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Listeria monocytogenes exhibits diverse environmental adaptations, including cold 

tolerance, biofilm formation, resistance to disinfectants and to phage. Furthermore, heavy 

metal resistance has been frequently encountered; in fact, resistance to arsenic and cadmium 

has been used for strain subtyping applications. To elucidate the adaptations and ecology of 

L. monocytogenes, it is important to have a better understanding of its resistance to 

environmental toxicants such as heavy metals and disinfectants.   

In this study, we characterized isolates derived from food and processing plant 

environments for resistance to arsenic, cadmium and the quaternary ammonium disinfectant 

benzalkonium chloride (BC). We also determined the prevalence of three cadmium resistance 

determinants (cadA1, cadA2 and cadA3). Arsenic resistance was exhibited by most isolates 

of the epidemic clonal group ECIa and was not observed among any isolates of serotype 1/2a 

or 1/2b. Prevalence of the cadmium determinants was serotype- associated: cadA1 was more 

common in serotype 1/2a and 1/2b than 4b while cadA2 was more common in serotype 4b. A 

subset of the cadmium-resistant isolates lacked the known cadmium resistance determinants 

and presumably harbored novel, yet to be identified resistance determinants. Most of these 

isolates were serotype 4b and also resistant to arsenic.  

Most studies of L. monocytogenes have included isolates obtained since the first 

documented outbreak of foodborne listeriosis in Nova Scotia. However, our understanding of 

the ecology and evolution of L. monocytogenes would be greatly enhanced by inclusion of 

isolates from prior periods. Therefore, we characterized a panel of 48 “historical” serotype 4b 



L. monocytogenes strains isolated between 1933 and 1963 from humans and animals. The 

two major epidemic clonal groups (ECI and ECIa) encountered among contemporary isolates 

were also predominant in the panel while the third (ECII) was not detected, in agreement 

with its presumed recent emergence. ECIa isolates were unusual in being primarily of human 

origin and in their high prevalence of resistance to arsenic. Most cadmium or arsenic-

resistant isolates were of human origin.   

Besides resistance to cadmium, for which three distinct determinants have been 

identified, mechanisms mediating resistance to arsenic and copper remain poorly understood.  

In the current study we identified and characterized a mariner-based transposon mutant of L. 

monocytogenes 10403S with reduced tolerance to copper. The transposon was localized in 

Lmon1_020100001620, annotated as uracil-DNA glycosylase (ung). Complementation of 

ung using the site-specific integration vector pPL2 did not restore copper tolerance levels to 

those of the parental strain. Furthermore, reverse transcription analysis suggested that the 

transcript levels of ung were unaffected by the presence of copper.  In comparison to the 

parental strain, the mutant had reduced tolerance to ethidium bromide and increased 

tolerance to ciprofloxacin, gentamicin and triphenylphosphonium chloride; however, genetic 

complementation failed to restore these phenotypes. In agreement with the role of ung in 

DNA repair, the mutant had elevated mutation frequency. A separately transcribed open 

reading frame encoding a multidrug resistance protein (MDR) belonging to a RND-like 

family of proteins was identified immediately upstream of ung. Deletion of this neighboring 

gene did not impact tolerance to copper or to any of the other antimicrobials that were tested.  

Thus, inactivation of ung and the resulting enhanced mutation frequency may have resulted 

in altered susceptibility to copper and other antimicrobials through impact on other genes.  



The distribution of heavy metal resistance attributes and determinants observed in this 

study may reflect currently poorly understood aspects of the ecological history of different 

serotypes of L. monocytogenes, including exposures of the microorganisms to cadmium or 

arsenic.  Further studies are needed to characterize these adaptations and elucidate underlying 

mechanisms. 
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Chapter 1: Literature Review 

Listeria monocytogenes 

Listeria monocytogenes was first isolated from the liver of rabbits by Murray et al. in 

1926 who named it Bacterium monocytogenes because infection resulted in a marked 

increase of monocytes in the host. A year later Pirie isolated the same bacterium from gerbils 

and named it Listerella hepatolytica after the bacteriologist Lord Lister. An amalgamation of 

the two names was formed when, in 1940, the official name Listeria monocytogenes was 

adopted in the Sixth Edition of Bergey’s Manual of Determinative Bacteriology (Gray and 

Killinger, 1966).  

L. monocytogenes is a facultatively anaerobic, Gram-positive non-spore forming rod 

1-2 µm long and 0.5 µm wide.  It forms long chains, and grows in a wide range of 

temperature (1°C-45°C) and pH (4.7-9.6), and at salt concentrations up to 10%.  This 

organism is motile through use of peritrichous flagella which are abundant at room 

temperature; however, reduced flagellin production has been observed at 37°C (Petran and 

Zottola, 1989; Farber and Peterkin, 1991; Low, 1997; Stack et al., 2008).  The general 

temperature range for motility is 20°C-28°C (Allerberger, 2003).  L. monocytogenes is 

catalase-positive, oxidase-negative and has β-hemolytic activity (Farber and Peterkin, 1991). 

It is found ubiquitously in the environment, which is attributed to its wide range of growing 

conditions. L. monocytogenes is widely present in plant, soil, silage, sewage, and 

slaughterhouse waste. In the environment it is believed to survive saprophytically on 

decomposing plant matter. It has also been isolated from a wide range of domestic animals 
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such as cattle, sheep, goats and poultry; however, it has rarely been isolated from wildlife 

(Farber and Peterkin, 1991; Vazquez-Boland, 2001).  

The genus Listeria includes eight species: L. monocytogenes, L. ivanovii, L. innocua, 

L. welshimeri, L. seeligeri, L. grayi, L.marthii and L. rocourtiae (Leclercq et al., 2010).  Of 

these species L. monocytogenes is the only human pathogen, and can also infect animals 

while L. ivanovii is primarily responsible for bovine infections (Vazquez-Boland, 2001). 

Based on the somatic and flagellar antigens L. monocytogenes is divided into 13 serotypes; 

1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, and 7 (Allerberger, 2003). Although all 

strains are considered potentially pathogenic to humans, those of serotypes 1/2a, 1/2b and 4b 

account for at least 95% of human listeriosis cases (Kathariou, 2002).  

Molecular typing techniques such as pulsed-field gel electrophoresis (PFGE), multi-

locus variable number tandem repeat analysis (MLVA), multilocus sequence typing (MLST), 

multilocus genotyping (MLGT)  and restriction fragment length polymorphism (RLFP) 

analysis have increased our understanding of the population genetics of L. monocytogenes 

and the relationships among strains of this species. Use of these tools has suggested that  L. 

monocytogenes is partitioned into three major lineages. Lineage I includes serotypes 1/2b, 

3b, and most strains of serotype 4b (as well as the closely related serotypes 4d  and 4e): 

lineage II includes serotypes 1/2a, 3a, 1/2c, and 3c: and lineage III includes serotypes 4a, 4c 

and  certain strains of serotype 4b (Call et al. 2003, Rasmussen et al. 1995, Wiedmann et al. 

1997).  
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Genetics 

Glaser et al. in 2001 reported the first genome sequences of Listeria strains, 

specifically L. monocytogenes EGD-e (serotype 1/2a) and L. innocua CLIP 11262. Since 

then a number of Listeria genomes have been sequenced. L. monocytogenes genome 

sequences available today are roughly 2.9 Mb with an average GC content of 38% and 

approximately 2900 predicted protein-coding genes. Comparison of whole genome 

sequences of three L. monocytogenes strains has indicated that most genomic differences are 

the results of phage insertions, transposable elements and single nucleotide polymorphisms 

(Nelson et al., 2004). Comparative genome analysis suggested that strains of L. 

monocytogenes as well as the genus Listeria in general show a well conserved genome 

organization and a high number of orthologous genes, but also possessed a considerable 

number of strain-specific genes (Buchrieser, 2007). 

Epidemic Clonal Groups 

 Subtyping results indicate that strains involved in outbreaks at separate timeframes 

and geographical locations are closely related. A small number of epidemic-associated  

clonal groups have been identified, each consisting  of  strains that are genetically related and 

have been implicated in multiple  outbreaks. The majority of the epidemic clones (ECs) 

identified so far are serotype 4b (Kathariou, 2002; Cheng et al. 2008). 

Epidemic clone I (ECI) 

 L. monocytogenes strains associated with several outbreaks are characterized as ECI; 

these outbreaks included the listeriosis outbreak in Nova Scotia, Canada (coleslaw, 1981), 

California (Mexican style cheese, 1985), and France (pork tongue in aspic, 1992). There are 
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common characteristics specific to ECI strains such as methylation of cytosines at GATC 

sites and a unique restriction fragment length polymorphism in a genomic region essential for 

low temperature (4°C) growth, (Zheng et al., 1997; Kathariou, 2003). In addition, ECI strains 

contain gene fragments and gene clusters not present in other serotype 4b strains (Herd and 

Kocks,  2001; Nelson et al., 2004). The genome sequence of the ECI strain F2365 confirmed 

the presence of one of these genomic fragments (17B) which can be used for PCR-based 

detection this clonal group (Nelson et al., 2004; Chen et al., 2007). Another ECI-specific 

marker, 85M, encodes a DNA methyltransferase  that is part of a gene cluster involved in 

cytosine methylation at GATC sites, resulting  in resistance of the genomic DNA of ECI 

strains against digestion by Sau3AI (Herd and Kocks,  2001; Nelson et al., 2004; Yildrim et 

al. 2004). 

Epidemic clone II (ECII) 

 The ECII clonal group was implicated in the 1998-1999 multistate outbreak involving 

contaminated hot dogs and the 2002 multistate outbreak involving deli meats (CDC, 1998, 

1999; Kathariou et al., 2006). The strains involved share the same ribotype (DUP-1044A) 

and have distinct PFGE patterns. The genome of the ECII strain H7858 (1998-1999 

outbreak) was sequenced, facilitating identification of traits unique to this clonal group 

(Nelson et al. 2004). A serotype 4b-specific genomic region designated as “genomic region 

18” was found to be diversified in ECII strains (Evans et al., 2004). A number of genes and 

gene clusters unique to ECII strains have been identified through comparative genomic 

analysis with ECI strains (Nelson et al., 2004; Cheng et al., 2010).  Kim et al. (2009) 

determined that resistance of ECII strains to phages is temperature dependent. ECII strains 
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grown at 37°C were sensitive to broad host range phages; however, when grown at lower 

temperatures (30°C or below) all tested strains of this epidemic clonal group were resistant to 

phage and failed to produce plaques (Kim et al., 2009).  

Epidemic clone III (ECIII) 

 Unlike other documented epidemic clones, ECIII strains are serotype 1/2a. ECIII 

strains were responsible for the multistate outbreak in 2000 from contaminated turkey deli 

meat (CDC, 2000). This clone was surprisingly found to be the same genotype as a strain 

isolated from a clinical case resulting from consumption of contaminated turkey franks in 

1988 (CDC, 1989). The products came from the same processing plant 12 years apart and 

were contaminated with the same strain suggesting that persistence with little genotypic 

changes can occur over long periods of time (Olsen et al., 2005; Orsi et al., 2008).  

Epidemic clone IV (ECIV) / Epidemic clone Ia (ECIa) 

 An isolate from the paté outbreak in the UK in 1989 and one from the outbreaks in 

Boston (vegetables, milk) in 1979 exhibited the same ribotype and MLST profiles with 

virulence-associated genes (Chen et al., 2007; Cheng et al. 2008). These strains lack the ECI-

specific RFLP and cytosine methylation at GATC sites that are characteristic of ECI strains 

(Zheng et al., 1995). These same isolates have also been designated as ECIV (Chen et al., 

2005).  

