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ABSTRACT 

MULLAPUDI, SAVITRI. Phenotypic and Genetic Characterization of Listeria monocytogenes 
from the Environment of Turkey Processing Plants. (Under the direction of Dr. 
SophiaKathariou.) 
 

Resistance of clinical strains of Listeria monocytogenes to heavy metals, especially 

cadmium and arsenic has been used extensively for subtyping. Furthermore, the three most 

recent multistate outbreaks of listeriosis in the United States (1998-99 hot dog outbreak, and 

outbreaks in  2001  and 2002)  have involved cadmium resistant strains two of which (1998-99 

and 2001) were resistant to the quaternary ammonium disinfectant benzalkonium chloride (BC) 

as well. In these outbreak strains, genes mediating cadmium and BC resistance were found to be 

localized in two different gene cassettes on large plasmids (ca. 80 kb). However, limited 

information has been available on resistance to cadmium, arsenic and BC among L. 

monocytogenes isolates from the food processing plant environment.  It is not known whether 

resistance to heavy metals (cadmium and arsenic) and BC is plasmid-borne in such strains and 

whether resistance to cadmium and arsenic may be correlated to resistance to disinfectants 

commonly used in the processing plant environment. Furthermore, information regarding 

contamination patterns of turkey processing plants in the United States with regards to different 

serotypes and strain types of L. monocytogenes is currently inadequate.  

In this study, we characterized 123 L. monocytogenes isolates (53 of serotype 1/2a or 3a, 

39 of serotype 1/2b or 3b, and 27 of the serotype 4b complex, consisting of serotype 4b and the 

closely related serotypes 4d and 4e, and 4 strains of serotype 1/2c or 3c) from the environment of 

six turkey processing plants in the United States for cadmium, arsenic and BC resistance.  In 
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addition, these isolates were subtyped using pulsed-field gel electrophoresis (PFGE).  Moreover 

we investigated the prevalence among these isolates of three different cadmium resistance cadA 

determinants identified to date in L. monocytogenes: cadA1 (associated with Tn5422),  cadA2 

(associated with plasmid pLM80, identified in the 1998-99 outbreak strain), and cadA3, 

associated with the integrated conjugative element (ICE) of L. monocytogenes EGD-e,  

respectively). We employed plasmid curing protocols to examine if the resistance to heavy 

metals (cadmium and arsenic) and to BC was plasmid-borne and to assess the stability of 

cadmium and BC resistance among isolates of L. monocytogenes from the processing plant 

environment.   

Resistance to cadmium and BC was more common in serogroup 1/2 strains than 4b, 

whereas arsenic resistance was more commonly encountered in strains from the serotype 4b 

complex. We found substantial strain diversity in the turkey processing plants with 104 distinct 

PFGE types from 123 isolates using both enzymes (AscI and ApaI), resulting in Simpson’s index 

of diversity (D) of 0.995. Plant-specific strains were commonly found within each serotype. 

Heavy metal (cadmium and arsenic) and BC resistance were detected frequently among the 

serogroup 1 /2 strains. Our investigation has shown that 28% of the L. monocytogenes strains 

harbored both cadA1 and cadA2 and that the type of determinant (cadA1 vs. cadA2) may vary 

based on serotype as well as based on BC resistance (cadA2 being found more frequently among 

BC resistant than BC susceptible strains of the same serotype). The results also showed that the 

curing of plasmid borne cadmium and BC resistance was possible in certain strains isolated from 

the environment of turkey processing plants although the rate of plasmid loss was low. These 
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results suggest that the processing plant environment may represent a reservoir for L. 

monocytogenes having resistance to cadmium and BC. Further studies are needed to elucidate the 

mechanisms underlying the prevalence of the different determinants, and their possible role in 

the ecology and evolution of L. monocytogenes in the processing plant environment.  In addition, 

further studies need to be undertaken to confirm the location of the resistance determinants on 

plasmids, or possibly on the chromosome, especially in strains that failed to lose resistance 

following exposure to plasmid curing protocols.  
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1 CHAPTER I - LITERATURE REVIEW 

1.1 Listeria monocytogenes 

 L. monocytogenes was first reported in rabbits by Murray et al. in 1926. Bergey’s 

Manual of Systematic Bacteriology classified L. monocytogenes under the section “regular, 

non-sporing, Gram-positive rods”. It was classified in the family Lactobacillaceae by 

Wilkinson and Jones (Rocourt et al., 2007).  

L. monocytogenes is a Gram positive, non-spore forming rod of 0.4 to 0.5 µm in 

diameter and 0.5 to 2 µm in length (Seeliger et al., 1986) and motile at 10-25oC. It is the only 

species among six species (L. ivanovii, L. innocua, L. welshimeri, L. seeligeri, L. grayi and L. 

monocytogenes) under the genus Listeria found to be pathogenic in humans.  It is a 

facultative anaerobe and is found ubiquitously in the environment. It can survive a wide 

range of pH values (4.3-9.6), temperature (-0.4 - 45oC) and salt concentration (∼10%) 

(McClure et al., 1989; Walker et al., 1991).  

