listeria population dynamics (these two factors only had a 

significant effect over the first 24 h of incubation [growth phase 2]). More specifically, a linear 

regression model showed that for both Salmonella and E. coli “pre-growth condition” had a 

significant effect in all three growth phases, while “strain” or “strain-condition interactions” did 

not show a significant effect on growth and survival for any of the three phases. Importantly, the 

magnitude of the observed effects was substantial; for example for Salmonella, the model-

estimated increase of bacterial numbers in phase 3 could differ by as much as 3 log, depending 

on pre-growth condition; these types of differences would likely have large effects on the 
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outcome of risk assessments and validation studies. 

For Salmonella population dynamics on tomatoes incubated at 21°C, linear regression 

showed that “pre-growth condition” explained between 34.9 and 73.9% (phase 3 and 1, 

respectively), suggesting that the effect of growth conditions is higher at initial stages, which is 

logical as the effect of initial condition will decrease as Salmonella adapts to the tomato 

environment. The two pre-growth conditions that yielded the largest growth over 7 days were 

21°C and low pH. The fact that 21°C pre-growth yielded cells that showed the most growth on 

tomatoes is consistent with previous studies (17, 23). This finding also is logical as tomatoes 

were also incubated at 21°C and these cells thus could be considered pre-adapted. Pre-adaptation 

in low pH with organic acids, e.g., lactic acid as used in the study here, is known to induce rpoS, 

which encodes the general stress response sigma factor that facilitates survival of various stresses 

such as oxidative or starvation stress (24) and may contributes to S. enterica recovery and 

regrowth on tomatoes. Similarly, pre-adaptation in minimal media, the only pre-growth condition 

for Salmonella strains that showed an increase in numbers in phase 2 and which provides a 

limited carbon source, could prime cells for better survival on the tomato surface where access to 

nutrients might also be limited. In addition, we found that Salmonella pre-grown in high salt, was 

recovered in similar number over the whole 7-day period (<1 log difference between any two 

sampling times). Salmonella has intricate mechanisms in place to adapt to osmotic stress and 

maintain the turgor pressure of cells e.g., through accumulation of compatible solutes such as 

potassium ions, glutamate, glycine-betaine and trehalose (25). Indeed, it was shown with 

transcriptomics that lack of trehalose biosynthesis and modifications of the cell envelope in 

Salmonella LT2 lead to reduced survival under desiccation stress (26). This suggests that pre-

adaptation in the high salt environment might allow Salmonella to not only better survive the 
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drying process after inoculation, but also to better survive during the following days of 

incubation. Overall, these data and our findings further supports previous standard 

recommendations that strains should be pre-adapted and grown under relevant conditions before 

inoculation experiments (4). 

For E. coli inoculated on lettuce with subsequent incubation at 7°C, linear regression 

showed that “pre-growth condition” explained between 13.2 and 19.1% of the model results 

across all three phases, with pre-growth conditions showing the least effect in phase 3, 

suggesting, similar to the observations for Salmonella, that adaptation, over time, to the lettuce 

environment reduces the effect of pre-growth. Interestingly, residuals explain a larger portion of 

the results of the model outcome than any other factor included in the model for all three phases, 

indicating that additional factors influence the population dynamics of E. coli, such as the food 

matrix-pathogen interaction or the produce shelf life. While pre-growth in high salt yielded the 

highest increase in bacterial numbers over 7 days, pre-growth in media with reduced water 

activity showed the highest reduction over the same time period, consistent with other studies 

that showed salt or glycerol induced osmotic stress do not necessarily yield the same phenotypic 

response (27-29). Cross-protection of salt-adapted cells to various other environmental stresses 

has also previously been shown for E. coli (11, 30). For example, an E. coli strain adapted to 0.3 

M NaCl showed increased relative fitness compared to a non-adapted strain when subsequently 

grown in pH 5.5 or 0.6% n-butanol (30). Similarly, a study showed that salt-adapted E. coli 

strains had a higher tolerance to a subsequent peroxyacetic acid exposure compared to when pre-

grown in TSB without additional salt (11). Here, we observe that salt-adapted E. coli strains have 

an advantage in survival on lettuce when compared to strains adapted to other conditions that 

showed a decrease in numbers (< 1 log).  
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Contrary to S. enterica and E. coli where pre-growth conditions had a significant effect 

on changes in bacterial numbers, this was not observed for Listeria; for Listeria, the variables, 

“pre-growth condition” and “strain” showed a significant effect on development of bacterial 

numbers only in phase 2. The largest proportion of results that explain the model outcome was 

attributed to the residuals ranging from 58.4 to 73.2% indicating that “pre-growth condition”, 

“strain” and “strain-condition interactions” insufficiently explain Listeria population dynamics.  

In a previous study, which used the same set of Listeria strains to assess survival after exposure 

to peroxyacetic acid (11), we observed that the effect of “pre-growth condition” was significantly 

larger than “strain”. One possible explanation for the limited effect of “pre-growth condition” 

observed here is that the cantaloupe rind environment and the incubation at 7°C do not present 

conditions under which either strain variation or certain pre-growth conditions would have led to 

a distinct phenotype. Another possible explanation is the differences in stress tolerance and 

adaptation between pathogen groups. For example, Listeria is known for its high tolerance to 

NaCl and has been reported to grow in BHI with 10% NaCl (31) whereas for E. coli and 

Salmonella the salt concentrations that allow for growth are lower (6.5% and 8% NaCl, 

respectively) (32). Hence a salt concentration of 4.6% of NaCl in TSB might not be high enough 

to induce a stress response in Listeria and may not lead to a more resilient phenotype as observed 

for Salmonella and E. coli.   

The limited strain differences observed for L. monocytogenes is consistent with previous 

studies (12, 33). For example, a study by Martinez et al. (2016) did not identify different growth 

patterns for different L. monocytogenes strains associated with the 2011 cantaloupe outbreak, 

which included strains of serotypes 1/2a and 1/2b when inoculated on cantaloupe rind followed 

by incubation at 4°C, 8°C or 25°C for 21 days (12). Similarly, three L. monocytogenes strains 
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isolated from a production facility, representing serotypes 1/2a, 1/2b and 4b, inoculated on 

iceberg lettuce as well as arugula, did not show significant differences in their cold growth (i.e., 

5°C and 8°C) (33). While the selected pre-growth conditions and strain diversity did not 

significantly impact Listeria’s growth and survival on cantaloupe rind in this study, other pre-

growth conditions or produce types might yield an environment where pre-growth conditions or 

strain diversity have an effect. This is supported by previous studies, which have shown that 

Listeria growth patterns vary depending on, for example, produce surface, incubation 

temperature, humidity (34, 35). For example, a study by Flessa et al. (2005) inoculated whole 

and cut strawberries with the same cocktail of Listeria strains, they observed a 3 log reduction of 

Listeria after a 7-day incubation at 4°C for whole strawberries and a < log reduction for cut 

strawberries (36).    

Selected surrogates showed growth and survival comparable to their respective pathogens 

on selected produce 

Often, studies rely on surrogate organisms when pathogens cannot be introduced or used 

due to food safety concerns or regulatory restrictions, e.g., when conducting experiments in a 

food processing plant or in a biosafety level 1 certified laboratory environment. It is important 

that surrogate strains that are used in lieu of virulent target pathogen strains are validated and 

respond similarly to the respective pathogens they represent in validation and challenge studies. 

For example, criteria for selection of surrogates include ensuring that they show similar growth 

kinetics and attachment characteristics as their pathogens (37, 38). Here, we included the 

avirulent S. enterica Typhimurium strain FSL R9-6232 (previously MHM-112) as a surrogate for 

S. enterica. This avirulent strain had previously been shown to not significantly differ from its 
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wildtype parental strain ATCC14028 in terms of survival on spinach or in puncture wounds of 

tomatoes and cantaloupe (39). The surrogate organism for E. coli, FSL R9-4077 (previously TVS 

353), had previously been used in field trials with baby leafy greens (40) and lettuce (41). An L. 

innocua strain was included as a possible surrogate for L. monocytogenes. In our study reported 

here, all three surrogate strains used showed growth phenotypes that were comparable to their 

respective pathogens. These surrogates  also showed phenotypic responses similar to their 

respective pathogens in a previously conducted challenge study where strains were pre-grown 

under seven different conditions and assessed for their survival after exposure to peroxyacetic 

acid (11). While this information further supports the suitability of the strains used here as 

surrogates for use in challenge and validation studies, further validation will be needed if these 

strains are to be used on different food matrices or under different stress conditions. 

ComBase prediction overestimates the bacterial counts for Salmonella and underestimates 

selected strain and pre-growth conditions for Listeria  

Predictive modelling tools such as ComBase (42) are powerful tools to estimate bacterial 

concentrations and the associated microbial risk. Experimental studies can be laborious, timely 

and cost intensive whereas in-silico prediction models are not. However, comparisons of 

observations from this study for Salmonella and Listeria and predictions from ComBase indicate 

that there is a potential risk for either overestimation (Salmonella) or underestimation of counts 

and growth rate (Listeria). Similar asynchronies have been reported in other studies (33, 43). For 

example, a study by Ziegler et al. 2019, found that ComBase predictions were overestimating 

Listeria counts on ice berg lettuce and parsley on day 7 by 1 log (33).  The divergence in 

between experimentally observed data and model predictions can be due to a number of factors 
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including the pathogen physiological state, the complex interaction of bacteria and the food 

matrix, and background bacteria present on produce, which are not accounted for in the broth 

prediction model. As supported by our data, further development of microbial prediction models 

may benefit from including the pathogens physiological state.  

 

CONCLUSION 

In summary, our data suggest that pre-growth conditions have a larger and significant 

effect, compared to strain diversity, on Salmonella and E. coli population dynamics on produce. 

This is important to take into consideration when assessing the growth limits and/or survival of 

pathogens on food as required by national and international guidelines, e.g., Codex Alimentarius 

by FAO and WHO (44), the U. S. Food Code (45), or as stated in the draft guidance for industry 

by the FDA to comply with the Code for Federal Regulations Title 21 (2). We therefore suggest 

a shift from multi-strain cocktails to “multi-growth condition” cocktails that represent not only 

the parameters of the food (e.g., low acidity, high salt) but also additional environmental stresses 

to allow for more robust growth data that account more accurately for uncertainty. In addition, 

modern modelling tools such as ComBase (42) might expand their databases to include details on 

pre-growth conditions of the target organisms in addition to food matrix parameters (e.g., pH, 

water activity). The produce-relevant strain set from this study is available upon request from the 

Food Safety Lab at Cornell University and the growth and survival data obtained here are 

complementing the data obtained from the sanitizer challenge study using the same set of strains, 

raw data of both studies are publicly available on GitHub (11).  
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MATERIAL AND METHODS 

Bacterial strains. A total of sixteen bacterial strains were selected from a previously described 

produce-relevant strain collection that includes genetically diverse pathogen strains (n=13) and 

relevant surrogate organisms (n=3) (11). For S. enterica, five isolates representing serotypes (i) 

Saintpaul (FSL R9-5400), (ii) Enteriditis (FSL R9-5272), (iii) Litchfield (FSL R9-5344), and (iv) 

Poona (FSL R9-5502), as well as a surrogate strain, (v) the avirulent Typhimurium (FSL R9-

6232), were included. For Listeria, the five isolates tested included (i) serotype 4b, lineage I, 

clonal complex (CC) ST382 (FSL R9-5506), (ii) serotype 1/2b, lineage I, CC88 (FSL R9-5411), 

(iii) serotype 1/2a, lineage II, CC29 (FSL R9-0506), (iv) serotype 4a, lineage III, CC396 (FSL 

J1-0031), and (v) the surrogate organism L. innocua (FSL C2-0008). For E. coli, the six isolates 

tested included (i) serotype O111:H8 (FSL R9-5515), (ii) O103:H2 (FSL R9-5517), (iii) 

O104:H4 (FSL R9-5258), (iv) O145 (FSL R9-5516), (v) O157:H7 (FSL R9-5271) and (vi) 

generic E. coli as a surrogate organism O88:H25 (FSL R9-4077, previously TVS 353), were 

included (see Table 3.2 for more details on the strains). All isolates were stored in brain heart 

infusion (BHI; Difco, Becton Dickinson, Sparks, Md.) with 15% glycerol at -80°C. 
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TABLE 3.2. Bacterial Strains 

 

 

 

 

 

 

 

 

Serotype, clonal 

complex (lineage) 

FSL ID Previous ID (provided by) b Isolate source (* indicates 

outbreak associated sources) 

Reference 

Salmonella enterica    

Saintpaul  R9-5400 CFSAN004126 (FDA) Jalapeno peppers, 2008* (46) 

Enteriditis R9-5272 ATCC BAA 1045 Almonds, 2000-2001 (47) 

Litchfield R9-5344 BAC0800000628 

(NYSDOH) 

Cantaloupe, 2008* (48) 

Poona R9-5502 2015K-0961 (CDC) Cucumber 2015* (49) 

Typhimuriuma R9-6232 MHM112 (UoFlorida)  Avirulent Salmonella (39) 

Listeria spp.c    

1/2a, CC29 (II) R9-0506 L25265 (CDC) Cantaloupe, 2011*  (50) 

1/2b, CC88 (I) R9-5411 897760 (FDA) Caramel apple, 2015 -- 

4b, ST382 (I) R9-5506 PNUSAL001751 (CDC) Packaged salad, 2016* (51) 

4a, CC396 (II) J1-0031 (ILSI collection) Human (52) 

L. innocuaa C2-0008 - Fish processing plant, 2000  

E. coli    

O104:H4 R9-5258 2009EL-2050 (USDA) Human, Republic of Georgia, 

2009  

(53) 

O157:H7 R9-5271 RM6012 (Wisconsin State 

Lab) 

Baby spinach, 2006* (54) 

O111:H8 R9-5515 2014C-3989 (CDC) Cabbage salad, 2014*  -- 

O145:NM R9-5516 2010C-3510 (CDC) Shredded romaine lettuce, 

2010* 

(55) 

O103:H2 R9-5517 2015C-5140 (CDC) Human -- 

O88:H25a R9-4077 TVS 353 (UCDavis) 

Generic E. coli, irrigation 

water  

(40) 
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Pre-growth conditions prior to inoculation. Bacterial strains were streaked onto Tryptic 

Soy Agar plates (TSA; Difco, Becton Dickinson, Sparks, Md.) from -80°C glycerol stocks 

and plates were incubated at 37°C for 24 h. For overnight cultures, 5 mL of Tryptic Soy Broth 

(TSB; Difco, Becton and Dickinson, Sparks, MD) were inoculated with a single colony 

followed by incubation at 37°C for 12-14 h. Pre-growth conditions were previously described, 

as well as growth curve data for all strain-condition combinations made available (see 

Supplemental Fig 2.1, 2.3 and 2.5 for growth curve data [11]). Baseline growth conditions for 

all bacterial cultures were grown in Tryptic Soy Broth (pH 7.3 and aw of 0.99 (56)) to early 

stationary phase at 37°C; additional growth conditions (all performed in TSB at 37°C until 

early stationary phase, unless otherwise specified) included (i) low pH (pH 5.0 for S. enterica 

and E. coli; pH 5.5 for Listeria), (ii) high salt (4.6% total NaCl, aw 0.976), (iii) reduced water 

activity (0.96 for S. enterica and E. coli; 0.95 for Listeria), (iv) growth to mid-log phase, (v) 

minimal medium (M9 S. enterica, E. coli, defined medium Listeria), and (vi) growth at 21°C. 

Pre-warmed side-arm flasks (Nephelo Flasks/C38 300 mL; Belco, Vineland, NJ) with 100 mL 

growth media (except for 30 mL of minimal media), were inoculated 1:1000 with the 

overnight culture.  

Produce preparation. Produce items were selected based on outbreaks that occurred between 

2005 and 2016 (46, 48-50, 54, 55). For example, a S. enterica outbreak was reported in 2005 

due to contaminated tomatoes (57), two E. coli outbreaks were reported in 2010 and 2011 due 

to contaminated romaine lettuce (55, 58), and an outbreak for L. monocytogenes associated 

with whole cantaloupe was reported in 2011 (50). Produce items were purchased from a local 
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grocery store and stored at 4°C in their original packaging for up to two days. Prior to 

inoculation, produce items were pre-warmed at room temperature for 1 h and for each 

combination of condition, strain and sampling day, produce items were prepared as follows: 

(i) three grape tomatoes for inoculation with Salmonella, (ii) 3.0-3.5 g of pre-cut romaine 

lettuce for inoculation with E. coli, (iii) a 2.2 cm cantaloupe rind plug obtained with a 

standardized cork-borer followed by flesh removal for inoculation with Listeria.  

Produce inoculation. Each set of tomatoes, pre-cut lettuce samples, and cantaloupe rind 

plugs were spot-inoculated in ten different places, each with 10 µL, resulting in 100 µL total 

inoculum of the appropriate bacterial culture. Prior to inoculation, E. coli and Listeria cultures 

were diluted in phosphate buffer saline (PBS) 1:100 and 1:1000, respectively. S. enterica 

cultures were not diluted prior to inoculation. The inoculated produce was left to dry at room 

temperature for 1 h. The tomatoes were then transferred into filter membrane bags (Whirl-

Pak™ Sample Bags; Nasco, Fort Atkinson, WI) with three tomatoes per bag. The lettuce and 

cantaloupe rinds were inoculated in petri dishes, which were sealed with parafilm, after the 1 

h drying step (Parafilm M; Bemis Company, Neenah, WI). Lettuce and cantaloupe were 

incubated at 7°C, while tomatoes were incubated at 21°C.  

Bacterial enumeration. Bacteria were enumerated on day 0, 1, 3, 4, and 7. Briefly, a 30 mL 

aliquot of PBS was added to bags containing tomatoes, followed by gently hand-rubbing the 

bags for 1 min. This solution was diluted with PBS and spiral plated on Xylose-Lysine-

Deoxycholate Agar (XLD; Difco, Becton and Dickinson), followed by incubation at 30°C for 

24 h. Lettuce was transferred to filter bags and combined with 47 mL PBS, which was first 
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used to rinse the petri dish after removal of the lettuce. Filter bags were then stomached 

(Stomacher 400 Circulator; Seward, Bohemia, NY) twice for 30 sec at 260 rpm. Dilutions 

were plated on MacConkey Agar, followed by incubation at 37°C for 24 h. Each cantaloupe 

rind was transferred into a 50 mL conical tube with 10 mL PBS, followed by vortexing for 1 

min. Dilutions were plated on Modified Oxford Medium (MOX), followed by incubation at 

35°C for 48 h. To assess aerobic plate counts and potential background contamination, 

uninoculated control samples were plated on TSA, as well as XLD for Salmonella, 

MacConkey agar for E. coli, and on Listeria Monocytogenes Plating Medium (LMPM) and 

MOX for Listeria, followed by incubation for 24 h at 37°C (TSA, MacConkey, XLD), and 48 

h at 35°C (LMPM, MOX). Colony counts for each plate were determined using an automated 

colony counter (Q-Count; Advanced Instruments, Norwood, MA). All experiments were 

conducted in biological triplicates.  

ComBase. Bacterial growth was modeled using DMfit 3.5 and Excel (Microsoft, Redmond, 

WA) fitting Baranyi and Roberts model (59) for each of three replicates. If DMfit failed to fit 

a model, the replicate was excluded for further analysis. For ComBase model predictions (42), 

the units from the experimental data obtained in this study were corrected to CFU/g, assuming 

an average weight of 10 g per cantaloupe rind plug and 35 g for a single grape tomato. The 

model parameter requirements were estimated to be pH 5.8 and aw 0.95 for cantaloupe rind 

(60, 61), as well as pH 4.5 and aw 0.99 for tomatoes (62, 63). The physiological state was set 

to 1 for Listeria, representing no lag phase, and a 24 h lag phase was set for Salmonella. 

ComBase model predictions for comparisons were limited to Salmonella and Listeria. The 
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lowest temperature available at the time the database was accessed was 10°C for E. coli, 

however, the inoculated lettuce was incubated at 7°C.  

