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ABSTRACT 
Listeria monocytogenes is a human and animal pathogen capable of 

causing disease outcomes from gastroenteritis to death. In addition, it is resistant to 

several common food environmental stressors, and capable of growth at low 

temperatures. The studies presented herein attempt to differentiate strains of L. 

monocytogenes using genomic, phenotypic, and transcriptomic information. 

Chapter 1 first describes aspects of L. monocytogenes that are integral in the 

understanding of virulence and pathogenicity, differentiation of strains, and 

provides an understanding the mechanisms of evolution that may occur in the food 

processing environment. Chapther 2 describes the first study that used a set of 

virulence-attenuated strains isolated from food-associated environments that were 

identified with known naturally occurring premature stop codons in internalin A 

(inlA), an important virulence gene. Several different mutation types have been 

identified both across and within the lineages of L. monocytogenes. These lineages 

are genetically distinct suggesting the premature stop codon in inlA has arisen 

through either a common mechanism or has resulted from convergent mutations 

and could provide independent clonal complexes, or clonally related organism, 

with fitness increases through the loss of the primary interaction with the host. The 

set of strains selected were subjected to whole genome sequencing to identify any 

additional loss-of-function mutations, or other changes to the genome that could 

provide additional support for the loss of the primary host pathogenicity route. 

Chapter 3 describes the second study that selected two virulence-attenuated strains 

and two fully virulent strains from the nearest neighbor clonal complex to compare 

the transcriptional activity of these strains to one another. The strains were selected 

to represent the virulence-attenuated subpopulation or the fully virulent 

subpopulation based on the results of the first study including their increased 

biomass formation or swarming motility, having the two most common inlA 

PMSC types, and being isolated from food processing facilities. The 

transcriptomic experiment was performed by comparing each of the strains 

transcriptome on stainless steel to itself under planktonic conditions. The 
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temperature, moisture, and sheer force over the coupons were included to be sure 

the comparisons were between planktonic and fully adherent L. monocytogenes.  

We were able to identify several gene categories across the clonal 

complexes that contained genes potentially non-functional due to premature stop 

codons in the whole genome sequencing data, and the transcriptomic data suggests 

broad differences in the number and content of differentially expressed genes 

between the fully virulent and virulence-attenuated strains.  
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CHAPTER 1 

Listeria monocytogenes: Identification, Characterization, and 
Adaptation 

Abstract 

The chapter presented here will discuss some of the ongoing issues of 

listeriosis, opportunities of differentiating strain level differentiation, and bacterial 

adaptation of bacterial organisms to new environments. L. monocytogenes is a deadly 

foodborne pathogen with the second highest rate of mortality currently in the US. In 

particular, it is effective infiltrating and causing disease among the most vulnerable 

individuals in our society. The current incidence of listeriosis has stagnated recently 

meaning novel ideas are necessary to either inform our risk assessments of foods, or 

modify how we react to the identification of positives in and around food contact 

surfaces. The hygiene hypothesis suggests that individuals in a state of elevated 

cleanliness for prolonged periods of time have a reduced ability to fight infections. 

The interaction of the immune system with avirulent organisms provides the body 

with the necessary motifs to protect itself from a fully virulent strain one potential 

avenue, but this requires highly accurate and highly discriminatory tests for 

differentiating between these strains.  

Listeriosis Incidence and Damages 

There are an estimated 3.6 million cases of bacterial foodborne illness each 

year in the United States (US), and an estimated 10.3 million globally (1, 2). These 

illnesses impact the population at large by increasing healthcare costs and decreasing 

the quality and length of life for sick individuals. Estimating the number of healthy 

years lost to death and the loss in quality of life, in quality adjusted life years 

(QALY), after the illness has occurred provides a measurement for understanding the 

full impact of outbreaks and illnesses. This value has been estimated for each of the 

14 common food borne pathogens with the combination of Listeria monocytogenes, 

Salmonella enterica, and Escherichia coli amounting to more than $6 billion dollars, 
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and more than 27,000 QALY representing approximately 350 human lifetimes of 

healthy years lost to illnesses (3, 4). In 2010, Ivanek et al. estimated the marginal 

benefit per prevented case of listeriosis for food processing companies to be between 

4.4 and 8.8 million dollars, while the marginal cost per prevented case of listeriosis 

for food processing companies to be between $0.5 and $1 million dollars (5). This 

imbalance of the cost benefit ratio can be leveraged to increase support for the 

reduction of listeriosis. Scallan et al. 2011 and Havelaar et al. 2015 reported that 

listeriosis, specifically, is estimated to cause 1,591 cases of illness per year in the US 

and 14,169 cases globally with similar morality rates of about 15.9% and 22.4% in 

the US and around the globe, respectively (1, 2). Approximately, 808 cases are 

laboratory confirmed per year in the US by the active food surveillance network 

(FoodNet) (1, 6). These estimates suggest that more than one billion dollars are lost in 

the US each year due to listeriosis alone. Decreases in incidence of listeriosis have 

stalled while the deaths from L. monocytogenes infections represent the second 

highest loss of life from a foodborne pathogen with an estimated 255 deaths per year 

(1). This is in contrast to nonthyphoidal salmonellosis with an estimated incidence in 

the US of 1,027,561 cases per year and a mortality rate of 0.5% (378 deaths)(1). 

The policies and regulations of the last 20 years have resulted in a mixed 

response in terms of the incidence of cases from 1997 to 2015 for three foodborne 

pathogens, including E. coli O157:H7, Salmonella spp., and L. monocytogenes. Data 

from Healthy People 2020 shows that from 1997 to 2015 the incidence per 100,000 

population has decreased from 2.0 to 0.9 for E. coli O157:H7. The incidence for 

Salmonella spp. has increased from 13.6 to 15.7 per 100,000 population, and the 

incidence of L. monocytogenes infections has decreased from 0.5 to 0.2 per 100,000 

population. Healthy People 2020 outlines a target for the reduction in the number of 

cases per year per pathogen. For instance, the goals outlined by Healthy People 2020 

is to reduce the number of cases of listeriosis to 0.2 per 100,000 population, 

salmonellosis to 11.4 cases per 100,000 population, and Shiga toxin-producing E. coli 

O157:H7 (STEC) to 0.6 cases per 100,000 population by the year 2020 (7). This 

represents a 33%, 24%, and 50% reduction in the baseline number of cases from 2006 
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- 2008. However, this rate remained stagnant for L. monocytogenes at 0.2 per 100,000 

peoples between 2000 and 2013 (7). In order to meet these goals in the other 

pathogens and continue the reductions beyond the goals, food safety across the farm 

to fork spectrum must be able to identify and eliminate dangerous pathogens in both 

natural and food processing plant environments before these organisms are consumed 

by humans and animals. 

US consumers are exposed regularly to low to moderate levels of L. 

monocytogenes from food sources including ready to eat foods (8). This can be 

explained by the fact that L. monocytogenes has an estimated prevalence of 1.82% in 

ready to eat products (9). While the number of calories consumed in the home has 

remained level since the 1990s while the percentage of people cooking and the time 

spent cooking has decreased from 1965 to 2008 likely resulting in an increased 

consumption of raw or preprocessed ready to eat products (10). Current United States 

regulations for food processing facilities of ready to eat foods that are identified with 

surfaces as L. monocytogenes positive suggest the lot of food produced using these 

surfaces be reprocessed, diverted, or destroyed (11). Facilities can also monitor the 

prevalence of Listeria spp. on food and non-food contact surfaces. However, it has 

been suggested that Listeria spp. do not correlate with the presence or absence of L. 

monocytogenes (12).  

Interestingly, the subtype of L. monocytogenes also has an important effect on 

the dose-response relationship (13, 14). Current risk management strategies are 

focused on the reducing the prevalence of L. monocytogenes in the processing 

facility. However, it has been suggested that the modification of risk management 

strategies focused on the concentration of L. monocytogenes rather than the 

prevalence of L. monocytogenes suggest a risk reduction of 99% compared to risk 

reduction from prevalence alone at 50% (15). The high mortality rate of L. 

monocytogenes infections prevents the estimate of the dose-response relationships to 

be performed in a human model, unlike some serotypes of S. enterica (16). Although, 

dose-response curves have been estimated more recently based on environmental 

sampling for L. monocytogenes (13) and self-reported consumption amounts for S. 
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enterica (17). Animal models are a useful way to determine the pathogenicity and 

virulence potential of pathogenic bacteria in vivo. Many different models have been 

tested for L. monocytogenes, including pregnant and nonpregnant Mongolian gerbils 

(18), central nervous system listeriosis in mice (19), and others (as reviewed in (20) 

and (21)).  

Exposure to low levels of a pathogen or virulence-attenuated strains may 

confer protection against infection by threatening doses of fully virulent strains 

belonging to the same pathogenic species at a later time point (22). Increasing the use 

of vaccines for individuals at high risk could be possible using engineered biologics. 

For instance, genetically modified Listeria innocua have been developed for the 

potential purpose of providing protective immunity (23). However, exposure to 

naturally virulence-attenuated isolates of L. monocytogenes from foods may also 

provide protection from fully virulent strains in a guinea pig model (24). Ready-to-eat 

(RTE) products are currently considered adulterated if they contain or come into 

contact with surfaces contaminated with L. monocytogenes (9 C.F.R. § 430.4 2010). 

Facilities producing RTE products are required to ensure sanitary conditions by 

following one of three potential alternatives for the reduction and elimination of L. 

monocytogenes from the food and food processing environment. The alternatives 

include (i) the use of a post-lethality treatment and a treatment that suppresses L. 

monocytogenes growth, (ii) the use of either a post-lethality treatment or a treatment 

that suppresses the growth of L. monocytogenes, and (iii) the use of a sanitation only. 

Producers of RTE products that fall under all three alternatives must also maintain 

sanitation in the post processing facility areas (9 C.F.R. § 416 2010). This includes 

the regular sampling of food contact surfaces for all three alternatives with the 

frequency dependent on the alternative selected and an absolute minimum of once 

every 6 months. The identification of L. monocytogenes on food contact and non-food 

contact areas requires the food processing facility to take corrective action. 

Depending on number of days, the location of isolation, product type, and the selected 

organisms for monitoring, this can result in requirements to reprocess or destroy the 

food products. Food products contaminated with closely related avirulent organisms 
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or virulence-attenuated strains of the pathogen could potentially be useful in 

stimulating the immune system and providing increased immunity to fully virulent 

strains. This is of particular interest for L. monocytogenes due to the particularly high 

hospitalization rate of the pathogen. 

 

Identification and Categorization of Foodborne Pathogens 

Foodborne pathogens, such as E. coli, S. enterica, and L. monocytogenes, are 

organisms that are commonly identified along the food chain, and are capable of 

causing disease in animals and humans. These pathogens must be able to survive a 

significant number of different stresses to distribute themselves across the food 

continuum such as: large temperature differences, high salt concentrations, low water 

activity, limited free nutrients, oxidative stresses, and disinfectants. Many of these are 

used in combination in food and food environments to decrease bacterial loads, and 

prevent additional growth of pathogenic and spoilage organisms. The centralized 

processing of food can increase cross contamination, and can allow for a large 

number of food items to become contaminated from a single source. Once inside a 

food processing facility, bacteria can be transferred to various surfaces by cross 

contamination of raw products or contaminated equipment (as reviewed by (25)).  

Therefore, it can be useful to identify and trace these pathogens back to the 

original source. However, determination of the genus and species of an isolate does 

not necessarily provide enough information to identify that organism as pathogenic, 

or make it easier to identify the source. Most strains of E. coli are nonpathogenic, and 

many of S. enterica subspp. are isolated from humans. In fact, only S. enterica 

subspp. enterica is implicated in a significant number of infections each year S. 

enterica has more than 2500 recognized serotypes with only a small fraction regularly 

isolated from human and animal sources, and all of these serotypes are from S. 

enterica subspp. enterica (as reviewed in (26)), and approximately 91.7% of E. coli 

outbreaks in the last 18 years have been the result of O157 and the 6 regulated non-
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O157 serotypes (O103, O111, O121, O145, O26, O45) as reported by the CDC 

(https://wwwn.cdc.gov/foodborneoutbreaks/).  

Once an organism has been isolated from a contaminated food source it can be 

subtyped to increase the discrimination between strains and allow for better source 

tracking. One phenotypic method of subtyping is serotyping, a process by which 

strains of bacteria from a single species can be differentiated using the antigenic 

regions of the cell wall and antibodies that are specific to these regions. E. coli has 

187 different possible serotypes, categorized in the ECODAB database with nuclear 

magnetic resonance data, based on the O-antigen (27). While L. monocytogenes can 

only be differentiated into 13 serotypes (28). Serotype designations have been used in 

these three pathogens to attempt to categorize them based on virulence and 

pathogenicity. Uzzau et al. 2000 has demarcated S. enterica serotypes into host-

adapted (HA), host-restricted (HR), and un-restricted (UR) groups to better define 

serotypes that are specific to an environment or sets of environments (26). S. enterica 

isolated from humans and animals differ in their ability to colonize and infect animals 

(29). E. coli has been defined with six pathotypes that describe the expected disease 

outcome (27). Only three L. monocytogenes serotypes are identified in a majority of 

listeriosis cases ((30) and reviewed in (31)). Additional subtyping has provided 

source-associated clustering (32).  

While serotyping can provide subspecies discrimination, deeper strain 

discrimination by a molecular subtyping method is necessary for outbreak 

investigations and microbial source tracking studies. Such discrimination can be 

performed by using various characteristics or content of the bacterial genome. 

Molecular subtyping of bacteria is a set of processes that use defined characteristics 

about the bacterial genome to differentiate between closely related strains. The 

specific type of molecular subtyping method will determine the resolution that can be 

observed. Band based subtyping methods use endonucleases to cleave DNA based on 

a particular motif, or pattern, at specific sites along the DNA strand. These sites are 

enzyme-specific, and the band sizes (or fragment lengths) are directly dependent on 

the relative frequency of the motif in the genome. The fragments can then be 
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separated by size using agarose gel electrophoresis and the resulting pattern is then 

used to compare between isolates.  

Two methods of based on these methods are ribotyping and pulse field gel 

electrophoresis. Ribotyping, specifically, uses endonucleases with a relatively 

frequent motif to cleave the genome into fragments (e.g. EcoRI). The fragments are 

then hybridized to fluorescent DNA molecules that specifically target ribosomal RNA 

regions (33). These fragments form a pattern based on size that can be compared 

between organisms of the same species with differing ribotypes representing different 

evolutionary backgrounds (34). Organisms with similar ribotypes can be further 

differentiated using a similar process with more restriction enzymes (35) or other 

procedures that focus on more of the genome. Pulse field gel electrophoresis (PFGE) 

similarly discriminates strain types using endonucleases and provides a method that 

can differentiate strains to a higher degree. For this fingerprinting method, 

endonucleases cleave the bacterial genome, including chromosome(s) and plasmid(s), 

into large fragments. The presence or absence of fragments then represent the relative 

location of these cleavage sites, and therefore the underlying structure of the genome. 

Fingerprints that result in fewer band differences when compared another pattern are 

considered to be more similar relative to patterns with more differences. PFGE 

fingerprinting has been shown to differentiate below the serotype and ribotype level 

of strain differentiation, and is currently the gold standard method for subtyping 

isolates of various foodborne pathogens (36). The use of fragment length or band 

based subtyping methods requires processes and protocols that must be standardized 

between labs, and the targets of motifs or primers must be conserved across all 

organisms in question (37).  

The second major category of molecular subtyping methods involves 

interrogation of nucleotide sequences. Multilocus sequence typing (MLST), can 

segregate strains based on the allelic type of a set of selected genes that are present in 

the core genome of a species, for instance housekeeping genes. To accomplish this, 

the whole gene or a fraction the whole gene is sequenced and the resulting nucleotide 

data is then compared to a database of previously identified allelic types. If the query 
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sequence matches one of the reference sequences exactly, then the query sequence is 

assigned to that allelic type. Clonal complexes have been defined as groups 

organisms sharing 100% similarity of allelic types in 6 of 7 housekeeping genes 

tested by a MLST protocol (38). MLST protocols that have been developed for L. 

monocytogenes use housekeeping genes only, genes from the prfA virulence gene 

complex only, and a mixture of housekeeping, virulence, and stress response genes 

(39-41). Once the subtyping information has been collected, the sequence data can 

then be used for additional tests to understand the phylogeny and recombination 

history of species as specifically shown using L. monocytogenes (42, 43).  

Ultimately, bacterial subtyping can be performed by analyzing the entire 

genome sequence. Whole genome sequencing (WGS) uses several different 

techniques for identifying the nucleotide sequence of a single genome. These 

techniques vary in the length of fragment that can be sequenced and the correctness or 

quality of the nucleotide attribution in each read. Shorter reads can significantly limit 

the ability of assembling a complete genome de novo, without a reference, due to the 

presence of repetitive regions that can occur in the bacterial genome. Longer reads 

can be used to sequence across these repetitive regions. However, current technology 

limits the quality of the reads generated by the long read technology relative to short 

read technologies. The high quality, although not complete, draft genomes generated 

using current platforms has increased the feasibility of using WGS for regular 

subtyping. This has resulted in multiple uses of the information for subtyping 

purposes. Building on the original MLST structure, increased MLST subtyping 

schemes in L. monocytogenes can include either the core genome or the whole 

genome resulting in similar outcomes (44-46).  