Epidemic clone V (ECV) 

 The L. monocytogenes isolates associated with the 2000 Mexican style cheese 

outbreak in Winston Salem, North Carolina were designated as ECV (MacDonald et al., 

2005). These strains show diversification in region 18 similar to ECII strains, and the genome 
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content of this region is highly similar to that of ECII strains. However, other genetic 

markers specific to ECII are absent. Sequence-based studies showed unique nucleotide 

sequence polymorphism signatures not seen in strains from other listeriosis outbreaks (Chen 

et al., 2007; Ducey et al., 2007). Genetic and phenotypic features specific to ECV have yet to 

be identified.  Furthermore, these strains have not yet been identified in other outbreaks, 

hence their status as an epidemic clone may not be justified.   

Listeriosis  

 L. monocytogenes causes the rare but serious disease called listeriosis and is the only 

species of Listeria that has the ability to do so in both humans and animals. People at risk for 

infection are pregnant women and their fetuses, neonates, elderly, and immunocompromised 

individuals. Clinical symptoms range from non-invasive gastroenteritis to severe sepsis, 

meningo-encephalitis, abortions and stillbirths. Listeriosis is a severe disease with a fatality 

rate of 16% despite antibiotic treatment (Vazquez-Boland et al., 2001; Painter and Slutsker, 

2007; Scallan et al., 2011; Stavru et al., 2011). Humans are mainly exposed to L. 

monocytogenes via contaminated foods such as unpasteurized dairy products, deli meats, 

cold-smoked salmon, contaminated produce and other cold stored ready-to-eat (RTE) foods.   

Listeria’s ability to grow at refrigeration temperatures enhances the listeriosis risk associated 

with such products (Farber and Peterkin, 1991; Kathariou, 2002; CDC, 2011).  

Virulence factors 

As a facultative intracellular organism, L. monocytogenes can invade and replicate in 

epithelial cells and macrophages. It can cross the intestinal epithelium and breach the blood-

placenta and the blood-brain barrier, while also disseminating through the bloodstream into 
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cerebrospinal fluid and organs such as the liver and spleen. The adhesion to the host cell 

plays an important role in the intracellular life cycle of L. monocytogenes. Entry into cells 

occurs through the use of two bacterial cell surface proteins termed internalin A and B (InlA 

and InlB). InlA and InlB bind to the host cell E-cadherin and the hepatocyte growth factor 

(HGF), respectively, which ultimately leads to pathogen uptake (Stavru et al., 2011). InlA is 

a leucine-rich repeat-containing protein with an LPXTG motif at the carboxyl terminus that 

allows for covalent anchoring to the peptidoglycan (Bierne et al., 2007). InlB is involved in 

entry to a broad range of cell types, including hepatocytes and non-epithelial cells. 

During invasion, the bacteria become engulfed within a phagocytic vacuole which 

becomes acidified soon after uptake (Vazquez-Boland et al., 2001). L. monocytogenes lyses 

the vacuole through secretion of listeriolysin O (LLO) along with phospholipase C (PLC). 

LLO is responsible for the hemolytic activity of L. monocytogenes, and is a major virulence 

determinant. Previous studies indicated that all virulent L. monocytogenes strains have 

hemolytic activity while strains lacking hemolytic activity are avirulent (Cossart et al. 1988). 

LLO is a pore-forming protein that belongs to the family of thiol-activated, cholesterol-

dependent toxins and is essential for the escape from secondary intracellular vacuoles 

(Palmer, 2001). Recent studies have shown that LLO is also critical for bacterial 

internalization into human hepatocytes (Vadia et al., 2011). The two listerial phospholipases 

are phosphatidylinositol (PI)-PLC and phosphatidylcholine (PC)-PLC. These allow LLO-

independent escape of L. monocytogenes from primary vacuoles in human epithelial cells 

(Marquis et al., 1995). After escape from the phagocytic vacuole, L. monocytogenes begins to 

replicate in the cytoplasm of the host cell. It then spreads to the neighboring cells by 
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propulsion through the cell membrane without causing cell lysis or allowing for exposure to 

the host immune response (Stavru et al., 2011). This process is mediated by the ActA protein 

which induces polymerization of the actin filaments which in turn leads to propulsion of the 

bacterium (Pamer, 2004). Entry into adjacent cells is via a secondary vacuole with a double 

membrane. Release of L. monocytogenes from the secondary vacuole occurs as before and 

the cycle repeats (Vazquez-Boland et al., 2001). 

Pathogenicity Island 1 

Six genes involved in L. monocytogenes virulence are clustered together on a 9-kb 

chromosomal island known as the Listeria pathogenicity island 1. The virulence genes 

present in this island include prfA, plcA, hly, mpl, actA, and plcB. These encode PrfA, PI-

PLC, LLO, metalloprotease, ActA, and PC-PLC, respectively (Vazquez-Boland et al. 2001). 

The genes inlA and inlB encoding InlA and InlB are at a different location on the 

chromosome. The positive regulatory factor A (PrfA) is a transcriptional regulator 

responsible for regulation of these and numerous other genes. PrfA is a 237 amino acid (27 

kDa) protein structurally homologous to the catabolite gene activator protein (Cap) (Scortti et 

al., 2007). Production of PrfA is regulated by the formation of a temperature-sensitive 

mRNA secondary structure upstream of  the coding region that blocks the Shine-Dalgarno 

sequence, resulting in high levels at 37°C and low or undetectable levels at <30°C 

(Johansson et al., 2002). Pathogens have adapted different ways to control virulence gene 

activation. In L. monocytogenes, the increased temperature shift experienced with entry into 

the mammalian host results in unwinding the prfA mRNA secondary structure and an 

accessible ribosome binding region.  
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Heavy Metals 

Heavy metals can be highly toxic to all forms of life. Maintaining a proper 

homeostasis of essential nutrients and nonessential toxic ions is crucial for survival (Nies et 

al., 1999). Microorganisms have evolved resistance systems over billions of years of 

exposure to potentially toxic heavy metals that are abundantly found on the planet. Bacterial 

resistance mechanisms to a wide variety of different heavy metal ions (such as Ag+, AsO2
-, 

Cd2+, Co2+, Cu2+, Hg2+, Ni2+, Pb2+and Zn2+) have been previously reported. Systems 

providing resistance to these metal ions have been frequently found on plasmids and are 

mostly based on the energy-dependent efflux of toxic ions (Silver et al., 2005). L. 

monocytogenes has been reported to often have resistance to arsenic, cadmium and copper, 

and relevant information is discussed below.  

Arsenic 

 Arsenic is one of the most prevalent toxic metals in the environment (Mukhopadhyay 

et al., 2002). Arsenic exists in two inorganic forms: arsenate and arsenite. It is used in a 

variety of products such as pigments, wood preservatives, pesticides and medicinals. Its 

accumulation in the environment may be due to natural causes as well as drainage from 

mines, tailing wastes and other source of industrial pollution. Arsenic acts as a phosphate 

analog that interferes with phosphate uptake and consumption and disrupts enzymatic 

functions in cells (Kaur et al., 2011). 

 Both Gram-positive and Gram-negative bacteria have been found to contain an 

energy-dependant arsenic efflux operon (ars) responsible for arsenic resistance (Kaur et al., 

1992, Kaur et al., 2011). Sequence analysis of ars operons in a variety of organisms has 
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revealed three to five genes (arsRDABC). The first two genes, arsR and arsD, code for 

regulatory proteins (ArsR and ArsD) which act as repressors of the ars operon and of their 

own synthesis. ArsR is a repressor with high affinity for its operator site. ArsD is a secondary 

regulator of the ars operon with no sequence homology to ArsR (Wu et al, 1993; Kaur et al, 

2011). The arsA gene encodes a outer membrane protein with ATPase activity. ArsA is 

normally bound to ArsB which is an integral membrane protein and together form the ArsA-

ArsB anion pump (Chen et al., 1986; Li et al., 2000). ArsB has the ability to function 

independently of ArsA (Tisa et al., 1990). Resistance is conferred by the reduction of 

arsenate to arsenite which is mediated by ArsC; the arsenite product is then expelled by the 

transport system (Gladysheva et al., 1994).  

Homologous plasmid and chromosomally encoded ars operons have been found in 

different bacteria. A three-gene version of this operon (arsRBC) was harbored by 

Staphylococcus aureus plasmids pI258 and pSX267 (Gotz et al., 1983; Ji et al., 1992), and on 

the chromosome of Escherichia coli and Pseudomonas aeruginosa (Prithivirajsingh et al., 

2001). A four-gene operon was observed in Bacillus subtilis, Acidithiobacillus ferroxidans 

and Synechocystis spp. (Sato et al., 1998; Butcher et al., 2002; Lopez-Maury et al., 2003). 

The five-gene operon (arsRDABC) has also been observed on the E. coli plasmid R773 and 

on the Acidiphilium multivorum plasmid pKW301 (Chen et al. 1986). 

Arsenic resistance has been repeatedly encountered in L. monocytogenes. Analysis of 

isolates from the environment of turkey processing plants indicated that 15% of those of 

serotype 4b and 6% of those of serogroup 1/2 were resistant to arsenic; none of the serotype 

1/2b isolates exhibited resistance (Mullapudi et al. 2008). Similarly, McLauchlin et al. (1997) 
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found that 37% of serotype 4b isolates from food and clinical sources were arsenic-resistant, 

in contrast to 3% in serogroup 1/2. None of the Listeria strains sequenced so far harbor 

arsenic resistance, and specific determinants remain to be identified. 

Cadmium 

A cadmium efflux operon composed of two genes, cadA and cadC, is prominent in 

Gram-positive bacteria (Silver et al., 1992; Nucifora et al., 1989). This cadmium resistance 

system was first characterized in Staphylococcus aureus. cadA encodes a membrane protein 

(CadA) of 727 amino acids which acts as a P-type ATPase. These ATPases are membrane 

proteins which couple the transport of one (or more) cations across the membrane with 

hydrolysis of ATP (Silver et al., 1989; Axelsen et al., 1998). Translocation of Cd2+ across the 

membrane occurs when CadA undergoes auto-phosphorylation from ATP which is 

dependent on the concentration of cadmium (Wu et al., 2006). Endo et al. (1995) found that 

the second gene on the operon, cadC, was a regulator of the operon. CadC was shown to 

have specific association with the cadA promoter region causing repression in the absence of 

cadmium. CadC was also found to have sequence homology to the arsenic regulator ArsR 

(Endo et al., 1995). Cadmium resistance in Gram-negative bacteria is conferred by the 

plasmid-borne chemiosmotic efflux system czc (Diels et al., 1995; Silver et al., 2005).  

Cadmium resistance genes in L. monocytogenes have been found to be similar to the 

S. aureus cadA and cadC genes (Lebrun et al., 1992).  This cadmium resistance can be 

conferred by at least three distinct cadAC determinants.  The first of these, termed cadA1, is 

associated with the transposon Tn5422 encoding two genes involved in cadmium resistance 

and two open reading frames that encode a transposase and resolvase, respectively (Lebrun et 
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al., 1994).  The second, cadA2, was identified from the analysis of the genome of the ECII 

strain L. monocytogenes H7858 and localized on pLM80, an 80 kb plasmid; cadA2 was 

subsequently also detected on the large plasmid of strain J0161 (ECIII) (Nelson et al., 2004; 

Kuene et al., 2010).  These plasmids also harbor genes responsible for resistance to BC and 

triphenylmethane dyes (Nelson et al., 2004; Elhanafi et al., 2010; Dutta, Ph.D. thesis).  The 

third determinant, cadA3, was found on the chromosome of L. monocytogenes EGD-e 

(serotype 1/2a) and has been identified as a component of an integrative conjugative element 

(ICE) (Glaser et al., 2001). A similar ICE-associated cadAC was seen in Streptococcus 

thermophilus 4134 and CNRZ368 (Pavlovic et al., 2004). 