L. monocytogenes causes a rare but serious disease called listeriosis, with clinical 

manifestations such as septicemia, meningitis and abortions. Listeriosis has a high mortality 

rate (ca. 20%) causing approximately 2,500 human cases and 500 deaths per year in the 

United States (Painter et al., 2007). It causes severe symptoms in at risk populations 

including pregnant women, fetuses, the elderly and immunocompromised individuals.  
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1.2 Pathogenicity island 

L. monocytogenes is a facultative intracellular pathogen that can survive and grow in 

mammalian cells including epithelial cells, hepatocytes, endothelial cells, fibroblasts and 

phagocytes (Mengaud et al., 1996; Dramsi et al., 1993; Parida et al., 1998; and Sun et al., 

1990). The virulence genes required for the intracellular life cycle are clustered on a 8.2-kb 

chromosomal region referred to as the PrfA-dependent virulence gene cluster and also known 

as Listeria Pathogenicity Island 1 (LIPI-1), regulated by a transcriptional activator encoded 

by prfA. This gene cluster includes six well- characterized genes (prfA, plcA, hly, mpl, actA 

and plcB). The gene cluster also includes four small open reading frames (ORFs) 

downstream of plcB, called orf X, Z, B, A, of unknown functions. Each virulence gene 

encodes a product e.g. hly encodes lysteriolysin O (LLO), plcA encodes a 

phosphatidylinositol-specific phospholipase C (PI-PLC), plcB encodes a 

phosphatidylcholine-specific phospholipase C (PC-PLC), mpl, a metalloprotease (Mpl), actA 

actin polymerization (ActA), and prfA encodes the positive regulatory factor PrfA. 

Internalins (InlA & InlB) are encoded by the inlAB operon located elsewhere in the 

chromosome (Gaillard et al., 1991). 

1.3 Internalins 

In non-phagocytic cells such as epithelial cells and hepatocytes, the entry of 

L.monocytogenes is mediated by two surface proteins (Internalin A and Internalin B). 

Internalin A (InlA) is a 80-kDa protein encoded by inlA and is essential for entry into the  

human enterocyte-like cell line Caco-2. Structurally, it contains two regions of leucine-rich 
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repeats (LRRs). The first region consists of 15 successive LRRs of 22 amino acids and the 

second region consists of two 70-amino acid repeats and one 49 amino acid repeat.   InlA 

also contains a carboxy-terminal hydrophobic region preceded by the pentapeptide LPTTG. 

This LPTTG sequence, similar to the LPXTG found in protein A of Staphylococcus aureus, 

is required for covalent anchoring of InlA to the cell wall (Schneewind et al., 1995). The 

receptor for InlA in Caco-2 cells is E-cadherin (Mengaud et al., 1996). This receptor is 

present in human and guinea pig intestinal epithelial cells, but is apparently non-functional in 

murine cells (Lecuit et al., 1999).  InlB encodes a 630 amino acid protein. It is required for 

entry into cultured hepatocytes and into some epithelial cell lines including HeLa, HEp-2, 

and Vero. InlB also bears eight leucine-rich repeats, three C-terminal GW modules, and a N-

terminal transport signal sequence. In contrast to InlA, InlB does not have a LPXTG motif or 

cell-wall spanning region (Dramsi et al., 1993), but is targeted to the bacterial surface 

through the noncovalent interaction of GW modules with the lipoteichoic acid in the cell wall 

of L. monocytogenes (Braun et al., 1997). The tyrosine kinase Met has been recognized as the 

main receptor required for InlB-dependent entry of L. monocytogenes into various cells 

(Shen et al., 2000). Various host cell proteins get phosphorylated by the association of L. 

monocytogenes with the internalin receptors, resulting in a complex signal transduction 

cascade causing the pathogen-mediated internalization of the bacterium (Bierne et al., 2002; 

and Cossart et al., 2003). 
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1.4 Cellular pathogenesis 

In mouse and guinea pig models, the primary site of L. monocytogenes infection has 

been shown to be enterocytes or M cells in Peyer’s Patches (MacDonald et al., 1980). Then 

Listeria disseminates to the liver and spleen by breaching the intestinal barrier and followed 

by engulfment by phagocytes. Within six hours of infection in liver, 90% of the bacteria are 

killed by the resident macrophages (Kupffer cells) (Lepay et al., 1985). The adjacent 

hepatocytes are infected by the surviving Listeria and a systemic infection can result. 

After entry into the host cell, L. monocytogenes gets internalized in a vacuole. To 

promote its further replication in the cytoplasm of the host cell, it is released from the 

vacuole via listeriolysin O. In murine models it was shown that listeriolysin O is expressed in 

the vacuole but not in the cytosol, thus, preventing the destruction of the host cell and 

providing a safe shelter for survival and replication of the bacterium (Decatur et al., 2000). 

Shortly after escape from the vacuole, L. monocytogenes multiplies intracellularly with a 

generation time of 40-60 minutes, compared to approximately 40 minutes in rich broth 

culture (Portnoy et al., 1988). Once inside the cytoplasm L. monocytogenes can move rapidly 

at a rate of 1.5µm/sec (Robbins et al., 2003) with the help of host cell actin in combination 

with the bacterial ActA protein. This motility is mediated by actin polymerization which 

provides the propulsive force for intracellular movement (Sanger et al., 1992). The ActA 

protein (639 amino acids) is encoded by actA (Vazquez-Boland et al., 1992). L. 

monocytogenes spreads to the neighboring cells by forming microvilli-like protrusions. These 

are then phagocytosed by the adjacent cells and a secondary vacuole with a double 
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membrane is formed (Tileney et al., 1990). Release of L. monocytogenes from the secondary 

vacuole is promoted by LLO and the listerial phospholipase PC-PLC, and the cycle repeats 

(Vazquez-Boland et al., 2001).  