The core genome MLST focuses on only the genes that are present in all 

organisms identified in the species while the whole genome subtyping scheme using 

the pan-genome. As WGS becomes ubiquitous in laboratories and the rate at which 

strains can be sequenced increases, reference laboratories are beginning to shift from 

PFGE based surveillance systems to WGS based surveillance and outbreak detection 

(47). In fact, the use of high quality draft genomes generated by WGS has been 
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shown to be feasible for outbreak detection and provides a similar level of clonal 

discrimination by SNP analysis in both S. enterica and L. monocytogenes (48-51). 

However, there are still some clear issues with depending solely on WGS data to 

define outbreaks without the use of food consumption information. For instance, L. 

monocytogenes with identical WGS genomes have been found in multiple 

independent food associated environments (52). The SNP analysis that these 

comparisons depend on can also be dependent on the choice of reference sequence 

and assembly pipeline (53). While this is true for very similar strains, WGS has also 

been used to discriminate between persistent and reintroduced strains of L. 

monocytogenes in the deli environment (52). The high discriminatory power of WGS 

will be useful for identifying outbreaks and cases that may be the result of multiple 

strains as more than one isolate of L. monocytogenes has been cultured from both a 

case of invasive listeriosis and an outbreak associated with cantaloupe (54, 55). In 

addition to the determination of phylogenetic history, WGS can provide valuable 

information on the virulence potential and antibiotic resistance by providing access to 

the rest of the genes in the genome. This includes any genetic differences in gene 

content, mobile genetic elements, or horizontal gene transfer events (56-58). Once the 

genome has been assembled many of the currently used methods of subtyping can be 

inferred afterwards using databases and computer programs, such as SRST2, to 

identify allelic types in silico (59-61).  

Genetic and phenotypic markers are specific segments of DNA or 

characteristics about an organism that segregate individual strains into broader 

categories. These categories can include differences between persistent and transient, 

pathotypes, clonal complexes, serotypes, lineages, or species of bacteria. The level of 

differentiation is directly based on the selected characteristic. Strain differentiation 

based on enzymatic characteristics is a useful way of differentiating isolates into 

species. However, a single phenotype can be the result of several different genotypes. 

The usefulness of any marker for differentiating strains is based on the ability of 

detecting the presence or absence of the marker, the frequency of the marker in the 

population, and the rate at which new isolates can be screened. Measurements of an 
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organism’s ability to ferment specific carbohydrates and type of motility are 

phenotypic markers that can differentiate species, but have very limited usefulness 

below that level. Nucleotide sequencing has provided higher levels of differentiation 

by discriminating isolates based on the underlying genetic material that supports a 

specific phenotypic marker. For instance, genetic markers for serotype identification 

can be used in place of protein interactions and provide increased discrimination 

between serotypes (61).  

For example genetic markers have been used to group E. coli into pathotypes. 

Genetic markers can be used to identify strains with specific virulence characteristics. 

A well known set of genetic markers for E. coli virulence is the presence or absence 

of a combination of the eae, stxI and/or stxII genes. However, these genes are not 

sufficient for pathogenesis as bacterial virulence systems are a careful balance of 

regulation and reaction to secondary signals with some requiring a host response (62, 

63). These finely tuned systems are responsible for survival in expected environments 

and coordinate bacterial pathogenesis once inside of the host. Analyzing the process 

of pathogenesis can identify important steps in the pathogenicity and can be used to 

distinguish between potentially fully virulent and virulence-attenuated strains. 

 

Virulence and Pathogenicity of Listeria monocytogenes 

The virulence of an organism is defined by the composition of genetic 

determinants in the genome, regulation of those determinants, and mode of action for 

spreading within a host. The pathogenicity of an organism, or its ability to cause 

disease, is defined by the organisms’ specific virulence mechanism. Pathogenic 

bacteria that are able to colonize the intestinal tract can eventually invade eukaryotic 

host cells resulting in morbidity and mortality of the host. The virulence likelihood of 

a bacterial pathogen is directly dependent on the pathogens ability to correctly 

express and regulate the genes required for each step of the process such as entry, 

survival, and movement in the host environment. L. monocytogenes, as an 

opportunistic pathogen, is also capable of surviving as a saprophyte for a significant 
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amount of time before switching to a virulent state once in contact with a host. This 

process requires the pathogen to recognize several signals in the new environment 

before it can then procced to spread throughout the host (as reviewed by (64)). 

Methods to make inferences about an organism's virulence likelihood in vitro use 

specific genetic or phenotypic markers to identify isolates that have reduced virulence 

likelihood (65, 66).  

L. monocytogenes has four main lineages that are differentially associated 

with human and animal clinical disease with a majority isolates, including human 

clinical isolates, identified in lineage I and II (67, 68). It has been hypothesized that 

lineage I strains are likely host associated specialists and lineage II strains are likely 

generalists with the ability to survive well in both environmental and host conditions 

(41). There are some naturally occurring virulence-attenuated strains of L. 

monocytogenes that contain various mutations in genes necessary for virulence 

including: prfA, inlA, plcA, plcB (65, 69, 70). The accumulation of the inlA mutation 

types at the population level suggests these virulence associated genes may not be 

necessary to maintain in all environments. Isolates of L. monocytogenes from lineage 

II with and without a non-sense mutation in inlA are more closely associated with 

food and food processing facilities than to human clinical isolates (68, 71). This 

continues to support the source-associated subtypes observed in L. monocytogenes 

(32). Molecular subtyping techniques have been used to show that the virulence 

likelihood between strains of L. monocytogenes isolated from ready-to-eat (RTE) 

food processing facilities are not similar (68, 72). L. monocytogenes strains associated 

with food environments formed fewer plaques on HT-29 cells relative to clinical 

isolates (73). It has also been shown that isolates containing a PMSC in inlA were no 

more likely than other strains to be resistant to sanitizers (74). The identification and 

differentiation of these strains is an important aspect of food safety, and can have 

major implications depending on the subtype identified. However, some strains 

classified as low virulence based on sequencing of these virulence genes (identified 

with PMSCs in inlA and inlB) have been shown to be fully virulent after 

subcutaneous injection in a murine model (69). While other strains of L. 
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monocytogenes with PMSCs in inlA were still capable of causing disease in orally 

dosed dams (75). 

L. monocytogenes has two pathways for entry into the host cell. Host cells of 

the intestinal epithelia express E-cadherin, a cell receptor for internalin A (InlA, 

encoded by inlA). InlA binds to E-cadherin resulting in actin rearrangement and the 

forced uptake of L. monocytogenes into the host cell. InlA independent uptake is the 

result of host immune cells, such as macrophages, that phagocytose L. monocytogenes 

directly from the intestinal tract. Upon entry into the host cell L. monocytogenes 

produces listeriolysin O to degrade the vacuole and is released into the host cell 

cytoplasm where it can replicate freely with the help of uhpT, a hexose transporter 

(76). After some time it will polymerize actin filaments, using ActA, and push its way 

into a neighboring cell, allowing the cycle to continue (77). L. monocytogenes has a 

set of 78 virulence or virulence associated genes, identified by in vivo DNA 

microarray, that have evidence of interacting in the virulence process (78). The 

primary regulator of virulence in L. monocytogenes is positive regulatory factor A, 

prfA (reviewed here (79)). The deliberate regulation of virulence genes by prfA is 

important for bacterial survival as L. monocytogenes constitutively expressing 

virulence determinates under non-host conditions has been shown to be at a 

significant fitness disadvantage (80).  

Several of the most important genes for virulence and those directly regulated 

by prfA, are found on the Listeria Pathogenicity Island 1 (LPI-1): prfA, plcA, hly, mpl, 

actA, plcB, uhpT ((76), reviewed by (81). Genes not located on this island such as 

inlA and inlB have also been identified as an important virulence genes due to the 

significant decrease in invasion ability when gene knockout strains are tested in vitro 

and in vivo in the laboratory environment (76, 82-87). However, the ability of L. 

monocytogenes to cause disease after subcutaneous injections suggests that the 

organisms is able to perform the remainder of the necessary functions for full 

virulence. Non-sense mutations in inlA act as a major genetic marker for attenuated 

virulence (88). However, the secondary pathway for entry into the host may present 

issues of safety. Identifying additional mutations in the genome may provide 
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additional evidence for separating the organisms with the initial marker into 

additional subcategories with higher virulence-attenuation.  

Bacterial Adaptation 

The ability to colonize and thrive in many different environments is the result 

of evolution diversifying the properties of the organisms over many millennia. 

Modifications to the genetic code can result in phenotypic changes at the cellular 

level. Enzymes can be modified for increased activity, lipid membranes can be 

strengthened to improve stability in higher temperatures, or DNA repair mechanisms 

can be improved to survive higher rates of DNA damage from environmental 

conditions. These modifications can arise stochastically via DNA polymerase 

mistakes during replication, novel gene accumulation, or potentially through targeted 

mutations by cytoplasmic proteins (89). Single nucleotide polymorphisms (SNP) are 

mutations that result in a single nucleotide exchange in any region of the genome. 

These mutations have different effects depending on the location of the genome in 

which they occur and the specific position in the genetic element. Mutations can 

result in increased or decreased fitness, and occasionally become fixed in a 

population. However, mutations that alter a genome will not always have a direct 

result on the fitness of an organism. SNPs that result in no changes to the translated 

amino acid or occur in areas between genes that have no regulatory information are 

silent mutations. Interestingly, there is some evidence that these mutations can result 

in more or less efficient translation by shifting the required tRNA to a more 

frequently occurring one of the same amino acid (90).  

SNPs that result in a single amino acid change are non-synonymous mutations 

occurring inside of a gene coding region. The effect of these can vary considerably 

based on the site of change. For instance, if these changes occur in the binding pocket 

of an enzyme, they can modify the type of reaction that can be catalyzed or if they 

occur in areas of the linear peptide that make up the surface of the tertiary or 

quaternary structure they can modify the structure of a protein in a way that 

diminishes a host immune response. SNPs can modify important regulatory regions 
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outside of the gene (ribosomal binding sites and promoters). These mutations can 

modify the binding efficiencies of sigma proteins for transcription and ribosomes for 

translation. SNPs that result in the formation of a novel stop codon prior to the gene’s 

stop codon wild type are non-sense mutations or premature stop codons (PMSC), 

resulting in the premature end of translation and a failed gene product. Frameshift 

mutations are the result of 1 or 2 base pairs being inserted after the start codon or 

deleted before the stop codon of a gene. This will shift the downstream reading frame 

of the gene and will most likely result in a failed gene product that does not resemble 

the wild type version.  

Prokaryotes across the kingdom have been identified with homopolymeric 

tracts of base pairs in coding regions of genes suggesting that polymerase slippage 

events, frameshift mutations, are a normal regulatory mechanism of gene inhibition 

called phase variation (91-93). Larger modifications to the genome result from 

horizontal gene transfer (HGT) events. This can include the accumulation of 

plasmids, the introduction of bacteriophages, transposons, and the uptake of nascent 

DNA for homologous recombination and occur in foodborne pathogens regularly (as 

reviewed in (94)).  

The L. monocytogenes genome is relatively consistent across the species with 

only a small fraction of accessory genes (<20%) (95). Interestingly, these accessory 

genes are kept to the first 65 degrees, a regional hotspot, of the L. monocytogenes 

genome (96). The virulence gene cluster of L. monocytogenes has been a product of 

homologous recombination and positive selection (97). L. monocytogenes lineage II 

strains acting as the primary recipient of recombination of inlA with various lineage I 

and II strains as the primary donors (98). SNPs that accumulate in a cell over time 

have been shown to linearly decrease the average fitness of hypermutator cell lines of 

Pseudomonas aeruginosa PAO1ΔmutS (99). Some mutations can result in increased 

fitness situationally by resulting in loss-of-function mutations, rapidly rewiring 

biochemical pathways of the organism or ending production of gene products that are 

unnecessary (100, 101). In addition, novel gene content in L. monocytogenes can be 

carried on plasmids and allow rapid resistance to heavy metals and antibiotics through 
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transporters and efflux pumps (102). All of these mutational events, accumulating 

over time, result in all of the various species we observe today. Bacteria survival in 

any environment is directly dependent on the organism's current gene content.  

Bacterial adaptation to any specific environment can depend on the frequency 

of movement into new environments both spatially and temporally. Kassen (2002) 

reviews the development of specialists and generalists of bacterial evolution in the 

context of environmental diversity. A generalist maintains the genes necessary to 

switch between significantly varied environments or different lifestyles (e.g., host and 

non-host environments). For example, L. monocytogenes thrives as a plant saprophyte 

yet has the ability to survive in the food processing plant environment for >10 years 

and infect more than 40 species of animals and birds. The increased costs of 

maintenance are balanced by the increased relative fitness of the organisms in those 

environments. Specialist organisms are derived from the highest fitness organisms in 

homogenous environments. The specialist may maintain genes that result in negative 

fitness in secondary environments or mutation accumulation may occur in functional 

genes not currently expressed potentially resulting in pseudogenes (103). An 

organism moving from a free-living lifestyle to a more restricted environment 

includes increased pseudogenes and increased large scale deletions (100s to 1000s of 

basepairs) a process that has been associated with several obligate intracellular 

organisms including: Buchnera aphidicola and Wolbachia pipientis ((104) and 

reviewed by (105)). This niche adaptation to very specific environments can result in 

the loss of genes required to survive in other systems. The resulting phenotypic 

differences need only to provide a small amount of advantage to increase bacterial 

fitness in a specific environment. Bacterial adaptation to eukaryotic host 

environments can be based on mutual, commensal, or pathogenic relationships. Some 

insect species are mutually dependent on their microbiome for the production of 

essential amino acids and preventing pathogenic species colonization among many 

other functions (as reviewed by (106)).  

During lab experiments some pathogens have been shown to increase in 

virulence when passed by researchers to new hosts, while other pathogens have 
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become less virulent and less pathogenic (107-109). These changes in virulence and 

pathogenicity are likely the result of purifying selection of mutations that have 

occurred in the genome. However, the methodology of laboratory evolution 

experiments can greatly affect the outcome resulting in opposing conclusions (as 

reviewed by (110)). A similar selection process could occur in other environments 

such as soil or man made structures. Adaptation to new environments have been 

observed in laboratory and natural environments by different bacteria using 

mechanisms including: modifications to regulatory proteins (109), gene duplication 

during exponential growth (111), through the accumulation of SNPs some of which 

increase fitness via loss-of-function mutations (100, 112), and lateral gene transfer (as 

reviewed by (113)).  

L. monocytogenes is ubiquitous in the environment, difficult to completely 

eradicate from processing facilities, and reintroduced into food processing facilities 

regularly (114, 115). This can create a natural pathway for new genetic material to be 

tested for fitness in the food processing facility environment before interacting with 

human hosts. It is unlikely that L. monocytogenes is evolving significantly through 

accumulation of SNPs in these environments as a strain identified in an outbreak and 

isolated from the same facility 12 years later was only a single SNP different and 

similarly close to the human isolate (116). Organisms in exponential growth can 

produce multiple copies of their genome at the same time. This can increase the rate 

of recombination and provide an organism with multiple copies of the same gene. In 

some cases, the increase in gene copy is enough to overcome short term changes to 

the environment, and the extra copies are not maintained after the stress is relieved. 

However, the increased copy number can become fixed if the fitness benefits 

significantly outweigh the costs. Environmental adaptation through gene duplication 

may occur much more frequently than point mutations with a suggested less than 10 

generations required to observe a duplication (as reviewed in (111)). Subsequent 

mutation of duplicated genes can result in paralogs that can perform slightly different 

functions. This is one of the suggested mechanisms for the development of the 

internalin family of genes in L. monocytogenes (117-119). Loss-of-function mutations 
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can provide fitness advantages by providing a rapid rewiring of metabolic activities 

(100). However, the type of gene that is lost can drastically effect the final outcome. 

Transcriptional regulatory genes that are lost through mutation have been shown to 

have both positive and negative effects on the fitness of the organism (80, 109). 

Horizontal gene transfer has contributed to the diversification of the Listeria genus 

into the various species, and has had a role in defining the lineages of L. 

monocytogenes (43, 120). Pathoadaptive mutations are mutations that specifically 

result in increased virulence. These types of mutations are likely responsible for the 

evolutionary changes from nonpathogenic E. coli to pathogenic Shigella spp. The loss 

of lysine decarboxylase enzyme, CadA, in E. coli has been shown to increase 

virulence, and the reintroduction of this gene in Shigella spp. results in decreased 

virulence. This gene is likely an antivirulence gene that has been selected against in 

highly pathogenic E. coli (121). 

Abiotic and biotic sources of environmental modification are an important 

aspect of natural selection (122). Bacteria introduced to a new environment can 

modify the environment through the production of waste products, or by the 

production of exopolymeric compounds (123, 124). The resulting changes can reduce 

the impact of extreme environmental changes thereby reducing the stress. However, 

not all environmental changes can be overcome by bacterial modification to the 

environment. This promotes natural selection with the organisms shifting towards the 

new niche environment (125). Organisms introduced to a new niche will first move 

towards being fit in both environments, and over time the greatest fitness gains will 

result in a movement towards the new niche. As L. monocytogenes is primarily a 

foodborne pathogen with an estimated 99% of cases from food sources the organism 

must pass through food and food production facilities before coming in contact with a 

human host (1). The adaptations that may occur in a facility are dependent on the 

organisms entering the niche (126). This suggests that natural selection may shift 

organisms that enter a food processing environment to the new environment with 

some potentially moving to balance between them, but eventually shifting towards the 

new environment over time. However, many bacteria can also undergo a 
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transformation to a viable but not culturable (VBNC) metabolic state for many 

reasons including exposure to stresses in their environment (as reviewed by (127)). 