Statistical analysis. Statistical analyses were performed in R (version 3.1, R Core Team, 

Vienna, Austria). In order to identify if strain diversity or pre-growth conditions contribute 

more to a larger range of responses, a fixed-effect linear model was fitted to the data set, this 

model included the variables “strain”, “pre-growth condition” or “strain-condition 

interaction”. Similarly, when growth rate was the response, the same fixed effects were 

included in the model.  For significant variables, a post-hoc comparison with Tukey HSD was 

performed with the lsmeans package to identify significant differences across conditions and 

strains (64). Population dynamics were assessed for three phases (i) initial die-off (Nday0-

Ninoc), measured by bacterial enumeration after 1 h of drying of produce under the biosafety 

hood post inoculation; (ii) change in bacterial numbers over the initial 24 h incubation period 

(Nday1-Nday0) and (iii) 7-day population change (Nday7-Nday1). Phase three was chosen as Nday7-

Nday1 as the largest number of experiments showed highest and lowest bacterial counts at the 

day 7 and day 1 time points, respectively.  For example, Listeria isolates showed lowest 

bacterial counts on day 1 in 82% of all bacterial counts and highest bacterial counts on day 7 

in 76% of all bacterial counts (Supplemental Table S8). The datasets and code for analyses for 

this study can be found in the Nature versus Nurture repository on github 

(https://github.com/FiaHa/Nature-versus-Nurture.git).   
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ABSTRACT 

Whole genome sequencing (WGS) is becoming the standard method for subtyping Listeria 

monocytogenes. Interpretation of WGS data for isolates from foods and associated environments 

is however challenging due to a lack of detailed data on Listeria evolution in processing 

facilities. Here, we used previously collected WGS data for 40 L. monocytogenes obtained from 

a cold-smoked salmon processing facility between 1998 and 2015 to probe the L. monocytogenes 

molecular evolution in this facility, combined with phenotypic assessment of selected isolates. 

Isolates represented three clusters (1, 2, and 3); cluster 3 isolates (n=32) were obtained over 18 

years. The average mutation rate for cluster 3 was estimated as 1.15×10-7 changes per nucleotide 

per year (~0.35 changes per genome per year); the most recent common ancestors (MRCA) of 

sub-clusters 3a and 3b were estimated to have occurred around 1958 and 1974, respectively, 

within the age of the facility, suggesting long term persistence in this facility. Extensive 

prophage diversity was observed within sub-clusters 3a and 3b, which have one shared and six 

unique prophage profiles for each sub-cluster (with 16 prophage profiles found among all 40 

isolates). The plasmid-borne sanitizer tolerance operon bcrABC was found in all cluster 2 and 3 

isolates, while the transposon-borne sanitizer tolerance gene qacH was found in one cluster 1 

isolate; presence of these genes was correlated with the ability to survive increased 

concentrations of sanitizers. Selected isolates showed a significant variation in the ability to 

attach to surface with persistent isolates attaching better than transient isolates at 21°C. 
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IMPORTANCE 

Knowledge about the genetic evolution of L. monocytogenes in food processing facilities over 

multiple years is generally lacking. This information is critical to interpret WGS findings 

involving food or food-associated isolates. This study suggests that L. monocytogenes that persist 

in processing facilities may evolve with a slow single nucleotide mutation rate mostly driven by 

negative (i.e., purifying) selection, but with rapid diversification of prophages. Hence, isolation 

of L. monocytogenes with few SNP differences in different locations (e.g., supplier plants and 

receiving plants) is possible, highlighting the importance of epidemiological and detailed isolate 

metadata for interpreting WGS data in traceback investigation. Our study also shows how 

advanced WGS data analyses can be used to support root cause analysis efforts and may, for 

example, pinpoint the time when a persistence event started (which then potentially could be 

linked to facility changes, introduction of new equipment etc.). 

 

INTRODUCTION 

Listeria monocytogenes strains can persist in food processing facilities over a long period of time 

(more than 10 years) (1-3). Among food categories prone to L. monocytogenes contamination, 

ready-to eat (RTE) foods are of particular concern as no kill step is expected to be applied before 

food consumption. Cold-smoked fish production presents a challenge to the industry as no 

heating step is applied in any step of the process. Across food categories, L. monocytogenes 

persistence represents a concern for processors; therefore, tools and data to identify persistence 

are essential. As WGS becomes the standard tool for L. monocytogenes subtyping, understanding 

the rate of evolution of isolates, at the genome level, in a facility is crucial for an effective 

investigation. More specifically, a better understanding of the evolutionary rate in food 
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processing facilities will allow for improved interpretation of observed SNP differences, as our 

data will provide new information on time frames that typically lead to an observed number of 

SNP differences. In addition, persistent isolates may harbor genetic features that allow for better 

survival and growth in the food processing environments, such as sanitizer and stress resistance 

genes (4, 5). These genes are often found on mobile elements that facilitate their spread through 

horizontal gene transfer across a population.  

In this study, we analyzed a set of 40 L. monocytogenes isolates collected over 18 years from a 

single cold-smoked salmon processing facility (“facility X”), along with two isolates collected 

from two other cold-smoked salmon processing facilities for a total of 42 isolates. We have 

previously completed whole genome sequencing of these 42 isolates. Reference-free SNP 

analysis and 7-gene MLST sequence typing (ST) previously allowed for classification of the 42 

isolates into 3 distinct clusters, including cluster 1 (n = 6; ST121; Clonal Complex [CC] 121), 2 

(n = 2; ST371; CC 11) and 3 (n = 33; ST321; CC 321) in addition to one unclustered isolate 

(ST199; CC 199) (6). Among the 40 facility X isolates, most isolates (n = 32) were classified 

into cluster 3, which could be further divided into two sub-clusters, designated 3a and 3b (Figure 

4.1). In addition, hqSNP analysis was used to assess the relationship between isolates within a 

cluster. Facility X isolates from cluster 1 were previously shown to represent (i) three isolates 

with < 10 hqSNP differences from each other, collected in the same month, suggesting a single 

introduction event and (ii) two genetically distinct isolates with > 50 hqSNP differences to each 

other and any other isolates in this cluster (6). The two isolates classified into cluster 2 

previously showed < 10 hqSNP differences to each other but were collected in the same year (4 

months apart), suggesting a short period of persistence in the facility (6). On the other hand, the 

10 isolates from facility X classified into sub-cluster 3a and the 22 isolates classified into sub-
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cluster 3b previously showed < 50 hqSNP differences to other isolates classified into the same 

sub-cluster, including a pair of sub-cluster 3b isolates that showed 0 hqSNP differences, and 

isolates in each sub-cluster were collected over a period > 10 years (6). Although this close 

relatedness over several years suggests that the sub-cluster 3a and 3b isolates persisted and 

diversified within the facility, multiple re-introduction of some of the isolates from an external 

source cannot be excluded. Here, we thus focused on a more detailed analysis of the 32 L. 

monocytogenes cluster 3 isolates from facility X (as well as one cluster 3 isolate from another 

close-by facility) to assess the short-term genomic evolution of L. monocytogenes in a food-

processing facility. From our knowledge, this is the first time that the rate of evolution and the 

time of the most common recent ancestor are estimated for L. monocytogenes using a 

longitudinal set of > 30 isolates from a single food processing facility collected over a period of 

> 18 years. Inclusion of cluster 1 and 2 isolates provided for a comparison group of isolates that 

were found in the same facility but did not show evidence for a long period of persistence. Phage 

acquisition, replacement and loss, as well as identification of plasmids were included in the 

genomic characterization, which was complemented with a phenotypic analysis of selected 

isolates representing different clusters. Specifically, reduced QAC sensitivity, ability to attach to 

an abiotic surface, as well as growth and survival under different stress conditions were assessed 

to probe for association between these phenotypes and presence of selected sanitizer tolerance 

genes, stress resistance genes, and a locus previously suggested to be associated with the ability 

to attach to surfaces.   
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FIGURE 4.1. Reference-free k-mer-based phylogenetic tree. Core SNPs identified using kSNP3 

among the 42 isolates analyzed in this study plus 17 L. monocytogenes genomes downloaded 

from NCBI were used to construct this maximum likelihood tree. Branch lengths are 

proportional to the genetic distance between nodes or isolates. Bootstraps (n = 1,000) values are 

shown on top of major branches. Clusters and sub-clusters described in (6) their respective 

sequence types (ST) and clonal complexes (CC) are annotated. A “*” after the isolate name 

identifies the isolates not collected in facility X. Solid boxes indicate isolates that were used for 

the phenotypic experiments involving (i) reduced sensitivity to four sanitizers, (ii) attachment to 

an abiotic surface, (iii) and growth under stress conditions. Dashed boxes indicate additional 

isolates added to the experiments involving (i) reduced sensitivity to the sanitizer BC and (ii) 

attachment to an abiotic surface. The lineages of the sequences are also annotated. The three 

insets show a detailed depiction of the relationship within clusters 1, 2 and 3 (please note the 

different scales below the trees).  
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MATERIALS AND METHODS 

Isolates and WGS data. The 42 isolates used in this study have previously been described (6) 

and included (i) 40 isolates previously classified into ribotype DUP-1062 and isolated from a 

single cold-smoked salmon processing facility and (ii) two additional comparison isolates (FSL 

N1-0013 and FSL N1-0051, cluster 1 and sub-cluster 3b, respectively), which were also 

previously classified into ribotype DUP-1062, but were isolated from two other cold-smoked 

salmon processing facilities, geographically close to the facility where the 40 isolates were 

obtained from. WGS data for all 42 isolates, including (i) de novo assembly and quality 

assessment of the assemblies, (ii) identification of high-quality single nucleotide polymorphisms 

(hqSNPs) among cluster 1 and 2 and sub-cluster 3a and 3b isolates, and (iii) classification of all 

isolates based on 7-gene multilocus sequence typing (ST) have also been previously reported (6). 

In this study, Prokka v.1.12 was used to annotate the 42 L. monocytogenes genomes using 

default parameters for Gram-positive bacteria (7). 

Reference-free single nucleotide polymorphism analysis. kSNP3 was used to identify core 

SNPs among the 42 genomes included in this study (8) and 17 closed genomes downloaded from 

NCBI RefSeq database, which represent a subset of the genomes used to create the kSNP3 tree 

previously reported by Jagadeesan et al., 2019. These 17 genomes represented 16 lineage II 

isolates, which is the same lineage as the 42 isolates used in this study, and one lineage I strain 

(F2365), which was used as an outgroup. The 16 lineage II isolates were selected to (i) represent 

the genetic diversity within lineage II and to (ii) include genomes that had previously been 

shown to cluster within or between clusters 1, 2 and 3 (6). A maximum likelihood tree was 

constructed based on the core SNPs matrix using RAxML (v.8.2.12) and the GTRCAT model 

(9). Clustering confidence was obtained by 1,000 bootstraps. The tree was rooted using the 
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outgroup strain (F2365). 

High-quality single nucleotide polymorphism analysis. While separate hqSNP analysis for 

sub-clusters 3a and 3b isolates were previously reported (6), identification of hqSNPs among all 

cluster 3 isolates was newly performed here. The CFSAN SNP pipeline v. 1.0.0. (10) was used 

with default parameters and with the high-quality draft assembly of FSL T1-0027 (sub-cluster 

3a) as reference for read mapping. Using a default threshold of no more than 3 SNPs within a 

moving window of 1,000 nucleotides, the pipeline excludes most SNPs present in horizontally-

transferred fragments of DNA that can introduce a number of SNPs in a single event, such as 

prophages, and mainly includes SNPs originating from point mutations that are transferred 

vertically. The resulting SNP matrix was then used to generate a maximum likelihood tree using 

RAxML v.8.2.4 (9) and the following parameter values: -f a -p 23283 -x 13373 -N 100 -m 

GTRCATX. 

Functional annotation of single nucleotide polymorphisms (SNPs). The program Variant 

Effect Predictor (VEP) (11) was used to annotate SNPs identified by the CFSAN SNP pipeline 

(10). Based on the genome annotation, variant call format (VCF) files were used to classify each 

SNP as (i) intergenic (falls within a non-coding region), (ii) synonymous (falls within a coding 

region but results in the same amino acid), (iii) non-synonymous (falls within a coding region 

and results in an amino acid change), (iv) nonsense (falls within a coding region and introduces a 

premature stop codon), (v) and nonstop (changes a stop codon into an amino acid-encoding 

codon).  

Calculation of the estimated dN/dS per cluster. The dN/dS value was calculated as: “the 

number of non-synonymous changes (Nc)” / ”the number of non-synonymous sites (Ns)” divided 

by “the number of synonymous changes (Sc)” / ”the number of synonymous sites (Ss)” (12). 
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Thus, dN/dS = (Nc/Ns)/(Sc/Ss) = (Nc/Ns) × (Ss/Sc). A synonymous change is a nucleotide 

change in a protein-coding gene that does not change the amino acid encoded by the respective 

codon. Conversely, a non-synonymous change is a nucleotide change in a protein-coding gene 

that also changes the amino acid encoded by the respective codon. A synonymous site is a 

nucleotide position in a protein-coding gene that could potentially be changed without changing 

the amino acid encoded by the respective codon. A non-synonymous site is a nucleotide position 

in a protein-coding gene that could potentially be changed, and this change would result in a 

change in the amino acid encoded by the respective codon. The numbers of synonymous and 

non-synonymous sites were empirically calculated using SNAP v.2.1.1 (13) and the concatenated 

nucleotide sequences of the protein-coding genes present in the genome assemblies of isolates (i) 

FSL N1-0013, representing cluster 1, (ii) FSL H1-0159, representing cluster 2, (iii) FSL T1-

0027, representing sub-cluster 3a, and (iv) FSL T1-0077, representing sub-cluster 3b. The 

numbers of synonymous and non-synonymous changes were calculated using all pairwise SNP 

differences observed within each cluster and sub-cluster. 

Tip-dated phylogenetic analysis. The preserved SNPs identified by the CFSAN SNP pipeline 

were used to construct a tip-dated phylogeny of the cluster 3 isolates and to estimate the rate of 

evolution among these isolates. TempEst v.1.5.1 was initially used to assess, using the hqSNP-

based maximum likelihood tree, whether the data follows a single molecular clock (14). As the 

single molecular clock assumption could not be applied to our data, BEAUti (15) was used to 

create an XML file with: (i) the “Relaxed Clock Log Normal” clock model, (ii) the “Gamma Site 

Model” using 5 Gamma categories, shape estimated from the data (initial value = 1.0), 

proportion of invariant site = 0.0, and the “Standard_K80” nucleotide substitution model; (iii) the 

“Coalescent Bayesian Skyline” tree prior model, the “Jeffreys” markov chain population size 
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prior model, exponential gamma shape prior = 1.0 and offset prior = 0.0, log-normal mutation 

rate prior = 1.6×10-7 changes per nucleotide per year (estimated from Orsi et al., 2008 [2]), 

standard deviation prior = 0.2 and with offset prior = 0.0. The Monte Carlo Markov Chain was 

run 100,000,000 times and results (tracelog and treelog) were recorded every 10,000 runs. The 

“Relaxed Clock Log Normal” clock model and the “Coalescent Bayesian Skyline” tree prior 

model were used as these models had been previously selected (using model selection by path 

sampling and calculation of Bayes factors) in a study of L. monocytogenes evolution using WGS 

SNP data (16). A separate XML file was created using the same settings but only the priors (no 

data) for comparison against the run with the empirical data. Ten replicate runs using the 

empirical data XML file were carried out using BEAST v.2.5.2 (15) and the results from these 

10 independent runs were combined using LogCombiner v.2.5.1. Tree annotator v.2.5.1 was 

used to sample the trees from the combined tree results using a 10% burn-in in order to obtain a 

maximum clade credibility tree with node height representing the “common ancestor heights”. 

Plasmid identification and annotation. A total of 67 Listeria plasmids longer than 30,000 

nucleotides were downloaded from NCBI on October 25, 2017. The plasmid sequences ranged 

from 32,307 to 89,986 nucleotides in length. These plasmids were further clustered using the 

program cd-hit v.4.6.8 (17) with an overall alignment identity greater than 90% (i.e., -c 0.9). For 

each cluster, the one plasmid that showed the longest sequence was selected as representative 

and used for the subsequent analyses described here. Using this approach, 35 unique 

representative plasmids, ranging from 33,525 to 89,986 nucleotides in length, were selected 

(Supplemental Table 4.1) and used to create a BLAST nucleotide database (18) and a SRST2 

database (19). The 42 draft genome assemblies were searched against the BLAST database using 

default BLASTN parameters with the exception of an e-value cutoff of 1E-150 (i.e., -evalue 1e-
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150). The trimmed sequence paired reads for the 42 isolates were mapped against the SRST2 

database using SRST2 with a minimum coverage of 90% (i.e., --min_coverage 90) and other 

default parameters. One representative of each plasmid identified in this study was further 

selected to analyze the phylogenetic relationship of the distinct plasmids. Plasmids were grouped 

based on clustering of the nucleotide sequences of the gene encoding the plasmid replication 

protein (primase protein). These sequences were aligned using ClustalW implemented in MEGA 

v.7.0.18 with default parameters and a maximum likelihood unrooted tree was constructed using 

RAxML (v.8.2.12) and the GTRCAT model. Clustering confidence was obtained by 1,000 

bootstraps. 

Identification of stress-response and virulence genes. For the identification of single 

nucleotide substitutions leading to premature stop codons in inlA and prfA, the full-length InlA 

and PrfA protein sequences from L. monocytogenes strain EGD-e were used to create a local 

protein BLAST database. This database was searched against the genome assemblies using 

BLASTX. The presence of “*” in the matched query sequences was interpreted as the presence 

of a premature stop codon (PMSC) in the genome assembly sequences. In addition, for the 

identification of indels leading to premature stop codons in inlA and prfA, the nucleotide 

sequences for these two genes from L. monocytogenes strain EGD-e were used to create a local 

nucleotide BLAST database. This database was searched against the genome assemblies using 

BLASTN; if identified, indels were further assessed to determine whether they would cause a 

frameshift mutation leading to a PMSC in the sequence. 

The nucleotide sequences for the individual genes present in the stress survival islets 1 (SSI-1) 

and 2 (SSI-2) were extracted from strains 10403S and CLIP11262, respectively, while the 

nucleotide sequences for the sanitizer tolerance genes qacA, qacH (ermC) and emrE were 
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downloaded from the Pasteur MLST database (https://bigsdb.pasteur.fr/cgi-

bin/bigsdb/bigsdb.pl?db=pubmlst_listeria_seqdef&page=downloadAlleles) and the nucleotide 

sequences for the sanitizer tolerance genes qacE (NCBI Accession NZ_AGUG01000015.1) and 

bcrABC (NCBI Accession JX023284.1) were downloaded from NCBI. All sequences were used 

to create a local nucleotide BLAST database. The database was searched against the draft 

assemblies using BLASTN and default parameters; matches were translated into amino acid 

sequences to check for the presence of premature stop codons and only matches with no 

premature stop codons and with more than 90% coverage and more than 90% identity were 

considered significant and the genes were considered as being present in the respective isolate’s 

genome.  

Prophage sequence identification. Prophage sequences were initially identified for each 

genome assembly using PHASTER (20). Only sequences classified by PHASTER as 

“questionable” (score 70-90) or “intact” (score >90) were considered. Although unlikely, 

prophage sequences that were split into more than one contig may have been missed or partially 

predicted if none of the splits were classified as “questionable” or “intact”. Based on the 

PHASTER results, the prophage sequences identified were extracted from the genome 

assemblies and used to construct a local BLAST database. The database containing the prophage 

sequences was then searched against the genome assemblies to identify (i) prophage sequences 

that were shared across multiple genomes (including sequences that were not identified by 

PHASTER as “questionable” or “intact” due to a split of the prophage sequence into multiple 

contigs) and (ii) prophage sequences that were unique to a given isolate. Prophage sequences 

were named as ɸ-I to ɸ-XXII; prophage sequences received the same name if (i) the BLASTN 

match coverage was > 95% of the subject sequence length and (ii) the nucleotide identity of the 

https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_listeria_seqdef&page=downloadAlleles
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_listeria_seqdef&page=downloadAlleles
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match was > 99%. Presence of a prophage integrated into comK was assessed by using BLASTN 

to search for an intact comK sequence (609 nt) in each genome. Results with single matches of 

609 nt were interpreted as absence of prophage integrated into comK (i.e., intact comK) while 

results with two matches (189 nt and 423 nt) were interpreted as presence of an integrated 

prophage into comK. 