 

Figure 1.1 - Successive steps in the infectious cycle of Listeria monocytogenes. The figure was 

adapted from (Tilney and Portnoy, 1989) 

1.5 Population structure of L. monocytogenes 

1.5.1 Serotypes 

L. monocytogenes includes 13 serotypes, i.e., 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4c, 

4d, 4ab, 4e, and 7. These serotypic designations are based on somatic (1/2, 3, 4, 7) and 

flagellin (a, b, c, d, e, ab) antigens (Donker-voet, 1972; Seeliger et al., 1979). Serotyping is 



 

6 

generally used in epidemiological studies for primary typing of isolates related to outbreaks. 

As a preliminary survey serotyping can reduce the number of isolates needed to be tested by 

other subtyping schemes with higher resolution, such as pulsed-field gel electrophoresis. The 

majority (ca. 95%) of all listeriosis cases are due to three serotypes, specifically 1/2a, 1/2b 

and 4b. A new method to replace conventional serotyping, which is easy, fast and 

inexpensive but requires highly dedicated serologic reagents, was developed by Doumith et 

al., 2004. This multiplex PCR system is based on the L. monocytogenes marker genes 

lmo1118, lmo737, ORF2110 and ORF2819 classifing  four major serotype groups in L. 

monocytogenes (1/2a/3a, 1/2b/3b, 1/2c/3c and the serotype 4b complex consisting of 

serotypes 4b, 4d and 4e) (Doumith et al., 2004).  

1.5.2 Lineages (genomic divisions) 

Comparison of L. monocytogenes strains using various subtyping methods such as 

serotyping, DNA/DNA hybridization, pulsed-field gel electrophoresis, ribo-typing, PCR-

restriction length polymorphism, multilocus enzyme electrophoresis and others have revealed 

differences in the genetic content of strains.  L. monocytogenes strains have been grouped 

based on such sub-typing methods into three lineages, also known as genomic divisions. 

Serotypes 1/2b, 3b, 4b, 4d and 4e comprise lineage I (or genomic division II) which is further 

sub-divided into two groups. One group has strains of serotype 1/2a and 3a and the second 

group consists of the 1/2c and 3c serotypes. Lineage II (or genomic division I) consist of 

serotypes 1/2a, 3a, 1/2c and 3c (Piffaretti et al., 1989; Call et al., 2003; Wiedmann et al., 

1997) and is also further divided into two groups. Strains of serotype 4b, 4d and 4e belong to 
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one group and those of serotype 1,2b, 3b and 7 belong to another group.  The existence of 

lineage III was established at a later period based on analyses of partial DNA sequences for 

flaA, iap and hly genes, ribotyping, PCR-RFLP analyses of virulence genes of L. 

monocytogenes and DNA sequencing studies (Rasmussen et al., 1995; Wiedmann et al., 

1997; Doumith et al., 2004). Lineage III can also be subclassified into lineage IIIa (serovar 

4a) strains and lineage IIIb (serovar 4c) strains. Lineage III strains has been reported to be 

more prevalent among animal listeriosis isolates than among those associated with human 

clinical cases (Wiedmann et al., 1997).  Recent studies involving a large number of lineage 

III isolates also indicated the presence of large number of a serotype 4b isolates in this 

lineage (Ward et al., 2004). 

1.5.3 Epidemic clonal groups 

Since 1981, more than 30 listeriosis outbreaks have been documented in North 

America and Europe. Most outbreaks have involved strains of serotype 4b (Kathariou, 2002). 

The foods most frequently implicated in outbreaks have included milk and dairy products, 

and ready-to-eat meat products.. In some outbreaks the implicated food has been 

epidemiologically associated but not confirmed bacteriologically (Ho et al., 1986; Schlech et 

al., 1983). In   certain outbreaks, however, the implicated foods were confirmed both 

epidemiologically and bacteriologically (eg., 1998-99, 2000, pork tongue in jelly, California 

Mexican style cheese outbreak of 1985). The distinction between epidemic strains and strains 

from same serotype as epidemic strains with respect to virulence has been largely 

unsuccessful. However, several studies have shown that food-borne outbreaks of listeriosis 
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have been caused by a small number of closely related strains (Piffaretti et al., 1989; 

Kathariou et al., 2006; Bibb et al., 1990). This suggests that these strains might belong to 

distinct clonal groups. Thus, five epidemic clonal groups have been  described to define 

strains that are genetically related and implicated in one or more outbreaks (Epidemic clones 

I-V) (Cheng et al., 2008). Recently it was found that we can differentiate two strain types 

within the same epidemic clone using single nucleotide polymorphisms in a prophage region 

of L. monocytogenes (Chen et al., 2008). 