These limited growth states decrease the ability to detect them using standard 

incubation protocols. In addition, these states provide increased protections against 

the stresses experienced. This suggests that bacterial pathogens that are generalists or 

capable of converting to extended survival phenotypes can permeate new 

environments by entering this dormant state, and wait for conditions to change 

without modifications to their genome (127). L. monocytogenes has been observed in 

a VBNC state in aquatic environments and was shown experimentally, in this VBNC 

state, to be avirulent after intravenous injection in a mouse model (128). Similar 

findings of a VBNC state have been noticed on parsley, but the pathogenicity was not 

tested for these strains (129). Some strains of L. monocytogenes in the VBNC state 

could be resuscitated, but required passage through an embryonated egg yolk to 

become viable and fully virulent (130). However, L. monocytogenes, similar to other 

saprophytic organisms, can also enter a long-term-survival (LTS) phase after 

stationary phase that increases resistance to some stresses like heat and pressure. 

These cells can then recover from this metabolically inactive phase after simple 

inoculation into nutrient rich media (131, 132). The transition process to LTS has 

been shown to converge on a specific cell density (~4.3 x 108 CFU/ml) regardless of 

the cultures initial cell density (133). The LTS or growth advantage in stationary 

phase (GASP) phenotype has also been shown to outcompete younger cell 

populations after 12 days and does not affect the virulence potential of L. 

monocytogenes in a murine model (134). Colony morphologies can also impact the 

survivability of bacterial cells. This suggests at least two different secondary phases 

that can increase survival of L. monocytogenes in new environments. L. 

monocytogenes is capable of surviving in a broad range of environments that can vary 

in pH, salt, and oxidative stress suggesting association as a generalist (as reviewed by 

(135)). It has been identified to persist for long stretches of time in very specific 

environments such as food processing facilities that could provide the necessary 

environment for specialization (116). More work needs to be completed for 
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differentiating between organisms in a VBNC, LTS, or specialist state. These states 

differ in the stability of their potential to cause disease with some isolates able to 

return to full virulence while others have stable mutations limiting pathogenicity. The 

conversion of a generalist to a specialist in the food processing facilities as a survival 

mechanism would suggest some strains of L. monocytogenes may be moving away 

from a pathogenic lifestyle. 

Conclusion 

L. monocytogenes is implicated in sporadic cases and outbreaks regularly. In 

addition, it is identified in food processing environments, and is commonly consumed 

in low to moderate amounts. Current sampling programs focus on prevalence patterns 

not the concentration or number consumed. In fact, differences have been identified 

between specific subtypes with some requiring higher doses to observe a similar 

disease outcome in animal models. Strains identified as virulence-attenuated can also 

be used to confer protection from fully virulent strains. The use of subtyping 

techniques have been used to show that strains from the food processing facility are 

not the same organisms causing clinical cases. Using whole genome sequencing to 

develop and understand these differences will increase our ability to differentiate 

between fully virulent and virulence-attenuated strains. As mechanisms of evolution 

are diverse the specific pathway for virulence-attenuation may vary from clonal 

complex to clonal complex. Some virulence-attenuated strains still have the ability to 

cause disease in immunocompromised individuals or if relatively few genes necessary 

for fully virulence are knocked out. Some organisms can also gain pathoadaptive 

mutations resulting in increased virulence ability. One explanation for the limited 

ability to decrease the incidence of foodborne illness is the loss of regular interaction 

with commensal and lower virulent bacterial organisms on a daily basis. The hygiene 

hypothesis suggests that as the environment becomes void of pathogens the immune 

system can become over sensitive resulting in autoimmune diseases and the inability 

to fight off fully virulent pathogens. For instance, differences in the microbiome of 

children have been shown to be associated with differences in the autoimmune 
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response. Specifically, the lipopolysaccharide (LPS) of strains of family Bacteroides 

masked LPS derived from E. coli increasing autoimmune activity (136). Bacterial 

cultures of the Clostridiales order have been shown to protect previously germ-free 

mice from subsequent L. monocytogenes infections, and antibiotic treatments that do 

not eliminate L. monocytogenes from the intestinal tract may allow for increased 

population levels, colonization, and subsequent invasion of the gastrointestinal tract 

(137). The identification, reduction, and removal of fully virulent bacterial pathogens 

from the food supply is an important aspect of food safety. However, caution must be 

applied to removing strains that may be able to increase the health of the general 

population by preparing immune systems for fully virulent strains. The identification 

and differentiation of fully virulent versus virulence-attenuated strains will be 

necessary for this approach to be effective.  
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CHAPTER 2 

Genetically Diverse Listeria monocytogenes Strains Carrying Virulence-
attenuating Mutations in inlA Appear to Have Evolved Towards an 
Environmental Lifestyle Through Additional Loss-of-Function 
Mutations 

Abstract 

Listeria monocytogenes is a genetically diverse pathogen composed of four 

major genetic lineages, which include many clonal complexes (CC). Individual CCs 

tend to be overrepresented by isolates from a given source (e.g., human, food, or 

environment), suggesting niche adaptation within L. monocytogenes. A common 

characteristic among L. monocytogenes isolates from foods and food-associated 

environments, but an uncommon characteristic among human clinical isolates, is the 

carriage of a non-sense mutation leading to a premature stop codon (PMSC) in inlA. 

PMSC mutations in inlA have been shown to be associated with reduced invasion of 

human intestinal epithelial cells and attenuated virulence in animal models. The 

purpose of this study was to probe niche adaptation of a set of genetically diverse L. 

monocytogenes strains carrying virulence-attenuating PMSC mutations in inlA 

through whole genome sequencing and phenotypic characterization. 

L. monocytogenes isolates carrying a PMSC in inlA clustered into eight 

previously defined CCs. Some CCs contained more than one type of inlA PMSC 

mutation, while several CCs carried a similar PMSC dispersed across the lineage II. 

Analyses of genome sequences for L. monocytogenes isolates carrying a PMSC in 

inlA revealed additional loss-of-function mutations in genes for sugar hydrolase 

(lmo2733), the production of menaquinone (lmo1201, lmo1932), and for DNA 

replication and repair (mutS, dnaG), which are all required for survival in a host. 

Isolates carrying a PMSC in inlA representing two CCs showed a significant decrease 

(p<0.05) in swarming motility compared to the laboratory control strain 10403S at 

30oC and 37oC, while isolates clustering in remaining six CCs showed no significant 

difference. Isolates carrying a PMSC in inlA belonging to four CCs demonstrated 
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significantly increased biomass formation at 30oC as compared to the control 

(p<0.05), while biomass formation at 37oC for isolates belonging to all CCs was no 

different (p>0.05) to the control. L. monocytogenes isolates with a PMSC in inlA also 

carried frameshift and single nucleotide polymorphisms resulting in PMSCs in 

additional genes, some with virulence-associated functions.  

Collectively, identification of additional loss-of-function mutations, increased 

biomass formation, and loss of motility support that L. monocytogenes carrying 

PMSCs in inlA appear to be independently evolving towards a non-pathogenic, 

environmental lifestyle as a trade-off for loss of full virulence. 

Introduction 

Listeria monocytogenes is a Gram positive, facultatively anaerobic bacteria 

capable of causing invasive disease, occasionally leading to death (1). Listeria 

monocytogenes has been estimated to cause 1,500 foodborne illnesses per year with a 

hospitalization and death rate of 94% and 15.9% respectively (2), and is responsible 

for the loss of about 2.83 billion dollars, or about 18% of the estimated total cost from 

the top 15 foodborne pathogens (3). L. monocytogenes ability to grow under 

refrigeration conditions is a serious issue as facilities that produce ready-to-eat (RTE) 

foods that are normally stored at refrigeration temperatures may harbor L. 

monocytogenes in the processing plant environment for extended periods leading to 

cross-contamination of RTE products (4).  

L. monocytogenes is subdivided into four lineages (5). However, only lineages 

I and II are regularly identified in RTE foods, food-associated environments and 

human cases (6). Several genes in L. monocytogenes have been identified to carry 

naturally occurring premature stop codons resulting in virulence-attenuation 

including: hly, prfA, and inlA (7-9); however, only virulence-attenuating mutations in 

inlA appear to have accumulated at the population level (10). The regular 

identification of strains of L. monocytogenes carrying a premature stop codon 

(PMSC) in inlA has resulted in the recognition of a subpopulation of virulence-

attenuated strains that are disproportionately common in food and food environments 
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as compared to human hosts (11). Internalin A is responsible for initiating the 

translocation of L. monocytogenes across the cell membrane (12). There are 19 PMSC 

mutation types that have been described to date worldwide, all of which occur prior to 

the LXPTG cellular anchoring motif resulting in a failed or released protein product 

(10, 13, 14). One specific PMSC mutation in inlA (PMSC type 4) represents a single 

base deletion in a homopolymeric tract. Homopolymeric tracts, such as the one found 

in the inlA PMSC type 4, have been recognized as significantly more prolific than 

would occur randomly in the Listeria monocytogenes genome suggesting they could 

be an important mechanism of virulence regulation (15). Strains producing a 

truncated and secreted InlA have been shown to be virulence-attenuated in vitro and 

in vivo (16, 17). Premature stop codons that are the result of minor mutations to the 

genome that can quickly eliminate or significantly reduce the functionality of a gene. 

When these changes occur in environment specific genes the organism can lose 

access to special niches. In L. monocytogenes, these mutations have been observed to 

occur in virulence associated genes reducing the ability to invade host associated 

environments and potentially moving L. monocytogenes to a non-host lifestyle as a 

trade of for loss of full virulence.  

Each of the four lineages of Listeria monocytogenes can be subdivided into 

clonal complexes (CC) that represent groups of isolates with limited within group 

genetic variability (i.e., clones) based on multilocus sequence typing (MLST) (18-20). 

These CCs have been used to determine the relative ratio of isolates identified in each 

CC in human cases of listeriosis relative to those found in the environment, and even 

to identify genes for hypervirulence (19). Each CC is characterized by the presence of 

a small number of accessory genes that could contribute to fitness advantages in 

specific environmental niches (21). Modifications in the genome can alter the fitness 

of an organism in an environment and have been shown in Pseudomonas aeruginosa 

to decrease virulence through gene loss (22). A large number of genes are no longer 

necessary for survival in a specific environment, and thus a bacterium can decrease 

costs to improve the cost benefit ratio by not expressing or even continuing to carry 

these genes (23). It has been shown that the effect a mutation has on an organisms 
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physiology can occur multiple steps away from the mutated site down the enzymatic 

chain, rather than directly on the neighboring genes (24). This long range 

modification in metabolic flux can improve fitness by increasing specific metabolites 

that may be necessary for survival, or permanently disable functions that are not 

currently necessary. This can increase the benefit of a mutation in the cost/benefit 

ratio that determines the effective fitness of the organism.  

Mutations can become fixed in a population when the mutation provides a 

significant increase to fitness. While, some mutations can result in decreased fitness, 

a small fraction of these mutations can result in increased fitness (25). Mutations that 

result in a loss-of-function mutation can affect metabolic flux by rewiring pathways 

throughout the cell (24). Phase variation mutations are the result of slippage of a 

DNA polymerase during bacterial replication of homopolymeric tracts, and this 

regulatory mechanism has been identified in a large number of bacteria (reviewed by 

(26) and (27))(15). The Black Queen Hypothesis suggests that genes for an essential 

function can still be lost in an environment if that function is performed by helper 

organisms (28). This means that an organism may not be required to keep up certain 

genes if that function is provided by other organisms in the community. The cost 

benefit ratio can be calculated at the population level, and also has been identified as 

important at the intracellular level (23). This adaptation can occur through multiple 

types of mutations including: horizontal gene transfer, insertions/deletions (indel), 

and single nucleotide polymorphisms (SNP).  

The aim of this study is to determine if there are genetic and phenotypic 

differences between fully virulent and virulence-attenuated strains of Listeria 

monocytogenes and to characterize the evolutionary benefits of the inlA loss-of-

function mutation and loss of full virulence. To do so, we used whole genome 

sequencing and phenotypic assays, including swarming mobility assays and biomass 

formation assays to characterize a defined set of L. monocytogenes that have been 

previously identified to carry a PMSC in the inlA gene in comparison to the standard 

laboratory control strain 10403S.  
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Results and Discussion 

Phylogenetic analysis of 43 L. monocytogenes strains carrying a PMSC in inlA 

in this study led to the identification of many divergent CCs, some containing a 

mixture of inlA PMSC types, suggesting premature stop codons emerged 

independently in multiple lineages. Analysis of the additional mutations resulting in 

potentially nonfunctional genes identified various mutations in genes important for 

survival in the host environment at the CC level, but not the lineage level. Phenotypic 

analyses of swarming motility and biomass formation suggest some significant 

differences between strains with a PMSC in inlA, and the laboratory control strain 

10403S.  

Evolutionary changes related to the premature stop codons found in 

virulence-attenuated Listeria monocytogenes have arisen independently in 

multiple clonal complexes. The 43 strains, representing unique molecular subtypes, 

as assigned by EcoRI ribotyping, within each PMSC type, were distributed unequally 

across lineages I and II with 6 of the strains found in lineage I and 37 found in lineage 

II, Table 2.1. Each strain was assigned to a CC by performing an in silico seven gene 

MLST analyses based on of whole genome sequences generated through this study. 

This involved mapping the raw reads to specific gene allelic types for each of the 

seven genes designated by Ragon et al. 2008 and using SRST2 to match raw reads 

(29, 30). This resulted in all 43 strains being placed into previously identified CCs, 

Figure 2.1. The phylogenetic tree contains additional strains to confirm the structure 

of the tree compared to Bergholz et al. 2016 (31). One strain (M2294) did not fall into 

a previously described CC based on MLST data (32), due to a single missing or 

deleted housekeeping gene (bglA); however, it could be phylogenetically assigned to 

a CC using SNP data. Each of the 43 strains sequenced in this study were previously 

identified to harbor a PMSC in inlA by a multiplex single nucleotide polymorphism 

genotyping assay (10). The inlA PMSC type 4 mutation (5’ frameshift mutation) was 

distributed across lineage II in three different CCs. This mutation type occurs due to a 
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single base pair deletion, and may not represent a stable mutation overtime as it is 

associated with putative phase variation (15, 33).  

The strains identified in CC121 were split evenly between PMSC type 5 and 

6, Figure 2.1. The occurrence of two separate single nucleotide polymorphism inlA 

PMSC mutations in one CC suggests that PMSC mutations may be positively selected 

for in this CC (34). All isolates identified with inlA PMSC types 3 and 7 were 

separated into individual genetically independent CCs, including CC321 and CC635 

respectively. Isolates representing CC635 are all from the same processing facility, 

share high similarity based on their relative position in the phylogenetic tree, and if 

from the same ancestor they would likely not have large mutational differences (35). 

The isolates from CC321 were isolated from distinct facilities, including a deli 

environment and food processing environment, and were isolated from non-food 

contact and food contact environmental surfaces. Clonal Complex 9 contained two 

different inlA PMSCs, including types 12 and 4. Clonal Complex 5 contains L. 

monocytogenes isolates carrying inlA PMSC type 1, while CC224 contains isolates 

harboring inlA PMSC type 2. This observation provides whole genome sequencing 

evidence for the association of these isolates with CCs associated the contamination 

of food and food processing facilities and limited association with clonal complexes 

that are highly associated with disease. The distribution of PMSC types across 

multiple lineages, one inlA PMSC type identified across multiple CCs, and several 

CCs with multiple inlA PMSC types indicate that these mutations have arisen 

independently multiple times during the evolution of L. monocytogenes.  

 

Premature stop codon mutations in inlA are associated with loss-of-

function mutations in additional genes necessary for survival in the human host. 

Each whole genome sequence completed in this study was compared to a 

phylogenetically closely related closed reference genome. Based on this comparison, 

the amount and type of genomic variation that occurs both within each CC and 

between the CCs was determined. Variants with a high probability to cause loss-of-
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function (e.g., single base substitution and frameshift mutations leading to a PMSC) 

occurring in the inlA PMSC subpopulation were annotated by SnpEff (36). The 

mutated genes identified as occurring in all of the strains represented by a single CC 

and/or sets of strains that contained similar inlA PMSCs were analyzed using 

categories generated by the Gene Ontology Consortium, KEGG Orthology, or by 

similarity to previously characterized genes (37, 38). This analysis resulted in the 

identification of three categories of mutations that we found to be common across all 

CCs including a L. monocytogenes isolate carrying a PMSC in inlA. The number of 

genes that were organized under each category varied from 1 to 14 based on the CC 

with a median value of 5 genes. The gene function category with the highest median 

number of genes with mutations was GO:0071704 Organic Substance Metabolic 

Process, Table 2.2. The organic substance metabolic process contains, in part, genes 

involved in carbohydrate and carbohydrate derivative metabolism. The mutations 

identified are spread across six of the eight CCs.  

While none of the identified frameshift or SNP mutations resulting in PMSCs 

are common across all the CCs, most of the CCs have identifiable mutations in other 

genes that decrease the likelihood of survival in the host. These include genes that 

encode alpha-mannosidase, alpha-glucosidase, beta-glucosidase, sugar hydrolase, and 

N-acetylglucosamine-6P-phosphate deacetylase, Table 2.2. CC9 has a mutation in the 

first gene of the lmo2733 operon possibly resulting in a polar mutation affecting 

translation of the entire operon. This operon has been identified as upregulated 

intracellularly in host cells, and likely results in a reduced growth rate in the 

cytoplasm (39). CC31 has a frameshift deletion in lmo1201, a significant part of the 

menaquinone synthesis process that has been shown to decrease virulence if the gene 

is knocked out (40). CC121 has a frameshift mutation likely resulting in the 

production of a truncated and non-functional MutS protein. A hypermutator strain of 

P. aeruginosa with a non-functional MutS, a protein for mutation repair, was on 

average shown to decrease in relative fitness by approximately 16% each day (25). 