Bacterial strain storage and cultivation. A subset of five isolates, including FSL H1-0506 

(cluster 1), FSL M6-0204 (cluster 1), FSL H1-0322 (cluster 2), FSL T1-0027 (sub-cluster 3a) 

and FSL T1-0077 (sub-cluster 3b) was initially selected for the phenotypic experiments. In 

addition to these five isolates, seven other isolates including FSL R6-0670 (cluster 1), FSL H1-

0159 (cluster 2), FSL L4-0166 (sub-cluster 3a), FSL R9-4443 (sub-cluster 3a), FSL T1-0938 

(sub-cluster 3a), FSL N1-0053 (sub-cluster 3b) and FSL V1-0034 (sub-cluster 3b) were 

randomly selected from the remaining isolates from facility X after these remaining isolates were 

stratified by cluster, sub-cluster and presence of a prophage sequence integrated into comK. 

These additional isolates resulted in a second subset with 12 isolates. Glycerol stock cultures in 

BHI with 15% glycerol were stored at -20°C; for all phenotypic studies, cultures were streaked 

out on Brain Heart Infusion (BHI) agar plates and plates were incubated for at least 30 h at 37°C. 

For all experiments, except for the attachment assay, a single colony from the incubated plate 

was transferred into 4 mL of BHI broth, followed by incubation (non-shaking) at 37°C for 12-16 

h. After incubation, the culture was diluted 1:1000 into pre-warmed 4 mL BHI broth, followed 

by incubation for 6.5-7 h at 37°C (non-shaking). For the attachment assay, a single colony from 

the incubated plate was transferred into 5 mL of BHI broth, followed by incubation (shaking) at 

30°C for 12-16 h. This temperature was selected as previous studies have showed that flagella 

are involved in L. monocytogenes attachment to surfaces (21, 22) and that the expression of 
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flagella is temperature dependent and  occurs at 30°C or below (23, 24). After incubation, the 

cultures were diluted 1:100 into 5 mL BHI broth, followed by incubation for 6.5-7 h at 30°C 

(shaking). The inoculum for the 96-microtiter plate (which was used for attachment assays) was 

prepared by diluting 6.5-7 h cultures 1:100 in BHI to obtain ~107 CFU/mL. The inoculum for 

Bioscreen plates was prepared by diluting 6.5-7 h cultures in either BHI or modified BHI (for 

growth under different environmental stresses, e.g., low pH or high salt) to obtain ~105 CFU/mL. 

To enumerate the inoculum, dilutions of inoculum cultures were plated on BHI agar plates in 

duplicates, followed by incubation at 37°C for 24 h.  

Amplification of target genes on mobile elements. Presence of selected plasmid-encoded or 

transposon-encoded genes (including qacH, clpL, and bcrABC) was confirmed by PCR (primers 

are listed in Table 4.1). Colony lysates were prepared by using a 10 μL pipette tip to transfer part 

of a colony into a 0.2 mL reaction tube (Axygen, Union City, CA) containing 100 μL ddH2O. 

Reaction tubes were incubated at 98°C for 10 min in a thermocycler T Gradient (Biometra, Jena, 

Germany). The PCR master mix was prepared with Gotaq G2 (Promega, Duebendorf, 

Switzerland); 1 μL of the colony lysate was added into 14 μL of master mix. Samples were run 

in thermocycler T Gradient followed by loading samples on FlashGel for visualization of DNA 

amplification (Lonza, Basel, Switzerland) (see Supplemental Tables 4.2 for master mix and 

thermocycler conditions).  

TABLE 4.1. Primers used to target genes on mobile elements. 

Primer Target Sequence 5’--> 3’ 

Annealing 

temperature Reference 

clpL-F clpL GGATAATCAAAATTCGGAGCGTGC 
56°C 

This study 

clpL-R clpL TCATTCTCACGTCCAATCACTGG This study 

Tn6188qac-F qacH on Tn6188 CACTTGCTTTATGATCAGGTTCTCC 
56°C 

This study 

Tn6188qac-R qacH on Tn6188 GGGGGAAATTATTGGCTCTTCC This study 

bcrABC-F bcrABC CAAAAGGAGGGTAATCATGTCAGC 
66°C* 

This study 

bcrABC-R bcrABC GACAATTTAAGTACCACAACACCAGC This study 

*20 cycles with each cycle -0.5 C and 20 final cycles at 56°C 
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Growth measurements with the Bioscreen. Selected isolates were assessed for their growth 

under (i) low QAC-sanitizer concentrations and (ii) under different environmental stresses. Up to 

two 100-well honeycomb plates at a time were incubated in Bioscreen C (Oy Growth curves Abs 

Ltd., Helsinki, Finland) to measure the absorbance at OD600nm every 10 min. Measurements 

started within 10 min after loading the instrument. Plates were incubated with continuous 

shaking using the “medium” setting. The absorbance values for cultures were determined by 

subtracting values for the media blank from the values for the bacterial cultures at each time 

point, the detection threshold was set to OD600nm 0.15. Three biological replicates for the 

sanitizer experiments and the growth experiments under environmental stresses were performed 

on separate days starting with colonies from different BHI agar plates; technical replicates 

originated from two individual colonies from the same agar plate. 

Growth in presence of low sanitizer concentrations. This experiment focused on QAC-based 

sanitizers, as these sanitizers are among the most commonly used sanitizers in the food 

processing industry and as selected isolates contained QAC resistance genes. While use 

concentrations for these sanitizers are usually >200 mg/L, low level QAC concentrations were 

used here to be able to assess growth in the presence of these sanitizers and as previous data 

indicated that the identified QAC genes only confer reduced sensitivity to low levels of QACs. 

Four representatives of QAC sanitizers were selected for phenotypic characterization including 

benzalkonium chloride (BC), benzethonium chloride (BZT), cetylpyridinium chloride (CPC) and 

Weiquat. Final concentrations used for growth experiments included (i) BC at 1, 2, 3, 4, and 5 

mg/L, (ii) BZT at 1, 2, 3, 4, 5, 6 and 7 mg/l, (iii) CPC at 1, 2, 3, 4, and 5 mg/L, and (iv) Weiquat 

at 0.001%, 0.002%, 0.003%, 0.004% and 0.005%; sanitizers were prepared in BHI broth and 200 
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uL of BHI with sanitizer were loaded into each well of 100-well honeycomb plates. A 200 μL 

inoculum was added into each well and honeycomb plates were incubated in Bioscreen at 22°C 

for 24 h, shaking. The minimum inhibitory concentration (MIC) was defined as the lowest 

sanitizer concentration at which the detection threshold of OD600nm 0.15 was not reached by all 

biological replicates after 24 h. The subset of five isolates was used for the initial assessment of 

growth in the presence of all four sanitizers, while the subset of 12 isolates was used to assess the 

growth in the presence of BC. 

Growth under different environmental conditions. Growth of the initial subset of five isolates 

was assessed in BHI at 37°C (“non-stress”) as well as selected stress conditions (defined as 

deviating from optimal growth conditions for Listeria e.g., 37°C, pH 7.0, aw 0.995 [25]) 

including (i) BHI with incubation at two different temperatures: 15.5°C (minimum temperature 

that could be achieved with the instrument) and 40°C; (ii) BHI with reduced water activity of 

0.95 aw, achieved by addition of  15.6% glycerol (v/v); (iii) BHI with pH adjusted to 5.5 by 

addition of hydrochloric acid; and (iv) BHI with addition of 6% NaCl (6.5% NaCl final 

concentration). Honeycomb plates were pre-loaded with 200 μL of BHI or modified BHI and 

200 μL of inoculum (in BHI or the appropriate modified BHI) was added into the first well, 

followed by two-fold dilutions to achieve a total of eight dilutions. Plates were incubated in the 

Bioscreen at 37°C unless a different temperature was stated. Plates were incubated until all 

dilutions reached stationary phase (based on optical density growth curve plots).  

Survival to oxidative stress. The subset of five selected isolates was also assessed for oxidative 

stress survival. After 6.5 – 7 h of growth, bacterial cultures were adjusted to OD 0.2 (Libra S4, 

Biochrom, Bioswiss AG Schaffhausen, Switzerland) with defined minimal medium containing 

10 mM glucose (26). OD-adjusted cultures were 1:2 diluted in defined minimal medium in three 



 

134 

 

50 mL Falcon tubes with a final volume of 10 mL containing either (i) 10 mM cumene hydrogen 

peroxide (CUHP) dissolved in dimethyl sulfoxide (DMSO); (ii) DMSO only; or (iii) control 

without treatment. After 2 h of incubation at 37°C, 1 mL culture was spun down at 12,000 RPM 

for 2 min, the supernatant was removed, and the pellet was resuspended in 1 mL defined minimal 

medium; this washing step was repeated twice. Dilutions of washed cells were plated on BHI, 

followed by incubation for 48 h at 37°C.  

Attachment assay in 96-well microtiter plates. Attachment of the subset of 12 isolates was 

assessed in a polystyrene 96-well microtiter plate by crystal violet staining. The Pseudomonas 

aeruginosa ATCC 10145 (FSL R8-4871) strain, which has been previously showed to form 

biofilm (27), was included as a positive control. Attachment of isolates was assessed as 

previously described by Lourenco et al., 2012.  (28). In brief, 96-well polystyrene plates were 

loaded with 150 μL of bacterial cultures (~107 CFU/mL) and wrapped with parafilm, followed 

by incubation (non-shaking) for 120 h at 10°C or 21°C. After incubation, supernatant was 

removed, and wells were washed three times with 200 μL dH2O, followed by drying in a 

biosafety hood for 30 min. Remaining cells in the 96-well plates were stained by addition of 50 

μL 0.35% [wt/vol] crystal violet solution, followed by incubation at room temperature in a 

biosafety hood for 45 min. The staining solution was removed, and wells were washed three 

times with 200 μL dH2O. In order to solubilize the stain, 200 μL 95% ethanol [vol/vol] was 

added to each well and plates were incubated at 4°C for 30 min. Following incubation, 100 μL 

were transferred into new wells and absorbance was measured at OD600nm with Synergy Reader 

H1 (BioTek, VT, USA) and values obtained from wells previously filled with uninoculated BHI 

medium were subtracted.  

Statistical analysis. Data were analyzed in R version 3. 4. 0 (R Core Team, Vienna, Austria). A 
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two-sided Fisher’s exact test was used to assess associations of presence of QAC-sanitizer 

tolerance genes and stress survival islets with persistent (isolated over more than a 1-year period) 

and transient (isolated over less than a 1-year period) isolates. Based on growth curve data 

generated under various stresses, a logistic equation was fitted using the SummarizeGrowth 

function in the growthcurver package v.0.3.0 (29) to obtain (i) the growth rate, and (ii) 

absorbance at stationary phase. A linear mixed regression model was fitted to each growth curve 

parameter using package lme4 v.1.1-13 (30); isolate, condition and isolate-condition interaction 

were included as fixed effects while biological replicates and dilution were included as random 

effects. Statistical analyses were performed using emmeans v.1.2.3 (31) and post hoc multiple 

comparison adjustment was performed with Tukey’s HSD test. For the statistical analysis of the 

attachment assay, four linear mixed effects models were fitted to absorbance (response variable) 

using “replicates” as a random variable; these four linear mixed effects models included the fixed 

predictor variable “temperature”, as well as (i) “isolate” and “isolate-temperature interaction”, 

(ii) “cluster and sub-cluster” and “cluster and sub-cluster-temperature interaction”, (iii) 

“persistent or transient” and “persistent or transient-temperature interaction”, and (iv) “comK or 

phage” (where “comK” indicates an intact comK sequence and “phage” indicates a comK 

sequence interrupted by a prophage sequence; as a comK sequence interrupted by a prophage had 

previously been linked to enhanced attachment in L. monocytogenes [Verghese, Lok et al. 2011]) 

and “comK or phage-temperature interaction”. Additional linear mixed effects models were fitted 

to absorbance using “replicates” as a random variable and including the fixed predictor variables 

(i) “cluster and sub-cluster”, as well as (ii) “isolate” at each of the two temperatures  (10°C and 

21°C), followed by statistical analysis using emmeans and post hoc multiple comparison 

adjustment performed with Tukey’s HSD test. All experiments were conducted in three 
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biological replicates with two technical replicates, which were averaged, except for oxidative 

stress experiments, which were performed with one technical replicate. Adjusted p-values ≤0.05 

were considered statistically significant. 

 

RESULTS 

Listeria monocytogenes from a cold-smoked processing facility evolved slowly by point 

mutations and negative selection. The 33 L. monocytogenes cluster 3 isolates obtained between 

1998 and 2015 (32 from facility X and one from another facility) were analyzed using tip-dated 

phylogeny (Figure 4.2). The mutation rate for a single nucleotide change was estimated as 

1.15×10-7 (95% Highest Posterior Density [HPD] interval of 0.79×10-7-1.52×10-7) per nucleotide 

per year, which for L. monocytogenes is equivalent to 0.35 single nucleotide changes per genome 

per year, or 1 change per genome every 2.9 years. The most recent common ancestor (MRCA) of 

all 33 cluster 3 isolates was estimated to have existed circa 1832 (95% HPD interval of 1759-

1905), more than 100 years before the facility started operation. The MRCA for sub-cluster 3a 

was estimated to have existed circa 1958 (95% HPD interval of 1938-1978) within the time 

when the company started production in the facility. The MRCA for sub-cluster 3b was 

estimated to have existed circa 1974 (95% HPD interval of 1963-1985), which is around the time 

when the company expanded the facility (Figure 4.2). One comparison isolate (FSL N1-0051) 

from another facility fell into sub-cluster 3b and differed from the most closely related facility X 

isolate (FSL N1-0053) by 11 SNPs (6). 

The ratio of the number of non-synonymous changes (Nc) per non-synonymous sites (Ns) 

over the number of synonymous changes (Sc) per synonymous sites (Ss) (dN/dS or ω) was < 1.0 

for cluster 3 as well as for sub-clusters 3a and 3b, suggesting that, in general, negative selection 

was the main force driving the evolution of these isolates, which appear to have persisted in 
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facility X. More specifically, the 10 sub-cluster 3a isolates had 36 non-synonymous and 26 

synonymous changes (i.e., pairwise changes in coding regions identified among sub-cluster 3a 

isolates), which results in ω = 0.41, while the 23 sub-cluster 3b isolates had 87 non-synonymous 

and 31 synonymous changes, which results in ω = 0.82. Between sub-clusters 3a and 3b, 49 non-

synonymous and 27 synonymous changes were identified, which results in ω = 0.53. By 

comparison, the six cluster 1 isolates had 129 non-synonymous and 61 synonymous changes, 

which results in ω = 0.62. The two cluster 2 isolates had 4 non-synonymous and 0 synonymous 

changes, which results in ω = ∞.  

 

Among the SNPs that differentiate the isolates within the clusters, a number of mutations 

resulting in premature stop codons could be identified. Among the 78 SNPs that differentiate 

sub-cluster 3a and 3b isolates and that are located in protein-coding genes, two lead to premature 

stop codons. One of these two SNPs, found among all sub-cluster 3a isolates, is located in 

lmo0524, which encodes a sulfate transporter, while the other SNP resulting in a premature stop 

codon was found among all sub-cluster 3b isolates and is located in a gene encoding for a 

putative homolog of the 2-succinyl-6-hydroxy-cyclohexadiene-1-carboxylate synthase 

(lmo2074). In addition, all 33 cluster 3 isolates also carry a premature stop codon in inlA, 

resulting in a 699 aa protein, which cannot attach to the bacterial cell wall (32). 

Among the 63 SNPs identified in protein-coding genes within sub-cluster 3a, one SNP 

resulting in a premature stop codon in two isolates was found in a gene encoding a protein of 

unknown function DUF4866 (lmo0451), which is commonly found in human gut metagenomics 

studies (https://www.ebi.ac.uk/interpro/entry/IPR032357) (Table 4.2). Among the 121 SNPs 

identified in protein-coding genes within sub-cluster 3b, 3 SNPs result in premature stop codons 

https://www.ebi.ac.uk/interpro/entry/IPR032357
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in genes encoding (i) an ATP-binding ABC transporter (lmo1131; two isolates), (ii) the iron-

regulated surface determinant protein A (lmo2185; two isolates), and (iii) a thioredoxin-like 

protein (lmo1903; four isolates) putatively involved in cell redox homeostasis (see Table 4.2 for 

details). All three proteins with premature stop codons have signal peptide sequences, suggesting 

that they are all extra-cytoplasmatic (Table 4.2). 

Among the 240 SNPs identified in protein-coding genes among the six cluster 1 isolates, 

7 resulted in premature stop codons in 6 genes. Among these SNPs, two independent SNPs lead 

to premature stop codons in inlA; one SNP is present in four isolates while the other SNP is 

present in a single isolate (Table 4.2). Only one cluster 1 isolate (FSL N1-0013) harbors a full-

length inlA sequence. The other 5 SNPs resulting in premature stop codons were observed in 

genes encoding (i) an endonuclease (lmo0130; one isolate), (ii) an internalin-like protein with a 

leucine-rich-repeat (LRR) domain (lmo0514; one isolate); this premature stop codon interrupts 

translation of the protein before the cell-wall anchoring LPXTG motif, probably resulting in a 

secreted form of the protein, (iii) a sodium, potassium, lithium and rubidium/H(+) antiporter 

(lmo2353; three isolates), (iv) a D-tagatose-bisphosphate aldolase subunit (lmo0634; one isolate), 

and (v) a hypothetical protein (lmo2356; five isolates) (Table 4.2). Given the location of the 

premature stop codons, the interrupted internalin A, sodium, potassium, lithium and 

rubidium/H(+) antiporter and the internalin-like proteins are highly likely to show functional 

defects as both mutations in the inlA and internalin-like encoding genes result in proteins that 

will not be attached to the cell wall, while the predicted sodium, potassium, lithium and 

rubidium/H(+) antiporter proteins have less than half of the amino acid length of the full-length 

protein (see Table 4.2). No SNPs resulting in a premature stop codon were identified in prfA, 

which encodes for the major L. monocytogenes transcriptional regulator of virulence genes.   
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TABLE 4.2. Single nucleotide polymorphisms resulting in premature stop codons (PMSC). 

EGD-e homologa Protein 

Protein length 

with PMSC 

(No. of amino 

acids) 

Full-length 

protein (No. 

of amino 

acids) 

Predicted 

location of full-

length proteinb 

Isolates 

carrying allele 

with PMSC 

Within cluster 1      

inlA (lmo0433) Internalin A 491 800 Cell wall FSL M6-0204, 

FSL R6-0665, 

FSL R6-0670, 

FSL R6-0682 

inlA (lmo0433) Internalin A 188 800 Cell wall FSL H1-0506 

lmo0130 Endonuclease 683 782 Cell wall FSL H1-0506 

lmo0514 Internalin-like protein 549 611 Cell wall FSL M6-0204 

lmo2353 Sodium, potassium, lithium and 

rubidium/H(+) antiporter 

264 650 Membrane FSL R6-0665, 

FSL R6-0670, 

FSL R6-0682 

lmo0634 D-tagatose-bisphosphate 

aldolase subunit 

415 422 Cytoplasm FSL N1-0013 

lmo2356 Hypothetical protein 203 207 Unknown FSL R6-0665, 

FSL R6-0670, 

FSL R6-0682, 

FSL N1-0013, 

FSL H1-0506 

Within cluster 3a      

lmo0451 Unknown function 88 251 Unknown FSL M6-1133, 

FSL R9-4438 

Within cluster 3b      

lmo1131 ATP-binding ABC transporter 79 571 Cell membrane FSL M6-0306, 

FSL V1-0034 

lmo2185 Iron-regulated surface 

determinant protein A 

4 569 Cell wall FSL N1-0256, 

FSL N1-0400 

lmo1903 Thioredoxin-like protein 78 157 Extra-

cytoplasmatic 

FSL M6-0755, 

FSL M6-0958, 

FSL N1-0256, 

FSL N1-0400 

Within cluster 3      

inlA (lmo0433) Internalin A 699 800 Cell wall All isolates 

Between sub-

clusters 3a-3b      

lmo0524 Sulfate transporter 95 553 Cell membrane All sub-cluster 

3a isolates 

lmo2074 2-succinyl-6-hydroxy-

cyclohexadiene-1-carboxylate 

synthase 

319 325 Cytoplasm All sub-cluster 

3b isolates 

b This indicates the gene designation based on the EGD-e annotation described in Glaser et al., 2001 (33). 
b Location predicted based on presence or absence of signal peptide, transmembrane domain and/or cell-wall-

attaching domain (e.g., LPXTG). 
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Short-term evolution of Listeria monocytogenes from a cold-smoked processing facility is 

characterized by frequent prophage variation. A total of 22 unique prophages (named here ɸ-

I to ɸ-XXII) and 17 unique prophage profiles (PP; unique combination of prophages in a 

genome) were identified among the 42 L. monocytogenes isolates analyzed here (Table 4.3). The 

most common PP, PP-A, was observed among 14 sub-cluster 3b isolates. The second most 

common PP, PP-I (absence of any detectable prophages) was observed among 3 cluster 1 isolates 

and 3 sub-cluster 3a isolates; the third most common PP, PP-C, was observed among 4 sub-

cluster 3b isolates. The fourth most common PP, PP-E, was observed among 1 cluster 1 isolate, 1 

sub-cluster 3a isolate and 1 sub-cluster 3b isolate. PP-B and PP-J were observed among the two 

cluster 2 isolates and two sub-cluster 3a isolates, respectively. The other 11 PPs were unique to a 

single isolate (Table 4.3).   
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TABLE 4.3. Prophage profiles (PP) among the 42 isolates analyzed here. 