1.5.3.1 Epidemic clone I (ECI) 

This group includes outbreaks in Nova Scotia (coleslaw, 1981), Massachusetts 

(pasteurized milk, 1983), California (Jalisco cheese, 1985), Switzerland (cheese, 1983-1987), 

Denmark (1985-1987), and France (pork tongue in jelly, 1992) (Kathariou 2003). Though the 

strains are genetically different, they have common characteristics specific to ECI strains.  

These include methylation of cytosines at GATC sites, a unique restriction fragment length 

polymorphism in a genomic region essential for low temperature (4oC) growth, (Zheng et al., 

1997; Kathariou, 2003) and genomic fragments that, based on substractive hybridization 

studies, appear to be unique to these strains (Herd et al., 2001).  The genome sequence of one 

of these strains (F2365, California outbreak) confirmed the presence of such genomic 

fragments (Nelson et al., 2004) and one of these fragments (“17B” ) can be used for PCR-

based detection of ECI strains (Chen et al., 2008).    
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1.5.3.2 Epidemic clone II (ECII) 

This clonal group is associated with strains from the 1998-1999 multistate outbreak of 

listeriosis involving hotdogs (CDC) and the 2002 multistate outbreak of listeriosis involving 

turkey deli meats (CDC). Subtyping studies using DNA-macroarrays and other DNA-based 

tools  showed the genetic relatedness between the isolates from the two outbreaks (Kathariou 

et al., 2006). The strains of these outbreaks represented ribotype and pulsed-field gel 

electrophoresis patterns not commonly encountered in previous surveys. Studies involving 

the ECII clonal group have shown characteristics specific to ECII strains, such as 

diversification in genomic region (region 18) which is usually conserved among other 4b 

serotype L. monocytogenes strains (Evans et al., 2004; Chen et al., 2008). Several genes and 

gene clusters unique to ECII strains were also revealed following the sequencing of one 

strain (H7858) from the 1998-1999 multistate outbreak in the USA (Nelson et al., 2004). 

1.5.3.3 Epidemic clone III (ECIII) 

This clonal group, unlike most other outbreaks, includes strains of serotype 1/2a. The 

strains of ECIII caused the 2000 multistate outbreak of listeriosis involving contaminated 

turkey deli meat products (CDC 2000). Interestingly, a strain of the same genotype as the 

2000 outbreak strain was isolated from a human clinical case associated with the 

consumption of contaminated turkey franks in 1988 (CDC 1989). The products from the 

2000 outbreak were produced in the same processing plant that was implicated in the 1988 

case, suggesting the persistence of the strain for at least 12 years without detectable 

genotypic changes (Kathariou 2003). Although the strain implicated in the 1988 case (F6854) 
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has been sequenced (Nelson et al., 2004) currently ECIII specific markers have not been 

identified.  This is indeed quiet challenging as the strain belongs to lineage II, which harbors 

more genetic diversity than lineage I (Brosch et al., 1994). 

1.5.3.4 Epidemic clone IV (ECIV) 

Initially this clonal group included serotype 4b strains associated with the 1979 

Boston outbreak correlated to contaminated vegetables, the 1983 Boston outbreak associated 

with milk, and the 1989 U. K. outbreak arising from contaminated pate. Based on close 

relatedness between the above outbreak strains, all having a common ribotype (DUP-1042B) 

and similarity in MLEE and RFLP profiles, as well as similarity to ECI strains, this clonal 

group was designated as ECIa (Chen et al., 2005). But sequence based studies showed a clear 

distinction between these strains and ECI strains and therefore these were designated into a 

clonal group which different from Epidemic clone IV (ECIV) (Chen at al., 2005; Ducey et 

al., 2007). The one exception was the strain involved in 1983 Boston outbreak associated 

with milk which harbored a different sequence type. ECIV strains lack RFLPs and cytosine 

methylation at GATC sites that are characterisitic of ECI strains (Zheng et al., 1995). Unique 

genetic and phenotypic features typical to ECIV have yet to be identified.  

1.5.3.5 Epidemic clone V (ECV) 

Serotype 4b strains involved in the 2000 outbreak of listeriosis linked to Mexican style 

cheese have been designated Epidemic Clone V (ECV) (MacDonald et al., 2005; Cheng et 

al., 2008). These strains show diversification in region 18, similar to ECII strains, and the 

genome content of this region is highly similar to that of ECII strains. Other genetic markers 
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specific to ECII are absent, but these strains harbor at least one of the genetic markers present 

in ECI strains. Sequence based studies showed unique nucleotide sequence polymorphism 

signatures not seen in other listeriosis outbreaks (Chen et al., 2007; Ducey et al., 2007). 

Specific genetic markers unique to this epidemic clonal group are yet to be identified.  