Copper 

Copper is different from other heavy metals because it is an essential element 

required by most organisms as a cofactor in electron transport and numerous catabolic 

pathways (Agranoff and Krishna, 1998; Sitthisak 2007). The reduction of Cu2+ to Cu+ has an 

electrochemical potential than can range from 200 to 800 mV, making it an ideal cofactor for 

redox reactions (Neis, 1999; Solioz and Stoyanov, 2003). Copper ions also have the ability to 

displace less competitive metals by binding to sulfur and nitrogen donors, which in turn 

hinders metabolic processes (Hall et al., 2008; Corbett et al., 2011).  Excess levels of copper 

can also generate oxygen radicals such as hydroxyl radicals (OH-), hydrogen peroxide (H2O2) 

and superoxide (O2
-) resulting in lipid, protein and nucleic acid damage (Solioz et al., 2009).  

The best characterized system for copper homeostasis in Gram-positive bacteria is 

that of Enterococcus hirae which regulates copper homeostasis by the cop operon (Solioz 

and Stoyanov, 2003). This operon consists of four genes copY, copZ, copA, and copB. The 
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gene copY encodes a copper-responsive repressor that inhibits the expression of the cop 

operon unless copper is present. The copZ gene encodes a copper chaperone involved in 

detection of intracellular copper, while copA and copB encode P-type ATPase membrane 

proteins (CopA and CopB) that transport copper in and out of the cell (Solioz et al., 2009). It 

is suggested that CopA acquires copper under low copper conditions while CopB extrudes 

excess copper found within the cell (Odermatt and Solioz, 1994; Solioz and Stoyanov, 2003; 

Solioz et al. 2009).  

Until recently, little was known about the genetic determinants involved in copper 

homeostasis of L. monocytogenes. Previous studies identified a gene encoding a copper 

transporting ATPase (CtpA) on a plasmid of L. monocytogenes DRDC8 and showed that 

ctpA was also required for virulence in mice (Francis and Thomas, 1997a). However, ctpA 

has not been identified in other sequenced listerial genomes (Francis and Thomas, 1997b, 

Corbett et al. 2011). Recently, a separate P-type ATPase (copA) was identified as a 

component of the csoR-copA-copZ operon on the chromosome of L. monocytogenes strain 

EGD-e (Corbett et al. 2011). CsoR acts as a repressor by binding to a 32 bp region (-5 to -36 

relative to the transcription start point of the operon). CopZ appears to act as a buffer to 

copper and sequesters it from CsoR. The operon only becomes de-repressed after CopZ 

becomes saturated with copper, allowing CsoR to sense residual copper. CopZ is able to 

transfer copper to CopA for export but is not essential for CopA function. The CopA P-type 

ATPase was not necessary for virulence in the murine model (Corbett et al., 2011).  
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Gram-negative bacteria require an additional system to translocate metals from the 

periplasmic space through the outer membrane. This is mediated by the Cus system which is 

encoded on the chromosome of E. coli (Rensing 2003). 

Benzalkonium chloride (BC) 

 Quaternary ammonium compounds (QACs) are extensively used as disinfectants. 

Low concentrations of QACs act on bacterial membranes causing increased permeability and 

leakage of cytoplasmic contents. At high concentrations, they target carboxylic groups in the 

cytoplasm causing coagulation (Merianos, 1991). Benzalkonium Chloride (BC) is a QAC 

that is used in a variety of industries due to its non-toxic, non-corrosive, and non-staining 

attributes (Aase et al., 2000). Certain outbreaks of listeriosis have involved BC-resistant 

strains of L. monocytogenes. The widespread use of BC as a disinfectant in the food industry 

may contribute to Listeria’s resistance to this compound. 

The BC resistance system in L. monocytogenes strain H7558 was found to be 

associated with the large plasmid pLM80. This BC resistance cassette contains three genes 

(bcrABC). bcrA is a member of the TetR family of regulators and was hypothesized to act in 

transcriptional control of the bcrABC cassette. The other two genes (bcrB and bcrC) encode 

small multidrug resistance (SMR) proteins (Elhanafi et al., 2010). SMR proteins are proton-

dependent multidrug efflux systems that are known to confer resistance to QACs as well as 

to lipophilic cations (Bay et al. 2008). 

Previous studies have examined the prevalence of BC resistance among L. 

monocytogenes isolated from foods and from the processing plant environment. The 

prevalence of resistance varied from 10% to as much as 46% (Aase et al., 2000; Soumet et 
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al., 2005; Mullapudi et al., 2008). Mullapudi et al. (2008) examined a panel of strains 

obtained from turkey processing plants and observed a higher resistance to BC among 

serotypes 1/2a (or 3a) and 1/2b (or 3b) (60% and 51% respectively) than among of those of 

serotype 4b (7%). Furthermore, all BC-resistant isolates were also resistant to cadmium 

(Mullapudi et al., 2008).  
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Chapter 2: Prevalence of Cadmium Resistance Determinants in Listeria monocytogenes 

Isolated from Foods and the Processing Plant Environment 

ABSTRACT  

The persistence of Listeria monocytogenes in food processing plants and other 

ecosystems can be attributed to its rapid adaptability to stresses encountered in the 

environment. Resistance to arsenic, cadmium and the quaternary ammonium compound 

benzalkonium chloride (BC) are examples of such adaptations. Limited information is 

available on the prevalence and population-level distribution of such resistances among food-

derived isolates of L. monocytogenes, or about the prevalence of different cadmium 

resistance determinants among such isolates. In this study, we characterized 139 isolates 

derived from food and environmental sources for resistance to arsenic, cadmium, and BC and 

determined the prevalence of three cadmium resistance determinants (cadA1, cadA2 and 

cadA3) among cadmium-resistant strains. Arsenic resistance was observed in 57% of 

serotype 4b isolates and was exhibited by  most  isolates of the epidemic clonal group ECIa, 

but was not observed among  any isolates of serotype 1/2a (or 3a) or 1/2b (or 3b). Resistance 

to cadmium was observed in 57% of strains and was most common in serotype 1/2b (70%). 

Prevalence of the cadmium determinants was serotype- associated: cadA1 was more common 

in serotype 1/2a and 1/2b than 4b while cadA2 was more common in serotype 4b.  A subset 

(16/79, 20%) of the cadmium-resistant isolates lacked the known cadmium resistance 

determinants.  Most of these isolates were of serotype 4b and were also resistant to arsenic, 

suggesting a novel mechanism conferring resistance to cadmium and arsenic in serotype 4b.  

The distribution of heavy metal resistance attributes and determinants observed in this study 
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may reflect currently poorly understood aspects of the ecological history of different 

serotypes of L. monocytogenes, including exposures of the microorganisms to cadmium or 

arsenic.    

INTRODUCTION 

Listeriosis is a rare but severe foodborne disease caused by Listeria monocytogenes, a 

Gram-positive facultative intracellular bacterium ubiquitous in the environment. The illness 

has a fatality rate of 16% and affects primarily the elderly, pregnant women and their fetuses 

as well as individuals with compromised immune systems (Painter and Slutsker, 2007; 

Scallan et  al., 2011). Processed, ready to eat foods such as deli meats, soft cheeses and 

produce have been implicated in major outbreaks of listeriosis. The ability of L. 

monocytogenes to colonize the food processing plant environment is considered to be a major 

contributor to contamination of such foods (Ghandi and Chikindas, 2007; Kornacki and 

Gurtler, 2007; Carperntier and Cerf, 2011).   

Environmental persistence of L. monocytogenes is complex and mediated by a 

number of mechanisms, including the ability to grow in the cold, biofilm formation, 

resistance to disinfectants and  to Listeria-specific phage (Ghandi and Chikindas 2007; 

Kornacki and Gurtler 2007; Kim and Kathariou, 2009; Carpentier and Cerf, 2011). Certain 

major outbreaks (including the 1998-1999 hot dog outbreak and the 2001 turkey deli meat 

outbreak) involved strains resistant to the quaternary ammonium disinfectant benzalkonium 

chloride (BC) (Kuenne et al., 2010; Elhanafi et al., 2010). Furthermore, strains of epidemic 

clone II (ECII) (including those in the 1998-1999 hot dog outbreak) also exhibit temperature-

dependent resistant to phage (Kim and Kathariou, 2008).   
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Some of the longest known environmental adaptations of L. monocytogenes include 

those associated with resistance to heavy metals, specifically cadmium and arsenic.  Such 

resistance occurs with sufficient frequency to allow its use in subtyping applications 

(McLauchlin et al., 1997; Yde et al., 2004; Almedia et al., 2010). It is currently not clear 

whether or how such resistance may contribute to overall fitness of L. monocytogenes in the 

processing plant environment and in foods.  However, it is worthy of note that several major 

outbreaks of listeriosis have involved cadmium-resistant strains (Nelson et al., 2004; 

Kathariou et al., 2006; Kuenne et al., 2010; Elhanafi et al., 2010; Gilmour et al., 2010).   

Furthermore, analysis of L. monocytogenes from the environment of turkey processing plants 

revealed that, without exception, BC-resistant isolates were also resistant to cadmium 

(Mullapudi et al., 2008).  Prevalence of resistance to these heavy metals varies among 

different serotypes of L. monocytogenes (Lebrun et al., 1992; McLaughlin et al., 1997; 

Mullapudi et al., 2008).    

Arsenic resistance in L. monocytogenes appears to be chromosomally encoded 

(McLaughlin et al., 2007), but the specific genes have not yet been identified.  Significantly 

more information is available about resistance to cadmium: at least three cadAC energy-

dependent efflux systems associated with cadmium resistance have been identified.  These 

distinct cadAC cassettes ere related (68-71% identity at the level of the deduced polypeptide 

sequences) and their relative prevalence can be monitored by PCR and DNA-DNA 

hybridizations (Mullapudi et al., 2010). The first to be identified and characterized, cadA1, is 

associated with a transposon (Tn5422) harboring cadAC as well as a transposase and 

resolvase (Lebrun et al., 1994). The second, cadA2, was identified from the genome 
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sequencing of strain H7858, implicated in the 1998-1999 hot dog outbreak and was located 

on pLM80, a large (ca. 80 kb) plasmid harbored by this strain.  This plasmid also harbors 

genes responsible for resistance to BC (Nelson et al., 2004; Elhanafi et al. 2010; Kuenne et 

al., 2010).  The third determinant, cadA3, is a component of an integrative conjugative 

element (ICE) on the chromosome of L. monocytogenes EGDe (Glaser et al., 2001).   

 Isolates from other types of processing plants or from foods have not been 

characterized in regard to prevalence of the different cadmium resistance determinants. In 

this study, we characterized a panel of L. monocytogenes  from foods and various processing 

plant environments in terms of their  resistance to cadmium, arsenic and BC.  We also 

investigated the prevalence of the three known cadmium resistance determinants among 

cadmium-resistant isolates from these sources.  

MATERIALS AND METHODS 

 Bacterial strains and culture conditions. The 139 L. monocytogenes isolates used in 

this study are listed by serotype in Tables 2.1-2.3.  The strains were isolated from a wide 

range of processed foods between 1986 and 2006 (Tables 2.1-2.3).  Of the 139 isolates, 46 

were serotype 1/2a (or 3a), 7 were 1/2c (or 3c), 37 were 1/2b (or 3b) and 48 were of the 

serotype 4b complex (serotype 4b, 4d, 4e).  Bacteria were routinely grown in in Brain Heart 

Infusion (BHI) (Becton Dickenson & Co, Sparks, MD) at 37°C.  Serotypes were determined 

by multiplex PCR as described (Doumith et al., 2004).  