Prophage 

profile 

Number 

of isolates 

Number of 

prophages  Prophagesa Cluster/sub-cluster 

PP-A 14 2 ɸ-I, ɸ-II Sub-cluster 3b 

PP-B 2 1 ɸ-III Cluster 2 

PP-C 4 2 ɸ-II, ɸ-IV Sub-cluster 3b 

PP-D 1 2 ɸ-II, ɸ-V Sub-cluster 3b 

PP-E 3 1 ɸ-II Cluster 1 

Sub-cluster 3a 

Sub-cluster 3b 

PP-F 1 2 ɸ-VI, ɸ-VII Sub-cluster 3a 

PP-G 1 3 ɸ-VIII, ɸ-IX, ɸ-X Cluster 1 

PP-H 1 2 ɸ-II, ɸ-XI Sub-cluster 3b 

PP-I 6 0b - Cluster 1 (n = 3) 

Sub-cluster 3a (n = 3) 

PP-J 2 1 ɸ-XII Sub-cluster 3a 

PP-K 1 4 ɸ-XIII, ɸ-XIV, ɸ-XV, 

ɸ-XVI 

Cluster 1 

PP-L 1 2 ɸ-II, ɸ-XVII Sub-cluster 3b 

PP-M 1 1 ɸ-XVIII Sub-cluster 3a 

PP-N 1 3 ɸ-I, ɸ-II, ɸ-XIX Sub-cluster 3b 

PP-O 1 1 ɸ-XX FSL R9-4003 

(unclustered) 

PP-P 1 1 ɸ-XXI Sub-cluster 3a 

PP-Q 1 2 ɸ-II, ɸ-XXII Sub-cluster 3a 
a Prophages were identified using PHASTER. Only prophages classified as “questionable” or 

“intact” were considered. Prophage sequences with > 95% coverage and > 99% identity using 

BLASTN received the same identification. 
b Isolates with no prophages identified were classified into profile PP-I. 
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Within cluster 3, events that appear to represent prophage acquisition (n = 7), prophage 

loss (n = 2) and prophage replacement (n = 6) were detected. Prophage replacement is defined 

here as the loss of a prophage that was present in the MRCA and acquisition of another prophage 

that was not present in the MRCA, with both events occurring within the same branch in the tip-

dated phylogenetic tree (Figure 4.2). The seven prophage acquisitions identified within cluster 3 

occurred in sub-cluster 3a (n=5) and in sub-cluster 3b (n=2). The two prophage losses occurred 

in sub-cluster 3a (n=1) and 3b (n=1). The six prophage replacements identified in cluster 3 

happened within sub-clusters 3a (n = 1) and 3b (n = 5) and therefore occurred after the MRCAs 

of these two sub-clusters, which were estimated as having existed circa 1958 (sub-cluster 3a) and 

1974 (sub-cluster 3b). While four of the six replacement events involved single isolates, two 

replacement events involved multiple isolates. Specifically, isolates FSL H1-0221 and FSL N1-

0255, which were isolated in 2000 and 1998, respectively, and had an MRCA that was estimated 

to have existed circa 1992, had the same PP (PP-C) as isolates FSL N1-0400 and FSL N1-0256, 

which were both isolated in 1998 and also shared an MRCA estimated to have existed circa 1992 

(Figure 4.2). These two replacement events could be explained by two different hypotheses: (i) a 

horizontal transfer event between the isolates within sub-cluster 3b or (ii) two independent 

replacement events through the acquisition of the same prophage sequence in these isolates. 

Although these four isolates belong to sub-cluster 3b, they are polyphyletic within the cluster. In 

addition, a cluster 1 isolate (FSL H1-0506) harbored the same prophage (ɸ-II) found otherwise 

only among sub-cluster 3b isolates, also suggesting either horizontal transfer of the prophage 

between the cluster 1 isolate and a sub-cluster 3b isolate, or co-acquisition of similar prophages 

by sub-cluster 3b and the cluster 1 isolate; the ɸ-II sequence from FSL H1-0506 and the sub-

cluster 3b ɸ-II sequence showed no indels and only 47 mismatches in 53,106 nt. 



 

143 

 

Stress resistance genes present in the chromosome and plasmids were associated with 

distinct clusters, sub-clusters and single isolates. All isolates within clusters 1 and 2 and sub-

clusters 3a and 3b were identified as carrying plasmids that were specific to each cluster or sub-

cluster, suggesting limited horizontal transfer of plasmids within the facility between clusters and 

sub-clusters (Table 4.4). A phylogenetic analysis using the extracted nucleotide sequence of the 

plasmid replication protein (primase protein) showed that the six plasmids identified among the 

isolates correspond to three phylogenetically distinct groups (A, B and C; Supplemental Figure 

4.1). The sub-cluster 3a plasmid (pLM-3a) represented group C, while the sub-cluster 3b 

plasmids (pLM-3b-A and pLM-3b-B) represented groups A and B. While the plasmid found in 

the unclustered isolate FSL R9-4003 (pLM-R94003) also represented group A, it was distinct 

from plasmid pLM-3b-A; similarly, while the plasmid found in both cluster 2 isolates (pLM-2) 

also represented group B, this plasmid is different from pLM-3b-B. The plasmid found in the 6 

cluster 1 isolates (pLM-1) also represented group C; this plasmid is similar to group C plasmid 

pLM-3a, as detailed below. 

 

TABLE 4.4. Plasmids identified. 

Cluster/Sub-cluster Size of plasmid (kb)a 

Number of predicted 

protein-coding genes 

Plasmid Replication 

Protein groupb 

1 62 61 C 

2 77 81 B 

3a 67 68 C 

3b 81 

58 

88 

61 

B 

A 

FSL R9-4003 

(unclustered) 

71 77 A 

a Size of the plasmids was determined as the sum of contigs matching the standalone BLAST 

plasmid database. 
b Groups were defined based on a phylogenetic analysis (Supplemental Figure 4.1) using the 

extracted nucleotide sequence of the plasmid replication protein (primase protein). 
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pLM-1 is 62 kb long and encodes 61 genes, including genes encoding proteins putatively 

involved in heat resistance (clpL) and reduced sensitivity to cadmium (cadA and cadC) (Table 

4.5). pLM-2 is 77 kb long and encodes 81 genes, including genes encoding proteins putatively 

involved in cation transport (zosA), osmotic stress (gbuC), oxidative stress (npr), and reduced 

sensitivity to copper (copY), cadmium (cadA and cadC) and QAC (bcrABC) (Table 4.5). pLM-3a 

is 67 Kb long and encodes 68 genes, including all the genes encoded by pLM-1 with the addition 

of genes encoding a DNA invertase, two putative transposases, three hypothetical proteins, as 

well as the bcrABC operon, which confers reduced sensitivity to QAC. In addition to the 

presence of these additional seven genes in pLM-3a, only 5 mismatches and 1 indel 

differentiated pLM-3a from pLM-1, suggesting a common origin of these two plasmids with 

insertion of a transposon into pLM-1 likely leading to the emergence of pLM-3a. Sub-cluster 3b 

isolates were the only isolates to carry 2 plasmids. pLM-3b-A is 58 Kb long and encodes 61 

genes, including genes encoding proteins putatively involved in heat resistance (clpL), osmotic 

stress (gbuC), oxidative stress (npr), cation transport (zosA), and reduced sensitivity to copper 

(mco and copB) (Table 4.5). pLM-3b-B is 81 Kb long and encodes 88 genes, including 6 genes 

encoding proteins putatively involved in reduced sensitivity to copper (copY), cadmium (cadA 

and cadC), and QAC (bcrABC) (Table 4.5). Interestingly, the two plasmids present in all sub-

cluster 3b isolates carried most of the genes present in the plasmids found in the other isolates 

(Table 5) with several additional stress-response genes present in the sub-cluster 3b plasmids. 

pLM-R94003 is 71 kb long and encodes 77 genes, including genes encoding proteins putatively 

involved in osmotic stress (gbuC), heat resistance (clpL), oxidative stress (npr), cation transport 

(zosA), and reduced sensitivity to copper (mco and copB), cadmium (cadA and cadC), mercury 

(merR and merAB) and QAC (bcrABC) (Table 4.5). 
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In addition to the stress-resistance genes found in the plasmids, a number of other stress-

resistance genes were found in the chromosome of the isolates. The survival stress islet 1 (SSI-

1), which has been suggested to confer growth advantage in acidic stress and under high salt 

concentrations (34), was found among all 33 cluster 3 isolates and in the unclustered isolate FSL 

R9-4003, but was absent from all cluster 1 and cluster 2 isolates (Table 4.5). The survival stress 

islet 2 (SSI-2), which has been shown to confer a survival advantage under alkaline and 

oxidative stress (35), was found among all cluster 1 isolates but was absent from all other 

isolates (Table 4.5). Therefore, cluster 2 isolates lacked both SSI-1 and SSI-2. In addition, the 

presence of the stress survival islets was significantly associated with the cluster 3 isolates from 

facility X (Fisher’s exact test, p ≤ 0.05). Although isolates carrying pLM-1 lacked the QAC 

tolerance operon bcrABC, one cluster 1 isolate (FSL M6-0204) was found to harbor the Tn6188 

transposon (Table 4.5), which includes the QAC tolerance gene qacH (36).   
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TABLE 4.5. Stress-response accessory genes found among the 3 clusters. 

 

 

  

Genes, operons 

or islets 

 

Cluster, sub-cluster or isolate 

Predicted resistance 

function Reference 1 2 3a 3b 

FSL R9-

4003 

Plasmid-encoded genes and operons 

bcrABC - + + + + QAC (37) 

clpL + - + + + heat (38) 

gbuC - + - + + Osmotic stress (39, 40) 

npr - + - + + Oxidative stress (41, 42) 

cadA + + + + + Heavy metal (43) 

cadC + + + + + Heavy metal (43) 

copB - - - + + Heavy metal (44, 45) 

copY - + - + - Heavy metal (46) 

mco - - - + + Heavy metal (45, 47) 

merAB - - - - + Heavy metal (48) 

merR - - - - + Heavy metal (48) 

zosA - + - + + Heavy metal (49) 

Chromosome-encoded genes and islets 

qacH FSL M6-

0204 

- - - - QAC (36) 

SSI-1 - - + + + Acidic stress and 

high salt 

concentrations 

(34) 

SSI-2 + - - - - Alkaline and 

oxidative stress 

(35) 
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Resistance genes qacH and bcrABC confer reduced sensitivity to QAC sanitizers and are 

associated with persistent isolates. In order to assess whether the presence of bcrABC or qacH 

could confer reduced sensitivity to QAC sanitizers, five isolates representing the three observed 

genotypes (i.e., (i) presence of qacH and absence of bcrABC, (ii) presence of bcrABC and 

absence of qacH , and (iii) absence of bcrABC and qacH) and 4 clusters/sub-clusters (i.e., 

clusters 1 and 2 and sub-clusters 3a and 3b) were incubated in presence of four QAC sanitizers: 

BC, CPC, BZT and Weiquat (Table 4.6 and Supplemental Figure 4.2). All isolates carrying 

either qacH or bcrABC showed reduced sensitivity to all four QAC-sanitizers as indicated by 

higher MIC values as compared to the MIC values for the isolate lacking the sanitizer resistance 

genes (Table 4.6 and Supplemental Figure 4.2). 
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FIGURE 4.2. Tip-dated phylogeny of cluster 3 isolates. Phylogenetic tree was constructed using BEAST v.2.5.2. Point 

estimates of the year when the common ancestor existed are shown under the associated nodes. Horizontal bars at the nodes 

represent 95% HPD. Branch lengths are proportional to the estimated time since divergence. Events of acquisition 

(pentagon), loss (square) or replacement (triangle) of prophage sequences are indicated. The prophage profiles (PP; see 

Table 3) are shown next to the isolate’s IDs. Presence (filled squares) and absence (open squares) of prophage sequences 

(ɸ) are shown next to the phylogenetic tree.  The prophage sequence (ɸ-XIX) that is shared by polyphyletic isolates is 

marked with a solid blue circle. Prophages ɸ-III, ɸ-VIII, ɸ-IX, ɸ-X, ɸ-XIII, ɸ-XIV, ɸ-XV, ɸ-XVI, and ɸ-XX were not 

identified among cluster 3 isolates. Prophages predicted to be present in the cluster 3 and sub-clusters 3a and 3b MRCA are 

shown in parenthesis. The cluster 3 isolate (FSL N1-0051) that was not isolated in facility X is indicated by a “*” after its 

name. 
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The three isolates carrying bcrABC showed equal or higher MIC values than the isolates 

carrying qacH when exposed to low concentrations of BC, BZT and Weiquat (Table 4.6). 

Interestingly, not all bcrABC carrying isolates had the same MIC values; the cluster 2 isolate 

FSL H1-0322 showed higher MIC values for all four QAC-sanitizers than both cluster 3 

isolates (FSL T1-0027 and FSL T1-0077). The reduced sensitivity observed among the 

isolates carrying either qacH or bcrABC was confirmed in a follow-up assessment of growth 

in the presence of BC, which used seven additional isolates (FSL R6-0670, FSL H1-0159, 

FSL R9-4443, FSL L4-0166, FSL T1-0938, FSL N1-0053, FSL V1-0034). Confirming the 

previous results, isolates lacking the tolerance genes (FSL H1-0506 and FSL R6-0670) had a 

2 ppm lower MIC when compared to the isolates carrying either tolerance loci (Supplemental 

Figure 4.3).  

 

FIGURE 4.3. Attachment by cluster. Estimated marginal means of absorbance measured at 

OD600nm by cluster (x-axis) at (A) 10°C and (B) 21°C. Colors match the letter code that are 

based on post-hoc Tukey analysis; data points that do not share the same letter are 

significantly different. The bars indicate the estimated upper and lower 95% confidence 

interval based on the linear mixed regression model with three biological replicates. 
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The presence of QAC sanitizer tolerance genes was also assessed for association with 

cluster 3 isolates from facility X. The bcrABC operon was identified in all isolates belonging 

to cluster 3, as well as in two transient isolates belonging to cluster 2. Only one isolate out of 

the five transient isolates belonging to cluster 1 carried qacH. Therefore, 32 out of the 32 

cluster 3 isolates, which were putatively persistent in facility X harbored a QAC tolerance 

gene, while 3 out of 7 cluster 1 and cluster 2 isolates, which were putatively transient in 

facility X, harbored a QAC gene (Fisher’s exact test, p ≤ 0.0005). 

 

TABLE 4.6. Minimum inhibitory concentration for selected QAC sanitizers. 

Strains Cluster Genes MIC* for 

BC BZT CPC Weiquat 

FSL H1-0506 1 None 1 mg/L 2 mg/L 1mg/L 0.001% 

FSL M6-0204  1 qacH 3 mg/L 4 mg/L 3mg/Lc 0.004%d 

FSL H1-0322  2 bcrABC 4 mg/La 7 mg/Lb 3mg/Lc 0.004% 

FSL T1-0027  3a bcrABC 3 mg/L 5 mg/L 2mg/L 0.004% 

FSL T1-0077  3b bcrABC 3 mg/L 6 mg/L 2mg/L 0.004% 
BC= benzalkonium chloride, BZT= benzethonium chloride, CPC= cetylpyridinium chloride; * 

indicates MIC value for which no growth was detected (at the detection threshold OD600nm 0.15) for 

any of the three biological replicates after 24 h of incubation. 
a One out of three biological replicates passed the detection threshold at 3 mg/L BC 
b One out of three biological replicates passed the detection threshold at 6 mg/L BZT 
c One out of three biological replicates passed the detection threshold at 2 mg/L CPC 
d One out of three biological replicates passed the detection threshold at 0.003% Weiquat 

 

Isolates representing the different clusters and sub-clusters differed in their ability to 

grow under various stress conditions, but those differences were not related to presence 

or absence of identified stress-resistance genes. Growth of the five isolates that were 

assessed for reduced sanitizer sensitivity was also evaluated under an optimal condition (i.e., 

37°C) and different stress conditions, including in BHI at (i) pH 5.5, (ii) 15.5°C, (iii) 40°C, 
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(iv) 0.95 aw, and (v) 6.5% NaCl; growth parameters assessed included (i) growth rate, and (ii) 

OD600nm at early stationary phase (ODESP) under these conditions. All isolates showed the 

fastest growth rate at 37°C. Significant differences in growth rates across isolates were 

detected under all conditions except for growth at 15.5°C (Supplemental Figure 4.4A). Range 

of growth rates was largest for growth at 40°C (0.9 to 1.17 h-1) and pH 5.5 (0.66 to 0.91 h-1). 

For both of these conditions, as well as for growth in the presence of 6.5 % NaCl, the two 

cluster 3 isolates showed significant differences in growth rates; under all three of these 

conditions, the sub-cluster 3b isolate showed a lower growth rate. For example, at pH 5.5, the 

sub-cluster 3b isolate showed a growth rate of 0.66 h-1 as compared to 0.91 h-1 for the sub-

cluster 3a isolate. Interestingly, the two cluster 1 isolates tested, also showed significant 

differences when grown at 40°C and under high salt. For example, at 40°C, isolate FSL H1-

0506 showed a growth rate of 1.12 h-1 as compared to 1.04 h-1 of isolate FSL M6-0204.    

The highest ODESP, indicating the highest bacterial density, across all conditions was 

reached when isolates were grown at 37°C and the lowest ODESP was reached when isolates 

were grown under high salt (Supplemental Figure 4.4B). Significant differences in ODESP 

were identified across isolates for all conditions tested. Range for ODESP was largest when 

isolates were grown under high salt with ODESP ranging from OD600nm 0.31 to OD600nm 0.52. 

Both cluster 3 isolates showed significant differences in ODESP at all conditions, with the sub-

cluster 3b isolate showing consistently lower ODESP than the sub-cluster 3a isolate, consistent 

with the reduced growth rate observed for the sub-cluster 3b isolate under some conditions. In 

contrast, both cluster 1 isolates reached ODESP values that did not differ significantly when 

grown under 40°C, reduced water activity and pH 5.5 and significantly higher ODESP than all 
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other isolates when grown under 40°C and pH 5.5 (Supplemental Figure 4.4B). 

Isolates representing the clusters and sub-clusters showed no significant difference in 

sensitivity to oxidative stress. Isolates were exposed to 10 mM CUHP for 2 h to assess their 

survival under oxidative stress. The average log reduction of all isolates was not significantly 

different from each other as indicated by the results of the ANOVA (p = 0.10) (Supplemental 

Figure SF5).    

Cluster 2 isolates showed lower attachment level than isolates representing clusters 1 or 

3. Twelve isolates, as well as a P. aeruginosa control strain, were incubated in 96-well 

microtiter plates for 120 h at 10°C and 21°C to assess their attachment capabilities measured 

by absorbance of a crystal violet stain. Overall, a significant difference in attachment was 

observed across the 12 isolates (ANOVA, p-value < 0.001). Overall, higher absorbance 

(indicating more attached cells) was obtained when isolates were incubated at 21°C, as 

compared to 10°C (ANOVA, p-value < 0.001; Supplemental Table 4.3, Supplemental Figure 

SF6). The high initial inoculum (i.e., ~107 CFU/mL) combined with the long time (i.e., 120 h) 

before measurements were taken suggest that cells had reached stationary phase when 

measurements were taken at both 10°C and 21°C. However, we cannot completely rule out the 

possibility that the differences observed between the two temperatures are due to the fact that 

a higher cell density was reached at 21°C compared to 10°C. A significant difference in 

attachment was also observed for clusters and sub-clusters (ANOVA, p-value < 0.001; 

Supplemental Table 4.4). Under incubation at 10°C, the cluster 2 isolates showed the lowest 

attachment while the cluster 1 isolate (FSL M6-0204) showed the highest attachment. 