1.6 Ecology 

Listeria species, including L. monocytogenes, are ubiquitously distributed in the 

environment. They can be isolated from different environments such as sewage, vegetation, 

water, soil, animal feeds, farm environments and food-processing environments (Frances et 

al., 1991; Ryser et al., 1996; Rorvik et al., 1995; Pritchard et al., 1994). L. monocytogenes, in 

comparison with other non-spore forming bacteria, can survive longer under adverse 

environmental conditions (high salt concentrations, acid stress, and growth at a wide range of 

temperatures (1-45oC)). Its transmission pathways remain unclear. Though humans and 

animals come in frequent contact with L. monocytogenes, foodborne exposure seems to be 

the most common sources of infection, especially contaminated ready-to-eat foods (Hitchins 

et al., 2001). This may suggest that epidemic clones may not be host-adapted and are able to 

survive in various environments.  The environment of food processing plants is considered to 

play a key role in contamination of processed, ready-to-eat foods, and substantial evidence 

points to the ability of certain strains to colonize the processing plant environment and to 

persist there, frequently over extended periods of time (Kathariou, 2002; Kornacki et al., 

2007). Several large outbreaks have been caused by serotype 4b strains (which belong to 

lineage I). These outbreaks have been associated with poor hygiene in processing plants, as 
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appears to be the case with the 1985 Mexican-style soft- cheese outbreak in Los Angeles 

(Linnan et al., 1988; Wesley et al., 1991), or with persistence of the strains in processing 

environment for several years as, was the case for the 2000 multistate outbreak of listeriosis 

linked to consumption of deli-style sliced turkey. In this outbreak, it was reported that the 

strain (ECIII) persisted in the plant for more than 12 years, and also caused a human case 

earlier in 1988 associated with the consumption of hot dogs which were produced in the 

same plant (CDC 2000, Barnes et al., 1989). Studies also have shown the persistence of L. 

monocytogenes 4b strains that harbor ECI and ECII genetic markers in two turkey processing 

plants in the United States (Eiffert et al., 2005). This may suggest that food processing plants 

may be reservoirs for outbreak strains. At this time, we have limited knowledge about the 

transmission patterns of L. monocytogenes, more information is needed to define the 

importance of various environments as sources or reservoirs of epidemic strains of L. 

monocytogenes. 

1.7 Incidence of L. monocytogenes in different food processing plant environment 

 Listeriosis in humans has been well known to be associated with highly processed, 

cold stored, ready-to- eat (RTE) foods. Studies have suggested the environment of food 

processing plants to play a key role in the contamination of food especially in the post-

process contamination. Such studies have suggested the presence of Listeria spp in wide 

variety of processing plants such as dairy processing plants, meat processing plants, poultry, 

seafood, vegetable and fruit processing plants as well as egg processing plants (Kathariou, 

2002; Kornacki et al., 2007). 
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1.7.1 Dairy processing plants 

 Following large outbreaks of listeriosis involving dairy foods, the FDA started a 

Dairy Safety Initiative program in 1986 which included intensified surveillance of dairy 

plants. Several reports following this surveillance showed the presence of L. monocytogenes 

(2.6%) and L. innocua (0.48%) in dairy products from various milk pasteurization factories 

(Kornacki et al., 2007). Later in California, the Department of Food and Agriculture found 

overall 29.5% of Listeria spp. in the working environment of 46 milk processing facilities 

and of these 67.4% were positive for L. monocytogenes (Charlton et al., 1990). Studies in 30 

dairy processing plants in Vermont also showed that 35.3% of sites contained one or more 

species of Listeria (L. monocytogenes, L. innocua and L. seeligeri) (Pritchard et al., 1994). 

The same group also investigated 21 dairy processing plants and recovered Listeria spp. in 

21.2% of samples. Of 90.5% environmental samples positive for Listeria spp., 65% were L. 

monocytogenes (Pritchard et al., 1995). Several other investigators have also recovered L. 

monocytogenes and L. innocua from dairy processing environments (Walker et al., 1991; 

Kabuki et al., 2004). 

1.7.2 Meat processing plants 

 Various studies have reported recovery of Listeria spp. from the meat processing 

plant environment, starting with the USDA-FSIS testing program for Listeria in cooked and 

RTE meat products in 1987. Sampling of 2,300 environmental samples from 40 meat 

processing facilities revealed 21% of the samples positive for Listeria spp. Between 1987 and 

1991, USDA-FSIS further sampled over 15,000 processed meat products, with 235 products 
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(1.6%) testing positive for L. monocytogenes (Tompkin et al., 1992). A study in 2004 in two 

beef processing plants also showed the presence of Listeria spp and L. monocytogenes on 

cattle hides and environmental samples, and the investigators suggested that of L. 

monocytogenes on animal hides and in holding pens may facilitate carcass contamination 

(Rivera-Betancourt et al., 2004). A study by Ryser et al., (1996), reported Listeria spp and L. 

monocytogenes in approximately 50% of raw beef, pork and lamb retail samples in the 

United States (Ryser et al., 1996). 

1.7.3 Poultry processing plants 

 A substantial fraction (50%) of all raw poultry sold in United States contains 

various Listeria spp (Kornacki et al., 2007).  In chicken and turkey processing plants, L. 

monocytogenes prevalence increased during the latter stages of processing (Genigeorgis et al., 

1989; Genigeorgis et al., 1990; Hudson et al., 1989). Lawrence and Gilmour (1994) observed 

46% and 29% prevalence of Listeria spp. contamination in raw and cooked poultry 

processing environments, respectively. L. monocytogenes prevalence was 26% and 15% 

respectively (Lawrence et al., 1994).  