Determination of heavy metal and BC resistance. To determine resistance to 

cadmium 4 μl of a cell  suspension (one colony in 50 μl of BHI) was spotted in duplicate 

onto isosensitest agar (ISA) (Oxoid, Hampshire, England) as a control, and on ISA 
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supplemented with 70 μg/ml cadmium chloride anhydrous (Sigma, St. Louis, MO).  To 

determine arsenic resistance the cell suspension was spotted on ISA containing 500 μg/ml 

sodium arsenite (Fluka, Steinheim, Germany).  BC resistance was determined by spotting the 

cell suspensions on Muller Hinton agar (MHA) (Muller Hinton Broth with 1.2% Bacto agar 

(Becton, Dickinson and Co.) supplemented with 10 μg/ml of benzalkonium chloride (Acros, 

New Jersey) and 2% sheep blood (BBL, Sparks, MD).  The plates were incubated at 37°C for 

48 hr. 

 DNA extractions and PCR. DNA extractions were done using the DNeasy tissue kit 

(QIAGEN, Valencia, CA) following the protocol of the manufacturer.  PCR was done using 

Ex Taq™ polymerase, 10X buffer, and dNTPs (TaKaRa, Shiga, Japan) with concentrations 

suggested by the vendor.  The primers used are listed in Table 2.4.  PCR reactions were 

conducted with a single denaturing step of 95°C for 5 min, then 30 cycles consisting of 95°C 

for 1 min, 55°C for 1 min, and 72°C for 1 min; then a final step of 72°C for 10 min and 

chilling at 4°C.  The products were then separated by electrophoresis on 1.0% agarose gels 

prepared with 1X Tris-Borate EDTA buffer. 

Identification of cadmium resistance determinants and epidemic clonal groups. 

Cadmium resistant isolates were tested by PCR for the three known cadmium determinants 

(cadA1, cadA2, and cadA3) using primers listed in Table 2.4 and PCR conditions were 

carried out as described above. Epidemic clonal groups were determined using DNA-DNA 

hybridizations as described below. ECI was detected based on hybridization with the ECI 

specific probe 85M (Nelson et al., 2004; Yildirim et al., 2004; Chen et al., 2007).  A probe 

specific to HSP001219 was designed to detect ECII isolates (Cheng et. al., 2010).  ECIa was 
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identified based on hybridization with probe LMSG, constructed using primers 

LMSG_01573F (5’- TACAATTGGTCGGACACGTG -3’) and LMSG_01573R (5’- 

AGAATCCGCTCATAAACAGC -3’).  ECIa strains hybridize both with LMSG and LP 

(Lee, 2011). ECIa status was confirmed by PCR for mcrB using primers H7858_0337F (5’-

ATATCCATGCCCATCACCAC-3’) and H7858_0337R (5’- 

CGGGAGGAATCTCGTTATAC -3’).  Absence of an amplicon with the mcrB primers 

confirmed these strains to be ECIa (Lee, 2011). 

DNA-DNA hybridizations.  Probes for hybridizations were constructed with PCR 

using Ex Taq™ polymerase, 10X buffer, and dNTPs (TaKaRa, Shiga, Japan) with 

concentrations suggested by the vendor.  PCR reactions were conducted with a single 

denaturing step of 95°C for 5 min, then 30 cycles consisting of 95°C for 1 min, 53-60°C for 1 

min depending on primer melting temperature, and 72°C for 1 min; then a final step of 72°C 

for 10 min and chilling at 4°C.  The products were then separated by electrophoresis on 1.0% 

agarose gels prepared with 1X Tris-Borate EDTA buffer. The PCR products were excised 

from the gel and purified using a QIAquick gel extraction kit (QIAGEN, Valencia, CA). The 

PCR products were labeled with digoxigenin (DIG, Genius kit; Roche, Indianapolis, IN). 

Labeling was done by adding sterile water to 10 ng-1 μg DNA to have a final volume of 15 

μl. The DNA was denatured in boiling water for 10 minutes, and placed immediately on ice. 

Next, 2 μl of 10x Hexanucleotide Mix, 2 μl of 10x DIG DNA labeling mix and 1 μl of 

Klenow (5U/μl) were mixed with the denatured DNA and incubated at 37ºC overnight. The 

reaction was stopped by the addition of 2 μl of 0.2 M EDTA (pH 8.0).  
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For hybridizations, genomic DNA was extracted using the DNeasy kit (QIAGEN, 

Valencia, CA) following the protocol from the manufacturer. The genomic DNA for each 

strain was diluted to ~50 ng/µl and spotted in 5 replicates using a VP408 Multi-Blot 

replicator (V&P Scientific, Inc., San Diego, CA) onto nylon membranes (GE Water & 

Process Technologies, Trevose, PA). The membrane was then placed on whatman paper (GE 

Healthcare, Buckinghamshire, UK) soaked with denaturing solution (0.5M NaOH and 1.5M 

NaCl), and neutralization solution (1M Tris and 1.5M NaCl) for 15 min each. The DNA was 

immobilized onto the membrane using a UV crosslinker (UV Stratalinker; Agilent 

Technologies, Santa Clara, CA). Hybridization was conducted primarily as suggested by the 

manufacturer with some modifications. The membrane was prehybridized in prehybridization 

solution (5XSSC, 50% formamide, 0.1% N-lauroyl sarcosine, 0.02% SDS and 2% blocking 

agent) for three hours, and hybridized overnight at 42°C with the DIG-labeled DNA probe. 

After hybridization, the membrane was subjected to three washes at low, medium, and high 

stringencies (0.1% SDS containing 2XSSC, 0.5XSSC, or 0.1XSSC, respectively) each for 20 

min at 42°C. Following a brief wash in maleic acid washing buffer (0.1M maleic acid, 0.15M 

NaCl and 0.3% Tween), the membrane was blocked with 1% blocking reagent (Roche) 

solution. Then antibodies (Roche) were applied to the surface of the membrane and excess 

antibodies were removed during two 20 min washing steps with maleic acid washing buffer. 

The membrane was then incubated at 37°C for 15 min in the presence of 1% CSPD (Roche) 

diluted in detection buffer (0.1M Tris and 0.1M NaCl) and hybridization results were 

visualized on X-ray films after various exposure times. Membranes were stripped using 

stripping solution (0.2M NaOH and 0.1% SDS) and re-probed up to 3 times.  
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Pulsed-field gel electrophoresis (PFGE) PFGE was conducted with AscI a (New 

England Biolabs) and ApaI (Roche) as described (Graves et al., 2001). PFGE dendrograms 

based on dice coefficient were obtained by BioNumerics (Applied Maths, Austin, TX). 

Optimization level and position tolerance were set at 1.5% for ApaI and at 1.5% for AscI.  

Statistical analysis. P-values were determined using Fisher’s exact test through SAS 

(version 9.1.3; SAS Institute, Cary, NC).   

RESULTS AND DISCUSSION 

 Serotype-associated trends in prevalence of resistance to cadmium, 

arsenic and BC.  Prevalence of resistance to cadmium, BC, and arsenic was determined for 

the 139 food-derived isolates characterized in this study.  Resistance to cadmium was 

common among isolates of all serotypes, ranging from 48% (serotype 1/2a) to approx. 70% 

(serotype 1/2b) (Fig. 2.1).  In a previous study of food isolates, 77-80% of those of serotype 

1/2a and 1/2b were resistant to cadmium, in contrast to 34% of those of serotype 4b 

(Mclaughlin et al., 1997).  In the current study prevalence of resistance to cadmium among 

serotype 4b isolates was higher (55%) and was also noticeably higher than observed earlier in 

our survey of serotype 4b isolates from the environment of turkey processing plants (19%) 

(Mullapudi et al., 2008).   

  In contrast to the findings with cadmium resistance, arsenic resistance was markedly 

more prevalent among isolates of serotype 4b (58%) than among those of serotype 1/2a or 

1/2b (p<0.0001). In fact, all but one of the arsenic-resistant isolates were of serotype 4b (with 

the single remaining isolate being of serotype 1/2c); resistance to arsenic was not 

encountered among any of the isolates of serotype 1/2a or 1/2b.  Of the 28 serotype 4b 
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isolates that were arsenic-resistant, 15 (54%) were also resistant to cadmium (Fig. 2.1). 

Significantly higher prevalence of resistance to arsenic among serotype 4b than among 

serogroup 1/2 isolates from food was also noted in an earlier study of food-derived isolates 

(31% of serotype 4b vs. only 1.6% among those of serogroup 1/2) (McLaughlin et al., 1997).   

BC resistance ranged from approx. 6 in serotype 4b to 20% among isolates of 

serogroup 1/2 (Fig. 2.1).  With the exception of two strains (LW-A22 and LW-A112, of 

serotype 1/2b and 4b, respectively) all BC-resistant isolates were also resistant to cadmium 

(Tables 2.1-2.3). This strong association between BC resistance and resistance to cadmium 

was also noted in a study of isolates from the environment of turkey processing plants, 

where, as mentioned earlier, all BC-resistant isolates were also resistant to cadmium 

(Mullapudi et al., 2008).  

Serotype-associated differences in prevalence of different cadmium resistance 

determinants.  PCR-based analysis of the cadmium-resistant isolates in the current study 

(n=79) revealed that overall cadA1 was more prevalent than cadA2 (53 vs. 27%) while cadA3 

was not detected in any of the isolates.  A noticeable fraction (16/79, 20%) of the cadmium-

resistant isolates were negative for all three determinants (Fig. 2.2). None of the isolates were 

found to harbor both cadA1 and cadA2.  Our earlier study of environmental isolates also 

failed to identify cadmium-resistant isolates harboring cadA3.  However, in that study a 

significant fraction (30%) of the cadmium-resistant isolates harbored both cadA1 and cadA2, 

while only 5% of the cadmium resistant isolates were devoid of any of the three determinants 

(Mullapudi et al., 2010).   Such differences may reflect differences in strain composition in 

the two studies, and the possible outcome of different selective pressures and microbial 
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ecology in the turkey processing plant environment vs. the diverse processing environments 

and foods associated with the isolates in the current study. 

Noticeable differences were observed in prevalence of cadA1 vs. cadA2 among 

isolates of different serotypes. Prevalence of cadA1 was higher among isolates of serotype 

1/2a (82%) and 1/2b (73%) compared to those of serotype 4b (11%) (p<0.0001). In contrast, 

cadA2 prevalence was markedly more common among isolates of serotype 1/2b (27%) and 

4b (37%) than those of serotype 1/2a (9%) (P<0.0001) (Fig. 2.2). The distribution of cadA1 

differed from that observed in the earlier study of turkey processing plant environmental 

isolates where cadA1 was noticeably more common among those of serotype 1/2a than 

among those of serotype 1/2b, possibly reflecting differences in strain composition and 

selection pressures associated with different environments, as mentioned above (Mullapudi et 

al., 2010).  However, in both studies cadA2 was found to be more common among isolates of 

serotypes 1/2b and 4b than among those of serotype 1/2a, suggesting a general predilection 

of this determinant for  serotypes 1/2b and 4b (lineage I) .  The underlying mechanisms 

remain uncharacterized but may involve differences in the ecology and microbial community 

associations of L. monocytogenes of different serotypes; it is possible, for instance, that 

lineage I strains are more likely to inhabit environments populated with bacteria that may 

serve as donors of cadA2.  

 Cadmium-resistant isolates with putative novel resistance determinants are 

primarily of serotype 4b and are also resistant to arsenic.  As mentioned, an estimated 

20% of the cadmium-resistant isolates lacked any of the three known cadmium resistance 

determinants.  Surprisingly, these were found to be noticeably more prevalent among isolates 
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of serotype 4b than among those of other serotypes (p<0.0001): of the 16 isolates in this 

category, 14 were of serotype 4b (the two remaining isolates were of serotype 1/2a) (Tables 

1-3).  The majority (13/14) of these serotype 4b isolates were resistant to both cadmium and 

arsenic. PFGE analysis of these isolates revealed ten different strain types were found among 

the serotype 4b isolates and, two the serotype 1/2a strains were found to be different (Fig. 