Mutations making MutS non-functional could lead to additional loss of fitness under 
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host conditions where exponential growth is required leading to a potential decrease 

in fitness over the course of the infection.  

CC199 has a frameshift mutation in dnaG, the main gene for DNA priming, 

which will likely lead to poor rates of replication in most environments. CC321 has 

three mutations resulting in the loss of an alpha-glucosidases, a sugar hydrolase, and a 

PTS sugar transport EIIB protein. These genes have been suggested to be important 

as carbon sources intracellularly (41). CC635 has a SNP in the stop codon of lmo1032 

likely disrupting the genes that follow in the operon that represents genes of the 

pentose phosphate pathway (PPP). This pathway has been identified as important for 

intracellular replication (42). CC5 has mutations in alpha-mannosidase and beta-

glucosidase, and these genes are likely useful for L. monocytogenes sensing a 

difference between the soil environment and intestinal environment (43). CC224 has 

a mutation in lmo1932, a gene involved in heptaprenyl diphosphatase synthesis. A 

similar gene has been shown to be necessary in Bacillus subtilis to form the full 

heptaprenyl diphosphatase synthesis complex (44). Heptaprenyl diphosphate is 

necessary for anchoring menaquinone to the plasma membrane, and has been 

identified as necessary for intracellular growth in L. monocytogenes (45). There is 

some disagreement to the use of carbohydrates other than glucose intracellularly (41, 

46), but in this case these strains have a reduced invasion opportunity for intestinal 

epithelial cells due to the PMSC in inlA. However, L. monocytogenes has been shown 

to enter host cells passively through M cells in the Payer's patches (47, 48). In 

addition to this, all eight of the CCs in this study have mutations in genes that would 

be useful in either the intestinal environment or intracellularly of the host cell, 

supporting overall adaptation towards a non-host environment. Overall, these strains 

are characterized by mutations in sugar hydrolase genes for degrading alpha-

mannose, alpha- and beta-glucose, and amino sugars, genes involved in menaquinone 

synthesis and use, and DNA repair and replication. 
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Decreased relative swarming motility, and increased biomass formation 

suggest environmental adaptation. Each of the 43 strains were tested for swarming 

ability and biomass formation. Motility is an important attribute at many different 

stages in the lifecycle of L. monocytogenes. The exact use of flagella during an 

infection has been determined to provide motility to increase proper adhesion of inlA 

to its host receptor, E-cadherin (49). Flagellum-mediated motility is critical for 

biofilm formation on abiotic surfaces (50). The ability to form biofilms has also been 

discussed as an effective means of surviving in a number of environments, and can 

provide increased resistance to sanitizers (reviewed (51)). Comparing the ability of L. 

monocytogenes of a fully virulent strain to the known virulence-attenuated strains at 

host (37oC) and environment (30oC) temperatures shows differences in the balance of 

flagellar regulation for both host and environment temperatures. The results of the 

swarming assay, presented in Figure 2.2, show the swarming motility of CC199 at 

37oC was significantly lower than the laboratory strain L. monocytogenes 10403S 

(effect size (ES) -2.08 millimeters (mm), 95% confidence interval (CI) from -0.0003 

to -4.172, p = .0188). Overall, the mean values from each of the CCs are not 

statistically different in terms of swarming motility relative to the control strain 

10403S. However, the virulence-attenuated strains were higher than the 10403S∆flaA, 

a null mutant with the primary flagellar gene a mutated to a nonfunctional state, 

suggesting a differential regulation of flagellar motility and not a loss-of-function 

mutation (lowest ES -4.699, 95% CI from 0.0011 to -9.399, p = .0471). While the 

10403S∆flaA strain was significantly lower than its parent strain 10403S (ES -8.86 

mm, 95% CI from -0.002 to -17.72, p = .0017). This suggests that the tested isolates 

do not have a complete loss of the flagellar production and regulation depending on 

the environmental temperature, and that there is increased down regulation under host 

conditions, simulated here by the assay performed at 37oC.  

Isolates representing for of the CCs were measured with significantly 

increased (p < 0.05) biomass formation at 30oC when compared to the 10403S control 

strain (all > 0.23 Abs590 , CI 95% from 2.14E-05 to 0.478, p = 0.0246), and swarming 

motility for one of these CCs (CC635) was significantly increased at 37oC as well 
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(0.188 Abs590, 95% CI from 3.7E-05 to 0.376, p = 0.0319). The data presented here 

suggests these CCs contain strains that have an increased ability to form biomass, 

Figure 2.3. Increased biomass at 30oC versus 37oC is in opposition to the findings of 

Ochiai et al. 2013 (52). However, Ochiai et al. tested strains from serotype 1/2b, a 

lineage I serotype; Lineage I has been determined to form significantly lower biomass 

when compared to lineage II (53). Each of the strains belonging to CC635 as 

described here were shown to carry a PMSC mutation in lmo0735 as a result of the 

single nucleotide polymorphism mutation C352T resulting in amino acid change 

Gln118*. This gene has been suggested to be responsible for decreased biomass 

formation in nutrient limiting conditions when nonfunctional (54). These results are 

in disagreement with the level of biomass formation we have reported herein, Figure 

2.3, with approximately 2-fold increase in biomass formation. The absorbance levels 

of L. monocytogenes 10403S measured in this study were similar to those reported by 

Salazar et. al 2013.  

Flagellar motility in L. monocytogenes is connected to virulence and biomass 

formation. L. monocytogenes regulates its flagella via a temperature dependent 

repressor (MogR), and anti-repressor (GmrA). Below 37oC GmrA does not suppress 

the repressor MogR; allowing for the upregulation of flagella (55). Strains that are 

adapting to a non-host environment would be expected to have increased biomass 

formation at lower temperatures, and decreased swarming motility at host 

temperatures (i.e., 37oC). This situation would provide the strain a decreased 

likelihood of being phagocytized, and an increased survival potential in the non-host 

environment. While none of the CCs satisfy the criteria completely, a few met one or 

the other. The inlA PMSC subpopulation characterized has a decreased invasion 

potential due to the loss of internalin A, and therefore is less likely to benefit from a 

normal level of swarming under host conditions. A complete loss of swarming at all 

temperatures would likely decrease these strains’ ability to form biofilms with other 

organisms in a non-host environment. Therefore, this subpopulation of L. 

monocytogenes strains carrying PMSC mutations in inlA as characterized here 
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demonstrates decreased virulence characteristics at host temperatures, and less likely 

to be involved in an infection of a host.  

 

Conclusion 

Loss-of-function mutations provide rapid bacterial adaptation to a specific 

niche by focusing on enzymatic and regulatory regions (24). The additional loss-of-

function mutations in L. monocytogenes strains beyond inlA are primarily in 

secondary metabolism, organic substance metabolism, sugar transporters, and DNA 

replication and repair. These strains show increased biomass formation on abiotic 

surfaces that could provide strains increased survival in food or non-host related 

environments, such as environments associated with RTE food processing and 

handling. Overall genetic and phenotypic differences are not similar across all CCs, 

and may be the result of strain specific mutations or accessory genes. However, many 

of the additional LOF mutations have been identified previously as important for 

intracellular and intestinal growth. If these genes are nonfunctional in vivo; it is likely 

that these strains have increased virulence-attenuation beyond the inlA PMSC. 

Accumulation of mutations in metabolic, replication, and repair genes suggest the 

limited need to upregulate growth rate. The temperature dependent phenotypic 

difference on biomass but not the interconnected swarming motility suggest the 

adaptation of these strains toward an environmental condition. Overall, these results 

along with the observations of Van Stelten et. al 2010 and 2016 suggest the PMSC 

inlA subpopulation of Listeria monocytogenes is moving, via parallel evolution, 

towards a non-pathogenic environmental based lifestyle (11, 56). The virulence-

attenuated L. monocytogenes carrying inlA PMSC subpopulation is evolving away 

from the host environment towards a nonpathogenic lifestyle.  
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Methods 

Isolate selection and growth. Listeria monocytogenes were selected from the 

Texas Tech University Food Safety Laboratory collection for sequencing and 

phenotypic experiments. The following criteria were used: (i) carry a PMSC in the 

inlA gene, (ii) have a unique molecular subtype (Eco RI ribotype) compared to the 

other isolates selected from each PMSC inlA type, and (iii) represent strains from 

both lineages I and II, Table 2.1. A larger set of outbreak strains were included in the 

genetic analyses to develop a minor context of the phylogenetic history of the 

sequenced inlA PMSC L. monocytogenes, a single laboratory control strain was used 

as a reference for phenotypic characterization. The selection criteria for the additional 

outbreak strains included specifically in the genetic analyses were (i) implicated in a 

2012 outbreak or sooner, and (ii) a finished whole genome sequence was available on 

GenBank. Only Listeria monocytogenes PMSC inlA types 1-7 and 12 were used here 

as these have been identified in North America, as summarized in Van Stelten et al. 

(11). All organisms were grown overnight (12-18 h) at 37oC in brain heart infusion 

broth for genomic DNA extraction and phenotypic characterization unless otherwise 

noted.  

Genome sequencing and assembly. DNA was extracted using a PureLinkTM 

Genomic DNA mini kit (Life Technologies Corporation, Eugene; OR, USA) 

following the manufacturer’s instruction. The DNA was then quantified by measuring 

the fluorescence of pico-green intercalated into dsDNA on a Qubit® 2.0 Fluorometer 

(Life Technologies Corporation, Eugene; OR, USA) using the dsDNA HS Assay Kit 

(Life Technologies Corporation, Eugene; OR, USA) according to the manufacturer. 

Approximately 1 nanogram (ng) of DNA was used as the input material for library 

preparation using the NexteraXT kit (Illumina, San Diego, CA). Fragments of 

approximately 700 basepairs (bp) in length were selected using a ratio of 25µl of size 

selection magnetic beads, AMPureXP (Beckman Coulter), to 50µl of indexed PCR 

solution, and then sequenced using a MiSeq Reagent Kit v3 2x300 bp paired-end 

flowcell and reagents (Illumina, San Diego, California). Each draft genome was 
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assembled de novo using SPAdes version 3.7 (57). Assembly data can be found in 

Table 2.3.  

Assigning Clonal Complexes. Using at least one complete genome from each 

of the most common CCs, selected from NCBI-GenBank database and the sequences 

of the 43 isolates presented here, a phylogenetic tree was built using the differences in 

SNPs based on the whole genome from the software program kSNP3.0 (58). The tree 

was then bootstrapped 1,000 times using PhyML to measure confidence around 

clustering of isolates within in a clade. Sections with 100% bootstrap identity and 

branch lengths greater than 0.05 nucleotide changes per number of SNPs leading to 

multiple isolates were considered an unconfirmed CC. The raw reads generated from 

the sequencing run were used directly by SRST2(29) to develop the sequence types 

based on the previously identified Listeria monocytogenes MLST database from the 

Pasteur Institute for CC number assignment (59). Isolates that appeared in the same 

section as previously identified CCs, and had bootstrap values greater than 80% were 

labeled with the reference strain’s CC number. 

 

Mutational Analyses of Whole Genome Sequences. Each draft genome was 

organized into groups based on CC assignment. The group was then analyzed for all 

mutational variants compared to the closest phylogenetic reference strain for each 

clonal complex using a variant call software, Freebayes (60). The variants were 

assessed by SnpEff (36) as being a High, Moderate, or Low. The high category 

represented all mutations that likely resulted in a nonfunctional gene. All high level 

mutations occurring in all strains in the clonal complex sequenced here were mapped 

against the Gene Ontology Consortiums database with the PANTHER Classification 

System (37, 61, 62) to identify genes with similar ontologies. In addition, the genes 

were searched for metabolic pathway similarities using the metabolic pathway site 

KEGG (38).  
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Swarming Assay. This assay was performed as in Raengpradub et al 2008 

(63). Briefly, frozen cultures were streaked onto BHI agar plates and incubated 

overnight at 37oC. A single colony was used to inoculate 5ml of BHI broth, and 

incubated overnight at 30oC without shaking. An inoculating needle was dipped into 

the culture and used to stab each 0.4% BHI plate in duplicate. The diameter of each 

stab was recorded after 3 days of growth at 30 and 37oC. This experiment was 

performed with two independent trials, and an average was made between them to 

determine the swarming motility of each isolate. L. monocytogenes 10403S and L. 

monocytogenes 10403S ΔflaA were used as positive and negative controls, 

respectively.  

Adhesion and Biomass Formation Assay. This assay was performed as in 

(50, 64, 65) with a few modifications. Briefly, selected isolates were grown overnight 

on BHI plates at 37oC. Selected single colonies were inoculated into 5ml tubes of 

tryptic soy broth with yeast extract (TSBYE), and allowed to grow while rolling for 

15-20hrs at 20oC. Cultures were diluted in 1/10th TSBYE to yield an OD600 of 0.05-

0.1, and 200µl aliquots of each isolate were transferred to three individual wells. 

Three wells on each plate were reserved for a negative control of sterile 1/10th 

TSBYE. The 96-well plates were wrapped in parafilm to prevent evaporation, and 

stored at 30oC, and 37oC for 1, 3, and 5 days. After each time point, the plates were 

washed three times with deionized water to remove loosely adherent cells, and 

stained for 30min using 200µl of 0.1% filtered crystal violet solution. The excess 

crystal violet was washed from the plate 3 times using deionized water, and the plates 

were allowed to dry for at least 24hrs at room temperature. The plates were destained 

using 200µl of 33% acetic acid. The solution was then transferred to a polystyrene 

plate for a measurement of absorbance at 590nm using a BioTek V3 multi-well plate 

reader (BioTek Winooski, Vermont).  

Statistical Analysis of Results. Initial determination of a difference (p <0.05) 

for the biomass assay and the swarming motility assay between clonal complexes and 

the L. monocytogenes laboratory strain 10403S were made using a two-way ANOVA 

excluding the negative control 10403S with introduced mutations in the flaA. Once a 
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difference was identified by the ANOVA and no interactions were identified (p 

<0.05), a post-hoc Dunnett’s Test was performed to determine differences between 

the control strain and the individual clonal complexes (66). Differences were 

considered significant if the p-value was less than or equal to 0.05. The effect size 

(ES) and 95% confidence interval (CI) are reported. Statistical analyses and graphing 

were performed using R version 3.3.3 "Another Canoe" with functions from the base 

package, multcomp package, and ggplot2 package (66-68). 
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Figure 2.1 Phylogenetic tree of compiled inlA premature stop codon strains and 
outbreak strains.  
A phylogenetic tree representing the relative grouping of L. monocytogenes strains 

containing premature stop codons in inlA with sequenced outbreak strains compiled by 

Bergholz et. al. (30). The black bars represent the clonal complex mentioned the right of 

the bar. The green coloration highlights the strains sequenced in this article. The 

premature stop codon in inlA type are labeled to the right of the clonal complex name and 

based on Van Stelten et. al 2010 (10). The names along the top of the boxes represent the 

categories of the genes identified. The blue boxes represent the presence of a mutation 

that likely results in a loss-of-function in the category. The white boxes represent no 

genes identified in the category.  
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Figure 2.2 Swarming motility of virulence-attenuated and fully virulent strains of L. 
monocytogenes.  
Comparison of the swarming motility of L. monocytogenes laboratory strain 10403S with 

strains of L. monocytogenes that carry premature stop codons in inlA on 0.4% agar plates. 

The x-axis is the name of the clonal complex or the version of the laboratory strain L. 

monocytogenes 10403S used. The y-axis represents the swarming distance for the 

average of two technical replicates over three biological replicates. All bars represent the 

average of each clonal complex at a specific temperature. The light gray bars represent 

the environmental temperature of 30oC. The dark gray bars represent the host temperature 

of 37oC. The thin dark bars represent the 95% confidence interval around each mean 

estimate. The starts (*) represent clonal complexes that are statistically different from 

10403S based on a Dunnett's post-hoc analysis. 
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Figure 2.3 Biomass formation ability of virulence-attenuated and fully virulent 
strains of L. monocytogenes.  
The x-axis is the name of the clonal complex or the version of the laboratory strain L. 

monocytogenes 10403S used. The y-axis represents the amount of crystal violet by 

measuring the absorbance at 590nm. The dark gray bars represent the host condition of 

37oC. The light gray bars represent the environmental condition of 30oC. The thin black 

bars represent the 95% confidence interval of biological replicates (minimum n = 3). The 

(*) Represent clonal complexes that are statistically different from 10403S a Dunnett's 

post-hoc analysis. 
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Table 2.1 Virulence-attenuated strain information. 