Similarly, when isolates were incubated at 21°C, cluster 2 isolates showed the lowest 
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attachment compared to all other isolates. At 21°C, no significant difference was observed for 

the attachment of cluster 1, and sub-clusters 3a and 3b (Figure 3). Transient isolates (cluster 1 

and 2) showed a significant lower attachment than persistent isolates (cluster 3) when 

incubated at 21°C (ANOVA p-value = 0.037, Supplemental Table 4.5). It has been suggested 

that prophage integration into the gene comK is positively associated with the ability of L. 

monocytogenes to attach to surfaces (50). Here, the attachment level of the isolates measured 

by their absorbance of a crystal violet stain was not associated with presence or absence of a 

prophage in comK (ANOVA p-value = 0.788, Supplemental Table 4.6).  

 

DISCUSSION 

L. monocytogenes has previously been reported to survive and persist in food processing 

environments for many years (2, 3), facilitating repeat contamination of the finished product. 

Studies assessing the genetic evolution of L. monocytogenes occurring in a single food facility 

over several years are generally lacking. This information is critical to interpret WGS data as 

the technology is being increasingly adopted by the industry for the root cause analysis of a 

pathogen contamination event. Thus, in this study, we applied WGS data to analyze a set of 

40 L. monocytogenes isolates collected from 1998 to 2015 from a cold-smoked salmon 

processing facility to provide an in-depth characterization of the evolution of this foodborne 

pathogen in a food-associated environment. Our results, which suggest (i) a lower mutation 

rate among environmental persistent isolates compared to clinical isolates, (ii) the possibility 

of multiple re-introductions with closely related isolates (cluster 1, ST121 isolates), (iii) long-

term persistence in a food-processing environment (i.e., sub-cluster 3b isolates, which were 
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obtained between 1998 and 2012) and, (iv) possibly, strain diversification within the facility 

(i.e., diversification of cluster 3 into sub-clusters 3a and 3b), can help regulatory agencies and 

the food industry to better interpret WGS data used in traceback investigations and root-cause 

analyses, especially in smoked fish processing facilities or other facilities that share similar 

environmental characteristics (e.g., low temperature, high moisture). For example, our results 

suggest that traceback investigations should not take into consideration prophage sequences as 

these sequences evolve much faster through gain, loss, replacement and potentially 

recombination, compared to the chromosome backbone sequence. 

L. monocytogenes obtained over time in a smoked seafood facility show an overall slow 

rate of point mutations per year. Excluding prophage sequences, the evolution of the 

isolates within the cold-smoked salmon processing facility was characterized by a slow rate 

(per year) of point mutations leading to observable single nucleotide polymorphisms (SNPs). 

Our estimated rate of 1.15×10-7 substitutions per site per year is lower than the estimated rate 

(2.4×10-7 substitutions per site per year) obtained from 12 L. monocytogenes lineage II 

clinical isolates from humans and animals (51). Although the 2× slower rate obtained in this 

study could be a result of slightly different approaches used to obtain the estimates or the 

different number of isolates used in each study, we hypothesize that isolates from the cold-

smoked processing environment are evolving slower than clinical isolates. The cold-smoked 

processing environment is kept at low temperatures, typically lower than 10°C, which 

although allowing for growth of L. monocytogenes, significantly increases the generation time 

of the organism when compared to optimal growth temperature (typically 30-37°C). In 

addition to differences in generation time and variation in population sizes, the direction (i.e., 
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negative or positive) and strength of natural selection could also contribute to differences in 

the rate of changes per site per year (52). Moreover, 99% of human infections are considered 

to be foodborne, suggesting that human clinical isolates also evolved, at least partially, in 

food-processing environments. Therefore, the differences between the mutation rate estimated 

here and the mutation rate previously estimated based on, mainly, human clinical isolates may 

also reflect a difference related to growth in environments associated with different 

commodities (e.g., ready-to-eat delicatessen, cheese, and cold-smoked salmon). 

The isolates in the three clusters analyzed here (1, 3a and 3b) evolved, in average, by 

negative, close to neutral, selection, as evidenced by ω (dN/dS) values lower than but close to 

1. However, at least some gene-specific positive selection towards loss-of-function can be 

hypothesized, for example for inlA. Within the 42 isolates analyzed, four different changes 

leading to premature stop codons (PMSC) in inlA were identified. Moreover, within cluster 1, 

two distinct inlA PMSCs were detected, suggesting a strong selective pressure for loss-of-

function of the internalin A protein. Interestingly, only three isolates within our dataset 

presented full-length inlA sequences, the two cluster 2 isolates (FSL H1-0159 and FSL H1-

0322) and one cluster 1 isolate (FSL N1-0013), which was isolated from a food product from 

a different facility. L. monocytogenes isolates carrying PMSC in inlA have been widely 

isolated from foods, food-processing, and food-retail environments (53-57). However, these 

PMSC genotypes are rarely found among isolates collected from non-food environments, 

animals and humans (53, 55, 58, 59). L. monocytogenes isolates carrying inlA PMSC had 

previously been shown to have reduced ability to invade intestinal epithelial cells and reduced 

virulence in animal models (60, 61) suggesting that 39 of the 42 isolates analyzed here may be 
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virulence attenuated. Although the selective pressure behind the internalin A loss-of-function 

has not been revealed, our data suggest that at least some food-associated environments, such 

as the cold-smoked salmon facility sampled in this study, present conditions that favor 

isolates with a truncated internalin A protein. 

Evolution by positive selection has also been previously observed in L. monocytogenes genes 

that show multiple premature stop codons, such as inlA and flaR (2, 60), suggesting a 

selective pressure for amino acid changes or non-expression of the full-length proteins 

encoded by these genes in certain environments or under certain conditions. In addition to 

internalin A, isolates characterized here presented at least seven other genes that encode for 

proteins that are located outside the cytoplasm (i.e., membrane attached, cell wall attached or 

secreted) and that had premature stop codons that reduced the length of the protein to less 

than 90% of the full length (i.e., the length without the premature stop codon). A previous 

genome-wide study of positive selection in L. monocytogenes also showed that genes 

encoding proteins involved in cell wall and membrane biogenesis were significantly more 

likely to have evolved by positive selection and several genes encoding for proteins that are 

attached to the cell membrane or the cell wall have previously been reported to evolve by 

positive selection (2). While these findings may suggest that selected genes encoding surface 

molecules may be under positive selection for loss of function during survival in selected non-

host associated environments (e.g., processing plants), further work will be needed to test this 

hypothesis. 

Isolates obtained from a smoked seafood facility over time show fast diversifying and 

convergent evolution of prophage sequences. Despite the slow single nucleotide mutation 
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rate observed in the genomes of the isolates, fast diversification of prophage sequences was 

detected. Fast prophage diversification in food-processing settings has been previously 

described (2, 57, 62) although one study reported limited diversification within the prophage 

inserted into comK for isolates collected from 15 food facilities (50). Fast prophage 

diversification has also been shown among human isolates (62-64) and could result in closely 

related isolates being assigned to different subtypes depending on the molecular subtyping 

method used (e.g., Pulsed Field Gel Electrophoresis; PFGE) (64, 65). It is important to note 

however that prophage acquisitions and losses do not follow a vertical evolution, like SNPs; 

therefore, prophage profiles should not be used for genetic clustering of isolates and analysis 

of prophage presence/absence (or prophage associated SNPs) cannot be used to establish or 

further refine time of a most recent common ancestor.  

Reduced sensitivity to QAC sanitizer was associated with presence of QAC tolerance 

genes. Out of the 42 isolates in our dataset, 37 harbored genes with predicted functions 

relevant to reduced QAC sensitivity. Thirty-six isolates, representing all cluster 2 and cluster 

3 isolates as well as FSL R9-4003 (unclustered isolate) harbored the plasmid-borne operon 

bcrABC and one isolate, FSL M6-0204 (cluster 1), harbored the transposon-associated gene 

qacH. The remaining five cluster 1 isolates harbored no QAC tolerance genes. Both genes, 

bcrABC and qacH, encode for efflux pumps belonging to the small multidrug resistance 

family (SMR) and have been previously shown to confer reduced sensitivity to low levels of 

several QAC sanitizers (36, 66, 67). QAC sanitizers are often used in food processing 

facilities and have also been applied in facility X, which was the source of the 40 isolates 

studied here. The cationic, cell-membrane-acting sanitizer, is usually applied at use level 
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concentrations of 200-400 ppm and has been shown to effectively reduce L. monocytogenes 

(more than 3 log reduction) (68-71). However, traces of highly diluted sanitizer can reach 

niches harboring L. monocytogenes and isolates carrying the QAC tolerance genes might have 

a growth advantage at low level sanitizer concentrations (71). Isolates from this study, 

carrying either bcrABC or qacH, exhibited 3 to 4-fold reduced sensitivity towards low 

concentrations of QAC sanitizers when compared to the isolate lacking these tolerance genes. 

This is consistent with a previous study, where a qacH deletion mutant was 3 fold more 

sensitive than the wildtype when grown on media with BC (36). Similarly, a study by Møretrø 

et al., 2017 found that isolates carrying the bcrABC operon had 2.5 to 5 fold higher MICs 

when grown in media with BC than isolates lacking bcrABC and qacH (66). In this study, as 

well as in previous studies, isolates with QAC-tolerance genes have been shown to be 

associated with repeated isolation in a food processing environment and were shown to confer 

a growth advantage when exposed to low concentrations of QAC sanitizers (72-75). For 

example, a previous study found that isolates that shared the same sequence type and carried a 

plasmid encoding the bcrABC operon became the dominant sequence type in the second and 

third year of sampling in a food processing environment (75).  

Presence of stress resistance genes is correlated with phylogenetic clusters but were not 

associated with growth advantages in phenotypic characterization. While our study 

showed that the previously reported stress survival islets 1 and 2 (SSI-1 and 2) were 

associated with clusters and sub-clusters, we were not able to identify clear growth or stress 

response phenotypes associated with the presence of these islets. The stress survival islet 1 

(SSI-1) was detected among all cluster 3 isolates; this islet has been suggested to contribute to 
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growth under low pH (pH 4.8), high salt (7.5% NaCl) and a combination of both (pH 5.2 and 

5% NaCl) (34) as well as to biofilm formation at 30°C (76) and salt-induced nisin resistance 

(77). While 34 out of 42 isolates in this study harbored SSI-1, only three out of 12 isolates 

from a cold-smoked processing facilities in Ireland harbored this islet (78). All cluster 1 

isolates (ST121; CC121) harbored SSI-2, which has been suggested to confer resistance to 

alkaline and oxidative stress (35). SSI-2 was also shown to be present in all 77 ST121 isolates 

screened in two previous studies (62, 79) suggesting that this islet is widespread among this 

sequence type. Interestingly, the two cluster 2 isolates did not harbor either SSI-1 or SSI-2. 

These two isolates were only isolated in March and June of 2000 while isolates carrying either 

SSI-1 or SSI-2 were isolated from 1998 through 2015, suggesting that presence of SSI-1 or 

SSI-2 may be associated with persistence, at least among the isolates characterized here. 

In addition to these two islets found in the chromosome of some isolates, several other 

stress-resistance genes were detected in the plasmids identified here. For example, the sub-

cluster 3b plasmid pLM-3b-A includes (i) clpL, which has been reported to enhance heat 

tolerance (38), and (ii) other genes that have annotated functions that suggest they confer 

reduced sensitivity to osmotic stress (gbuC) (39, 40) and oxidative stress (npr) (41, 42).  

Isolates were selected to represent each genotype identified in this study for 

phenotypic analyses by assessing their growth under different environmental conditions. 

While the number of isolates included in the initial phenotypic analyses might represent a 

limitation to the study, given the few SNP differences observed between isolates within the 

same cluster or sub-cluster, a single isolate representing each genotype was considered 

sufficient for the scope of this study. When isolates were phenotypically characterized, a clear 



 

160 

 

growth advantage (e.g., faster growth rate or higher optical density in stationary phase) was 

not associated with presence of a given plasmid or stress resistance islet (i.e., SSI-1 or SSI-2). 

For example, the sub-cluster 3b isolate FSL T1-0077 grew slower and to a lower density 

(ODESP) when compared to other isolates (including the sub-cluster 3a isolate) when grown 

under high salt concentration (6.5% NaCl), even though this isolate carried two osmotic stress 

resistance loci (gbuC and SSI-1), while all other isolates carried one or none of these genes. 

Similarly, while SSI-1 has previously been reported to provide enhanced acid resistance, one 

of the isolates with SSI-1 (i.e., the sub-cluster 3b) showed the slowest growth rate at pH 5.5, 

even though the other isolate with SSI-1 (i.e., the sub-cluster 3a) showed the fastest growth 

rate under these conditions; this suggest that multiple factors not just presence of SSI-1 affect 

acid resistance at least at the pH tested. When assessing the growth rate at 40°C, a growth 

advantage for isolates carrying clpL was not observed. This is in agreement with previous 

growth studies, which showed that an L. monocytogenes 10403S strain with a chromosomally 

integrated clpL did not show any growth advantage at 42°C when compared to its wildtype 

(38). Furthermore, we did not find any evidence for significant differences in oxidative stress 

survival among the tested isolates, even though previous phenotypic studies (34, 35, 38) with 

isogenic mutants indicated that presence of SSI-2 (which was only found in some of the 

isolates tested here) provided increased oxidative stress resistance. Similarly to the growth 

analysis under various stresses, it is possible that other genes play a larger role in the overall 

stress response than a single resistance gene or stress survival islet. Overall, our data suggest 

that while presence of specific stress islets and stress genes may be associated with enhanced 

stress resistance in experiments with isogenic mutants, fitness advantages associated with 
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presence of these genes in wild type isolates may be more difficult to assess. Interestingly, we 

also found indication for slower growth rate of the sub-cluster 3b isolate under most 

conditions tested, which could be related to the fact that the sub-cluster 3b isolate (as well as 

all other sub-cluster 3b isolates) carry two plasmids, in contrast to cluster 1 and 2 and sub-

cluster 3a isolates that had only one plasmid. Carrying multiple plasmids can constitute a 

metabolic burden and can slow down the overall growth rate (80). These possible interactions 

between putative advantages associated with presence of selected stress response genes and 

metabolic burdens associated with presence of additional genes (particularly on plasmids) 

likely further complicate meaningful phenotypic assessment of wild type isolates for food 

processing associated environments. 

In addition to the environmental stress genes, six heavy metal resistance genes shown 

to provide resistance to cadmium (cadA and cadC) (43), or with predicted functions 

suggesting involvement in resistance to high levels of copper (mco, copB and copY; 44-46, 

47) and an ATPase transporter with affinity to an undefined cation (zosA) (49) were also 

detected in the two sub-cluster 3b plasmids. In addition, the plasmid found in cluster 1 and 

sub-cluster 3a also harbored cadA and cadC, while the cluster 2 plasmid harbored copY, zosA, 

cadA and cadC. Interestingly, FSL R9-4003, the only isolate to not cluster with any other 

isolate in our dataset, harbored one plasmid that included three genes (merA, merB and merR) 

with functions that had previously been associated with mercury (Hg2+) detoxication (48, 81). 

Sequence searches against the NCBI “nr” database showed no matches for the sequences to 

any L. monocytogenes sequence available in the database, suggesting that this might be the 

first time that these mercury detoxication genes are found in L. monocytogenes.  Overall, the 
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broad presence of genes with putative roles in heavy metal resistance is consistent with a 

number of previous reports that indicated frequent presence of cadmium and arsenic 

resistance in Listeria (82-86) and raises interesting questions on possible roles of these genes 

in L. monocytogenes persistence, such as possible cross-protection against non-heavy metal 

containing biocides. 

Attachment of isolates at room temperature (21°C) is associated with persistence. Our 

data suggest that persistent isolates can attach better than transient isolates at 21°C but not at 

10°C, which corresponds to the facility’s temperature. Some previous studies have linked the 

potential of certain L. monocytogenes strains to become persistent in food processing facilities 

to their increased ability to attach to abiotic surfaces (Lunden 2000, Norwood 1999) among 

other characteristics that allow those strains to survive and grow in food processing 

environments. However, other previous studies have suggested that persistent and transient 

strains do not differ in their attachment capabilities (73, 87, 88); for example, Cherifi et al. 

2018 reported that isolates classified as persistent and transient based on PFGE subtyping did 

not show significant differences in attachment, using the same assay used here (73).  

Interestingly, a study by Verghese et al. 2011 had previously suggested that L. monocytogenes 

isolates with prophage integration in comK showed higher densities of attached cells than 

isolates with an intact comK sequence (i.e., no prophage integrated into comK) (50). The 

isolate set evaluated here did not reflect these findings as prophage integration in comK was 

not associated with attachment in our study. These data further support that it is unlikely that a 

single genetic feature facilitates increased attachment of L. monocytogenes, consistent with 

other previous studies (reviewed by 3). Studies have shown that flagella play a key role in L. 
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monocytogenes attachment to surfaces (21, 22) and that the expression of flagellin is 

dependent on temperature, being expressed at 30°C or below (23, 24). The temperatures 

chosen here, including for pre-growth, as well as the incubation temperature during the 

attachment assay, provided equal conditions for flagella formation for all strains. Our data 

also indicate that attachment is higher when isolates were incubated at 21°C than at 10°C, 

possibly, at least partially, as a result of a final higher cell density at 21°C compared to 10°C. 

The same observation was made in previous studies that compared attachment of L. 

monocytogenes strains at these temperatures (87, 89). While future studies may provide new 

insights into strain characteristics that may enhance the ability of L. monocytogenes to 

establish persistence, the overall body of literature still seems to support that a large number 

of L. monocytogenes strains can survive in processing facilities over time, given appropriate 

environmental conditions (e.g., niches), nutrient availability, temperature, and possibly 

presence of other bacteria that may allow for mixed biofilm establishment (87, 90-92). 

 

CONCLUSIONS 

In this study, we showed that under environmental conditions found in a fish smoking facility, 

L. monocytogenes evolves slower than previously estimated based on human and animal 

isolates. In addition, we have also shown that prophage diversification is widespread and 

occurs much faster than single nucleotide diversification. Hence, isolation of L. 

monocytogenes with few SNP difference in different locations (e.g., supplier plants and 

receiving plants) is possible, highlighting the importance of epidemiological and detailed 

isolate metadata for interpreting WGS data in traceback investigation. For example, while 
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isolation of nearly identical isolates from food contact equipment immediately after sanitation 

would be indicative of persistence, repeat isolation in a high traffic raw material area during 

production could also be due to re-introduction. This challenge is supported by the fact that 

we identified an isolate closely related to sub-cluster 3b, which persisted in the facility X 

evaluated here, in another close-by facility, similar to a previous study which also identified 

closely related L. monocytogenes isolates (< 4 SNP differences) in retail facilities in 2 

different states in the US (16). While we believe that this study provides key results that can 

help regulatory agencies and the food industry to better interpret L. monocytogenes WGS data 

from food and food-associated isolates, future similar studies in facilities with different 

environmental conditions will be needed to provide broader context and more generalizable 

findings. Importantly, our data also suggest that MRCA estimates may be able to help identify 

specific events (e.g., expansions) that may have been associated with introduction of 

persistent L. monocytogenes; this approach may be valuable for root-cause analysis efforts. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

Effective food safety systems control for and intend to minimize the risk of food 

hazards along the supply chain. The food industry plays an integral role in implementing risk-

based food safety strategies that control for pathogens in food and in the production 

environment. The work presented here shows that there is an opportunity to increase accuracy 

in microbial risk assessment that can aid in developing more effective control and validation 

approaches. By using whole genome sequencing and bioinformatics in combination with 

phenotypic, microbial assays we demonstrated that environmental stresses have to be 

considered to accurately predict microbial growth and survival. 