2.3).  The prevalence of such isolates was noticeably higher than observed in the earlier study 

of turkey processing plant environmental isolates, where four (5% of the cadmium-resistant 

isolates) lacked any of the three known  cadmium resistance determinants.  However, those 

four isolates were also of serotype 4b and resistant to arsenic as well (Mullapudi et al., 2010) 

as were most (14/16) of such isolates in the current study.  The higher representation of 

serotype 4b isolates in the current study (48 vs. 5 isolates) may account for the apparent 

differences.     

Epidemic clone-related distribution of cadmium resistance determinants and 

arsenic resistance.  Further analysis of the serotype 4b isolates in the current study yielded 

certain intriguing findings: even though all three major epidemic clonal groups (ECI, ECII 

and ECIa) were represented among the isolates, accounting for 39/48 (approx. 81% of the 

total serotype 4b population), none harbored cadA1, whereas cadA2 was identified among 

approx. 63% and 100% of those of ECI and ECII, respectively; cadA1 was detected only 

among isolates outside of these epidemic clones. Furthermore, cadmium-resistant isolates 

lacking any of the three known resistance determinants were over-represented among those 

of one clonal group, ECIa,  where they accounted for 100% of the cadmium-resistant isolates 
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than among the  remaining  cadmium-resistant serotype 4b strains (6/18, 33% of cadmium-

resistant isolates) (Table 2.5).    

As mentioned earlier, arsenic resistance was primarily encountered among serotype 

4b isolates, with all but one of the arsenic resistant isolates being  of serotype 4b (Fig. 2.1;  

Tables 2.1-2.3).   However, the prevalence of resistance varied among serotype 4b isolates:  

most (19/21, 91%) of the ECIa isolates were resistant, in contrast to 9/27 (ca. 33%) of all 

other isolates of this serotype (Table 2.5).  The findings suggest that ECIa is characterized by 

arsenic resistance, and that ECIa, followed by ECI, are the primary contributors of arsenic 

resistance in L. monocytogenes.   

Further studies are needed to determine whether this may also apply to serotype 4b 

strains from other sources. The molecular mechanisms mediating such resistance remain 

currently unidentified, and one can only speculate as to the reasons for the observed tendency 

of the resistance to be associated with these two epidemic-associated clonal groups. It is 

possible that ancestral ECI and ECIa strains evolved in natural environments with high 

concentrations of arsenic.  Further studies are needed to determine whether ECIa and ECI 

isolates may indeed be over-represented in contemporary habitats with high levels of arsenic 

of natural or anthropogenic origin.  The finding that most cadmium resistant serotype 4b 

isolates that lacked the known cadmium resistance cassettes were also resistant to arsenic 

suggests that they harbor a heavy metal detoxification system that mediates efflux of both 

cadmium and arsenic (and possibly other heavy metals). Genetic analysis (e.g. mutagenesis) 

will be needed to characterize the molecular mechanism mediating cadmium and arsenic 

resistance in these strains.  
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 The association between arsenic resistance and serotype 4b is especially intriguing, 

as strains of this serotype, including ECI and ECIa, contribute not only to a significant 

fraction of sporadic human listeriosis but have also been implicated in numerous outbreaks 

(Kathariou, 2002; den Bakker et al., 2010). The predilection of serotype 4b strains to exhibit 

resistance to arsenic appears to be an intrinsic feature of this serotype and is not limited to 

isolates from foods or the environment.  Characterization of L. monocytogenes  from human 

cases of disease in Belgium and Portugal revealed that approx. 28 % of the isolates were 

resistant to arsenic and that in all cases these isolates were of serotype 4b (Almeida et al., 

2010; Yde et al., 2004).  Isolates of serotype 1/2b are especially intriguing in this regard, as 

they  were invariably susceptible  to arsenic both in the current study and in others (Almeida 

et al., 2010; Mullapudi et al. 2008; Yde et al., 2004), even though they are members of  the 

same major genomic division  (lineage I) as serotype 4b.  The reasons for the relative scarcity 

of resistance to arsenic among isolates of certain serotypes remain unknown.  However, the 

findings suggest that the ecological histories of serotype 1/2a and 1/2b may not have included 

frequent exposure to arsenic.  Further studies are needed to elucidate the evolution of arsenic 

and cadmium resistance in L. monocytogenes, especially in serotype 4b strains, and to assess 

their possible impact in other adaptations, including virulence.   
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Table 2.1 Serotype 1/2a and 1/2c isolates used in this study. White and black boxes for CdCl 
70, BC 10 and SA 500 refer to lack of growth and growth, respectively, on plates with 
cadmium, BC and arsenic, determined as described in Materials and Methods. White and 
black boxes for cadA1, cadA1 and cadA3 refer to negative and positive PCR results with the 
corresponding primer pairs (determined for cadmium-resistant isolates as described in 
Materials and Methods). 
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Table 2.2 Serotype 1/2b isolates used in this study. White and black boxes are as described 
in table 2.1. 
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Table 2.3 Serotype 4b isolates used in this study. White and black boxes are as described in 
table 2.1. EC group data was kindly provided by R. M. Siletzky.  
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Table 2.4 Primers used in this study. 

 

 

 

 

 

 

 

 

Table 2.5 Prevalence of heavy metal and BC resistance in epidemic clonal groups detected in 
the study. As, Cd and BC refer to arsenic, cadmium and benzalkonium chloride respectively; 
NK, not known.  
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Figure 2.1 Prevalence of resistance to cadmium (black), arsenic (grey), benzalkonium 
chloride (BC, black and white diagonals) among L. monocytogenes isolates of different 
serotypes from food and environmental sources. Those that were resistant to both cadmium 
and arsenic are indicated by black-grey bars.  Statistical significance is indicated (a, b) in 
different serotypes. The total includes seven strains of serotype 1/2c (or 3c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Prevalence of the cadmium resistance determinants, cadA1 (black) and cadA2 
(grey) among isolates of L. monocytogenes from food and environmental sources. Isolates 
lacking any of the three known determinants (cadA1, cadA2 or cadA3) are indicated with 
black and white diagonals. Different letters indicate statistical significance of the differences 
in prevalence in different serotypes. The determinants were detected by PCR as described in 
Materials and Methods. The total includes four isolates of serotype 1/2c (or 3c). 
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Figure 2.3 PFGE of cadmium-resistant isolates negative for known resistance determinants. 
All are serotype 4b except for LW-A115 and LWA119 which are serotype 1/2a. PFGE and 
cluster analysis were done as described in Materials and Methods. PFGE data was kindly 
provided by R. M. Siletzky.  
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Chapter 3: Analysis of “Historical” Listeria monocytogenes Serotype 4b Strains Isolated 

Between 1933 and 1963 for Epidemic Clone Prevalence and Resistance to Arsenic and 

Cadmium 

  ABSTRACT 

Listeria monocytogenes, the causative agent of the foodborne disease listeriosis, was 

first described in animals by Murray et al. in 1926. More than 50 years later the first 

confirmed   foodborne outbreak occurred in Nova Scotia, Canada, and most studies of L. 

monocytogenes have involved strains isolated after this period. Since then, three major 

epidemic clones of serotype 4b have been identified involving  strains implicated in multiple 

outbreaks and have been designated ECI, ECIa (or ECIV) and ECII. In this study, we 

characterized a panel of 48 serotype 4b L. monocytogenes isolates isolated between 1933 and 

1963 from human and animal sources.   ECI and ECIa were predominant in the panel, 

accounting for approx. 42 and 31% of the isolates, respectively.  ECII was not detected, 

supporting the relatively recent emergence of this clonal group which was first recognized 

with the 1997-1998 hot dog outbreak of listeriosis in the United States.  In contrast to ECI, in 

which both human and animal isolates were commonly represented, the majority (93%) of 

ECIa isolates were of human origin. ECIa isolates were also unusual in their high prevalence 

of resistance to arsenic. Resistance to cadmium was not encountered in ECIa but was 

exhibited by approx. 30% of the other isolates of serotype 4b.  All cadmium-resistant isolates 

were of human origin; none of the 12 animal-derived isolates were cadmium-resistant. The 

findings suggest intriguing partitioning of this panel of historical serotype 4b isolates based 

on origin (animal vs. human) and heavy metal adaptations, and suggest the early presence of 
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a human-associated clonal group (ECIa) that also exhibited resistance to arsenic.  The 

observed associations between human origin and resistance to arsenic and cadmium were 

unexpected and may reflect aspects of the ecological history virulence-related fitness of the 

pathogen that are currently poorly understood. 

INTRODUCTION 

Listeria monocytogenes is the only species of Listeria with the ability to cause disease 

(listeriosis) in both humans and animals. This disease is relatively infrequent with 1,600 

cases annually in the United States but has a high mortality rate of 16% despite antibiotic 

treatment. Pregnant women and their fetuses, immunocompromised individuals and the 

elderly are at relatively high risk of acquiring listeriosis. Symptoms of disease can be severe 

and include meningitis, septicemia and stillbirths (Painter and Slutsker, 2007; Scallan et al., 

2011).   

 Most human listeriosis cases (ca. 95%) involve strains of just three serotypes: 1/2a, 

1/2b, and 4b.  Serotype 4b strains have been responsible for a considerable fraction of 

sporadic cases as well as numerous common-source outbreaks (Kathariou, 2002; Sauders et 

al., 2006; Cheng et al., 2008; Ragon et al., 2008). Repeated outbreaks of foodborne listeriosis 

involving serotype 4b strains have been caused by three major clonal groups, designated 

epidemic clones (ECs),  ECI, ECIa (or ECIV) and II (ECII).  L. monocytogenes strains 

characterized as ECI were involved in outbreaks in Nova Scotia, Canada (coleslaw, 1981), 

California (Mexican style cheese, 1985), and France (pork tongue in aspic, 1992), while 

ECIa strains were implicated in outbreaks in  the UK (paté, 1989) and Massachusetts (milk, 

1983) (Bibb et al., 1980; Piffaretti et al., 1989; Kathariou, 2003; Cheng et al., 2008).  In 
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contrast, ECII was first recognized with the multistate hotdog outbreak in the United States 

in 1997-1998 (CDC, 1998; CDC, 1999; Graves et al., 2005; Swaminathan et al., 2007).   

L. monocytogenes is well known for its ability to persist in the environment of food 

processing plants and subsequently contaminate food.  Such persistence is mediated by a 

number of adaptations, including the ability of the pathogen to replicate in the cold, biofilm 

formation, resistance to disinfectants such as quaternary ammonium compounds and 

resistance to phage (Ghandi and Chikindas 2007; Kornacki and Gurtler 2007; Kim and 

Kathariou, 2009; Carpentier and Cerf, 2011).  In addition, L. monocytogenes is well known 

for resistance of certain strains to heavy metals, specifically cadmium and arsenic.  Such 

heavy metal resistance occurs with sufficient frequency to allow its use as a subtyping tool 

(McLauchlin et al., 1997; Yde and Genicot, 2004; Mullapudi et al., 2008, 2010; Almeida et 

al., 2010).   However, the potential contribution of heavy metal resistance to fitness of L. 

monocytogenes in the processing plant environment or in foods remains to be characterized, 

as are any potential impacts on virulence.  

Intense interest in L. monocytogenes as a foodborne pathogen first arose in 

association with the ECI outbreaks in Nova Scotia and California, and most studies of strain 

diversity have focused on  strains isolated since that period.  However, in order to understand 

the evolution and ecology of L. monocytogenes it is important to characterize isolates from 

previous eras. This may elucidate possible shifts in prevalence of epidemic clones and in 

resistance to compounds such as heavy metals and disinfectants. In the current study, the 

objective was to determine the prevalence of currently recognized epidemic clones among 

“historical” serotype 4b L. monocytogenes isolated from human listeriosis cases and animal 
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sources between 1933 and 1963. In addition, we characterized this serotype 4b strain panel in 

terms of resistance to arsenic, cadmium and the quaternary ammonium compound 

benzalkonium chloride.  