Strain Isolate Sourcea Ribotype Lineage 

Clonal 

Complexb 

inlA PMSC 

typec 

N1061 food DUP-1025A I CC224 2 

V1520 human DUP-1052 I CC5 1 

V1569 food DUP-1038B I CC5 1 

V1584 food DUP-1025A I CC224 2 

V1649 food DUP-1042B I CC5 1 

V1747 food DUP-1052A I CC5 1 

M2014 environment, food DUP-1049A II CC199 4 

M2043 environment, food DUP-18042 II CC321 3 

M2190 environment, food DUP-1053F II CC199 4 

M2274 environment, food DUP-1053A II CC121 5 

M2294 environment, food DUP-1053B II CC199 4 

V1019 food DUP-1062D II CC121 5 

V1035 human DUP-1046A II CC121 6 

V1053 human DUP-1039C II CC9 12 

V1055 food DUP-1029A II CC121 5 

V1057 food DUP-1062D II CC121 6 

V1300 human DUP-1039A II CC121 5 

V1604 food DUP-1041A II CC9 4 

V1619 food DUP-1042C II CC321 3 

V1642 food DUP-1042B II CC9 12 

V1644 food DUP-1038B II CC121 6 

V1657 food DUP-1052A II CC9 4 

V1666 food DUP-1038B II CC199 4 

V1701 food DUP-1043A II CC199 4 

V1725 food DUP-1053A II CC321 3 

V1851 plant env. DUP-1062A II CC321 3 

V1854 plant env. DUP-1039C II CC9 4 

V1855 plant env. DUP-1049B II CC321 3 

V1884 plant env. DUP-1039C II CC635 7 

V1885 plant env. DUP-1052 II CC635 7 

V1887 plant env. DUP-1045B II CC635 7 

V1890 plant env. DUP-1062A II CC635 7 
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V1893 plant env. DUP-1045B II CC31 4 

V1932 plant env. DUP-1053E II CC635 7 

V2106 plant env. DUP-1045 II CC31 4 

V2114 plant env. DUP-1062 II CC321 3 

V2157 plant env. DUP-1048A II CC635 7 

V2158 plant env. DUP-1046 II CC31 4 

V2227 plant env. DUP-1042 II CC121 5 

V2257 plant env. DUP-1039 II CC635 7 

V2275 plant env. DUP-1039 II CC9 4 

V2327 plant env. DUP-1042B II CC635 7 

W1041 plant env. DUP-1048A II CC9 4 
a Plant environments include non-food contact and food contact sources. b Clonal 

complexes inferred using MLST (http://bigsdb.pasteur.fr/listeria/). c inlA PMSC type 

numbers reported in (10) 
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Table 2.2 Additional loss-of-function mutations occurring within each clonal complex.  
        Lineage II                         Lineage I 

general gene annotation position in 

operona 

CC9 CC31 CC121 CC199 CC321 CC635 CC5 CC224 

Biosynthesi

s of 

Secondary 

Metabolites 

(KEGG) 

lmo1685 glutamate-1-semialdehyde aminotransferase -  +    +   

lmo1032 transketolase 2 of 6      +   
lmo1201 uroporphyrinogen-III 

methyltransferase/uroporphyrinogen-III 

synthase 

11 of 19   +       

lmo1647 1-acylglycerol-3-phosphate O-

acyltransferase 
-    +     

lmo1677 1,4-dihydroxy-2-naphthoate 

octaprenyltransferase 
-    +     

lmo1678 bifunctional homocysteine S-

methyltransferase/5,10-

methylenetetrahydrofolate reductase 

4 of 4        + 

lmo1932 heptaprenyl diphosphate synthase subunit I 1 of 4        + 

Organic 

Substance 

Metabolic 

Process 

GO:007170

4 

lmo2781 beta-glucosidase 3 of 4  +       
lmo0401 alpha-mannosidase 4 of 5    +   +  
lmo2015 alpha-mannosidase -  +       
lmo0182 alpha-glucosidase 5 of 7     +    
lmo2771 beta-glucosidase 1 of 2       +  
lmo2014 sugar hydrolase 1 of 5  +   +    
lmo0956 NagA-like protein; Metabolism and 

recycling of amino sugars 
1 of 3 +        

            



Texas Tech University, Peter Cook, December 2017 

59 

 

     Lineage II    Lineage I 
general gene annotation position in 

operona 
CC9 CC31 CC121 CC199 CC321 CC635 CC

5 
CC224 

Sugar 

Transport 

lmo2733 PTS fructose transporter subunit IIABC 1 of 4 +        
lmo0632 PTS fructose transporter subunit IIC 3 of 5  +       
lmo2782 PTS sugar transporter subunit IIB 2 of 4     +    

DNA 

Replication 

and Repair 

dnaA chromosomal replication initiator protein 

DnaA 
- +     +   

dnaG DNA primase 5 of 5    +     
lmo1403 mutS; DNA repair 1 of 3   +      
lmo2243 DNA repair protein 1 of 2  + +   +   

aOperon position is predicted by (68). Plus signs (+) represent the identification of a high level mutation occurring in all strains 

of the clonal complex identified. Blanks represent no mutations identified across all organisms in the clonal complex resulting 

in a mutation or mutations that are highly likely to result in a nonfunctional gene based on (35).  
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Table 2.3 Virulence-attenuated strain sequencing information.  

L. monocytogenes Strain coveragea 
number of contigs/ 

scaffolds assembly size (bp)b 
largest contig/ 
scaffold (bp)c N50d N90e 

N1061 82.9679 52 3082056 268896 177854 64667 

V1520 112.405 63 3094986 730662 504321 254406 

V1569 60.3879 51 3125381 432568 210989 41316 

V1584 87.0709 20 3082041 776010 345611 165790 

V1649 85.6224 26 3042905 602498 503915 145573 

V1747 66.9973 53 3196724 503914 300673 54877 

M2014 40.7404 69 3040738 210517 93937 26440 

M2043 41.7157 86 3017293 208930 93833 25789 

M2190 39.2385 121 3238847 242210 95867 15566 

M2274 44.1633 36 2998967 462476 176032 55683 

M2294 42.5768 65 2986008 236243 110508 33325 

V1019 50.3783 49 2973447 360885 129548 34343 

V1035 68.8583 22 3102687 1551226 565422 101384 

V1053 60.0469 22 3031654 604972 397501 81716 

V1055 105.596 35 3022354 896054 513709 140275 

V1057 82.5131 31 3096563 576986 482676 97521 

V1300 95.9909 22 3020675 1036087 541896 99078 

V1604 71.574 36 3022880 548035 342897 64240 

V1619 62.9505 52 3025211 427944 192197 42966 

V1642 105.788 49 3051855 605097 476899 101189 

V1644 65.4444 64 3120508 440856 202817 35159 

V1657 49.3593 53 3018844 350732 113419 32521 

V1666 78.0776 26 3046554 938784 503874 153276 

V1701 64.2124 39 2990573 566561 192745 87739 

V1725 109.733 31 2955887 782286 544777 132413 

V1851 67.9606 48 3069732 495644 260884 64261 

V1854 125.753 72 2976979 605799 513638 118461 

V1855 127.842 59 3130551 815879 477017 133705 

V1884 61.86 41 3059148 498542 229388 55610 

V1885 58.1884 34 3065600 498542 280684 81031 

V1887 100.124 33 3071975 1005196 535138 229681 

V1890 68.6362 24 2985439 471208 336253 93842 

V1893 61.7769 44 3114655 442889 202941 52767 

V1932 63.3566 38 3057595 408170 295860 59442 

V2106 56.9731 48 3118698 437725 169420 37222 

V2114 60.0316 50 3100931 428355 192183 48027 
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L. monocytogenes Strain coveragea 
number of contigs/ 

scaffolds assembly size (bp)b 
largest contig/ 
scaffold (bp)c N50d N90e 

V2157 68.9213 24 3032368 639891 295719 98721 

V2158 78.5877 33 3088527 620296 324659 64341 

V2227 66.266 27 2978594 493259 312829 89255 

V2257 54.888 28 3030030 498541 255512 92343 

V2275 66.3144 26 3005030 604966 474468 101027 

V2327 69.6329 28 3062590 883724 418706 98716 

W1041 61.3389 32 3026919 459625 351458 57006 
aThe average coverage as measured by the number of reads per base mapped back after 
assembly. bAssembly size is measured in base pairs. cThe length of the longest scaffold in 
the assembly file. dThe length of the contig/scaffold that half of all fragments are greater 
than. e The length of the contig/scaffold that 90% of all reads are longer than. 
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CHAPTER 3 

Virulence-attenuated Listeria monocytogenes Differ from Fully 
Virulent Strains in the Number and Content of Differentially 
Expressed Genes on Stainless Steel  

Abstract 

Listeria monocytogenes is a cold-tolerant pathogen capable of surviving in 

food processing facilities for extended periods of time after introduction to the 

environment. Genomic analysis has revealed multiple lineages, and the implication 

in outbreaks and sporadic cases is lineage and clonal complex dependent. Lineage 

and serotype level survival characteristics under conditions commonly found in 

food processing conditions suggests important differences in the ability to form 

biomass and cause disease. 

Virulence-attenuated strains of L. monocytogenes based on the 

identification of premature stop codons occurring in internalin A were selected to 

represent this subpopulation. These strains were identified with approximately 931 

unique genes, of which the two strains shared 141, differentially expressed on 

stainless steel over planktonic. Included in the 141 shared genes were clusters of 

orthologous gene categories for coenzyme transport and metabolism down-

regulated and categories for amino acid transport and metabolism up-regulated. 

The survival rates of all four strains after 8 hours at 14oC on stainless steel identify 

decreased ability to adhere to stainless steel in the fully virulent L. monocytogenes 

strain 10403S. However, the other fully virulent strain used was similar to the 

virulence-attenuated strains. Genes up-regulated across all four strains, such as 

lmo2423, provide lineage level evidence for the necessity of the genes. In addition, 

genes identified as differentially expressed in direction between strains suggest an 

important role for the transcriptional regulators lmo1225 and lmo2365 in 

modifying the stress specific response of strains of L. monocytogenes. 
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Differential gene expression in response to environmental stresses can 

increase the relative fitness of bacteria in the environment. Differences in 

transcriptional regulation provide a mechanism for a rapid response to new 

condition. The transcriptional regulation differences identified in this work support 

the growing body of research showing differences between the fully virulent and 

virulence-attenuated strains of L. monocytogenes. The increased transcriptional 

regulation provides novel genetic mechanisms for the increases food processing 

facility survival and support the movement of these virulence-attenuated strains to 

increased fitness in the food processing facility environment.  

Introduction 

Listeria monocytogenes is a cold tolerant foodborne pathogen regularly 

isolated from food processing facilities, and implicated in foodborne outbreaks 

along with sporadic cases. It has been estimated to become persistent in a newly-

opened facility after approximately 137 days of operation (1). Listeria 

monocytogenes can be dispersed throughout a food processing facility via cross 

contamination (2, 3). Facilities contaminated with Listeria monocytogenes can 

represent varied transmission routes and levels of persistence that can be difficult 

to control. Muhterem-Uyar et al. identified facilities with sporadic, hotspot, and 

widespread Listeria monocytogenes contamination issues (4). Once established in 

these environments, L. monocytogenes has been identified to remain up to 2 years 

or even for as long as 12 years with minimal changes to the genome (5, 6). The L. 

monocytogenes species is divided into four diverse lineages with only lineages I 

and II responsible for a significant majority of listeriosis cases (7). L. 

monocytogenes has been divided into clonal complexes (CC) using multilocus 

sequence typing (8-10). Comparing more than 6000 isolates differentiated by CC, 

Maury et al. 2016 has shown that isolates in a specific CC were associated with 

either the clinical or food environment, and that strains of specific CCs isolated 

from food are not isolated from clinical cases at the same frequency (7).These 

lineage and strain level differences increase the likelihood that individual strains of 
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this species vary in the ability to survive in the food processing environment, and 

suggest that some persistent strains of L. monocytogenes could increase the 

likelihood of survival and transmission of transient cultures of more virulent 

strains.  

Invasion of non-phagocytic cells is the first step in one of two possible 

mechanisms of entry into a host for L. monocytogenes. The first process begins 

with the interaction of Internalin A (the gene product of inlA), an extracellular 

bacterial surface protein, that binds to E-cadherin and forces the epithelial cell to 

internalize L. monocytogenes (as reviewed by (11)). Phenotypic characterization of 

isolates with a premature stop codons (PMSC) in inlA, a molecular marker for 

attenuated virulence, have been shown to have decreased invasion efficiency (12), 

and knockout mutations of inlA have been shown to have attenuated virulence in 

the mouse infection model (13). There have been 19 different naturally occurring 

PMSC in inlA identified with PMSC types 3 and 4 occurring the most frequently 

in food and food associated environments (14, 15). Interestingly, strains with a 

PMSC in inlA have also been shown to confer resistance to subsequent infection 

from fully virulent strains (16). Bacteria have been shown to adapt to specific 

ecological niches quickly through loss-of-function mutations that provide fitness 

advantages (17). These mutations could provide fitness advantages by modifying 

the metabolic flux, the elimination of expensive to maintain genes, or modify the 

transcriptomic response to specific environments. The loss of a functional inlA 

results in the loss of regulars interaction with the human intracellular environment 

providing a basis for the adaptation of L. monocytogenes moving towards a non-

pathogenic, natural environment associated lifestyle from the introduction and 

selection for fitness increasing changes.  

Swarming motility is important for both biomass formation and invasion 

efficiency (18, 19). While, decreased inlA transcript levels and decreased 

swarming motility has been correlated with decreased invasion efficiency (20). It 

has also been shown that biomass formation of L. monocytogenes, when 

comparing persistent to transients strains, have increased sanitizer resistance 
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relative to planktonic cells (21). The potential fitness advantage of biomass 

formation and the balance of motility, biomass formation, and regulation result in 

differences in environmental niches between virulence-attenuated strains and fully 

virulent strains.  

Differential gene expression (DGE) has been used for a variety of 

applications in L. monocytogenes including: the identification of the SigB regulon 

(22), genes providing cross-stress protection under salt and oxidative stress (23), 

and the intracellular transcriptome of L. monocytogenes in murine macrophages 

(24). RNA-sequencing has also been used to compare an entire population of 

transposon mutated isolates for the identification of novel virulence associated 

genes in Pseudomonas aeruginosa (25). RNA-sequencing provides a simple and 

robust measure to determine differential gene expression by comparing the number 

of sequenced fragments for each investigated condition that match specifically to 

each gene without the signal becoming saturated (26). This techniques also 

reduces signal noise from highly repetitive regions, ribosomal regions, and 

sequences that may map to multiple regions, in the genome that can arbitrarily 

increase transcript levels for off target genes.  

Food processing facility environment conditions vary based on the type of 

food to be processed and the regulations associated with cleaning and sanitation 

for those facilities. Pan et al. 2006 developed a 24 hour regular exposure protocol 

to measure the effects of a simulated food processing environment over several 

weeks (27). However, the introduction and dissemination of bacteria from non-

food contact to food contact surfaces can occur throughout food processing 

facilities (28). The strains used in this experiment were grown on either stainless 

steel or under planktonic conditions at (i) 14oC, (ii) shaken at 75 revolutions per 

minute, (iii) covered in nutrient limited 1/10th BHI (BHI10), (iv) for 8 hours. 

Desiccation over time can significantly reduce bacterial populations on stainless 

steel, modify L. monocytogenes ability to adhere to stainless steel, and 

subsequently increase resistance to other stressors (29, 30). Covering the coupons 

with BHI10 and regular shaking reduced the effect that desiccation could have, 
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and increased the shear force of liquid above the coupon surface limiting 

planktonic cells accumulating on the stainless steel surface during the experiment. 

The selected conditions for this experiment are similar to a food processing facility 

in terms of temperature, nutrient content, and exposure time that would exclude a 

regular sanitation protocol. These conditions are being used to elucidate regulation 

changes involved in survival on stainless steel relative to planktonic conditions, 

and transcriptomic differences between fully virulent and virulence-attenuated 

strains of L. monocytogenes.  

We report herein the differences in the transcriptomic response of fully 

virulent and virulence-attenuated strains to in food processing environmental 

conditions to determine regulatory differences after 8 hours. The differences 

suggest at least clonal complex level differences in transcriptional regulation, 

including broad differences between the fully virulent and virulence-attenuated 

strains, supporting the continued diversification between various subgroups of L. 

monocytogenes, and identify additional genetic targets potentially important in 

biomass formation and survival on stainless steel.  

Results and Discussion 

Bacterial growth and survival in food processing facilities can have 

negative effects on the quality and safety of food. L. monocytogenes represents an 

important foodborne pathogen due to its ability to survive multiple hurdles used by 

the food industry to limit the growth of bacteria including acid, oxidation, 

desiccation, and cold temperatures. The transcriptional response of L. 

monocytogenes under conditions specific to food processing plants is presented 

here, and highlights significant differences identified between strains of L. 

monocytogenes. The four strains selected for this experiment represent two fully 

virulent strains of L. monocytogenes (10403S and 085923) and two previously 

identified virulence-attenuated strains of L. monocytogenes (V1619 and V1701) 

based on naturally occurring premature stop codons occurring in internalin A. 
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Virulence-attenuated strains share a significant number of similarly 

regulated genes. The virulence-attenuated strains of L. monocytogenes used in 

this experiment had 141 similar gene differentially expressed (DE), Figure 3.1b. In 

addition, L. monocytogenes V1619 had 684 unique genes DE and L. 

monocytogenes had 106 unique genes DE on stainless steel relative to planktonic 

conditions, Figure 3.1ac. This is relative to the fully virulent strains with 53 and 23 

genes for 08-5923 and 10403S, respectively, Figure 3.1df. The significantly higher 

number of DE genes suggests an increased control of transcription for the 

virulence-attenuated strains. The inappropriate control of genetic mechanisms of 

virulence has been shown to decrease fitness of L. monocytogenes in soil 

environments (40). The transcriptomic control of protein production controls 

cellular waste, and prevents the inappropriate production of proteins. The 141 

genes shared by the virulence-attenuated strains were DE under the conditions 

tested, and were not DE in the fully virulent strains. These genes were then 

mapped to a specific cluster of orthologous genes (COG), Figure 3.2. (41, 42). 