1.7.4 Seafood processing facilities 

Testing for L. monocytogenes in seafood started in 1987 after the FDA recovered L. 

monocytogenes in fresh frozen crabmeat. In a survey (480 environmental swab samples from 

17 seafood processing facilities) done by the Oregon Department of Agriculture, 4% and 

60% of samples were found positive for Listeria spp. and L. monocytogenes, respectively. 

Dauphin et al., (2001), surveyed three cold-smoked salmon processing plants and found 42% 
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of the samples positive for L. monocytogenes, with 64% and 84% of the salmon and 

environmental samples positive, respectively (Dauphin et al., 2001). Studies have shown 

contamination of RTE seafood during processing (Norton et al., 2001; Dorsa et al., 1993). 

Eklund et al., (1995) also detected L. innocua along with L. monocytogenes in cold-smoked 

fishery products and processing plants (Eklund et al., 1995). Several studies also targeted 

various RTE processing plants to investigate Listeria control strategies, the sources and 

dissemination patterns of L. monocytogenes (Lappi et al., 2004; Thimothe et al., 2004). 

Automated ribotyping using restriction enzymes EcoRI and PvuII was used for genotyping L. 

monocytogenes isolates obtained from salmon processing plants. Persistence of L. 

monocytogenes in the smoked fish processing environment and salmon production system 

was observed. Klaeboe et al., (2006), showed cross-contamination between slaughter and 

smoking operations as well as strains unique to specific operations also (Klaeboe et al., 2006; 

Hoffman et al., 2003). 

 Surveys of other products and processing environments have been done. Such 

surveys included egg processing plants (L. monocytogenes and L. innocua), vegetable and 

fruit processing (L. monocytogenes, L. seeligeri, L. welshimeri and L. innocua) and chocolate 

production facilities (Listeria spp and L. monocytogenes) (Cox et al., 1989; Aguado et al., 

2004).  

1.8 Strain subtyping studies 

 Listeriosis is a rare but severe disease. Sub typing helps us to discriminate L. 

monocytogenes beyond the species and sub species level. Apart from that, in epidemiological 
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studies sub typing helps us to identify disease outbreaks versus sporadic cases, the ultimate 

source of infection in outbreaks and also to better understand the relationship between L. 

monocytogenes isolates, and pathogen dissemination patterns in food processing plants. 

Subtyping methods can be phenotypic / conventional methods (serotyping, phage typing, 

antimicrobial susceptibility testing) or genotypic/ DNA based typing methods (multilocus 

enzyme electrophoresis, pulsed-field gel electrophoresis, restriction endonuclease analysis 

(including Southern blots and ribotyping), multilocus sequence typing, and microarrays.  

 The first documented food borne case of listeriosis happened in the Maritime 

Provinces of Canada. The outbreak involved 7 adult and 34 perinatal cases. The food 

involved in the outbreak was determined to be coleslaw contaminated with serotype 4b L. 

monocytogenes. This outbreak for the first time documented foodborne transmission of L. 

monocytogenes to humans (Schlech et al., 1983; Graves et al., 1994). Since that outbreak, 

various studies have been conducted in food processing plants and foods using different L. 

monocytogenes subtyping methods. Food isolates are predominantly of serotype 1/2a and 

1/2b, with serotype 4b in comparatively lower numbers, though 4b serotype predominates the 

clinical isolates (Huang et al., 2007;   Latorre et al., 2007; Shen et al., 2000).  

1.9 Subtyping of L. monocytogenes from foods 

 Huge number of studies has been conducted to characterize naturally occurring L. 

monocytogenes serotypes and strain types isolated from foods and processing environments 

(poultry, dairy, fish and meat). The studies described below are just a few examples of some 

of the findings. 
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1.9.1 Poultry processing plants 

Studies have shown the presence of different L. monocytogenes serotypes in poultry. 

Lopez et al., 2007, detected L. monocytogenes in 14 of the 26 different finished uncooked 

poultry products sampled and detected serotypes 1/2a, 4b, 1/2b and 1/2c in 68.8%, 15.6%, 

10.4% and 5.2% of the samples, respectively (Lopez et al., 2007).  The prevalence of L. 

monocytogenes contamination hanged from 7.3 to 17.4% in ready-to-eat products and raw 

products tested from Danish turkey processing plants (Ojeniyi et al., 2000). Sub typing using 

PCR-based serotyping, pulsed-field gel electrophoresis (PFGE) restriction analysis and PCR-

based allelic analysis of the virulence gene actA showed the  consistent introduction of one 

specific 4b strain from raw material (pork dewlap) in finished product samples for one 

poultry processing plant (Lopez et al., 2007).   The persistence of plant-specific serotype 4b 

strains has been reported in two turkey processing plants (Eifert et al., 1995).  Similar 

persistence has been found in poultry further processing plants (Berrang et al., 1995). 