In the first study, a produce-relevant strain collection of major foodborne pathogens 

representing Salmonella enterica, Escherichia coli and Listeria monocytogenes and surrogate 

organisms was assembled and genotypically characterized. The collection is available to 

produce safety researchers in industry, academia, and government providing the opportunity 

to standardize methods and allow for better data comparison across studies. In addition, we 

showed that pre-growth conditions have a greater impact than strain diversity on the outcome 

of challenge studies with peroxyacetic acid. This suggests that inclusion of multiple pre-

growth conditions in challenge and validation studies is warranted and can capture a wider 

range of phenotypic responses and more accurately assess the microbial risk. The second 

study complements the findings from the first study in showing that the effect of pre-growth 

conditions significantly affects the growth and survival dynamics of S. enterica and E. coli 
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but not Listeria on produce, using the same set of strains and pre-growth conditions as in the 

first study. Overall, we provide data that aid in informed decision making when justifying 

selection of specific pathogens and pre-growth condition for control strategies. In future work, 

the effect of pre- growth conditions could be included in mathematical growth models that are 

used to predict microbial population dynamics. Furthermore, molecular approaches such as 

transcriptomics and proteomics could be applied to better understand the pathways that are 

involved in the pathogen’s adaptation to environmental stresses. In the work presented here, 

the pathogens behavior was assessed on a population level. However, even a clonal bacterial 

population has been shown to have subpopulations that differ in their responses to stress (1). 

Applying the emerging technology of single-cell RNA sequencing (2, 3) to food pathogens 

will allow for the identification of how individual phenotypes are distributed across and 

contribute to currently obscured population growth and survival behavior.  

The third study provided new insights into the evolutionary rate of L. monocytogenes 

isolates persisting in a food processing environment. The study also highlighted that for 

successful traceback investigations it is still recommended to combine bioinformatic analyses 

with epidemiological information for individual isolates, as well as available metadata. In 

addition to establishing a phylogenetic relationship among isolates from the longitudinal data 

set, genomes were also screened for presence and absence of sanitizer and stress tolerance 

genes. Interestingly, the data suggests that persistent isolates are more likely to carry QAC 

tolerance genes (bcrABC and qacH). Presence of these genes was confirmed to confer a 

growth advantage at low concentration of sanitizer. However, growth advantages were not 

identified for isolates carrying stress tolerant genes, including clpL, SSI-1, or SSI-2. Future 
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work that involves bioinformatic analyses is needed (i) to better understand how 

environmental conditions influence the mutation rate of L. monocytogenes populations, for 

example by studying similar longitudinal data sets from other processing environments and 

(ii) if food processing environments contribute to the prevalence of sanitizer tolerance genes 

in L. monocytogenes populations isolated from these environments. It was demonstrated that 

presence of sanitizer tolerance genes bcrABC and qacH confer tolerance at low level 

concentrations of sanitizer which is far below (~100 fold) of actual use level concentrations. 

Additional phenotypic studies could further assess if sanitizer tolerance genes confer tolerance 

at industry use level concentrations of sanitizer.  

This work shows that the information obtained from sequencing combined with 

bioinformatic approaches continues to enhance the accuracy of microbial risk assessments. 

All the while it was demonstrated that the opportunity for complementation with phenotypic 

characterization will ultimately provide the link between nature and nurture.   
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APPENDIX A 

SUPPLEMENTAL TABLE 2.1. Electronic survey of draft strain collection  

Genus Species Lineage Serotype 

Isolate ID 

number 

Isolate origin and reason for 

inclusion Reference 

Please 

rank based 

on scale:  

1-5*                                                

Proposed Salmonella enterica strains   

Salmonella enterica  Saintpaul to be acquired 
Jalepeno peppers, 2008, 

multistate US and Canada MMWR August 29, 2008 / 57(34);929-934   

    Tennessee to be acquired 

Peanut butter, 2006-7, multistate 

US MMWR June 1, 2007 / 56(21);521-524   

    Typhimurium to be acquired 

Orange Juice, 2005, multistate 

US 

Jain et al., Clinical Infectious Diseases 

2009;48:1065–1071   

    Poona to be acquired 

Cantaloupe, 2000-2, US and 

Canada 

MMWR November 22, 2002 / 51(46);1044-

1047   

    PT30 

Available through 

ATCC (BAA 
1045) 

Almonds, 2000-1, US and 
Canada 

Isaacs et al., JFP, Vol. 68, No. 1, 2005, 
Pages 191–198   

    Javiana to be acquired Tomatoes, 2002, multistate US 

Srikantiah  et al.  Emerg Infect Dis. 2005 

March   

    Stanley to be acquired 
Alfalfa Sprouts, 1995, US and 

Finland 
Mahon et al.,  J Infect Dis. 1997 

Apr;175(4):876-82   

    

Newport (antimicrobial 

susceptible) to be acquired 

Tomatoes, 2002 and 2005, 

multistate US 
S. K. Greene,et al.  2005. Epidemiology and 

Infection,   136, pp 157-165    

    Senftenberg 775W 
Available through 
ATCC (43845) 

Heat resistant Senftenberg, used 
for validation studies     

    Hartford to be acquired 

Organic sprouted chia seed 

powder, USA 2014 

http://www.cdc.gov  August 13, 2014 2:30 

PM ET   

    Heidelberg to be acquired 

Poultry Producer, 2012-2013, 

multistate USA MMWR July 12, 2013 / 62(27);553-556   

    Typhimurium to be acquired 

Peanut butter, 2008-2009, 

multistate US 

MMWR January 29, 2009 / 58 (Early 

Release);1-6   

    Chester to be acquired 

Frozen meals, 2010, multistate 

US 

MMWR December 6, 2013 / 62(48);979-

982   

    Bovismorbificans to be acquired 

Hummus and Tahini, 2011,  

multistate US 

MMWR November 23, 2012 / 61(46);944-

947   

    I 4,[5],12:i:- to be acquired 

Alfalfa Sprouts, 2010-2011, 

multistate US www.cdc.gov February 10, 2011    

    Montevideo to be acquired Pistacio nuts, 2009, US www.cdc.gov April 14, 2009    

http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5734a1.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5621a1.htm
http://www.journals.uchicago.edu/doi/abs/10.1086/597397?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dncbi.nlm.nih.gov
http://www.journals.uchicago.edu/doi/abs/10.1086/597397?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dncbi.nlm.nih.gov
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5146a2.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5146a2.htm
http://www.ingentaconnect.com/content/iafp/jfp/2005/00000068/00000001/art00032
http://www.ingentaconnect.com/content/iafp/jfp/2005/00000068/00000001/art00032
http://www.cdc.gov/ncidod/EID/vol11no04/04-0997.htm
http://www.cdc.gov/ncidod/EID/vol11no04/04-0997.htm
http://www.ncbi.nlm.nih.gov/pubmed/9086144?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9086144?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://journals.cambridge.org/action/displayFulltext?type=6&fid=1629712&jid=&volumeId=&issueId=&aid=1629708
http://journals.cambridge.org/action/displayFulltext?type=6&fid=1629712&jid=&volumeId=&issueId=&aid=1629708
http://www.cdc.gov/
http://www.cdc.gov/
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6227a3.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm58e0129a1.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm58e0129a1.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6248a2.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6248a2.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6146a3.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6146a3.htm
http://www.cdc.gov/salmonella/2010/alfalfa-sprouts-2-10-11.html
http://www.cdc.gov/salmonella/2009/pistachio-nuts-4-14-2009.html
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    Litchfield to be acquired Cantaloupe, 2009, multistate US www.cdc.gov April 2, 2008    

    Wandsworth to be acquired 
Veggie Booty, 2007, multistate 

US www.cdc.gov July 18, 2007    

    Poona to be acquired Cucumbers, 2015, multistate US 

www.cdc.gov January 26, 2016 2:30 PM 

ET   

    Breanderup to be acquired 

Peanut butter, 2014, multistate 

US www.fda.gov October 17, 2014    

    Paratyphi B to be acquired 
Frozen Raw Tuna, 2015, 

multistate US www.cdc.gov August 19, 2015 5:30 PM ET   

    Newport to be acquired Cucumbers, 2014, multistate US 

MMWR February 20, 2015 / 64(06);144-

147   

    Newport (MDR) to be acquired 

Undercooked ground beef, 2002, 
multistate US (included for 

validation study with intervention 

treatments) MMWR June 28, 2002 / 51(25);545-548   

      Enteriditis to be acquired 

Bean sprouts, 2014, multistate 

US 

www.cdc.gov January 23, 2015 5:00 PM 

ET   

Proposed Listeria monocytogenes strains   

Listeria monocytogenes I 4b FSL J1-108 

Coleslaw, human, epidemic, 

Halifax, 1981 (included to assure 

representation of a serotype 4b 
isolate)     

   I 1/2b FSL R2-503 

Human, epidemic, Illinois (1994) 

(included to assure representation 

of a serotype 1/2b isolate)     

   I 4d FSL J1-107 

Human epidemic, coleslaw 

(included to assure representation 
of a serotype 4d isolate)     

   II 1/2a FSL J1-101 

Hot dog, human, sporadic, US 

(included to assure representation 
of a serotype 1/2a isolate)     

   

not 

available   to be acquired 

Caramel Apple, Dec 2014-2015, 

multistate US 

www.cdc.gov February 12, 2015 4:30 PM 

ET   

   

not 

available   to be acquired 

Packaged Salad Dole, 2016, 

multistate US 

www.cdc.gov February 25, 2016 2:00 PM 

ET   

   

not 

available   to be acquired 

Sprouts from Wholesome, 2014, 

Illinois, Michigan 
www.cdc.gov January 27, 2015 10:30 AM 

ET   

   III 4a FSL J1-031 

Human sporadic case (included 
to assure representation of a 

lineage III isolate)     

http://www.cdc.gov/salmonella/2008/cantaloupes-4-2-2008.html
http://www.cdc.gov/salmonella/2007/veggie-booty-7-18-2007.html
http://www.cdc.gov/salmonella/poona-09-15/index.html
http://www.cdc.gov/salmonella/poona-09-15/index.html
http://www.fda.gov/Food/RecallsOutbreaksEmergencies/Outbreaks/ucm410881.htm
http://www.cdc.gov/salmonella/paratyphi-b-05-15/index.html
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6406a3.htm?s_cid=mm6406a3_e
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6406a3.htm?s_cid=mm6406a3_e
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5125a1.htm
http://www.cdc.gov/salmonella/enteritidis-11-14/
http://www.cdc.gov/salmonella/enteritidis-11-14/
http://www.cdc.gov/listeria/outbreaks/caramel-apples-12-14/index.html
http://www.cdc.gov/listeria/outbreaks/caramel-apples-12-14/index.html
http://www.cdc.gov/listeria/outbreaks/bagged-salads-01-16/index.html
http://www.cdc.gov/listeria/outbreaks/bagged-salads-01-16/index.html
http://www.cdc.gov/listeria/outbreaks/bean-sprouts-11-14/index.html
http://www.cdc.gov/listeria/outbreaks/bean-sprouts-11-14/index.html
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   IV 4b  FSL J1-158 

Animal, goat (included to assure 
representation of a lineage IV 

isolate)     

   II not available FSL S10-2161 Soil, spinach field Appl Environ Microbiol 81(17): 6059-6069.   

   II not available FSL S10-2371 Soil, spinach field Appl Environ Microbiol 81(17): 6059-6069.   

   I not available FSL S10-2177 Soil, spinach field Appl Environ Microbiol 81(17): 6059-6069.   

    I not available FSL S10-2262 Soil, spinach field Appl Environ Microbiol 81(17): 6059-6069.   

Proposed Escherichia coli strains   

Escherichia coli  O26 to be acquired 

Chiptole Mexican Grill, 2015, 

multistate US (included to assure 

representation of serotypes of 
"big six") 

www.cdc.gov February 1, 2016 12:00 PM 
ET   

    O121 to be acquired 

Raw Clover Sprouts, 2014, 

multistate US (included to assure 

representation of serotypes of 
"big six") www.cdc.gov August 1, 2014 2:15 PM ET    

    O121 to be acquired 

Farm Rich Brand Frozen Food 

Products, 2013, multistate US 
(included to assure representation 

of serotypes of "big six") www.cdc.gov May 30, 2013 01:00 PM ET   

    O145 to be acquired 

Multistate Outbreak, 2012 
(included to assure representation 

of serotypes of "big six") www.cdc.gov July 20, 2012 3:30 PM ET    

    O26 to be acquired 

Raw Clover Sprouts, 2012, 

multistate US (included to assure 
representation of serotypes of 

"big six") www.cdc.gov April 3, 2012 4:45 PM ET   

    O157 to be acquired 

Alfalfa Sprouts, 2016, Minnesota 

and Wisconsin 

http://www.cdc.gov March 2, 2016 10:30 

AM ET   

    O111:H8 to be acquired 

Outbreak among teenage 
campers, 2012, Texas (included 

to assure representation of 

serotypes of "big six") MMWR April 21, 2000 / 49(15);321-4   

    O111 to be acquired 

Facility Dairy, 2010, Coloardo 

(included to assure representation 

of serotypes of "big six") MMWR March 9, 2012 / 61(09);149-152   

    O45:H2 to be acquired 

Isolates from human cases 

(included to assure representation 
of serotypes of "big six") 

Genome Announc. 2014 Jul 10;2(4). pii: 

e00501-14. doi: 10.1128/genomeA.00501-
14.   

      O103 to be acquired 

Isolates from human cases 

(included to assure representation 

of serotypes of "big six") 

Foodborne Pathog Dis. 2013 

May;10(5):453-60. doi: 

10.1089/fpd.2012.1401. Epub 2013 Apr 6.    

http://aem.asm.org/content/early/2015/06/23/AEM.01286-15.abstract
http://aem.asm.org/content/early/2015/06/23/AEM.01286-15.abstract
http://aem.asm.org/content/early/2015/06/23/AEM.01286-15.abstract
http://aem.asm.org/content/early/2015/06/23/AEM.01286-15.abstract
http://www.cdc.gov/ecoli/2015/o26-11-15/index.html
http://www.cdc.gov/ecoli/2015/o26-11-15/index.html
http://www.cdc.gov/ecoli/2014/O121-05-14/index.html
http://www.cdc.gov/ecoli/2013/O121-03-13/index.html
http://www.cdc.gov/ecoli/2012/O145-06-12/index.html
http://www.cdc.gov/ecoli/2012/O26-02-12/index.html
http://www.cdc.gov/ecoli/2016/o157-02-16/index.html
http://www.cdc.gov/ecoli/2016/o157-02-16/index.html
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm4915a2.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6109a1.htm
http://www.ncbi.nlm.nih.gov/pubmed/?term=Draft+Whole-Genome+Sequences+of+Nine+Non-O157+Shiga+Toxin-+Producing+Escherichia+coli+Strains
http://www.ncbi.nlm.nih.gov/pubmed/?term=Draft+Whole-Genome+Sequences+of+Nine+Non-O157+Shiga+Toxin-+Producing+Escherichia+coli+Strains
http://www.ncbi.nlm.nih.gov/pubmed/?term=Draft+Whole-Genome+Sequences+of+Nine+Non-O157+Shiga+Toxin-+Producing+Escherichia+coli+Strains
http://www.ncbi.nlm.nih.gov/pubmed/23560425
http://www.ncbi.nlm.nih.gov/pubmed/23560425
http://www.ncbi.nlm.nih.gov/pubmed/23560425
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Proposed index, indicator and surrogate strains   

Listeria innocua 

not 

available   FSL C2-0008 

Fish processing plant, sampled 

2000 (surrogate for Listeria 

monocytogenes)     

Listeria innocua (hly+) III 4b FSL J1-0023 

Unkown (donor Qualicon) 

(surrogate for Listeria 
monocytogenes)     

Listeria marthii 

not 

available   FSL C7-0084 

Connecticut Hill Wildlife 

Management Area, NY - 
environment, non-food 2009 

(surrogate for Listeria 

monocytogenes) 

Appl. Environ. Microbiol. January 2013 

vol. 79 no. 2 588-600    

Escherichia coli     FSL R9-4077 

Generic E. coli, environmental 
water, plant and soil isolate 

(surrogate organism for E. coli 

O157:H7, used in survival study 
on leafy greens) 

Int J Food Microbiol. 2011 Dec 

2;151(2):216-22. doi: 

10.1016/j.ijfoodmicro.2011.08.027. Epub 
2011 Sep 2.   

Escherichia coli     FSL R9-4078 

Generic E. coli, environmental 

water, plant and soil isolate 

(surrogate organism for E. coli 
O157:H7, used in survival study 

on leafy greens) 

Int J Food Microbiol. 2011 Dec 

2;151(2):216-22. doi: 
10.1016/j.ijfoodmicro.2011.08.027. Epub 

2011 Sep 2.   

Escherichia coli     FSL R9-4079 

Generic E. coli, environmental 
water, plant and soil isolate 

(surrogate organism for E. coli 

O157:H7, used in survival study 

on leafy greens) 

Int J Food Microbiol. 2011 Dec 

2;151(2):216-22. doi: 

10.1016/j.ijfoodmicro.2011.08.027. Epub 

2011 Sep 2.   

Escherichia coli     

ATCC 700728                 

FSL R9-3467 

Naturally occurring non-

pathogenic E. coli (attenuated 

STEC O157:H7) 

J Food Prot. 2015 Feb;78(2):240-7. doi: 

10.4315/0362-028X.JFP-14-277.   

Escherichia coli     P3 - BAA1428 

Isolated from cattle 

(nonpathogenic E.coli surrogate 

for Salmonella) 

Journal of Food Protection, Number 4, 

April 2008, pp. 676-873, pp. 714-718(5)   

Enterococcus faecalis     ATCC 29212       

Enterococcus faecium     NRRL B-2354      

Further information for listed strains with 'FSL' ID can be found in the bacterial strain database: Food Microbe Tracker    

         

Suggestion for additional strains:   

          

          
          

*Please rank based on scale: “1-strain is irrelevant, do not include”, “2-strain may be relevant, but probably not”, “3-uncertain, strain may or may not be relevant”, “4-important, should 

be included”, “5-very important, must be included 
 

http://aem.asm.org/content/79/2/588.full
http://aem.asm.org/content/79/2/588.full
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.sciencedirect.com/science/article/pii/S0168160511005150
http://www.ncbi.nlm.nih.gov/pubmed/25710137
http://www.ncbi.nlm.nih.gov/pubmed/25710137
http://www.ncbi.nlm.nih.gov/pubmed/18468024
http://www.ncbi.nlm.nih.gov/pubmed/18468024
http://www.foodmicrobetracker.com/login/login.aspx
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SUPPLEMENTAL TABLE 2.2. Pre-growth conditions and time based on optical density (OD) 

 
Pre-growth 

condition 

Medium 

 

Target OD  

Salmonella enterica 

Target OD  

E. coli 

Target OD  

Listeria 

Mid-log phase 100mL TSB 3h post inoculation OD 0.3 OD 0.4 

Early stationary 

phase 

100mL TSB OD 0.2 plus 3h OD 0.3 plus 3h OD 0.4 plus 3h 

High salt 100mL TSB, addition of 

4% NaCl 

OD 0.6 plus 3h OD 0.3 plus 3h OD 0.2 plus 3h 

Low pH 100mL TSB, addition of 

Lactic acetic acid: pH 5.0 

(Salmonella, E. coli), pH 

5.5 (Listeria) 

OD 0.15 plus 3h OD 0.15 plus 3h (FSL R9-5515) 

OD 0.3 plus 3h (FSL R9-5517,  

FSL R9-5516, FSL R9-5258, FSL R9-

4077, FSL R9-5271) 

OD 0.2 plus 3h 

Low water activity 100mL TSB, addition of 

glycerol: 0.95 (Listeria), 

0.96 (E. coli, Salmonella) 

OD 0.5 plus 3h OD 0.2 plus 3h (FSL R9-5516) 

OD 0.3 plus 3h (FSL R9-5517,  

FSL R9-5515, FSL R9-5258, FSL R9-

4077, FSL R9-5271) 

OD 0.2 plus 3h (FSLR9-5411) 

OD 0.4 plus 3h (FSL R9-

5506,  

FSL R9-0506, FSL J1-0031) 

OD 0.5 plus 3h (FSL C2-

0008) 

21°C 100mL TSB OD 0.6 plus 3h OD 0.4 plus 3h (FSL R9 -4077, FSL R9-

5271) 

OD 0.6 (FSL R9-5517,  

FSL R9-5515, FSL R9-5258, FSL R9-

5516) 