Two of the categories with genes down-regulated are coenzyme transport and 

metabolism (H) and carbohydrate transport and metabolism (G). These categories 

include genes that are important for the production of coenzymes such as moaA 

(lmo1047), a gene that represents the initial step in folate synthesis (43). In 

addition, lmo2662 is has also down-regulated in association with growth on lactate 

(44). The two highest categories for the up-regulated genes were categories amino 

acid transport and metabolism (E) and translation, ribosomal structure, and 

biogenesis (J) that have a high number of genes upregulated. These categories 

contain up-regulated genes including rplL (lmo0251) which is the 50S subunit of 

bacterial ribosomes. The lmo0807-lmo0810 operon was also up-regulated as this 

gene is associated with spermidine/putrescine transport (NCBI). In Shigella, 

spermidine has been shown improve survival under oxidative conditions, although 

the accumulation of spermidine also improves pathogenicity (45). The surface of 

stainless steel is a source of oxidation and reduction reactions via the continuously 

released metal ions the increased transport of spermidine into the cell could 
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provide increased survival for the virulence-attenuated strains on stainless steel 

relative to the fully virulent strains. In addition to these four categories the two 

categories representing genes of unknown or general function were also contained 

a large number of up- and down-regulated genes. The complete list of DE up-

regulated and down-regulated genes can be found in Table 3.5 for the virulence-

attenuated strains and Table 3.6 for the fully virulent strains. These differences in 

transcriptional regulation could represent additional or unidentified mechanisms 

for survival. Additional work will be needed to asses the function and importance 

of genes to general environmental survival or to specifically the food environment. 

 

Growth level and survivability on stainless steel relative to planktonic 

condition. Bacterial count estimates of the original culture, 1 hr post-adhesion on 

stainless steel, and after 8 hours planktonically grown or on stainless steel were 

estimated to determine any growth differences between the cultures. All four 

strains grew to similar levels after 12 hours, approximate 7.67 log10CFU/20 µl, 

Figure 3.3. There was an approximate 0.5 log10CFU drop after 1 hour on stainless 

steel as expected, and after 8 hours the cultures did not drop significantly below 

the 1 hr post-adhesion concentration. However, L. monocytogenes 10403S 

estimates 8 hours after adhesion was on average 0.5 log10CFU lower of the post-

adhesion concentration suggesting a potentially decreased ability survive on 

stainless steel (SS) under these conditions. Although strain level difference in the 

ability to form biomass on other surfaces has been shown to be highly variable in 

L. monocytogenes (46).  

 

General transcriptomic response to survival on stainless steel. The 

number of differentially expressed genes per strain estimated in this experiment, 

Table 3.2, is similar to the estimates of differential expression between L. 

monocytogenes incubated in the intestine of mice relative to bacteria exponentially 

growing in brain heart infusion (BHI) at 37oC and other experiments that have 

compared multiple strains of L. monocytogenes (47, 48).The number of 
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differentially expressed genes varied from 134 to 1153 with a total 1388 unique 

genes. However, there were only 37 genes identified as differentially expressed in 

all 4 strains representing approximately 2.6% of all unique genes. The 32 down-

regulated genes represent genes involved in sugar transport, protein chaperones, 

lipid metabolism, metal transport, and hypothetical proteins. The 5 up-regulated 

genes are involved in the acetate and glutamate interconversion, sensing damaged 

DNA, cell wall synthesis, divalent cation transport, and hypothetical proteins. A 

complete list of all DE genes for the 4 strains can be found in Table 3.3.  

 

Two major stress response systems are down regulated on stainless 

steel. Environmental stress can inhibit bacterial growth and survival in many 

environments. Transcriptional regulators can directly and indirectly control 

hundreds of genes that effect both the external and internal environment to be 

more favorable for growth. A comparison of the differentially expressed genes by 

functional category, accounting for the large differences in total differential gene 

regulation and including a category for the SigB regulon (22, 49). This resulted in 

the top 3 categories for down-regulated genes including the SigB regulon, viral 

functions, and energy metabolism. The top 3 categories for up-regulation were 

identified as: purines pyrimidines nucleosides and nucleotides, transport and 

binding proteins, and cell envelope. Sigma B (SigB) has been identified in the 

transcriptomic response for many different environmental stressors. However, 

SigB has also been identified as unessential in attachment and adhesion 

mechanism of L. monocytogenes to stainless steel (50). L. monocytogenes survival 

on SS was only SigB dependent in co-culture likely due to Lactobacillus 

plantarum decreasing the relative pH of the environment (51). The SigB regulon, 

as defined by Oliver et al., was identified with a small core regulon and significant 

lineage level differences in the number and content of genes regulated by SigB 

(22, 52). lmo2130, a hypothetical protein that potentially encodes for an amino 

acid permease or potassium transporter, was identified as significantly up-

regulated in 3 of the 4 strains, Table 3.3. This represents a change in the expected 
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regulation direction for the expression of lmo2130 with respect to the majority of 

the genes in the SigB regulon (52). The sigma-54 (SigL) transcriptional regulator 

has been previously identified in L. monocytogenes and has been associated with 

the regulation of protein synthesis, nutrient transport, energy metabolism, cell 

envelope synthesis, motility, osmotolerance, and virulence (53-56). Including 

resistance to toxic compounds and antibiotics (54). SigL requires a Sigma-54 

transcriptional activator to bind both SigL and the beta-subunit of the RNA 

polymerase for proper transcription to occur (57, 58). The down-regulation of 

lmo2173, a Sigma-54 transcriptional activator, on stainless steel in this experiment, 

and the down regulation of genes associated with the SigL regulon including heat 

and cold shock proteins and other protein chaperones suggests the SigL regulon is 

not necessary for the long-term survival of L. monocytogenes on stainless steel. 

There were only 5 genes up-regulated across all 4 strains none of which were 

transcriptional activators.  

 

Strain level differences in transcriptional regulation. The laboratory 

control strain L. monocytogenes 10403S had the lowest levels of DE genes with 

134, of which 21 were up-regulated and 113 were down-regulated. L. 

monocytogenes 08-5923 had the second smallest number of DE genes with 70 

genes up-regulated and 241 genes down-regulated. L. monocytogenes V1701 had 

the third highest with 84 up-regulated and 287 down-regulated. The strain with the 

highest level of DE genes had more than 2 times the number than the next closest 

level and approximately 10 times more than L. monocytogenes 10403S, Table 3.2. 

L. monocytogenes V1619 has three genes differentially regulated in direction 

relative to V1701 and 085923. Two of the directionally differentially expressed 

genes of V1619 were two transcriptional regulators, lmo1225 and lmo2365. 

lmo1225, is a MarR type transcriptional regulator which is a class of 

transcriptional regulator identified to repress of operons involved in sensing and 

mitigating the presence of phenolic compounds including some antibiotics ((59, 

60) and reviewed by (61)). In addition, the MarR type transcriptional regulators 
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have also been implicated as the mechanism of regulation for non-phenolic 

compounds including: urate, adhesion proteins, and exopolysaccharides (62-64). In 

the presence of a regulator specific ligand, a structural deformation of the 

transcriptional regulator occurs decreasing the binding efficiency of the repressor 

resulting in up-regulation of the genes under control by the regulator. Some 

ligands can act indirectly on MarR type regulators providing a larger class of 

potential ligands that can effect expression (65). The up-regulation of lmo1225 

suggests the ligand was not present for V1619 and was present for V1701 and 08-

5923 suggesting the same gene may be sensing different ligands. lmo2365 is a 

transcriptional regulator with significant similarity to the RofA transcriptional 

regulator identified in Streptococcus pyogenes (66). The RofA-like proteins 

(RALP) transcriptional regulator family binding site has been shown to be effected 

by multiple proteins in S. pyogenes (67). The strain specific transcription of genes 

under the control of RofA transcriptional regulators has also been shown to 

account for the niche specialization observed in clinical strains of S. pyogenes for 

different cell types (68). RALPs are considered master regulators in S. pyogenes 

and can account for the significant differences in transcriptional regulation 

observed between strains. The differential regulation in direction of lmo2365 

provides a potential mechanism for differences observed in transcriptional 

regulation, and provides a basis for the observed differences in the number and 

content of genes differentially expressed in this experiment. In addition, these 

transcriptional regulators may help elucidate many of the differences observed 

below the serotype and genotype levels. Future research will be needed to 

elucidate the specific regulons and the promoter sequences of these transcriptional 

regulators.  

 

Heavy metal ion transport regulation. Stainless steel used in food 

production equipment are suggested to be made from varying levels of iron, 

chromium, nickel, and manganese (NSF International Guidelines, Ann Arbor, MI, 

USA). Cooking with stainless steels can leach nickel and chromium into foods 
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causing increased heavy metal content of food and increased corrosion of stainless 

steel (69). Corroded stainless steels have been shown to support increased levels of 

colonization by L. monocytogenes (70). Although normal welding practices on 

uncorroded stainless steels have been shown to not have significant differences in 

attachment and biofilm formation (70, 71). Interestingly, a micro-pit 

approximately 9 micrometers (µm) in diameter in austenitic stainless steel over a 

23 minute period was observed with a gradually decreasing pH from 3.0 to about 

2.0 and an increase of chlorine ion concentration from 0.1M to 0.18M within the 

pit also allowing for continued corrosion and the release of heavy metals. (72). The 

additional decrease in pH was suspected to be caused by the metal ions dissolved 

in solution via hydrolysis reactions occurring between the ions and water (72). 

Stainless steels are commonly used on both non-food contact and food contact 

areas and represent a common surface for bacterial adhesion and survival. Heavy 

metals leached from these surfaces will directly interact with bacteria on the 

surface, and could be a major source of stress as these metals can react with water 

to create hydroxides and other damaging compounds. Three genes associated with 

zinc resistance were down regulated across all four strains lmo1847-lmo1849. This 

operon has previously been identified for regulating the zinc balance in the 

bacterial cell (73). In addition, lmo1424, a potential manganese transporter, was 

also down-regulated across all four strains. However, one of the genes 

significantly up-regulated on stainless steel over the planktonic condition in all 

four of the strains used in this experiment was lmo2423. lmo2423 was potentially 

identified as part of the CesRK operon, and identified as important in ethanol 

survival (74, 75). However, it did not appear to be co-regulated with the regulon 

from a transcriptomic perspective, as observed by Nielsen et. al. and this 

experiment (76). This gene has significant homology to the cation diffusion 

facilitator (CDF) family of proteins with 28% identity to the FieF protein of E. coli 

str. K-12 substrain MG1655 (identified by BLAST (77)). CDF proteins have been 

identified as an important family of proteins for regulating the balance of certain 

heavy metals present in the cell and the environment (as named by (78) and 
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reviewed by (79, 80)). The domain architecture of FieF in E. coli is similar to the 

potential translated protein structure of lmo2423(81, 82) (identified by BLAST 

(77)). The FieF protein in E. coli is has been identified as a mechanism for efflux 

of excess iron and zinc (83). The sequence similarity of lmo2423 and the fact that 

it is upregulated in all four of the strains on stainless steel over planktonic 

conditions provides significant evidence that this gene represents a heavy metal 

ion efflux pump important for balancing the cytoplasmic concentration of heavy 

metal ions leached from food grade austenitic stainless steels including iron, 

chromium, nickel, and manganese. Although, the specificity of the channel is still 

to be determined. Two other genes, lmo2422 and lmo2421, were predicted to be 

included in the operon by a software program, DOOR (84). lmo2422 has a 42% 

protein identity to a histidine kinase and lmo2421 59% protein identity to a DNA-

binding response regulator of Bacillus cereus (identified by BLAST (77)). As 

these genes were regulated under both conditions, they provide support to the 

differential expression of lmo2423 as a two-component response regulator for the 

presence of heavy metal ions commonly used in food grade stainless steels. The 

up-regulation of lmo2423 is similar to other two-component regulators in the 

survival of L. monocytogenes at cold temperatures (85). More work needs to be 

done to confirm this protein as important for heavy metal ion efflux.  

 

Transcriptional differences in flagellum and biomass regulation. The 

formation of biofilms on abiotic surfaces can increase the survival of bacterial 

populations. Biomass formation has been shown in L. monocytogenes to be 

flagella dependent with key features of biomass formation to be time dependent 

with 159, 40, 184 genes specifically up-regulated at the 4 hour, 12 hour, and 24 

hour time points respectively relative to broth culture (19, 86). The type of 

stainless steel finish has also been shown to have an impact on S. enterica 

attachment and biomass formation and sensitivity to chlorine (87). The level of 

food soil present on food processing environment surfaces has also been identified 

as a key component of listerial survival from cleaning and disinfection products 
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with increased levels of soiling decreasing the effectiveness of alkaline 

disinfectants (88). Proteomic comparisons of L. monocytogenes at 25oC have 

suggested flagellar proteins and the associated RNA levels are significantly down-

regulated while attached to an abiotic surface relative to planktonic conditions 

(48). The data presented here are in opposition to these results as all four of the 

strains had the genes associated with flagellum biosynthesis detectable in both 

attached and planktonic conditions. In addition, two strains V1619 and 08-5923 

had 25 of 26 genes up-regulated and 10 of 25 genes up-regulated respectively. 

However, L. monocytogenes 10403S, did not have any of the flagellum 

biosynthesis genes differentially regulated, but were identifiable in the sequencing 

data. Previous work with the virulence-attenuated strains suggested that the 

biomass formation levels of the selected strains using a similar protocol were 

significantly greater not only at 25oC versus 37oC, but also the virulence-

attenuated strains (V1619 and V1701) were able to form biomass approximately 

two-fold higher than the laboratory control strain L. monocytogenes 10403S 

(unpublished data). This is in opposition to what has been observed in terms of 

protein levels and biomass formation levels by Mata et al. 2015 (48). The gene 

lmo0435 was identified by Jordan et al. 2008 with a direct role in attachment (89). 

However, the transcriptome results presented here are in agreement with Mata et 

al. that the gene, lmo0435, was in low abundance under both conditions and across 

the four strains used in this experiment suggesting the limited importance of this 

gene in biomass formation given the conditions used in these experiments (48, 89). 

Although, these observed difference could also be attributed to either differences 

in the time or abiotic surface selected. Extracellular proteins either bound to the 

surface of the bacterium or released modify the environment and potentially 

increase the ability of L. monocytogenes to adhere to stainless steel. Specific 

proteins have been identified using similar proteomic approaches that compare the 

proteome of strains in different conditions. A specific protein identified as 

important for biomass formation, Lmo2543 did not have a statistically significant 

transcript up-regulation under these conditions in any of the four strains used in 
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this experiment (90). Although, there are significant differences between the 

temperature (25oC vs 14oC) and time (8 hours vs ~4 days) used in Lourenco et al. 

2013 and this experiment, respectively (90). Genes associated with the heat shock 

response system, specifically HrcA (and by association with the regulon associated 

with HrcA) and DnaK, have also been identified as important for biomass 

formation on stainless steel relative to the planktonic conditions (91). Interestingly, 

these genes were also down-regulated across all four strains on stainless steel 

relative to planktonic conditions in this experiment. The differences observed 

across these experiments could be attributed to the selection of conditions 

involved. The data from the experiment presented here was collected after just 8 

hours, while other experiments have focused on 4 hours, 12 hours, 24 hours, 48 

hours, and 96 hours, several different temperatures, and even the choice of media 

(as suggested by (92)). Strain level differences that may be extended across time in 

both the transcriptomic and proteomic scales could be necessary to assess the 

mechanisms of biomass formation. The importance of a specific gene or gene 

product that is time dependent as suggested by (86) should likely be taken into 

account when determining the efficacy of disinfectants and sanitizers used in food 

processing facilities.  

 

Conclusion 

L. monocytogenes is genetically diverse species with significant differences 

in the ability to cause disease between lineages. In addition, there continue to be 

differences associated to the serotype, sequence type, and clonal complex level 

suggesting inter-strain differences that could be attributed to differences in gene 

content, mutations in known genes, and potentially undescribed transcriptional 

regulons. This work has shown clear transcriptional differences between closely 

related strains of virulence-attenuated and fully virulent strains of L. 

monocytogenes with more 141 genes co-differentially expressed and more than 

900 unique genes DE in the virulence-attenuated strains that were not differentally 
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expressed in the fully virulent strains. These differences in gene regulation 

between the virulence-attenuated and fully virulent provide an interesting line of 

focus for the differentiation of these subpopulations. This work also helped to 

confirm previous work suggesting the unimportance of SigB in biomass formation, 

provides more evidence for the inter-clonal complex level differences within 

lineage II transcription regulation, and identifies several genes potentially 

important for survival, along with ones of unknown function, that were up-

regulated across all four strains of lineage II clonal complexes. Additional research 

will be required to elucidate the particular importance of these genes both on 

stainless steel and in the food environment, and the potential extent of the 

transcriptional regulons.  

Methods 

Strain selection. The fully virulent strains, Table 3.1, selected were L. 

monocytogenes 10403S (CC7) a fully virulent laboratory control strain from clonal 

complex 7 and L. monocytogenes 08-5923 (CC8) is a fully virulent strain from a 

listeriosis outbreak in deli meats from Canada during 2008. The virulence-

attenuated strains, Table 3.1, of L. monocytogenes V1619 (CC321) and L. 

monocytogenes V1701 (CC199) were specifically selected for this experiment 

based on their (i) close proximity on a phylogenetic tree to clonal complexes 

containing known fully virulent strains, (ii) increased ability to form biomass on 

stainless steel, (iii) and the accumulation of a common type of PMSC in inlA (type 

3 or 4). The virulence-attenuated strains when grown on plastic showed 

significantly increased ability to form biomass at 30oC relative to the laboratory 

control strain L. monocytogenes 10403S (currently unpublished).  