MATERIALS AND METHODS 

Bacterial strains, growth conditions and determination of resistance to 

cadmium, arsenic and benzalkonium chloride (BC). Bacterial strains used in this study are 

from our laboratory’s Listeria serotype 4b strain collection and are listed in Table 3.1. Strains 

were grown on either brain heart infusion (BHI, Difco, Sparks) or trypticase soy broth with 

0.6% yeast extract (TSBYE, Becton Dickenson & Co, Sparks, MD) plates with 1.2% agar 

(Difco). Cultures were incubated for 24 hours at 37°C. Resistance to cadmium, arsenic and 

BC was determined as previously described (Chapter 2; Mullapudi et al., 2008). 

DNA-DNA hybridizations, probe designations and PCR. DNA-DNA 

hybridizations were conducted as previously described in Chapter 2. PCR for determination 

of cadmium resistance determinants was also done as described in Chapter 2. A total of ten 

probes were used in this study to determine EC designations for the isolates.  Hybridizations 

with a probe internal to the conserved gene spoVG (Probe #1) and with the serotype 4b 

specific probe 4b SF 18 (Probe #2), were conducted as positive controls and in order to 

assess DNA quantities on the membrane. ECI was detected based on hybridization with the 

ECI specific probes 85M (Probe #3) and 17B (Probe #4) (Nelson et al., 2004; Yildirim et al., 

2004; Chen et al., 2007).  ECII specific probes included HSP2753 (Probe #5), ECIIC Wap 

(Probe #6), H18RP 11/12 (Probe #7) and HSP001219 (Probe #8) (Cheng et. al., 2010).  ECIa 

was identified based on hybridization with probe LMSG (Probe #9), constructed using 
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primers LMSG_01573F (5’- TACAATTGGTCGGACACGTG -3’) and LMSG_01573R (5’-

GAATCCGCTCATAAACAGC -3’).  Furthermore, we employed Probe #10,  specific to the 

lipoprotein gene in Region 85 of L. monocytogenes strain F2365 and  designed using primers 

LP_F (5’-GTTGTTGATAGTAAGTATA-3’)and LP_R (5’-TCTGCTTTGACATCTATGTG 

-3’). ECIa strains hybridize both with LMSG and LP (Lee, 2011). Lastly, ECIa status was 

confirmed by PCR for mcrB using primers H7858_0337F (5’- 

ATATCCATGCCCATCACCAC-3’) and H7858_0337R (5’- 

CGGGAGGAATCTCGTTATAC-3’).  Absence of an amplicon with the mcrB primers 

confirmed these strains to be ECIa (Lee, 2011). 

Pulsed-field gel electrophoresis (PFGE), multiple locus variable number of 

tandem repeat analysis (MLVA) and multilocus genotyping (MLGT). PFGE was 

conducted with AscI  (New England Biolabs) and ApaI (Roche) as described by Graves et al. 

2001. PFGE dendrograms based on dice coefficient were obtained by BioNumerics (Applied 

Maths, Austin, TX). Optimization level and position tolerance were set at 1.5% for ApaI and 

at 1.5% for AscI. MLVA for selected isolates was done as described by Sperry et al. (2008). 

Multilocus genotyping (MLGT) was done by T. J. Ward (USDA-ARS, Peoria, IL) as 

described (Lee et al., 2012).  

RESULTS AND DISCUSSION 

 The panel of 48 serotype 4b isolates used in this study is listed in Table 3.1. The 

strains originate from various locations around the world, mainly Canada and the US, 

between 1933 and 1963. They were isolated from cases of listeriosis in humans (adults and 
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infants) as well as various animals; one isolate (OLM 141) was obtained from the 

environment (mud).  

ECI and ECIa, but not ECII, were commonly detected in the strain panel. Of the 

48 isolates  in this study 20 (42%) had the genotypic features characteristic of ECI.  All ECI 

isolates was resistant to digestion by Sau3AI (data not shown), suggesting methylation of 

cytosines at GATC sites, as described before for ECI (Zheng and Kathariou, 1995; Yidirim et 

al., 2004; Nelson et al., 2004). Hybridization and PCR data indicated that 15 (31%) of the 

isolates belonged to ECIa. None of the isolates yielded the hybridization results typical for 

ECII.  However, OLM 80, OLM 116, and OLM 115 hybridized with one of the four  ECII-

specific probe (H18RP 11/12, Probe #7), as has been also noted for a small number of  other 

non-ECII serotype 4b strains (Kathariou et al., 2006; Cheng et al., 2010).  Interestingly, these 

three isolates also hybridized with probe 4b SF 18 (Probe #2), which does not hybridize with 

ECII even though it is otherwise specific for serotype 4b (Table 3.1).  Hybridizations with 

probe 4b SF 18 (Probe #2) and H18RP 11/12 (Probe #7) are typically mutually exclusive, but 

a few recent (post-2000) isolates hybridizing with both probes have been reported (Kathariou 

et al., 2006; Cheng et al., 2010).  The absence of ECII was in agreement with the relatively 

recent emergence of this clonal group, which was first identified with the 1998-1999 hot dog 

outbreak in the United States (CDC, 1998; CDC, 1999; Graves et al., 2005; Swaminathan et 

al., 2007).   

The predominance of ECI and ECIa among these serotype 4b isolates was confirmed 

by MLGT analysis: the haplotypes of ECI and ECIa isolates were identical to those of ECI 

and ECIa isolates from outbreaks (1.13_4b_Sw87_EC1 and 1.2_4b_UK88_EC1a, 
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respectively). A total of 5 different haplotypes were encountered among non-ECI, non-ECIa 

isolates, and certain isolates were found to share the same haplotype suggesting the presence 

of clonal groups among these isolates. MLGT analysis also confirmed that all isolates were 

serotype 4b, lineage I except for OLM 8, OLM 39 and OLM 37 which were serotype 4b, 

lineage III. 

PFGE-based analysis revealed that ECI and ECIa isolates belonged to two distinct 

major clusters.  Several related PFGE profiles were identified within the ECI and ECIa 

clusters.  Diversity was more noticeable in ECI, where certain strains (e.g. OLM 147, 66, 

142, 9 and 63) with unique PFGE profiles were identified.  Diversity was especially 

pronounced in the ECI strain OLM 63 (isolated in 1951 from a goat) (Fig. 3.1).    

Non-ECI, non-ECIa isolates (n=13, 27% of the panel) exhibited at least five distinct 

hybridization profiles (Table 3.1).  Interestingly, nine of the 13 isolates in this category failed 

to hybridize with the lipoprotein probe (Probe #10), suggesting diversity in this genomic 

region; indeed, three of the isolates (OLM 80, OLM 116, and OLM 115, also mentioned 

above) were recently shown to harbor a novel restriction-modification (RM) system in this 

region (LmoJ2), which is occupied by the Sau3AI-like RM system in ECI (Lee et al., 2012).  

Further analysis of the remaining isolates that were negative with the LP probe (Probe #10) is 

needed to characterize their genomic content (including possible RM systems) in this region.   

Representation of human vs. animal isolates varies noticeably between ECI and 

ECIa.  The panel included a greater number of isolates from humans (n=34, 70.1%) than 

from animals (n=13, 27%). The representation of human vs. animal isolates varied noticeably 

between the two major clusters, ECI and ECIa. The majority (14/15, 93%) of the ECIa 
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isolates were isolated from humans, while ECI strains were almost equally obtained from 

humans and animals (55% and 40% respectively) (Fig. 3.2).  The single environmental 

isolate was also in this clonal group. Isolates of human and animal origin were also 

represented in the non-ECI, non-ECIa category (69 and 31% of these isolates were of human 

and animal origin, respectively) (Fig. 3.2).  The data indicate that both ECI and ECIa make 

substantial contributions to the human-derived subset of the panel (32 and 41%, respectively, 

of the human isolates), whereas among animal isolates ECI is a noticeably major contributor 

while ECIa is under-represented (Fig. 3.3).  ECI and non-ECI, non-ECIa isolates are the 

primary contributors to the animal-derived strains.  

Resistance to heavy metals (cadmium, arsenic) is primarily encountered among 

human isolates and varies noticeably between ECI and ECIa.  Resistance to cadmium 

was observed in 10 (21%) of isolates and differed markedly between ECI and ECIa.  Even 

though an estimated 35% of the ECI isolates were resistant to cadmium, resistance was not 

encountered among any of the ECIa isolates (Fig. 3.2).  Interestingly, all cadmium resistant 

isolates were derived from human sources.  In spite of the relatively small number of animal 

isolates and of the total cadmium-resistant isolates, the association between cadmium 

resistance and human origin was significant (p=0.0276).  

  PCR analysis revealed that two of the cadmium-resistant isolates (OLM 71 and 

OLM 74) harbored a known cadmium resistance determinant, cadA1, associated with 

Tn5422 and  typically harbored on plasmids (Lebrun et al., 1994), while the remaining eight  

cadmium-resistant isolates lacked any of the three known cadmium resistance determinants 

(Mullapudi et al., 2009).  Analysis of serogroup 1/2 isolates from the same time period also 
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indicated that cadA1 was the only known cadmium resistance determinant harbored by the 

cadmium-resistant isolates (S. Ratani and S. Kathariou, unpublished findings, Appendix 6.1). 

Resistance to arsenic was detected in 22 (46%) of the isolates in this panel.  As with 

cadmium resistance, prevalence of arsenic resistance differed markedly between ECI and 

ECIa, but with the opposite trend:  Resistance to arsenic was markedly more common among 

ECIa isolates, where 13/15 (87%) were resistant, than among those of ECI (Fig. 3.2). With 

the exception of just one strain (OLM 127, from a hare) all arsenic resistant isolates were of 

human origin.  As with cadmium resistance, the association between arsenic resistance and 

human origin was significant (p=0.0002).  

BC resistance was not observed among any of the isolates, regardless of origin or 

clonal group.  The absence of BC-resistant isolates suggests that resistance to this compound 

arose relatively recently, possibly in response to the increased use of quaternary ammonium 

compounds as disinfectants in the food processing industry. In L. monocytogenes, genes 

mediating resistance to BC were first identified on  pLM80, a large plasmid harbored by the 

1998-1999 hot dog outbreak strains (ECII) and also harboring a cadmium resistance cassette 

(cadA2) (Elhanafi et al., 2010).   

The strains described in this study represent the first effort to specifically examine 

historical isolates of L. monocytogenes serotype 4b in terms of their population structure and 

adaptations such as resistance to heavy metals and disinfectant.   As mentioned earlier, most 

investigations of population structure of this pathogen have focused on isolates obtained 

subsequent to the first documented outbreak of foodborne listeriosis in Nova Scotia in 1981 

(Schlech et al., 1983).  In spite of recognition of the need to include earlier isolates (Haase et 
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al., 2011) such isolates have been only rarely included in comparative population genetic 

studies, and systematic analyses involving serotype 4b strains from earlier periods (prior to 

the Nova Scotia outbreak) have been absent.   

The preponderance of ECI and ECIa isolates observed in the current study was 

unexpected, and suggested that these clonal groups were major contributors to listeriosis 

involving serotype 4b strains.  It was of special interest that ECI was commonly encountered 

among isolates of either human or animal origin, while ECIa was primarily in isolates from 

humans.  The fact that ECI was predominant not only among human listeriosis outbreaks but 

among isolates from other sources, while  ECIa predominated among isolates from human 

listeriosis was also noted from a multilocus sequence typing study of isolates from outbreaks 

and relatively recent regional sampling in  the state of New York (den Bakker et al., 2010).  

However, in spite of the similarity of the stated conclusions, the findings may not be 

adequately comparable because that study assessed source associations among isolates of 

various serotypes and the non-human sources of serotype 4b isolates were primarily the 

environment and foods; such sources were not represented in the current study which instead 

focused on serotype 4b isolates from humans and animals.    