1.9.2 Dairy 

 L. monocytogenes was detected in 9.4 and 2.7% of milk samples collected from 

farm and dairy production facilities, respectively. Subtyping using automated EcoRI 

ribotyping revealed distinct ribotypes and suggested that strains with each of these ribotypes 

persisted in their respective microenvironments over time. Only one ribotype was isolated 

from both areas (Ho et al., 2007). Repetitive element based PCR performed on L. 

monocytogenes isolates from bulk tank raw milk was shown to be useful for species 

identification and for discriminating between 1/2a and other serotypes of L. monocytogenes 



 

18 

(Van Kessel et al., 2005). Kabuki et al., 2004, compared the FDA and Biosynth L. 

monocytogenes detection system (LMDS) for isolation of L. monocytogenes from Mexican-

style fresh cheeses and found that the FDA method was more sensitive than the latter. They 

also used PCR-based allelic analysis of the virulence genes actA and hly and automated 

ribotyping for tracking contamination patterns (Kabuki et al., 2004). Sub-typing by 

serotyping and PFGE for strains isolated from  bulk milk from three Pacific Northwest states 

showed high prevalence of serotype 1/2a strains (49/55), followed by serotype 4b (6/55). No 

direct restriction enzyme digestion profile matches were found between bulk milk and 

clinical L. monocytogenes isolates collected by the Washington Department of Health 

(Muraoka et al., 2003). 

1.9.3 Ready-to-eat foods (RTE) 

Several studies of L. monocytogenes contamination in various RTE processing plants 

have been done to investigate control strategies as well as the sources and dissemination 

patterns of L. monocytogenes (Lappi et al., 2004; Thimothe et al., 2004). Lappi et al., (2004), 

found persistent strains which were responsible for finished product contamination. Gombas 

et al., (2003), surveyed various RTE foods in Maryland and Northern California. Seafood 

salads, smoked seafood, fresh soft cheese, bagged salad, deli salads, sliced luncheon meats 

were contaminated with L. monocytogenes at prevalence of 4.7%, 4.3%, 0.17%, 0.74%, 2.4% 

and 0.89%, respectively. The overall prevalence rate was 1.82% (Gombas et al., 2003). A 

similar study of the prevalence of Listeria spp. and L. monocytogenes contamination in RTE 

foods was done in Vienna, Austria. The prevalence of L. monocytogenes contamination were 
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as follows: fish and seafood (19.4%), raw meat sausages (6.3%), soft cheese (5.5%) and 

cooked meat products/pates (4.5%) (Wagner et al., 2007).  Felicio et al., (2007), reported a 

60% prevalence rate for L. monocytogenes isolation from alheiras, which are traditional 

smoked meat sausages produced in northern Portugal (Felicio et al., 2007). Latorre et al., 

(2007), showed the prevalence of three serotypes of L. monocytogenes in RTE foods (40.0% 

(1/2a), 17.1% (1/2b), and 14.3% (4b)) (Latorre et al., 2007). 

1.10 Heavy metals 

Persistence and colonization of L. monocytogenes strains in food processing plants 

plays a key role in the contamination of foods. The organism appears to adapt to exposure to 

new environments or stresses such as heavy metals, disinfectants, and sanitizers by 

developing resistance to these compounds. The presence of resistance mechanisms in 

bacteria to different toxic metal ions (such as Ag+, AsO2
-, Cd2+, Co2+, Cu2+, Hg2+, Ni2+, Pb2+, 

Zn2+) have been previously reported. Most bacteria use energy-dependent efflux systems to 

expel the toxic ions as rapidly as they accumulate (Silver et al., 1996). 

1.10.1 Cadmium 

Cadmium is a heavy metal, toxic to all life forms. Its extensive industrial use has 

caused the contamination of the environment, processing plants, food products and humans. 

This heavy metal blocks respiration and other metabolic processes in bacteria. Resistance to 

cadmium, along with arsenic, is used extensively for strain sub-typing in L. monocytogenes 

(McLaughlin et al., 1997; Harvey et al., 2001; Vaz-Velho et al., 2001).  
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1.10.1.1 Mechanism of cadmium resistance 

Like many other metal ions, cadmium is expelled from bacteria using an energy-

dependent efflux system. A cadmium efflux system especially prominent in Gram positive 

bacteria is associated with an operon consisting of two genes, cadA and cadC (Silver et al., 

1992, Nucifora et al., 1989, Lebrun et al., 1994, Liu et al., 1997, Schirawski et al., 2002). 

cadA encodes a membrane protein (CadA) of 727 amino acids, and cadC encodes a soluble 

protein (CadC) of 122 amino acids. 

 cadA is a P-type ATPase, which belongs to a family of related cation transport 

ATPase enzymes found in most life forms (plants, animals and microbes). But Endo et al., 

(1995), showed that in the Staphylococcus aureus plasmid pI258 CadC is the transcriptional 

regulatory protein of the cadmium resistance system (Endo et al., 1995). In S. aureus both 

plasmid (plasmids pI258 and plP983) (cadAC and cadB) and chromosomal-mediated 

cadmium resistance mechanisms were identified (Yoon et al., 1991, El solh et al., 1982, 

Witte et al., 1986).  Plasmid-mediated cadmium resistance genes cadA and cadB, 

homologous to cadA and cadC genes of S. aureus plasmid pI258, were identified in Bacillus 

firmus OF4 (Ivey et al., 1992). In the Gram-negative bacterium Alcaligenes eutrophus, the 

plasmid-borne czc operon provides cadmium resistance along with resistance to zinc and 

cobalt through a tri-component export pathway (Diels et al., 1995).  