 

Food Processing Environment conditions. All strains were streaked for 

single colony isolation from a -80oC storage culture. A single colony from each 

plate was then restreaked and stored on the plate at 4oC. A single, well isolated, 

colony from each plate was selected for each of the three biological replicates, and 
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were grown for 12 hours (hr) while shaking at 130 revolutions per minute (RPM). 

Approximately 1x107 colony forming units (CFU) of L. monocytogenes, 20 

microliters (µl) of the 12 hr culture, was then placed either directly onto a 4 

centimeter squared (cm2) stainless steel coupon, or into a 1.5 milliliter (ml) plastic 

Eppendorf tube in triplicate. The coupons and Eppendorf tubes were left for 1 hour 

(hr) at room temperature to allow for the bacteria adhere to the stainless steel 

before being covered in brain heart infusion diluted by 1/10th using phosphate 

buffered saline (BHI10). The coupons and tubes were then placed into an 

incubator at 14oC for 8 hours while shaking at 75 RPM. At the end of 8 hours, 

each coupon was rinsed in 14oC phosphate buffered saline (PBS) and placed in 

either a 50 ml conical tube with 10 ml of PBS or 10 ml of RNAprotect (Qiagen). 

Each of the 50 ml conical tubes were then vortexed for 30s, the coupon removed, 

and the conical tubes centrifuged at 12,000 times gravity (xg) for 10 minutes. 

Approximately 9 ml of supernatant was removed, the remaining solution 

repeatedly pipetted to loosen the remaining cells, and the total volume was 

transferred to a 1.5 ml Eppendorf tube. The Eppendorf tubes with PBS were used 

to measure the bacterial load on the coupon using serial dilutions and spread 

plating. The Eppendorf tube with RNAprotect was centrifuged at 16,000xg for 5 

minutes, the remaining supernatant discarded, and the tube was stored at -80oC 

until processed for RNA extraction. 

 

RNA extraction, library preparation, and sequencing. The cell pellets 

were removed from -80oC, stored on ice, and used within 15 minutes. The cells 

were lysed using the Max Bacterial Enhancement Reagent (ThermoFisher 

Scientific), mixed with appropriate amounts of TRIzol (ThermoFisher Scientific), 

mixed with appropriate amounts of RNA grade ethanol, and the total mixture was 

used as input for the Direct-zol RNA Mini extraction kit (Zymo Research, Irvine, 

California, USA). Following the extraction, the total RNA was immediately 

cleaned up using AMPureXP beads (Beckman Coulter, Inc), and used as input for 

the Ovation SoLo RNA-Seq System (NuGEN, San Carlos, California, USA). The 
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final libraries were tested for mid insert size using the Tape Station 2200 High 

Sensitivity DNA tapes (Agilent, Inc) and the concentration of each sample was 

estimated using the Qubit 2.0 Fluorometer High Sensitivity Double Stranded DNA 

kit (ThermoFisher Scientific). Sequencing preparation was performed as instructed 

by the protocols provided for the MiSeq (Illumina, Inc). Briefly, the library 

preparations were diluted to 10 nanomolar (nM) of DNA (nM) using 10 nM Tris 

HCl and pooled into a final working solution. Final sequencing was performed 

using a MiSeq 150 cycle paired-end V3 sequencing kit (Illumina, Inc).  

 

Data analysis of sequenced reads. Raw reads were trimmed using 

Trimmomatic v0.36 to reduce adapter contamination (31). The trimmed reads were 

then aligned to the complete genome of Listeria monocytogenes EGDe using 

HISAT2 (Hierarchical Indexing for Spliced Alignment of Transcripts) with the 

potential splice alignment options turned off (32, 33). The aligned reads were then 

summed for each gene using HTSeq-count and the Listeria monocytogenes EGDe 

general feature format file from NCBI (34). The final counts were then processed 

for differential gene expression using the R package “edgeR” and a modified 

protocol defined by Anders et al. 2013 (35-37). In brief, this protocol estimates the 

biological variation of genes across the conditions, and shifts the distribution of 

fragments to account for gene content variation. This particular method, when 

selected with the robust parameter, results in the decreased effect of highly 

variable genes arbitrarily increasing the observed variance. This approach has been 

shown to increase the power of experiments when a low number of biological 

replicates are available, and in the event of no hypervariables the estimators 

remain unchanged (38). Following this the genes will be filtered by the False 

Discovery Rate (FDR) to limit the number of false positives identified. This was 

performed using the Benjamini-Hochberg method on the p-values. The gene sets 

were then filtered based on the Log Fold-Changes (LogFC) as either higher than 

0.7 or lower than -0.7. These bounds represent a differential expression change of 

approximately 60% from the original value. The Venn diagram of differentially 
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expressed genes was produced using the "VennDiagram" package in R (39). 

Information regarding the cleaning and mapping can be found in Table 3.7. 
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Table 3.1 Bacterial strains used in this study.  
L. monocytogenes 

Strain Lineage Clonal Complexa 
PMSC in inlA 

Typeb Reference 
10403S II CC7 - (93) 

08-5923 II CC8 - (94) 

V1619 II CC321 3 (12) 

V1701 II CC199 4 (12) 
a Clonal complexes inferred using MLST (http://bigsdb.pasteur.fr/listeria/). b inlA 

PMSC type numbers reported in (12) 

 

Table 3.2 Differentially expressed gene counts per strain. 

L.monocytogenes 
Strain 

Number of Genes 
Lost to Filteringa 

Number of genes 
DEb 

Number of Up-
regulated 
Genesb 

Number of 
Down-

regulated 
Genesb 

08-5923 468 388 125 263 
10403S 412 134 21 113 
V1619 415 1153 635 518 
V1701 421 528 167 332 

aGenes with less than 5 log2CPM in three or more of the replicates were automatically 

filtered to remove poorly expressed genes. bAbove the absolute value of 

log2FoldChange 0.7 cutoff.  
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Table 3.3 List of differentially expressed genes occuring across all strains. 
Gene Namea Regulationb Annotationc 
lmo0286 Up acetate aminotransferase 
lmo1216 Up N-acetylmuramoyl-L-alanine amidase 
lmo1266 Up hypothetical protein 
lmo2050 Up excinuclease ABC subunit A 
lmo2423 Up hypothetical protein- potential divalent metal cation transporter 
lmo0027  Down PTS beta-glucoside transporter subunit IIABC 
lmo0210  Down L-lactate dehydrogenase (ldh) 
lmo0280 Down anaerobic ribonucleotide reductase activator protein 
lmo0355 Down fumarate reductase subunit A 
lmo0496 Down hypothetical protein 
lmo0736 Down ribose-5-phosphate isomerase B 
lmo0788 Down hypothetical protein 
lmo0796 Down hypothetical protein 
lmo0997 Down ATP-dependent protease (clpE) 
lmo1138 Down ATP-dependent Clp protease proteolytic subunit 
lmo1220 Down hypothetical protein 
lmo1424 Down manganese transporter 
lmo1473 Down molecular chaperone DnaK 
lmo1474 Down heat shock protein GrpE 
lmo1475 Down heat-inducible transcription repressor (hrcA) 
lmo1580 Down hypothetical protein 

lmo1634 Down bifunctional acetaldehyde-CoA/alcohol dehydrogenase 
lmo1847 Down metal ABC transporter 
lmo1848 Down metal ABC transporter permease 
lmo1849 Down metal ABC transporter ATP-binding protein 
lmo1879 Down cold-shock protein 
lmo1945 Down hypothetical protein 
lmo1974 Down GntR family transcriptional regulator 
lmo1975 Down DNA polymerase IV 
lmo2068 Down molecular chaperone GroEL 

lmo2069 Down co-chaperonin GroES 
lmo2173 Down sigma-54-dependent transcriptional regulator 
lmo2206 Down Clp protease subunit B (clpB) 
lmo2637 Down hypothetical protein 
lmo2659 Down ribulose-phosphate 3-epimerase 
lmo2828 Down hypothetical protein 
lmos89 Down tmRNA signaling for proteolytic degradation 

aUsing the locus tag gene names from L. monocytogenes EGDe (33). bRegulation 

direction refers to stainless steel versus planktonic condition with up-regulation 

referring to genes up-regulated on stainless steel relative to planktonic conditions. 
cAnnotation identified by NCBI BLAST (www.ncbi.nlm.nih.gov)(77). 
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Table 3.4 Functional categories of up- and down-regulated genes. 
  08-5923 08-5923 10403S 10403S V1619 V1619 V1701 V1701 

Functional 
Category or 

Regulona 

Number 
of Unique 

Genesc 

Upd Downe Upd Downe Upd Downe Upd Downe 

SigB 
regulonb 

95 1 19 0 9 1 72 1 54 

Viral 
functions 

46 2 7 0 10 8 7 1 7 

Energy 
metabolism 

322 2 41 1 23 25 82 4 56 

Purines 
Pyrimidines 
Nucleosides 

and 
Nucleotides 

62 4 2 0 2 23 2 7 2 

Transport 
and binding 

proteins 

328 9 34 6 23 64 59 20 45 

Cell 
envelope 

113 6 6 1 2 36 10 3 6 

aFunctional categories defined by The Institute for Genome Research (95). bSigB 

regulon defined from Oliver et al 2009 (22). cNumber of unique genes in the 

overall category dNumber of up-regulated genes in the respective organism 
eNumber of down-regulated genes in the respective organism. 
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Table 3.5 List of genes differentially expressed in virulence-attenuated strains 
only. 

Locus tag 
in L.m. 
EGDea Geneb 

V1619d 
log2FCc 

V1619d 
False 

Discovery 
Ratef 

V1619d 
Directiong 

V1701e 
log2FCc 

V1701e 
False 

Discovery 
Ratef 

V1701e 
Directiong Annotationh 

lmo0131 lmo0131 -1.19 0.0086 down -1.24 0.0037 down hypothetical protein 

lmo0133 lmo0133 -2.09 0.0000 down -2.99 0.0000 down hypothetical protein 

lmo0170 lmo0170 -1.33 0.0007 down -1.18 0.0011 down Uncharacterized conserved 
protein 

lmo0176 lmo0176 2.18 0.0003 up 1.10 0.0039 up glucose transporter 

lmo0186 lmo0186 1.94 0.0001 up 1.20 0.0012 up hypothetical protein 

lmo0195 lmo0195 2.73 0.0000 up 1.20 0.0002 up ABC transporter permease 

lmo0214 mfd 1.48 0.0002 up 0.81 0.0081 up transcription-repair coupling 
factor 

lmo0222 hslO 1.37 0.0009 up 0.93 0.0118 up heat shock protein 33 

lmo0227 lmo0227 0.96 0.0076 up 0.76 0.0330 up hypothetical protein 

lmo0251 rplL 2.24 0.0000 up 0.76 0.0337 up 50S ribosomal protein L7/L12 

lmo0257 lmo0257 1.12 0.0252 up 1.98 0.0000 up hypothetical protein 

lmo0263 inlH -2.27 0.0000 down -1.63 0.0001 down internalin H 

lmo0268 lmo0268 -0.84 0.0266 down* 0.73 0.0161 up* phosphoglycerate mutase 

lmo0274 lmo0274 -1.58 0.0001 down -1.16 0.0223 down lmo0274 

lmo0318 thiE 2.68 0.0132 up 1.72 0.0054 up thiamine-phosphate 
pyrophosphorylase 

lmo0331 lmo0331 1.71 0.0006 up 1.25 0.0022 up internalin 

lmo0398 lmo0398 -3.04 0.0000 down -3.43 0.0011 down PTS sugar transporter subunit 
IIA 

lmo0399 lmo0399 -2.49 0.0000 down -2.51 0.0275 down PTS fructose transporter 
subunit IIB 

lmo0488 lmo0488 -1.14 0.0110 down -0.84 0.0091 down LysR family transcriptional 
regulator 

lmo0519 lmo0519 2.90 0.0000 up 1.11 0.0075 up multidrug resistance protein 

lmo0528 lmo0528 1.99 0.0017 up 1.10 0.0037 up hypothetical secreted protein 

lmo0539 lmo0539 -1.56 0.0009 down -1.20 0.0020 down tagatose 1,6-diphosphate 
aldolase 

lmo0553 lmo0553 -1.31 0.0025 down -0.94 0.0095 down hypothetical protein 

lmo0584 lmo0584 -1.48 0.0001 down -1.00 0.0029 down hypothetical protein 

lmo0588 lmo0588 1.85 0.0021 up 0.72 0.0462 up DNA photolyase 

lmo0602 lmo0602 -1.47 0.0250 down -2.01 0.0011 down transcriptional regulator 

lmo0605 lmo0605 1.88 0.0001 up 1.18 0.0005 up hypothetical protein 

lmo0610 lmo0610 -1.56 0.0001 down -2.04 0.0000 down internalin 

lmo0625 lmo0625 -1.74 0.0000 down -1.04 0.0005 down hypothetical protein 

lmo0640 lmo0640 -0.94 0.0297 down -0.82 0.0295 down oxidoreductase 

lmo0654 lmo0654 -1.15 0.0042 down -1.87 0.0000 down hypothetical protein 

lmo0661 lmo0661 2.29 0.0355 up* -2.70 0.0021 down* hypothetical protein 

lmo0670 lmo0670 -2.89 0.0001 down -2.57 0.0373 down hypothetical protein 
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Locus tag 
in L.m. 
EGDea Geneb 

V1619d 
log2FCc 

V1619d 
False 

Discovery 
Ratef 

V1619d 
Directiong 

V1701e 
log2FCc 

V1701e 
False 

Discovery 
Ratef 

V1701e 
Directiong Annotationh 

lmo0694 lmo0694 2.83 0.0000 up 0.97 0.0471 up hypothetical protein 

lmo0714 fliG 2.41 0.0000 up 0.82 0.0149 up flagellar motor switch protein 
FliG 

lmo0794 lmo0794 -2.18 0.0000 down -1.06 0.0314 down hypothetical protein 

lmo0806 lmo0806 2.67 0.0007 up 1.71 0.0000 up transcriptional regulator 

lmo0807 lmo0807 2.37 0.0001 up 2.05 0.0000 up spermidine/putrescine ABC 
transporter ATP-binding 

protein 
lmo0808 lmo0808 2.17 0.0008 up 1.36 0.0009 up spermidine/putrescine ABC 

transporter permease 
lmo0809 lmo0809 2.02 0.0025 up 1.93 0.0000 up spermidine/putrescine ABC 

transporter permease 
lmo0810 lmo0810 2.74 0.0000 up 1.36 0.0000 up spermidine/putrescine ABC 

transporter substrate-binding 
protein 

lmo0813 lmo0813 -2.07 0.0000 down -1.34 0.0015 down fructokinase 

lmo0826 lmo0826 1.30 0.0003 up 1.53 0.0000 up transporter 

lmo0855 ddl 1.22 0.0016 up 0.77 0.0271 up D-alanyl-alanine synthetase A 

lmo0911 lmo0911 -1.82 0.0001 down -1.46 0.0009 down hypothetical protein 

lmo0917 lmo0917 -2.27 0.0000 down -2.83 0.0088 down beta-glucosidase 

lmo0937 lmo0937 -2.54 0.0000 down -2.37 0.0000 down hypothetical protein 

lmo0953 lmo0953 -2.05 0.0000 down -2.13 0.0005 down hypothetical protein 

lmo0957 lmo0957 -2.21 0.0000 down -0.94 0.0017 down glucosamine-6-phosphate 
isomerase 

lmo0991 lmo0991 3.30 0.0000 up 1.13 0.0431 up hypothetical protein 

lmo0994 lmo0994 -1.47 0.0002 down -2.71 0.0000 down hypothetical protein 

lmo1005 lmo1005 1.08 0.0441 up 0.74 0.0454 up 3-hydroxyisobutyrate 
dehydrogenase 

lmo1016 gbuC 1.50 0.0060 up 0.73 0.0147 up glycine/betaine ABC 
transporter substrate-binding 

protein 
lmo1020 lmo1020 0.96 0.0322 up 1.40 0.0001 up hypothetical protein 

lmo1042 lmo1042 -1.61 0.0005 down -1.68 0.0000 down molybdopterin biosynthesis 
protein MoeA 

lmo1047 moaA -1.92 0.0000 down -1.87 0.0009 down molybdenum cofactor 
biosynthesis protein A 

lmo1049 lmo1049 -1.01 0.0088 down -1.02 0.0195 down molybdopterin biosynthesis 
protein MoeB 

lmo1052 pdhA -1.13 0.0081 down* 0.88 0.0028 up* pyruvate dehydrogenase 
subunit E1 alpha 

lmo1053 pdhB -1.18 0.0052 down* 1.01 0.0006 up* pyruvate dehydrogenase 
subunit E1 beta 

lmo1054 pdhC -1.06 0.0119 down* 1.04 0.0009 up* dihydrolipoamide 
acetyltransferase 

lmo1055 pdhD -0.99 0.0225 down* 0.83 0.0106 up* dihydrolipoamide 
dehydrogenase 

lmo1066 lmo1066 -0.80 0.0496 down -0.83 0.0488 down myo-inositol-1(or 4)- 
monophosphatase 

lmo1076 lmo1076 1.27 0.0010 up 0.71 0.0140 up autolysin 

lmo1136 lmo1136 2.00 0.0197 up 1.35 0.0029 up internalin 

lmo1142 lmo1142 -1.15 0.0496 down -1.97 0.0154 down hypothetical protein 
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Locus tag 
in L.m. 
EGDea Geneb 