The association between heavy metal resistance and human origin of the isolates was 

unexpected.  In L. monocytogenes arsenic resistance has been reported to be more 

predominant among serotype 4b strains than those of other serotypes, but association of such 

resistance with human vs. animal source has not been reported (Mclaughlin et al., 1997).  It 

was also surprising that arsenic resistance appeared to be a special characteristic of ECIa, 

being more common among ECIa isolates than among ECI (87% vs 30%, respectively).  
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Cadmium resistance, in contrast, was not encountered in ECIa but was exhibited by certain 

ECI and other isolates; in all cases, the cadmium-resistant isolates were of human origin.  

The reasons for such apparent associations remain unknown, but may well reflect the 

ecological history of the organisms, and the possible impact of heavy metal resistance on 

additional, currently unidentified adaptations of the bacteria. It may be hypothesized that the 

history of ECIa ancestral strains involved frequent exposures to arsenic, which is often found 

at high levels as a natural contaminant of soils and sediments.  It is also conceivable that 

cadmium and arsenic resistance may impact fitness of L. monocytogenes in foods commonly 

consumed by humans and implicated in listeriosis (e.g. dairy products, processed meats), 

rendering the organisms more to be associated with human vs. animal sources.  Another 

possibility is that such resistance may be a contributor to enhanced virulence of certain 

strains specifically for humans.  Further studies are needed to address these possibilities. We 

believe that such studies, and further characterization of the isolates in the current study and 

other “historical” isolates of L. monocytogenes, will elucidate currently poorly understood 

aspects of the evolution and adaptations of this pathogen. 
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Table 3.1 Serotype 4b isolates in this study. Black and white boxes under columns 1-10 
indicate hybridizations or lack thereof, respectively with the corresponding probe. Black and 
white boxes for SA 500 and Cd 70 indicate growth or lack of growth, respectively, on arsenic 
and cadmium respectively. None of the isolates were resistant to BC. Hybridizations and 
resistance determinants were done as described in Materials and Methods. MLGT data was 
kindly provided by Dr. T. J. Ward and MLVA data by K. Sperry and S. Mullapudi. 
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Figure 3.1 PFGE dendrogram of isolates used in this study. Yellow = ECI, Blue = ECIa, 
Green = Other. PFGE and cluster analysis were done as described in Materials and Methods. 
PFGE was kindly provided by R. M. Siletzky.  
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Figure 3.2 Population composition and heavy metal resistance of isolates in this study.  

 

 

 

 

 

 

 

 

 

Figure 3.3 Contribution of ECI, ECIa and non-ECI, non-ECIa to serotype 4b isolates of 
animal or human origin. 
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Chapter 4: Reduced Copper Tolerance in a Uracil-DNA Glycosylase Mutant of Listeria 

monocytogenes 10403S 

 ABSTRACT   

Listeria monocytogenes is ubiquitously found in the environment yet many factors 

underlying the environmental persistence of this pathogen have yet to be fully understood. 

One of the intriguing aspects of Listeria’s environmental adaptations is resistance to toxic 

metals such as arsenic, cadmium and copper. In L. monocytogenes cadmium and copper 

resistance determinants belonging to the P-type ATPase family of transporters have been 

previously described. In this work we identified and characterized a mariner-based 

transposon mutant of L. monocytogenes 10403S with reduced tolerance to copper. The 

mutant was unable to grow in the presence of 10 mM CuSO4.5H20. The transposon was 

localized in Lmon1_020100001620, annotated as uracil-DNA glycosylase (ung).  However, 

complementation of ung using the site-specific integration vector pPL2 did not restore copper 

tolerance levels to those of the parental strain.  Furthermore, reverse transcription analysis 

suggested that the transcript levels of ung were unaffected by the presence of copper.  In 

comparison to the parental strain, the mutant had reduced tolerance to ethidium bromide and 

increased tolerance to ciprofloxacin, gentamicin and triphenylphosphonium chloride; 

however, genetic complementation failed to restore these phenotypes.  In agreement with the 

role of ung in DNA repair, the mutant had elevated mutation frequency which was restored to 

wild type levels in the genetically complemented strain.  A separately transcribed open 

reading frame encoding a multidrug resistance protein (MDR) belonging to a RND-like 

family of proteins was identified immediately upstream of ung. Deletion of this neighboring 
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gene did not impact tolerance to copper or to any of the other antimicrobials that were tested.  

Combined, these results suggest that inactivation of ung and the resulting enhanced mutation 

frequency may have resulted in altered susceptibility to copper and other antimicrobials (e.g. 

ethidium bromide) through impact on other genes; on the other hand, mutations in yet other 

genes resulted in increased tolerance to certain antimicrobial compounds such as 

ciprofloxacin, gentamicin and triphenylphosphonium chloride.  

INTRODUCTION 

Listeria monocytogenes is a Gram-positive foodborne pathogen commonly found in 

the environment. This facultative intracellular pathogen has the ability to cause severe 

disease (listeriosis) with a high case-fatality rate of ca. 16% (Painter and Slutsker, 2007; 

Scallan et al., 2011). L. monocytogenes is a commonly used model organism for 

investigations of how microbial pathogens transition between the environment and the 

animal host. The study of this bacterium has broadened scientific knowledge in a variety of 

disciplines ranging from medical and food microbiology to cell biology and immunology 

(Hof, 2003).  

Mutagenesis is a key technique employed to elucidate the genetic components 

involved in persistence and virulence of L. monocytogenes. The ability of transposons to 

randomly insert into the host genome makes them valuable tools in mutant library 

construction, and genes involved in specific phenotypes can be identified through screening 

of such mutants. In this study, we utilized a mutant library of L. monocytogenes 10403S 

(serotype 1/2a) that was constructed using a mariner-based transposition system developed 

by Cao et al. (2007). This type of transposon, belonging to the Tc1/mariner superfamily, is 
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the most common type of transposable element found in nature. The transposition system 

requires only a self-encoded transposase and a dinucleotide TA for insertion, making it ideal 

for highly random transposition in low GC content organisms such as L. monocytogenes (Cao 

et al., 2007). The mariner-based vector has a low plasmid retention rate (ca. 2.5%) compared 

to the Tn917-based vector (ca. 50%) (Cao et al., 2007).  

Environmental persistence is pivotal to food safety and public health hazards 

associated with L. monocytogenes. Some bacteria have developed mechanisms to resist 

heavy metals encountered in the environment. Copper is used by the cell in redox reactions. 

The ability of copper to cycle between Cu2+ and Cu+ makes it a potential cofactor for 

enzymes and a terminal electron acceptor for respiration (Solioz and Stoyanov, 2003). 

However, excess amounts of copper have toxic effects on cells. Regardless of valence state, 

copper can bind to proteins, lipids and nucleic acids and can generate oxygen radicals (Hall 

et al., 2008; Solioz et al., 2009). Previous studies have revealed the role of P-type ATPases in 

bacterial copper homoeostasis; however, mechanisms involved in L. monocytogenes copper 

tolerance remain poorly understood. An operon encoding three genes including a P-type 

ATPase has recently been identified on the chromosome of L. monocytogenes strain EGD-e 

and found to be involved in copper homeostasis (Corbett et al., 2011).  In this study, we have 

identified and characterized a mutant of L. monocytogenes 10403S with increased 

susceptibility to copper.  

 

 

 



 

70 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. The mutant library was constructed in the 

serotype 1/2a strain 10403S (streptomycin-resistant derivative of a human skin lesion 

isolate). Bacteria were grown on either brain heart infusion (BHI, Difco, Sparks, MD) or 

trypticase soy with 0.7% yeast extract (TSBYE, Becton Dickenson & Co.) plates with 1.2% 

agar (Difco; TSAYE). Bacteria were grown at 37°C for 24 hours, and stored at -80°C in BHI 

supplemented with 20% glycerol.  When indicated, antibiotics used were erythromycin (Em 

5 μg/ml), chloramphenicol (Cm, 6 μg/ml), nalidixic acid (NA, 20 μg/ml)  and rifampicin (32 

µg/ml).   

Identification of mutant SR1 with reduced tolerance to copper.  A transposon 

mutant library of L. monocytogenes 10403S constructed using a mariner-based transposition 

system previously described by Cao et al. (2007) was kindly made available by Dr. Reha 

Azizoglu (North Carolina State University).  About 2,100 mutants were screened for growth 

on TSAYE supplemented with 10mM copper sulfate (CuSO4·5H2O). One mutant (SR1) was 

found to be completely unable to grow at this concentration of copper.   The transposon 

insertion site was determined by amplification of flanking sequences neighboring the 

transposon obtained by arbitrary PCR (Cao et al., 2007). The PCR product was sequenced 

(Genewiz Inc., South Plainfield, NJ), and the sequence was analyzed by nucleotide BLAST. 

Genetic complementation. Primers CompUNG_F (XmaI)  and CompUNG_R (SacI)  

(Table 4.1) were used to amplify the flanking region of ung including the putative promoter 

and transcription termination sequences. The PCR product was digested with XmaI and SacI 

(New England Biolabs, Ipswich, MA) and purified using a PCR purification kit (QIAGEN, 
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Valencia, CA). The L. monocytogenes site-specific integration vector pPL2 (Lauer et al., 

2002) was restricted with the same enzymes and the purified PCR product was ligated into 

the vector, yielding pPL2ung. The recombinant plasmid was electroporated into E. coli S17-1 

and conjugation was performed to transfer pPL2ung into SR1 as described previously (Cheng 

et al., 2008). Transconjugants were selected on BHI plates supplemented with 

chloramphenicol (Cm, 6 μg/ml) and nalidixic acid (NA, 20 μg/ml)  (Cheng et al., 2008). 

Complementation was confirmed using primers NC16 and PL95 (Lauer et al. 2002). 

Reverse transcription analysis of ung expression and co-transcription with 

MDR. Cultures of L. monocytogenes were grown in BHI  for ~4  hours (optical density at 

600 nm [OD600], ~0.7). Cultures were then divided into two portions, one of which was 

exposed for 30 min to a sublethal concentration of 5 mM CuSO4.5H2O.  Total RNA was 

isolated using the SV total RNA isolation system (Promega), and was reverse transcribed to 

produce cDNA as described (Elhanafi et al., 2010). spoVG was used a reference gene as 

described (Elhanafi et al., 2010). Co-transcription of ung and MDR was assessed using a 

primer internal to ung and a primer internal to MDR (Mid_MMPL_R) (Table 4.1). 

Construction of MDR deletion. Primers SOE_A_R (HindIII)  and SOE_B_F (Table 

4.1) were used to amplify a 375 nt region downstream of the desired deletion sequence. 

Primers SOE_C_R and SOE_D_F (XbaI) (Table 4.1) were used to amplify a 430 nt region 

upstream of the desired deletion sequence. Splicing by overlap extension (SOE) PCR was 

performed to ligate and amplify the two PCR products. The resulting ca. 800 bp amplicon 

was then digested with HindIII and XbaI and cloned into the similarly digested temperature-

sensitive shuttle vector pCON-1 (Behari and Youngman, 1998). The recombinant plasmid 
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(pCON-1_SOE) was electroporated into E. coli strain S17-1 and then conjugated with L. 

monocytogenes strain 10403S. Transconjugants were selected on BHI Cm 6 μg/ml, NA 20 

μg/ml plates (Cheng et al., 2008). A single colony was passaged four times at 42°C and 

isolation of a chloramphenicol-susceptible deletion mutant lacking the plasmid vector was 

done as described (Yildirim et al., 2010). Deletion was confirmed by a smaller PCR product 

using primers Comp_UNG_F and FullDel_F (Table 4.1) flanking the deletion region as well 

as lack of PCR product using primers Mid_MMPL_R and Beg_MMPL_F (Table 4.1) within 

the deleted region.  