 

OD 0.6 plus 3h 

Minimal medium 100mL M9 minimal 

medium (Salmonella, E. 

coli),  

30mL defined medium 

(Listeria) 

OD 0.3 plus 3h OD 0.2 plus 3h (FSL R9-5271) 

OD 0.4 plus 3h (FSL R9-5517,  

FSL R9-5515, FSL R9-5258, FSL R9-

5516) 

OD 0.5 plus 3h (FSL R9-4077) 

OD 0.4 plus 3h (FSL R9-

0506, FSL F1-0031, FSL R9-

5411, FSL R9-5506) 

OD 0.5 plus 3h (FSL C2-

0008) 
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SUPPLEMENTAL FIGURE 2.1. Growth curves for Listeria strains for each pre-growth 

condition including pre-growth at 21°C (21C), at 37°C (37C), in defined medium (DM), 

reduced water activity (Glycerol), in 4.5% additional NaCl (NaCl), and pH 5.5 (pH5.5) 

(rows). Measured absorbance at OD600nm was log transformed (y-axis) and plotted in hour 

(x-axis). 
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SUPPLEMENTAL FIGURE 2.2. Growth curves for Salmonella strains for each pre-growth 

condition including pre-growth at 21°C (21C), at 37°C (37C), reduced water activity 

(Glycerol), in minimal medium (M9), in 4.5% additional NaCl (NaCl), and pH 5.0 (pH5.0) 

(rows). Measured absorbance at OD600nm was log transformed (y-axis) and plotted in hour 

(x-axis). 
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SUPPLEMENTAL FIGURE 2.3. Growth curves for E. coli strains for each pre-growth 

condition including pre-growth at 21°C (21C), at 37°C (37C), reduced water activity 

(Glycerol), in minimal medium (M9), in 4.5% additional NaCl (NaCl), and pH 5.0 (pH5.0) 

(rows). Measured absorbance at OD600nm was log transformed (y-axis) and plotted in hour 

(x-axis). 
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SUPPLEMENTAL TABLE 2.3. Strain requests for strains provided by the FDA, USDA, ATCC or the STEC Center 

 
Serotype FSL ID Previous ID  Isolate source (* indicates outbreak 

associated sources)  

Contact (Institute); email or website 

Salmonella enterica 

Saintpaul R9-5400 CFSAN004126  Jalepeno peppers, 2008* Anna Maounounen-Laasri (FDA); anna.laasri@fda.hhs.gov 

Tennessee R9-5402 CFSAN001371  Peanut butter, 2006-2007* Anna Maounounen-Laasri (FDA); anna.laasri@fda.hhs.gov 

Typhimurium R9-5409 CFSAN016159  Peanut butter, 2008-2009* Anna Maounounen-Laasri (FDA); anna.laasri@fda.hhs.gov 

Enteritidis - PT30 R9-5272 ATCC BAA 1045  Almonds, 2000-2001  (ATCC); www.atcc.org 

Javiana R9-5273 ATCC BAA-1593 Tomatoes, 2002*  (ATCC); www.atcc.org 

Senftenberg 775W  R9-5274 ATCC 43845 Chinese egg powder, 1941* (ATCC); www.atcc.org 

Montevideo R9-5406 531954  -- Anna Maounounen-Laasri (FDA); anna.laasri@fda.hhs.gov 

Listeria monocytogenes 

1/2 b  R9-5411 897760  Caramel apple, 2015 Anna Maounounen-Laasri (FDA); anna.laasri@fda.hhs.gov 

Escherichia coli 

O104:H4 R9-5256 2011C-3493  Sprouts, Germany, 2011* Pina Fratamico (USDA); pina.fratamico@ars.usda.gov 

O104:H4 R9-5257 2009EL-2071  Human, Republic of Georgia, 2009 Pina Fratamico (USDA); pina.fratamico@ars.usda.gov 

O104:H4 R9-5258 2009EL-2050  Human, Republic of Georgia, 2009  Pina Fratamico (USDA); pina.fratamico@ars.usda.gov 

O26:H11 R9-5639 TW016501  Sprout, 2012* 
Rebekah Mosci (STEC Center); stec@cvm.msu.edu 

Surrogate organisms 

E. coli O157:H7 R9-3467 ATCC 700728 Naturally occurring non-pathogenic E. coli  
(ATCC); www.atcc.org 

E. faecium  R9-5275 ATCC 8459 Salmonella Surrogate (E. faecium) 
(ATCC); www.atcc.org 
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SUPPLEMNTAL TABLE 2.4. WGS data for all sequenced strains 

 

Listeria monocytogenes 

FSL ID Serotype Genome size Coverage Number of 

contigs 

FSL J1-108 4b 3 121.5 26 

FSL R2-503 1/2b 3 81.1 309 

FSL J1-107 4d 3 183.8 24 

FSL J1-101 1/2a 3 181.2 36 

FSL R9-0506 1/2a 2.9 45.6 90 

FSL J1-031 4a 2.8 125.3 29 

FSL J1-158 4b 2.9 181.6 35 

FSL S10-2161 1/2a 2.9 233.7 23 

Salmonella enterica 

FSL R9-5400 Saintpaul 4.7 85.4 106 

FSL R9-5402 Tennessee 4.8 40.4 107 

FSL R9-5494 Typhimurium 4.9 117.9 57 

FSL R9-5409 Typhimurium 5 90.5 157 

FSL R9-6568 Poona 4.7 102.4 125 

FSL R9-6569 Poona – R* 4.7 156.4 67 

FSL R9-5272 Enteritidis - 

PT30 

4.8 114.5 89 

FSL R9-5273 Javiana 4.6 97.0 92 

FSL R9-5251 Newport – R* 4.8 146.2 88 

FSL R9-5252 Newport 

(antimicrobial 

susceptible) 

4.8 255.7 60 

FSL R9-5274 Senftenberg 

775W 

5.3 151.7 197 

FSL R9-5496 I 4,[5],12:i:- 4.9 117.8 69 
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FSL R9-5344 Litchfield 4.6 40.4 351 

FSL R9-5502 Poona – N* 4.5 25.6 351 

FSL R9-5219 Anatum 4.8 131.8 65 

FSL R9-5220 Anatum – N* 4.8 114.5 57 

FSL R9-5497 Infantis 4.6 94.9 88 

FSL R9-5498 Muenchen 4.7 85.9 72 

FSL R9-5499 I 13,23:b:- 4.6 81.8 112 

FSL R9-5504 Newport 

(MDR) 

4.9 70.4 282 

FSL R9-5406 Montevideo 4.7 40.4 96 

FSL R9-5505 Enteriditis 4.9 260.9 198 
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Escherichia coli 

FSL R9-5509 O121:H19 5.3 76.2 363 

FSL R9-5257 O104:H4 5.3 68.3 270 

FSL R9-5258 O104:H4 5.4 94.8 269 

FSL R9-5512 O26:H11 5.5 100.4 423 

FSL R9-5271 O157:H7 5.3 87.1 338 

FSL R9-5513 O157:H7 5.5 74.9 295 

FSL R9-5345 O111:H8 5.5 102.2 621 

FSL R9-5515 O111:H8 5.2 67.3 333 

FSL R9-5517 O103:H2 5.5 68.2 320 

FSL R9-5639 O26:H11 5.6 34.0 436 

FSL R9-6071 O45:H2 5.2 98.5 650 

Surrogate, Indicator and Index Organism 

FSL C2-0008 

Listeria 

innocua 

2.8 198.8 14 

FSL R9-4077 

E. coli 

O88:H25 

5.0 104.1 143 

FSL R9-4078 

E. coli 

O88:H25 

5.0 87.1 137 

FSL R9-4079 

E. coli 

O88:H25 

5.0 84.0 149 
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SUPPLEMNTAL TABLE 2.5. Non-synonymous mutations in antibiotic resistant Salmonella strains 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FSL ID No. of SNP Position Strand Gene Amino acid change 

FSL R9-6567 2 NODE 12 (pos. 68512) + flhE Leu -> Ser 

NODE 54 (pos. 6996) - rpoB Arg -> His 

FSL R9-5220 1 NODE 6 (pos. 364027) + gyrA Ser -> Stop 

 

 

 

FSL R9-5251 

 

 

 

9 

NODE 4 (pos. 145900) - fadJ Leu -> Pro 

NODE 6 (pos. 288419) + fadR Val -> Ile 

NODE 6 (pos. 319958) - hypothetical protein Ile -> Val 

NODE 9 (pos. 51000) + hemL Pro->Thr 

NODE 11 (pos. 52140) - glpR Asn -> Lys 

NODE 13 (pos. 109858) + hypothetical protein Ile -> Thr 

NODE 19 (pos. 25052) - yhdA Stop -> Tyr 

NODE 20 (pos. 19872) - rpoC Arg -> Cys 

NODE 20 (pos. 21554) - rpoC Val -> Ala 
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SUPPLEMNTAL TABLE 2.6. Mean log reduction, standard deviation and number of trials below detection limit after 

PAA exposure for strains and conditions 

 

 

 

 

 Mean log reduction after PAA exposure for cells pre-grown at a Arithmetic 

mean across 

conditions 

21°C 

 

High salt Low pH Reduced water 

activity 

Minimal medium Mid-log phase Stationary phase  

Listeria monocytogenes  2.5 – 4.6 (3.3) 0.5 – 1.8 (1.0) 1.6 – 2.6 (2.1) 2.0 – 3.8 (3.0) 4.5 – 6.4 (5.6) 1.8 – 3.9 (3.1) 0.9 – 2.8 (1.8)  

FSL J1-031 3.3 ±1.5 0.5 ±0.2 1.7 ±0.4 2.0 ±0.8 4.5 ±1.6 1.8 ±1.1 0.9 ±0.1 2.1 

FSL R9-5506 2.7 ±2.4 0.8 ±0.1 1.6 ±1.3 3.6 ±0.9 5.6 ±0.8 2.9 ±0.3 2.8 ±0.9 2.9 

FSL R9-5411 2.5 ±3.0 1.8 ±0.7 2.3 ±1.3 3.8 ±1.5 6.4 ±0.9[2] 3.9 ±0.8 1.0 ±0.1 3.1 

FSL R9-0506 4.6 ±2.4[1] 0.9 ±0.2 2.6 ±2.1 2.7 ±1.2 5.9 ±1.1[1] 3.7 ±0.1 2.6 ±0.9 3.3 

FSL C2-0008 b 4.2 ±0.5 0.7 ±0.2 1.9 ±1.0 1.5 ±0.7 4.9 ±2.2 2.5 ±0.2 2.9 ±0.8 2.7 

Salmonella enterica  4.8 – 6.8 (5.8) 2.6 – 4.3 (3.1) 4.9 – 6.4 (5.9) 4.5 – 6.6 (5.4) 4.8 – 7.1 (5.5) 6.0 – 6.0 (6.0) 4.2 – 6.3 (5.3)  

FSL R9-5400 6.7 ±0.6 [2] 2.7 ±1.0  6.0 ±0.9   5.2 ±1.6 [1] 5.2 ±1.7 [2] 6.0 ±0.1 [2] 5.4 ±0.6   5.3 

FSL R9-5272 6.8 ±0.5 [2] 4.3 ±2.2   6.4 ±0.4 [1] 6.6 ±0.9 [2] 7.1 ±0.3 [2] 6.0 ±0.0 [1] 6.3 ±0.8 [1] 6.2 

FSL R9-5344 4.8 ±0.8  2.6 ±0.8   6.2 ±0.5 [1] 5.2 ±0.5   4.8 ±1.8   6.0 ±0.1 [3] 5.5 ±0.8   5.0 

FSL R9-5502 4.9 ±0.5  2.8 ±0.6   4.9 ±0.5   4.5 ±0.7   5.1 ±1.9 [1] 6.0 ±0.2 [3] 4.2 ±0.6   4.6 

FSL R9-5275 b 0.0 ±0.1 0.0 ±0.1   0.1 ±0.1   0.6 ±0.4   - 3.9 ±1.5 [1] 0.3 ±0.6   0.8 

FSL R9-6232 b 4.0 ±1.0 5.4 ±1.3 [1] 4.4 ±0.8   5.9 ±0.9 [1] 6.8 ±0.8 [2] 6.0 ±0.1 [3] 4.2 ±0.7   5.3 

STEC  2.0 – 3.9 (2.9) 1.5 – 4.2 (2.9) 4.0 – 5.2 (4.4) 3.9 – 5.8 (4.9) 5.1 – 6.5 (6.0) 5.3 – 6.1 (5.9) 2.9 – 5.1 (3.9)  

FSL R9-5515 2.0 ±1.0 2.3 ±1.2 3.9 ±0.4 5.8 ±1.9 6.4 ±1.1[2] 6.1 ±0.0[3] 4.5 ±0.2 4.4 

FSL R9-5517 2.4 ±0.7 4.2 ±1.3[1] 5.2 ±0.3 3.9 ±0.3 5.4 ±1.7[1] 6.0 ±0.1[3] 5.1 ±0.7 4.6 

FSL R9-5258 3.9 ±0.3 4.2 ±1.6[1] 4.1 ±1.5[1] 5.2 ±1.2 5.1 ±1.4[1] 6.1 ±0.0[2] 2.9 ±0.4 4.5 

FSL R9-5516 2.7 ±0.8 2.5 ±1.4 4.0 ±2.4 4.2 ±0.3 6.5 ±1.1[2] 6.0 ±0.3[2] 3.4 ±1.1 4.2 

FSL R9-5271 3.4 ±1.6 1.5 ±0.6 4.6 ±0.3 5.3 ±0.5 6.5 ±0.1[2] 5.3 ±0.9[2] 3.4 ±0.3 4.3 

FSL R9-4077 b 5.2 ±1.3 2.4 ±1.6 4.7 ±0.3 5.8 ±1.1 5.3 ±1.6[1] 5.8 ±0.6[2] 2.8 ±0.8 4.6 
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APPENDIX B 

SUPPLEMENTAL TABLE 3.1. Estimated means in log CFU (95% confidence interval) for S. enterica 
a Based on three biological replicates 

*Surrogate organisms are marked with an asterisk  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a Arithmetic mean of three biological replicates, SDE (standard error) 
b Surrogate organism 
c Two biological replicates 
d Log mean range for all strains under one condition 
e Log mean range for a single strain under all conditions

 Estimated mean log CFU change (95% confidence interval)a  for 

 Phase 1 Phase 2 Phase 3 

 Initial die-off  

(Nday0 – Ninoc) 

First 24 hrs of incubation 

(Nday1 – Nday0) 

7-day population change  

(Nday7 – Nday1) 

21°C -2.28 (-2.58,-1.99) -2.87 (-3.34,-2.41) 3.45 (2.76,4.14) 

High salt -0.34 (-0.64,-0.05) -0.29 (-0.75,0.18) 0.66 (-0.03.1.35) 

Low pH -0.59 (-0.89,-0.30) -1.93 (-2.40,-1.47) 2.24 (1.55,2.93) 

Reduced water activity -0.70 (-0.99,-0.39) -2.02 (-2.48,-1.55) 2.08 (1.39,2.77) 

Minimal medium -1.17 (-1.47-0.88) 0.50 (0.03,0.97) 0.41 (-0.28,1.10) 

Mid-log phase -3.10 (-3.40,-2.80) -0.69 (-1.15,-0.22) 1.78 (1.09,2.47) 

Stationary phase -1.09 (-1.38-0.79) -2.06 (-2.53,-1.59) 2.22 (1.55,2.93) 

FSL R9-5400 -1.44 (-1.69,-1.19) -1.33 (-1.72,-0.93) 1.88 (1.30,2.47) 

FSL R9-5272 -1.18 (-1.43,-0.93) -1.16 (-1.55,-0.76) 1.94 (1.35,2.52) 

FSL R9-5344 -1.24 (-1.49,-0.99) -1.13 (-1.53,-0.74) 1.98 (1.40,2.57) 

FSL R9-5502 -1.27 (-1.52,-1.02) -1.53 (-1.92,-1.13) 1.28 (0.70,1.86) 

FSL R9-6232 * -1.50 (-1.75,-1.25) -1.53 (-1.93,-1.14) 2.09 (1.51,2.67) 
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SUPPLEMENTAL TABLE 3.2. Mean net log growth (Nday7-NInoculum) for pathogens and surrogates  

 

 

 Log mean(±SDE) for strains pre-grown at a  

 21C Reduced water 

activity 

Minimal 

Medium 

Mid-log phase High salt Low pH Stationary phase  

S. enterica (-3.33 to -0.90) d (-2.49 to 0.42) d (-0.48 to -0.03) d (-2.37 to -1.60) d (-0.25 to 0.59) d (-1.08 to 0.07) d (-1.35 to -0.10) d  

FSL R9-5272 -0.90 (±0.34) 0.42 (±0.18) -0.03 (±0.20) -1.93 (±1.31) -0.25 (±0.12) 0.00 (±0.03) -0.10 (±0.96) (-0.90 to 0.42) e 

FSL R9-5344 -0.89 (±0.40) 0.16 (±0.04) -0.17 (±0.12) -1.60 (±1.55) 0.59 (±0.80) 0.07 (±0.10) -0.89 (±1.23) (-0.89 to 0.16) e 

FSL R9-5400 -1.17 (±0.13) -0.95 (±0.62) -0.48 (±0.29) -1.80 (±1.82) -0.16 (±0.10) -0.10 (±0.17) -1.53 (±1.01) (-1.80 to -0.10) e 

FSL R9-5502 -3.33 (±1.66) -2.49 (±1.00) -0.32 (±0.37) -2.37 (±1.08) -0.24 (±0.26) -1.08 (±0.98) -0.78 (±0.60) (-3.33 to -0.24) e 

FSL R9-6232b -2.23 (±0.77) -0.30 (±0.66) -0.29 (±0.20) -2.32 (±1.66) 0.22 (±0.39) -0.30 (±1.16) -1.35 (±1.01) (-2.23 to 0.22) e 

E. coli (-1.84 to -1.32) d (-2.27 to -1.42) d (-2.45 to -1.62) d (-3.63 to -1.08) d (-1.86 to 0.68) d (-2.37 to -1.13) d (-2.37 to -1.84) d  

FSL R9-5258 -1.65 (±0.21) -2.12 (±0.49) -2.01 (±0.16) -1.63 (±0.59) -1.67 (±0.14) -1.19 (±0.06) -1.99 (±0.47) (-2.12 to -1.19) e 

FSL R9-5271 -1.79 (±0.27) -2.27 (±0.20) -1.62 (±0.04) -2.99 (±1.67) 0.68 (±1.87) -1.59 (±0.26) -2.37 (±0.45) (-2.99 to 0.68) e 

FSL R9-5515 -1.84 (±)0.05 -2.19 (±0.55) -2.12 (±0.12) -3.63 (±1.51) -1.86 (±0.14) -1.54 (±0.63) -2.35 (±0.22) (-1.54 to -3.63) e 

FSL R9-5516 -1.42 (±0.23) -1.74 (±0.05)c -2.12 (±0.08) -1.08 (±0.07) -1.69 (±0.42) -1.13 (±0.13) -1.84 (±0.30) (-1.13 to -2.12) e 

FSL R9-5517 -1.32 (±0.14) -2.02 (±0.75) -2.45 (±0.24) -1.48 (±0.28) -1.44 (±0.36) -2.37 (±0.49) -2.04 (±0.34) (-.132 to -2.45) e 

FSL R9-4077 b -1.59 (±0.33) -1.42 (±0.18) -1.79 (±0.08) -2.50 (±0.57) 0.53 (±2.00) -2.26 (±0.51) -2.13 (±0.15) (-2.50 to 0.53) e 

Listeria (0.56 to 2.02) d (0.55 to 2.32) d (1.34 to 1.97) d (0.50 to 2.02) d (1.21 to 1.66) d (1.17 to 1.91) d (1.46 to 1.90) d  

FSL J1-031 1.75 (±0.45) 1.91 (±0.39) 1.34 (±0.22) 0.50 (±1.15) 1.55 (±0.75) 1.55 (±0.34) 1.46 (±0.12)c (0.50 to 1.91) e 

FSL R9-0506 2.02 (±0.67) 1.32 (±0.08) 1.49 (±0.06) 2.02 (±0.45) 1.43 (±0.53) 1.49 (±0.15) 1.65 (±0.27)c (1.32 to 2.02) e 