V1619d 
log2FCc 

V1619d 
False 

Discovery 
Ratef 

V1619d 
Directiong 

V1701e 
log2FCc 

V1701e 
False 

Discovery 
Ratef 

V1701e 
Directiong Annotationh 

lmo1237 racE 1.15 0.0054 up 0.72 0.0099 up glutamate racemase 

lmo1241 lmo1241 -1.75 0.0001 down -1.64 0.0002 down lmo1241 

lmo1286 parE 1.47 0.0001 up 0.75 0.0183 up DNA topoisomerase IV 
subunit 

B 
lmo1301 lmo1301 -0.86 0.0263 down -0.95 0.0017 down hypothetical protein 

lmo1321 lmo1321 1.68 0.0000 up 0.73 0.0185 up hypothetical protein 

lmo1324 lmo1324 1.39 0.0054 up 0.86 0.0213 up hypothetical protein 

lmo1348 gcvT -2.11 0.0000 down -1.36 0.0101 down glycine cleavage system 
aminomethyltransferase T 

lmo1420 murB 1.32 0.0057 up 0.81 0.0173 up UDP-N- 
acetylenolpyruvoylglucosami

ne 
reductase 

lmo1422 lmo1422 1.14 0.0145 up 1.03 0.0009 up glycine/betaine ABC 
transporter permease 

lmo1425 opuCD -1.02 0.0167 down -1.37 0.0040 down glycine/betaine ABC 
transporter permease 

lmo1433 lmo1433 -2.11 0.0000 down -1.22 0.0438 down glutathione reductase 

lmo1501 lmo1501 -1.10 0.0045 down -0.81 0.0146 down hypothetical protein 

lmo1503 lmo1503 -1.29 0.0082 down -0.83 0.0075 down hypothetical protein 

lmo1602 lmo1602 -1.91 0.0000 down -1.10 0.0000 down hypothetical protein 

lmo1611 lmo1611 -1.12 0.0021 down -0.77 0.0081 down aminopeptidase 

lmo1651 lmo1651 1.43 0.0011 up 1.44 0.0001 up ABC transporter ATP-binding 
protein 

lmo1652 lmo1652 1.79 0.0001 up 1.89 0.0000 up ABC transporter ATP-binding 
protein 

lmo1694 lmo1694 -1.63 0.0004 down -1.09 0.0337 down CDP-abequose synthase 

lmo1704 lmo1704 -2.03 0.0000 down -1.71 0.0006 down hypothetical protein 

lmo1733 gltD 2.01 0.0301 up 1.51 0.0004 up glutamate synthase subunit 
beta 

lmo1785 infC 1.28 0.0080 up 0.72 0.0390 up translation initiation factor IF-
3 

lmo1804 smc 1.20 0.0006 up 0.88 0.0019 up chromosome condensation 
protein Smc 

lmo1830 lmo1830 -1.52 0.0021 down -1.50 0.0038 down short-chain dehydrogenase 

lmo1838 pyrB 1.83 0.0266 up 1.24 0.0434 up aspartate 
carbamoyltransferase 

lmo1843 lmo1843 1.82 0.0000 up 0.70 0.0186 up hypothetical protein 

lmo1925 hisC 1.57 0.0013 up 0.72 0.0326 up histidinol-phosphate 
aminotransferase 

lmo1929 ndk 1.17 0.0372 up 0.80 0.0185 up nucleoside diphosphate kinase 

lmo1949 lmo1949 1.45 0.0006 up 0.84 0.0058 up hypothetical protein 

lmo1958 fhuB 2.57 0.0001 up 1.04 0.0149 up ferrichrome ABC transporter 
permease 

lmo2003 lmo2003 -2.98 0.0000 down -2.19 0.0003 down GntR family transcriptional 
regulator 

lmo2004 lmo2004 -1.79 0.0001 down -1.61 0.0201 down GntR family transcriptional 
regulator 

lmo2056 lmo2056 0.90 0.0405 up 0.96 0.0004 up hypothetical protein 
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Locus tag 
in L.m. 
EGDea Geneb 

V1619d 
log2FCc 

V1619d 
False 

Discovery 
Ratef 

V1619d 
Directiong 

V1701e 
log2FCc 

V1701e 
False 

Discovery 
Ratef 

V1701e 
Directiong Annotationh 

lmo2067 lmo2067 -2.71 0.0000 down -2.39 0.0000 down bile acid hydrolase 

lmo2085 lmo2085 -2.57 0.0000 down -1.47 0.0011 down peptidoglycan binding protein 

lmo2086 lmo2086 1.87 0.0033 up 1.04 0.0263 up hypothetical protein 

lmo2094 lmo2094 -2.25 0.0000 down -2.97 0.0002 down L-fuculose-phosphate aldolase 

lmo2098 lmo2098 -2.22 0.0003 down -2.84 0.0065 down PTS galacticol transporter 
subunit IIA 

lmo2099 lmo2099 -1.91 0.0000 down -3.04 0.0003 down transcriptional antiterminator 

lmo2102 lmo2102 -1.21 0.0145 down -1.36 0.0000 down hypothetical protein 

lmo2125 lmo2125 -1.51 0.0016 down -2.25 0.0000 down sugar ABC transporter 
substrate-binding protein 

lmo2160 lmo2160 -1.43 0.0396 down -1.77 0.0230 down hypothetical protein 

lmo2185 lmo2185 1.97 0.0215 up 1.17 0.0000 up hypothetical protein 

lmo2187 lmo2187 -2.32 0.0136 down -2.33 0.0110 down hypothetical protein 

lmo2208 lmo2208 1.70 0.0001 up 1.22 0.0000 up hypothetical protein 

lmo2213 lmo2213 -2.19 0.0000 down -2.03 0.0000 down hypothetical protein 

lmo2224 lmo2224 1.48 0.0046 up 2.25 0.0000 up hypothetical protein 

lmo2230 lmo2230 -2.00 0.0000 down -1.53 0.0024 down arsenate reductase 

lmo2254 lmo2254 1.33 0.0083 up 0.75 0.0452 up hypothetical protein 

lmo2338 pepC -1.03 0.0194 down -0.98 0.0165 down aminopeptidase 

lmo2370 lmo2370 -1.34 0.0002 down -0.83 0.0279 down aminotransferase 

lmo2373 lmo2373 -1.23 0.0063 down -1.26 0.0004 down PTS beta-glucoside 
transporter 
subunit IIB 

lmo2382 lmo2382 1.01 0.0196 up 0.78 0.0271 up monovalent cation/H+ 
antiporter subunit E 

lmo2384 lmo2384 1.02 0.0113 up 0.77 0.0236 up monovalent cation/H+ 
antiporter subunit G 

lmo2404 lmo2404 0.92 0.0322 up 0.79 0.0173 up hypothetical protein 

lmo2422 lmo2422 0.97 0.0488 up 0.75 0.0452 up two-component response 
regulator 

lmo2505 lmo2505 1.10 0.0106 up 0.79 0.0086 up hypothetical protein 

lmo2507 ftsE 1.27 0.0011 up 0.76 0.0122 up cell division protein FtsE 

lmo2516 lmo2516 1.14 0.0129 up 0.73 0.0288 up hypothetical protein 

lmo2551 rho 3.15 0.0000 up 0.78 0.0202 up transcription termination 
factor Rho 

lmo2570 lmo2570 -2.25 0.0000 down -1.39 0.0144 down hypothetical protein 

lmo2572 lmo2572 -3.00 0.0000 down -1.51 0.0140 down dihydrofolate reductase 
subunit A 

lmo2584 lmo2584 -1.61 0.0439 down -2.42 0.0045 down formate dehydrogenase 
accessory protein 

lmo2588 lmo2588 1.94 0.0005 up 1.41 0.0068 up multidrug transporter 

lmo2654 fus 1.94 0.0001 up 0.77 0.0413 up elongation factor G 

lmo2662 lmo2662 -2.58 0.0001 down -3.52 0.0015 down ribose 5-phosphate epimerase 

lmo2663 lmo2663 -3.55 0.0000 down -3.98 0.0000 down polyol dehydrogenase 
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Locus tag 
in L.m. 
EGDea Geneb 

V1619d 
log2FCc 

V1619d 
False 

Discovery 
Ratef 

V1619d 
Directiong 

V1701e 
log2FCc 

V1701e 
False 

Discovery 
Ratef 

V1701e 
Directiong Annotationh 

lmo2664 lmo2664 -3.98 0.0000 down -3.59 0.0015 down sorbitol dehydrogenase 

lmo2688 lmo2688 1.20 0.0050 up 1.14 0.0227 up cell division protein FtsW 

lmo2742 lmo2742 -1.79 0.0000 down -1.77 0.0039 down hypothetical protein 

lmo2748 lmo2748 -2.29 0.0000 down -1.45 0.0035 down hypothetical protein 

lmo2763 lmo2763 -3.00 0.0000 down -1.84 0.0361 down PTS cellbiose transporter 
subunit IIC 

lmo2799 lmo2799 -1.53 0.0352 down -1.67 0.0341 down PTS mannitol transporter 
subunit IIBC 

lmo2802 gidB 1.07 0.0058 up 1.11 0.0001 up 16S rRNA methyltransferase 
GidB 

lmo2830 lmo2830 -1.20 0.0043 down -0.80 0.0326 down thioredoxin 

lmo2851 lmo2851 -1.19 0.0182 down -2.24 0.0011 down AraC family transcriptional 
regulator 

lmos24 lmos24 -3.53 0.0000 down -3.43 0.0174 down hypothetical protein 

aL. monocytogenes locus tags from (33). bGeneral Gene names identified by NCBI 

(www.ncbi.nlm.nih.gov). cLog base 2 fold change. Values of 1 or -1 represent a 2-

fold change in the number of transcripts. dL. monocytogenes virulence-attenuated 

strain V1619. eL. monocytogenes virulence-attenuated strain V1701. fFalse 

Discovery Rate. Values below 0.05 were considered as significantly differentially 

up- or down- regulated. gDirection of regulation on stainless steel relative to 

planktonic conditions. hAnnotations were provided by the COG database 

(ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/) 

 
Table 3.6 List of genes differentially expressed in fully virulent strains only. 

Locus tag 
in L.m. 
EGDea 

 08-5923e  
log2FCb 

08-5923e 
False 
Discovery 
Ratec 

08-5923e 
Directiond 

10403Sf 
log2FCb 

10403Sf 
False 
Discovery 
Ratec 

10403Sf 
Directiond Annotationg 

lmo0945 -1.8765 0.0000 down 1.312 0.026 up 
competence protein 
ComEC 

lmo0979 -3.4783 0.0000 down -3.164 0.000 down 

daunorubicin 
resistance ATP-
binding protein 

lmo2252 -1.6473 0.0021 down -1.832 0.027 down 
aspartate 
aminotransferase 

lmos23 -2.1895 0.0001 down -1.944 0.002 down 

snRNA required for 
lysozyme resistance 
and pathogenesis 

aL. monocytogenes locus tags from (33). bLog base 2 fold change. Values of 1 or -1 

represent a 2-fold change in the number of transcripts. cFalse Discovery Rate. 

Values below 0.05 were considered as significantly differentially up- or down- 
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regulated. dDirection of regulation on stainless steel relative to planktonic 

conditions. eL. monocytogenes fully virulent strain 08-5923. fL. monocytogenes 

fully virulent strain 10403S. gAnnotations were provided by the COG database 

(ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/) 

 
 

Table 3.7 Read mapping values for RNA-seq data. 

sample name 
paired 
readsa 

aligned 0 
timesb 

aligned 
1 timec 

aligned 
>1 
timesd 

overall 
alignment 
ratee aligned countf 

molecular 
tag 
duplicatesg 

rate of 
duplicationh 

085923FE1C 805557 182011 451978 171568 0.774 1391606 27500 2.0% 

085923FE1T 798188 83040 624933 90215 0.895 1100631 251408 22.8% 

085923FE2C 959726 321403 364469 273854 0.665 1922262 11116 0.6% 

085923FE2T 739298 81293 577245 80760 0.890 998721 65267 6.5% 

085923FE3C 876855 349860 421664 105331 0.601 992710 31084 3.1% 

085923FE3T 865870 114210 641424 110236 0.868 1232759 188624 15.3% 

10403SFE1C 536143 79847 246361 209935 0.851 1404909 13069 0.9% 

10403SFE1T 968453 107485 749362 111606 0.889 1341484 334541 24.9% 

10403SFE2C 859281 233388 221953 403940 0.728 2530861 8519 0.3% 

10403SFE2T 846348 92692 651581 102075 0.890 1190541 271857 22.8% 

10403SFE3C 1045648 290176 227645 527827 0.722 3275678 13922 0.4% 

10403SFE3T 854742 127369 579597 147776 0.850 1376286 29641 2.2% 

V1619FE1C 990625 200754 241538 548333 0.797 3403079 4576 0.1% 

V1619FE1T 815127 97333 618555 99239 0.880 1142834 154633 13.5% 

V1619FE2C 803884 155378 370681 277825 0.806 1928238 4118 0.2% 

V1619FE2T 525752 57689 367185 100878 0.890 905212 21092 2.3% 

V1619FE3C 866231 130971 400671 334589 0.848 2288341 3879 0.2% 

V1619FE3T 743529 64034 544072 135423 0.913 1280187 46840 3.7% 

V1701FE1C 909188 140603 582389 186196 0.845 1603791 54027 3.4% 

V1701FE1T 836365 98056 650618 87691 0.882 1109514 313242 28.2% 

V1701FE2C 1027801 373798 435572 218431 0.636 1677395 10550 0.6% 

V1701FE2T 780131 81460 610123 88548 0.895 1071279 154369 14.4% 

V1701FE3C 895668 135716 443039 316913 0.848 2240287 118362 5.3% 

V1701FE3T 925951 86231 709200 130520 0.906 1407754 284426 20.2% 

aNumber of post trim reads that will be mapped to the L. monocytogenes EGDe 

Genome. bNumber of reads that do not map to the reference. cNumber of reads that 

map specifically to the reference dNumber of reads that map to more than one place on 
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the genome. efraction of genes that mapped to the genome specifically. fNumber of 

aligned reads after mapping. gThe number of duplicate tags identified by the NuDup 

software. hThe rate of duplication in each replicate.  
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Figure 3.1 Venn diagram of differentially expressed genes between all strains.  
aThe number of DE genes specific to only L. monocytogenes V1619. bThe number 

of genes DE in L. monocytogenes V1619 and L. monocytogenes V1701, but not 

DE in L. monocytogenes 08-5923 or L. monocytogenes 10403S. cNumber of 

unique genes specific to L. monocytogenes V1701. dThe number of DE genes 

unique to L. monocytogenes 08-5923 eNumber of DE genes specific to both L. 

monocytogenes 08-5923 and L. monocytogenes 10403S. fNumber of DE genes 

specific to L. monocytogenes 10403S. gNumber of genes DE across all strains. 
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Figure 3.2 Mapping differentially expressed genes in the virulence-attenuated 
strains of L. monocytogenes to cluster of orthologous genes.  

The virulence-attenuated strains were identified with 141 DE genes. The y-axis 

represents the defined cluster of orthologous genes (COG) (41). The x-axis represent 

the number of differentially expressed genes for each strain. The blue bars indicate 

cluster counts that were identified as down-regulated. The red bars indicate cluster 

counts that were identified as up-regulated. Genes with more than one COG mapped 

have all letters representing the other categories mapped to them (ie. The cluster group 

[KG] is a gene or multiple genes that map to both Transcription [K] and Carbohydrate 

transport and metabolism [G]).  
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Figure 3.3 Bacterial growth at defined stages.  

Error bars represent the 95% confidence interval around the Log transformed 

counts. n=3 biological replicates with between 2 to 5 technical replications (mean 

of the technical replicates was reported for each biological replicate) 
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Conclusion  
 
Listeria monocytogenes is a genetically diverse foodborne pathogen capable of 

surviving in many of the environmental conditions relevant to food production 

facilities. The continuous reintroduction of L. monocytogenes from outside the food 

processing facility provides the organism both a pathway for infection of new hosts 

and potentially an environment that is relatively free of antagonistic organisms like 

(51) depending on the relative cleanliness of the facility. L. monocytogenes has been 

shown to persists for significant amounts of time suggesting that these environments 

provide the necessary nutrients for survival without a necessity of significant genome 

modification (116). Differentiating strains of L. monocytogenes as fully virulent and 

virulence-attenuated could increase the predictability of risk assessments. The 

identification of mutations accumulating in metabolic, replication, and repair genes 

suggest the limited need to upregulate growth rate that might occur in nutrient limiting 

environmental conditions such as a food processing facility. The mutations identified 

in chapter 2, along with the significant differences in transcriptional regulation 

identified in chapter 3, suggest the inlA PMSC molecular marker is differentiating 

strains with additional downstream changes in potential environmental and virulence 

patterns. As these strains are not solely clonal it is likely that these differences have 

developed under specific conditions through parallel evolution. Future work will focus 

on the development of clonal complex definitions of virulence-attenuation status, the 

identification of regulons specific for survival in food processing environments, and 

the identification of lineage level targets for the removal and elemination of Listeria 

monocytogenes when necessary.  
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