Determination of mutation frequency. A culture (200 µl of an overnight culture 

inoculated in 5 ml of BHI) was grown at 37˚C for 5 hours (optical density at 600 nm [OD600], 

~1.0). The cultures (1ml) were centrifuged (1 min at 13,000 rpm) and the pellets were 

resuspended in 100 µl of diH2O and spread plated onto BHI (1.2% agarose) supplemented 

with rifampicin (32 µg/ml). The cultures were also diluted and plated on BHI agar for 

enumerations of total CFUs following incubation at 37˚C for 48 hours. Mutation frequency 

was determined in four replicate subcultures and three independent trials.   

MIC determinations.  MICs were determined by spot testing as described in Chapter 

2. The antibiotics and concentrations were as follows: Ciprofloxacin (0.5µg/ml), Gentamicin 

(0.5µg/ml), TPP (70µM), and Ethidium Bromide (25µg/ml). The minimum inhibitory 

concentration (MIC) was defined as the lowest concentration of the respective compound that 

inhibited confluent growth of the bacteria. 
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RESULTS 

Of the ca. 2,100 transposon mutants of L. monocytogenes strain 10403S one (SR1) 

was found to have enhanced susceptibility to copper, being unable to grow at the 

concentration employed for screening (Fig. 4.1). Arbitrary PCR and sequencing revealed that 

the transposon was inserted in Lmon1_020100001620, annotated as uracil-DNA glycosylase 

(UNG) (Fig. 4.2).  

Lack of copper tolerance restoration following genetic complementation of ung 

mutant SR1.  In order to confirm that the interruption of ung was the cause of the reduced 

copper tolerance, a mutant harboring a deletion of ung was pursued. However, in spite of 

repeated efforts, such a deletion mutant could not be obtained.  Insertion-deletion mutants in 

ung were also not obtained (data not shown). Genetic complementation was done to 

determine whether the intact gene integrated in SR1 could restore the observed phenotype. 

Successful complementation was confirmed by PCR using primers NC16 and PL95 specific 

to the integration location on the chromosome and pPL2, respectively (Fig. 4.3) (Lauer et al. 

2002). However, genetic complementation did not result in restoration of copper tolerance 

(Fig. 4.4). Reverse transcription data also suggested that levels of the ung transcript were not 

upregulated in the presence of copper (Fig. 4.5).  

The MDR gene in the ung genomic region is not involved in copper tolerance.  A 

multidrug resistance protein (MDR), along with a transcriptional regulator, was identified 

upstream of ung (Fig. 4.2). Reverse transcription analysis showed that the MDR gene and its 

regulator were co-transcribed; however, they were found to be on separate transcripts from 
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ung (Fig. 4.5). This was in agreement with results from a study analyzing the transcriptional 

landscape of L. monocytogenes (Toledo-Arana et al. 2009).   

The proximity of the MDR gene to ung, along with the lack of phenotypic restoration 

in the complemented SR1 and putative role of MDR in resistance to toxic compounds, led us 

to hypothesize to MDR was responsible for the copper-susceptible phenotype of the ung 

mutant.  A deletion was constructed and confirmed by the smaller PCR product using 

primers flanking the MDR gene and the regulator; furthermore, no amplicon was obtained 

using primers within the deleted region (Fig. 4.6). However, the MDR deletion mutant was 

not found to have reduced growth on copper (Fig. 4.4). The MDR deletion mutant was tested 

for growth in the presence of a panel of antimicrobials (ciprofloxacin, gentamicin, ethidium 

bromide and TPP).  However, the MDR mutant was not impacted in it MICs for any of these 

antimicrobials (data not shown).   

Inactivation of ung results in enhanced mutation frequency and altered 

tolerance to several antimicrobial compounds.  Enumeration of rifampicin-resistant 

mutants revealed that SR1 had a higher mutation frequency than the parental strain 10403S. 

In two of the three trials, mutation frequency was restored to wild type levels in the 

genetically complemented SR1 (Table 4.2).  SR1 and the complemented SR1 were also 

included in tests for MICs to the panel of antimicrobials employed for characterization of 

MICs of the MDR mutant (described above). Interestingly, unexpected results were observed 

for SR1. When compared to the WT 10403S strain, the mutant was found to have higher 

tolerance to ciprofloxacin, gentamicin, and TPP while having reduced tolerance to ethidium 

bromide (Fig. 4.7). The MICs of these compounds differed accordingly (by up to twofold) 
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between the mutant and the parental strain (Table 4.3). However, MICs were not restored in 

the genetically complemented mutant (Fig. 4.7 and Table 4.3).   

DISCUSSION 

In this work, a mariner-based transposon mutant of L. monocytogenes 10403S 

harboring an insertion in ung was found to have reduced tolerance to copper. However, 

genetic complementation and transcriptional data suggested that this phenotype was not 

associated with the insertion. On the other hand, the mutant had enhanced mutation 

frequency, as expected for a gene involved in DNA repair; in two of the three trials, the 

mutation frequency was restored to wild type levels in the genetically complemented mutant, 

confirming that the inactivation of ung was responsible for this particular phenotype.   

Uracil-DNA glycosylase belongs to a conserved family of glycosylases found in 

many organisms and functions to excise misincorporated uracils from DNA (Visnes et al., 

2009). Previous studies have shown increased mutation frequency associated with disruption 

of this key gene in Pseudomonas, Mycobacterium, and Bacillus (Lopex-Olmos et al, 2011; 

Malik et al., 2009; Malshetty et al., 2010; Venkatesh et al., 2003). Limited information is 

available on ung in L. monocytogenes. A screen for genes that were expressed intracellularly 

but not in extracellular medium identified ung as one of three leading candidates for further 

investigation. However, deletion of ung did not have an impact on virulence of L. 

monocytogenes in mice (Wilson et al, 2001).  

Transcriptional analysis revealed ung to be separately transcribed from the upstream 

MDR gene, thus ruling out polar effects. However, because of proximity deletion of the 

MDR gene was carried out in order to assess its possible role in copper tolerance. The 
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deletion of the MDR gene and its regulator was not found to result in increased susceptibility 

to copper. The MDR mutant was also not impacted in its susceptibility to several 

antimicrobials (ciprofloxacin, gentamicin, TPP, and ethidium bromide).  Thus, the potential 

role of this MDR gene in drug efflux remains to be characterized, and we currently lack 

information on likely substrates for efflux mediated by this system.    

Inclusion of SR1 in the analysis of MICs with the panel of antimicrobial gave 

unanticipated results. Along with reduced tolerance to copper, the ung mutant also exhibited 

reduced tolerance to ethidium bromide while having higher resistance to ciprofloxacin, 

gentamicin, and TPP compared to the wild type 10403S. The multiple (and in some cases 

conflicting) phenotypes associated with the ung mutant leads us to hypothesize that 

inactivation of this DNA repair enzyme may have led to scattered mutations throughout the 

genome. Such mutations in unidentified loci in the chromosome may have resulted in the 

observed increased tolerance to certain compounds and increased susceptibility to others.  

For instance, mutations in efflux transporters would result in decreased tolerance (as 

observed with ethidium bromide and copper) while mutations in efflux repressors would 

result in enhanced MICs (as observed with ciprofloxacin, gentamicin and TPP).   

Further analysis of the ung mutant, e.g. through genome sequencing, is needed to 

elucidate the frequency of misincorporation throughout the chromosome as well as to 

identify possible genes involved in the observed phenotypes. The role of the ung-proximal 

MDR system in the chromosome of L. monocytogenes is also still unclear. Characterization 

of the MDR deletion mutant should be further pursued in order to reveal its substrate and 

elucidate its possible role in virulence. 
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Table 4.1 Primers used in this study. 
 

Primer  Sequence (5'‐3') 
   

CompUNG_F (XmaI)  GACTCCCGGGAGGCGACCATCAAGAAAACGTAC 
CompUNG_R (SacI) GACTGAGCTCCGATTCGGTCTGGAAACATTAGC 
SOE_A_R (HindIII) ATATAAGCTTTGCAGTGATGGTGGAATCTGT 
SOE_B_F CACAATAAACCGCATTCCTTTATAAAGGGA 
SOE_C_R  AAGGAATGCGGTTTATTGTGTTAAGCTTTATTTATTTTTAA
SOE_D_F (XbaI)  ATATTCTAGAGCATTACTTGCATTCGTTGTCC 
FullDel_R ATATTCTAGACAATAATGTTAGTTCCTTGCT 
Beg_MMPL_F  GAAGACGTAGTTCAAGGGTCTG 
Mid_MMPL_R  GCCCAACTGCTGCTTGGTTAA 

 
 
 
 
 
 
Table 4.2 Mutation frequency of WT strain 10403S compared to SR1 ung mutant and 
genetically complemented SR1. Mutation frequency was determined as described in 
Materials and Methods. 
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Table 4.3 MIC determinations for the parental strain 10403S, mutant SR1 and genetically 
complemented SR1. MICs were deteremined as described in Materials and Methods.  
 

  
Copper 
(µM) 

Ciprofloxacin 
(µg/ml) 

Gentamicin 
(µg/ml) 

TPP  
(µM) 

Ethidium 
Bromide 
(µg/ml) 

10403S  12.5  0.5  0.5  70  50 
           
SR1  2.5  1  1  100  25 
           
Complement  2.5  1  1  100  25 

 
 
 
 
 

 

 

 

 

 

 

 

Figure 4.1 Screening of L. monocytogenes 10403S::pMC38 mutant library (A) TSAYE 
supplemented with erythromycin (Em 5µg/ml).   (B) TSAYE supplemented with 10µM 
CuSO4.5H20.  Arrow points to mutant SR1 that fails to grow in the presence of  10µM 
CuSO4.5H20. 
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Figure 4.2 Schematic diagram of genomic region harboring the transposon in mutant SR1.  
The insertion location of the transposon (with erythromycin resistance gene) in the gene 
encoding Uracil-DNA glycosylase in the genome of L. monocytogenes 10403S is indicated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 PCR-based confirmation of complementation of ung using the integration vector 
pPL2. Complementation was confirmed using primers NC16 and PL 95 as described in 
Materials and Methods. WT, parental strain 10403S; SR1, mutant with insertion in ung; 
Comp, SR1 harboring an intact ung. 
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Figure 4.4 Lack of restoration of copper tolerance in genetically complemented SR1.  
10403S, parental strain; SR1, mutant with insertion in ung; ung complement, SR1 harboring 
an intact ung.  MDR deletion, mutant with deletion of the MDR gene in the vicinity of ung.   
Overnight cultures grown at 30°C were spotted on BHI supplemented with 10 mM 
CuSO4.5H20. 
 
 
 
 

 

 

 

 

 
Figure 4.5  RNA production was not upregulated by the presence of copper as indicated by 
the intensity levels of the reverse transcription products (left side of A). The lack of any 
product using a primer within ung and a primer within MDR (ung  MDR)  indicates that 
these two genes are not co-transcribed (right side of Fig.4A). Panel B housekeeping gene 
spoVG used as control. RT-PCR was done as described in Materials and Methods.  
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Figure 4.6   Confirmation of two colonies containing the MDR deletion using (A) primers 
Comp_UNG_F and FullDel_F flanking deleted region and (B) primers Mid_MMPL_R and 
Beg_MMPL_F within deleted region. The two colonies are indicated by #1 and #2.  WT, 
strain 10403S. 
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Figure 4.7 Growth of SR1 and genetically complemented SR1 on BHI with various 
antimicrobial compounds.  A) Ciprofloxacin, 0.5µg/ml (B) Gentamicin, 0.5µg/ml (C) TPP, 
70µM and  (D) Ethidium Bromide, 25µg/ml. Plates were incubated for 24 hours at 30°C.  
Strain designations are the same as in legend to Figure 4.4.  
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APPENDIX 
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5.1 Serogroup 1/2 OLM strains. Hybridizations and resistance determinants were done as 
described in Chapter 3. MLGT data was kindly provided by Dr. T. J. Ward. 
 