FSL R9-5411 0.56 (±0.49) 0.55 (±0.48) 1.97 (±0.21) 1.72 (±0.48) 1.21 (±1.03) 1.17 (±0.46) 1.53 (±0.40)c (0.55 to 1.97) e 

FSL R9-5506 1.35 (±0.61) 2.32 (±0.37) 1.39 (±0.40) 1.52 (±0.63) 1.66 (±0.44) 1.64 (±0.31) 1.90 (±0.41)c (1.35 to 2.32) e 

FSL C2-0008 1.95 (±0.14) 0.66 (±0.89) 1.43 (±0.37) 1.95 (±0.59) 1.37 (±0.57) 1.91 (±0.59) 1.64 (±0.07)c (0.66 to 1.95) e 
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SUPPLEMENTAL TABLE 3.3. Experimental data and ComBase prediction values for Salmonella enterica on grape 

tomatoes incubated at 21°C 

 
 Experimental data ComBase predicitiona 

  

Average log CFU/g on day 7 for pre-growth atb 

max log 

CFU/g 

on day 7 

μ max 

in log 

CFU/h 

Doublin

g time 

in h 

 21°C Glycerol M9 Mid-log NaCl pH5 Stationary     

 (2.7 – 5.1)d (3.5 – 6.6)d (5.2 – 5.7)d (2.9 – 3.5)d (5.6 – 6.3)d (4.4 – 5.8)d (4.5 – 5.9)d     

FSL R9-5272 5.1±0.3 6.6±0.2 5.7±0.3 3.1±1.1 5.7±0.2 5.8±0.2 5.9±1.0 (3.1 – 6.6)e 8.52 0.14 2.12 

FSL R9-5344 5.1±0.4 6.2±0.1 5.6±0.4 3.5±1.5 5.6±0.1 5.6±0.1 5.1±1.2 (3.5 – 6.2)e 8.52 0.14 2.12 

FSL R9-5400 4.8±0.2 5.1±0.6 5.2±0.3 3.3±1.7 5.8±0.2 5.5±0.3 4.5±0.9 (3.3 – 5.8)e 8.52 0.14 2.12 

FSL R9-5502 2.7±1.7 3.5±1.0 5.4±0.3 2.9±1.0 5.8±0.2 4.4±1.0 5.2±0.6 (2.9 – 5.2)e 8.52 0.14 2.12 

FSL R9-6232 c 3.7±6.6 5.6±0.7 5.4±0.3 2.9±1.6 6.3±0.3 5.3±1.1 4.7±1.0 (2.9 – 6.3)e 8.52 0.14 2.12 
a Values determined through ComBase prediction with pathogen default physiological state. 
b Average log CFU/g are based on three biological replicates, numbers following ± represent standard deviations.  
c Surrogate organism 
d Range of average log CFU/g for all strains and one condition 
e Range of average log CFU/g for one strain across all conditions 
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SUPPLEMENTAL TABLE 3.4. Estimated means in log CFU (95% confidence interval) for 

E. coli 

 
 

 

a Based on three biological replicates 

*Surrogate organisms are marked with an asterisk  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Estimated mean log CFU change (95% confidence interval)a  for 

 Phase 1 Phase 2            Phase 3 

 Initial die-off 

(Nday0 – Ninoc) 

First 24 hrs of incubation 

(Nday1 – Nday0) 

7-day population change  

(Nday7 – Nday1) 

21°C -1.48 (-1.67,-1.29) 0.22 (-0.05,0.49) -0.33 (-0.67,-0.01) 

High salt -1.69 (-1.89,-1.48) 0.13 (-0.15,0.40) 0.06 (-0.29,0.41) 

Low pH -1.36 (-1.55,-1.16) -0.23 (-0.50,0.05) -0.10 (-0.43,0.23) 

Reduced water activity -1.15 (-1.35,-0.95) -0.04 (-0.32,0.24) -0.77 (-1.11,-0.43) 

Minimal medium -1.20 (-1.39,-1.01) -0.36 (-0.63,-0.09) -0.46 (-0.79,-0.13) 

Mid-log phase -1.68 (-1.87,-1.49) -0.58 (-0.85,-0.31) 0.04 (-0.29,0.37) 

Stationary phase -1.34 (-1.54,-1.16) -0.46 (-0.73,-0.18) -0.32 (-0.65,0.01) 

FSL R9-5515 -1.65 (-1.82,-1.47) -0.21 (-0.47,0.04) -0.36 (-0.66,-0.05) 

FSL R9-5517 -1.50 (-1.68,-1.32) 0.07 (-0.19,0.32) -0.44 (-0.75,-0.14) 

FSL R9-5258 -1.27 (-1.45,-1.09) -0.41 (-0.67,-1.59) -0.07 (-0.38,0.23) 

FSL R9-5516 -1.33 (-1.51,-1.15) -0.23 (-0.49,0.03) -0.01 (-0.32,0.31) 

FSL R9-5271 -1.40 (-1.58,-1.22) -0.18 (-0.44,0.07) -0.35 (-0.67,-0.04) 

FSL R9-4077 * -1.34 (-1.53,-1.16) -0.15 (-0.41,0.10) -0.38 (-0.69,-0.06) 
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SUPPLEMENTAL TABLE 3.5. Estimated means in log CFU (95% confidence 

interval) for Listeria 

 

 

a Based on three biological replicates 

*Surrogate organisms are marked with an asterisk  

 

 
 

 Estimated mean log CFU change (95% confidence interval)a  for 

 Phase 1 Phase 2           Phase 3 

 Initial die-off 

(Nday0 – Ninoc) 

First 24 hrs of incubation 

(Nday1 – Nday0) 

7-day population change  

(Nday7 – Nday1) 

21°C -0.85 (-1.13,-0.58) 0.52 (0.35,0.70) 1.86 (1.43,2.29) 

High salt -0.96 (-1.24,-0.68) 0.30 (0.13,0.48) 2.10 (1.67,2.53) 

Low pH -1.01 (-1.29,-0.73) 0.34 (0.16,0.52) 2.22 (1.79,2.65) 

Reduced water activity -1.17 (-1.45,-0.90) 0.38 (0.21,0.56) 2.31 (1.88,2.74) 

Minimal medium -0.88 (-1.16,-0.60) 0.15 (-0.03,0.32) 2.08 (1.65,2.51) 

Mid-log phase -1.23 (-1.50,-0.95) 0.47 (0.30,0.65) 2.30 (1.87,2.73) 

Stationary phase -1.26 (-1.60,-0.92) 0.58 (0.41,0.76) 2.07 (1.64,2.50) 

FSL J1-031 -1.06 (-1.30,-0.82) 0.42 (0.27,0.57) 2.04 (1.68,2.41) 

FSL R9-5506 -1.04 (-1.28,-0.80) 0.45 (0.30,0.60) 2.22 (1.86,2.58) 

FSL R9-5411 -1.03 (-1.27,-0.79) 0.14 (-0.01,0.29) 2.18 (1.82,2.54) 

FSL R9-0506 -1.10 (-1.35,-0.86) 0.51 (0.36,0.66) 2.22 (1.86,2.58) 

FSL C2-0008 * -1.02 (-1.26,-0.78) 0.44 (0.29,0.59) 2.06 (1.69,2.42) 



197 

 

 

SUPPLEMENTAL TABLE 3.6.  Pathogen growth rate μ in log CFU/h for each strain-condition combination of Listeria 

using DMfit 

 
a Surrogate organism 
b Only two out of three graphs could be fitted 
c Range of μ max values for all strains pre-grown under one condition 
d Range of μ max values for one strain and all pre-growth conditions 
e μ max in log CFU/h ComBase prediction 

  

 Average (±standard error) μ max in log CFU/h for strains pre-grown at    

 21°C Reduced 

water activity 

Minimal 

Medium 

Mid-log 

phase 

High salt Low pH Stationary 

phase 

 ComBase 

predictione 

 (0.01 – 0.02)c (0.02 – 0.02)c (0.01 – 0.02)c (0.2 – 0.04)c (0.01 – 0.03)c (0.01 – 0.02)c (0.02 – 0.03)c   

FSL J1-031 0.02±0.01 0.02±0.00 0.02±0.00 0.02±0.00b 0.03±0.01 0.02±0.01 0.03±0.01 (0.02 – 0.03)d 0.01 

FSL R9-0506 0.02±0.00 0.02±0.00 0.02±0.00 0.02±0.00 0.01±0.00 0.02±0.00 0.02±0.00b (0.01 – 0.02)d 0.01 

FSL R9-5411 0.02±0.00 0.02±0.00 0.01±0.00b 0.04±0.03 0.03±0.01 0.01±0.00 0.03±0.01 (0.01 – 0.04)d 0.01 

FSL R9-5506 0.01±0.00 0.02±0.00 0.02±0.00 0.09±0.00 0.02±0.00 0.02±0.00 0.02±0.00 (0.01 – 0.09)d 0.01 

FSL C2-0008 a 0.02±0.00 0.02±0.00 0.02±0.00b 0.02±0.01 0.02±0.00 0.02±0.00 0.02±0.01b (0.02 – 0.02)d 0.01 
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SUPPLEMENTAL TABLE 3.7. Experimental data and ComBase prediction values for Listeria monocytogenes on 

cantaloupe rind incubated at 7°C 

 

 
a Average log CFU/g are based on three biological replicates, numbers following ± represent standard error.  
b Surrogate organism 
c Range of average log CFU/g for all strains and one condition 
d Range of average log CFU/g for one strain across all conditions  

 

 

 

 

 

 

 

 

 

 

 

 Experimental data ComBase predicition 

  

Log CFU/g on day 7 (μ max in log CFU/h) a 

max log 

CFU/g 

on day 7 

μ max 

in log 

CFU/h 

Doubli

ng time 

in h 

 21°C Defined 

medium 

Glycerol Mid-log NaCl pH5.5 Stationary     

 (5.8 – 6.7)c (5.3 – 6.9)c (6.2 – 6.4)c (5.3 – 6.8)c (5.7 – 6.6)c (5.0 – 6.3)c (6.4 – 6.9)c     

FSL J1-0031 6.4±0.2 6.7±0.2 6.4±0.2 5.3±1.2 6.2±0.4 6.3±0.4 6.6±0.2 (5.3 – 6.6) d 5.37 0.01 31.98 

FSL R9-0506 6.5±0.1 6.5±0.1 6.3±0.2 6.8±0.4 6.0±0.6 5.9±0.2 6.5±0.4 (5.9 – 6.8)d 5.54 0.01 31.98 

FSL R9-5411 5.8±0.5 5.3±0.7 6.2±0.3 6.4±0.5 5.7±0.7 5.0±0.6 6.9±0.2 (5.0 – 6.9)d 5.20 0.01 31.98 

FSL R9-5506 6.7±0.6 6.9±0.1 6.4±0.4 6.3±0.5 6.6±0.3 5.8±0.3 6.8±0.5 (5.8 – 6.9)d 5.37 0.01 31.98 

FSL C2-0008b 6.6±0.5 5.9±0.9 6.3±0.4 6.3±0.5 6.5±0.5 5.9±0.4 6.4±0.6 (5.9 – 6.6)d 5.37 0.01 31.98 
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SUPPLEMENTAL TABLE 3.8. Number of strain-condition combination with the lowest 

and highest recovery of cells by day 

 
a NA 

(not 

available) 

 

 

 

 

 

 

 

 

 

 

 

 

  Frequencies 

for Daymin 

Percentage 

for Daymin 

Frequencies 

for Daymax 

Percentage 

for Daymax 

Listeria      

 Day_1 86 81.90% 0 0.00% 

 Day_3 6 5.71% 4 3.81% 

 Day_4 6 5.71% 16 15.24% 

 Day_7 2 1.90% 80 76.19% 

 Multiple days 0 0.00% 0 0.00% 

 NA a 5 4.76% 5 4.76% 

Salmonella      

 Day_1 52 51.49% 6 5.71% 

 Day_3 19 18.81% 14 13.33% 

 Day_4 23 22.77% 22 20.95% 

 Day_7 3 2.97% 63 60.00% 

 Multiple days 4 3.96% 0 0.00% 

 NA a 0 0.00% 0 0.00% 

E. coli      

 Day_1 15 11.90% 46 36.51% 

 Day_3 29 23.02% 27 21.43% 

 Day_4 29 23.02% 29 23.02% 

 Day_7 50 39.68% 20 15.87% 

 Multiple days 2 1.59% 3 2.38% 

 NA a 1 0.79% 1 0.79% 
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APPENDIX C 

 

 

 

SUPPLEMNTAL FIGURE 4.1. Gene tree based on the primase gene sequences 

extracted from the plasmids found in FSL N1-0013 (cluster 1), FSL H1-0322 

(cluster 2), FSL H6-0175 (sub-cluster 3a), FSL T1-0077 (sub-cluster 3b) and FSL 

R9-4003 (unclustered isolate). Bootstrap values (1,000 replicates) are shown next 

to nodes. The branch between groups A and B and group C was shortened for 

display. The horizontal line provides the scale for the estimated genetic distance. 

Groups A, B and C are labelled (See Table 4.3). 
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SUPPLEMENTAL FIGURE 4.2. Time to detection in hours (over 24 h of incubation at 

22°C) (y-axis) for Listeria strains (x-axis) in absence of sanitizer (0 mg/L for BC, BZT, CPC 

or 0% for Weiquat) and in presence of (A) BC from 1 mg/L to 3 mg/L – no growth was 

detected at 4mg/L or 5mg/L, (B) BZT from 1 mg/L to 6 mg/L – no growth was detected at 

7mg/L, (C) CPC from 1 mg/L to 3 mg/L – no growth was detected at 4 mg/L or 5mg/L, (D) 

Weiquat from 0.001% to 0.003% - no growth was detected at 0.004% or 0.005%. Solid line 

indicates limit of incubation time at 24 h. The sanitizer concentrations are color coded and 

each biological replicate at each concentration is represented by a dot (n = 3). The midline of 

the boxplot represents the median, the lower and upper limit of the box represent the 25th and 

75th percentile, respectively.   

  

A 

C 

B 

D 
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SUPPLEMENTAL FIGURE 4.3. Time to detection in hours (over 24 h of incubation at 

22°C) (y-axis) for Listeria strains (x-axis) in absence of sanitizer (0 mg/L) and in presence of 

BC from 1 mg/L to 3 mg/L – no growth was detected at 4mg/L or 5mg/L. Solid line indicates 

limit of incubation time at 24 h. The sanitizer concentrations are color coded and each 

biological replicate at each concentration is represented by a dot (n = 3). The midline of the 

boxplot represents the median, the lower and upper limit of the box represent the 25th and 75th 

percentile, respectively.   
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SUPPLEMENTAL FIGURE 4.4. Estimated marginal means of (A) growth rate in 

generations per hour, and (B) OD at early stationary phase for each Listeria strain (x-axis) 

when grown in different conditions, including 37°C (37C), 15°C (15C), 40°C (40C), reduced 

water activity 0.95 (aw), additional 6% NaCl (NaCl), and pH 5.5 (pH5.5) displayed in each 

grid. Colors indicate the assigned sub-cluster based on phylogenetic analysis. The letter code 

is based on post-hoc Tukey analysis; dots that do not share the same letter (within a given 

box) are significantly different. The bars indicate the estimated upper and lower confidence 

interval at 95% based on the linear mixed regression model with three biological replicates.  

 

  

A B 
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SUPPLEMENTAL FIGURE 4.5. Estimated means of log reduction (y-axis) for each strain 

(x-axis) after exposure to 10 mM CUHP for 2 h. Error bars indicate the standard error of three 

biological replicates. ANOVA found no evidence for significant difference in log reduction 

among the strains.  
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SUPPLEMENTAL FIGURE 4.6. Attachment by individual strains. Arithmetic mean of 

absorbance measured at OD600nm by individual isolates (x-axis) at (A) 10°C and (B) 21°C. 

Colors and small numbers above the bar indicate the assigned cluster and sub-cluster based on 

phylogenetic analysis. The letter code is based on post-hoc Tukey analysis; bars that do not 

share the same letter (within a given incubation temperature) are significantly different. The 

bars indicate the standard deviation based on three biological replicates. 
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SUPPLEMENTAL TABLE 4.1. NCBI accession numbers for the 35 plasmid sequences used 

to create the BLAST and SRST2 nucleotide databases 

Accession 

NC_003383.1 

NC_010893.1 

NC_011101.1 

NC_013767.1 

NC_014495.1 

NC_014496.1 

NC_015148.1 

NC_018888.1 

NC_021828.1 

NC_021871.1 

NC_022046.1 

NZ_CM001470.1 

NZ_CM008329.1 

NZ_CP011399.1 

NZ_CP013725.1 

NZ_CP014251.1 

NZ_CP014254.1 

NZ_CP015985.1 
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NZ_CP019168.1 

NZ_CP020829.1 

NZ_CP020834.1 

NZ_CP023051.1 

NZ_CP023053.1 

NZ_CP023753.1 

NZ_GL538355.1 

NZ_HG813248.1 

NZ_JZBQ01000031.1 

NZ_JZCS01000018.1 

NZ_JZCS01000019.1 

NZ_JZCT01000028.1 

NZ_JZCU01000022.1 

NZ_JZHC01000043.1 

NZ_LXQP01000010.1 

NZ_MBOL01000016.1 

NZ_MCHQ01000007.1 
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SUPPLEMENTARY TABLE 4.2. Mastermix preparation  

Reagent Volume in uL 

Nuclease-free H2O 6 

2x Gotaq G2 buffer 7.5 

10uM Primer F 0.75 

10uM Primer R 0.75 
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SUPPLEMENTAL TABLE 4.3. Model parameters for linear mixed effect model, assessing 

the effect of individual isolates on attachment of selected L. monocytogenes isolates at 10°C 

and 21°C 

 

Response variable Fixed Effects Chiseq1 Df1 P-value1 Significance1 

Absorbance      

 Temperature 43.315 1 <0.001 *** 

 Isolate 151.367 11 <0.001 *** 

 Temperature*Isolate 21.015 11 0.033 * 

1 Based on analysis of deviance for type II wald chisquare test, parameters only available for 

explanatory variables from model. 

***P < 0.001; **P < 0.01;  *P < 0.05 
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SUPPLEMENTAL TABLE 4.4. Model parameters for linear mixed effect model, assessing 

the effect of cluster and sub-cluster on attachment of selected L. monocytogenes isolates at 

10°C and 21°C 

 

Response variable Fixed Effects Chiseq1 Df1 P-value1 Significance1 

Absorbance      

 Temperature 22.233 1 <0.001 *** 

 Cluster_subcluster 43.399 3 <0.001 *** 

 Temperature*Cluster_subcluster 7.674 3 0.053  

1 Based on analysis of deviance for type II wald chisquare test, parameters only available for 

explanatory variables from model. 

***P < 0.001; **P < 0.01;  *P < 0.05 
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SUPPLEMENTAL TABLE 4.5. Model parameters for linear mixed effect model, assessing 

the effect of persistence on attachment of selected L. monocytogenes isolates at 10°C and 

21°C 
Response variable Fixed Effects Chiseq1 Df1 P-value1 Significance1 

Absorbance      

 Temperature 14.241 1 < 0.001 *** 

 Persistent_transient2 2.758 1 0.097  

 Temperature*Persistent_transient2 4.373 1 0.037 * 

1 Based on analysis of deviance for type II wald chisquare test, parameters only available for 

explenatory variables from model. 
2 Refers to strains being either persistent (isolated over more than a 1-year period) or transient 

(isolated over less than a 1-year period) 

***P < 0.001; **P < 0.01;  *P < 0.05 
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SUPPLEMENTAL TABLE 4.6. Model parameters for linear mixed effect model, assessing 

the effect of phage integration into comK on attachment of selected L. monocytogenes isolates 

at 10°C and 21°C 
Response variable Fixed Effects Chiseq1 Df1 P-value1 Significance1 

Absorbance      

 Temperature 13.104 1 < 0.001 *** 

 Phage_comK2 0.072 1 0.788  

 Temperature*Phage_comK2 1.363 1 0.243  

1 Based on analysis of deviance for type II wald chisquare test, parameters only available for 

explenatory variables from model. 
2 Phage_comK refers to isolates with prophage integration in comK (“Phage”) or with intact 

comK gene (“comK”) 

***P < 0.001; **P < 0.01;  *P < 0.05 

 

 

 

 

 

 