CadA (P-type ATPase) is a major determinant for cadmium resistance of L. 

monocytogenes. CadA undergoes auto-phosphorylation at Asp398 during cadmium 

translocation across the membrane. Cadmium binding at transport sites of unphosphorylated 
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CadA is dependent on the concentration of cadmium present. Usage of CdATP as substrate 

of P-type ATPase in the absence of MgATP (actual substrate) by CadA is also noted (Wu et 

al., 2006). However, in the case of L. monocytogenes, there is diversity in the gene cassettes 

of the cadmium efflux system. Lebrun et al., (1992; 1994a, b), showed that the presence of 

the cadmium efflux system (cadAC) was associated with a transposon (Tn5422) frequently 

harbored by plasmids of varied sizes (Lebrun et al., 1992, Lebrun et al., 1994a, b). Later 

genome sequencing of strains associated with multi-state outbreaks revealed an unrelated (at 

the nucleotide sequence level) cadmium efflux system on  large (ca.80 kb) plasmids of L. 

monocytogenes H7858 and L. monocytogenes J0161 (Nelson et al., 2004; 

http://www.broad.mit.edu), and pLI100 of L. innocua CLIP 11262 (Glaser et al., 2001). 

Several other genome sequencing studies involving lactic acid bacteria (pAH82, pGdh442, 

pAG6, pNP40, pND859) also showed the presence of cadA and cadC on various large (> 

26kb) plasmids. Lastly, in strain EGD-e, a cadmium efflux system on the chromosome was 

detected (Glaser et al., 2001). Similar chromosome-associated cadmium efflux systems 

(cadAC) were seen in Streptococcus thermophilus 4134 and S. thermophilus CNRZ368 

(Pavlovic et al., 2004). Lateral gene transfer of the cadA gene between different bacteria may 

have caused the dissemination of cadmium resistance (Zhang et al., 2008; Schirawski et al., 

2002. 

1.10.2 Arsenic 

Arsenic is a heavy metal which is ubiquitous in nature and is a natural contaminant of 

groundwater (Messens et al., 2006). It is extensively used in industries for wood 
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preservation, glass production, nonferrous metal alloys and electronic semiconductor 

manufacturing (Hingston et al., 2001). It is also widely used in agriculture as insecticides for 

fruit trees, and as a weed killer. Organoarsenates under the trade name roxarsone are used in 

conventional and intensive poultry production systems to control coccidiosis caused by 

Eimeria tenella (Chapman et al., 2002).  

1.10.2.1 Mechanism of arsenic resistance 

An energy-dependent arsenic efflux encoded by operon ars is used by both Gram 

positive and Gram negative bacteria for arsenic resistance (Kaur et al., 1992). Homologous 

ars operons associated with plasmids and the chromosome have been found among different 

bacteria (Silver et al., 1996; Ordonez et al., 2005). The first arsenic resistance system studied 

in detail was that on plasmid R773 of E. coli (Chen et al., 1986), which had five arsenic 

resistance genes. Sequence analysis of ars operons has shown the presence of different 

numbers of genes, three genes (arsRBC) in Staphylococcus aureus plasmid pI258, S. aureus 

plasmid pSX267 (Gotz et al., 1983; Ji et al., 1992), Escherchia coli and Pseudomonas 

aeruginosa chromosome, and five genes (arsRDABC) in E. coli plasmid R773 (Chen et al., 

1986) and in Acidiphilium multivorum AIU 301 plasmid pKW301 (Figure 2). In addition, a 

four gene operon was found in Bacillus subtilis, Acidithiobacillus ferrooxidans and 

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

2). The ars operon genes encode different proteins starting with gene arsR, which encodes a 

117-amino acid regulatory protein (ArsR). ArsR is also a cytoplasmic polypeptide that acts as 

repressor of the ars operon, including its own synthesis. ArsD is a secondary regulator of ars 
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operon transcription. Arsenic ATPases are encoded by arsA, arsB and arsC. The gene arsA 

encodes ArsA, which is an arsenite and antimonite stimulated ATPase; ArsB is a membrane 

protein and ArsC is required for reduction of arsenate to arsenite which, is then expelled out 

of the cell. One more gene found in the ars operon of plasmid pYV of Yersina enterocolitica 

is arsH, which is necessary for arsenic resistance but not homologous to any other known ars 

genes (Neyt et al., 1997).   

In L. monocytogenes, a low prevalence of arsenic resistance has been reported among   

strains isolated from different sources. Mullapudi et al., (2008), detected the prevalence of 

arsenic resistance in 15% and 6% (4b and 1/2 serotype respectively) of strains isolated from 

environmental samples of turkey processing plants. Similarly McLauchlin et al., (1997), 

found 37% and 3% (4b and 1/2 serotype respectively) prevalence of arsenic resistance from 

food and clinical isolates. Furthermore none of the Listeria strains sequenced so far harbored 

arsenic resistance, and the listerial arsenic resistance determinants remain unidentified.   
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Figure 1.2 - Genes involved in arsenic resistance in different bacteria. Figure from Ordonez et al., 2005 
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1.10.3 Benzalkonium chloride (BC) 

BC is a quaternary ammonium compound widely used as an ingredient in 

disinfectants, eyewashes, hand and face washes, mouth washes, and spermicidal creams 

(Merianos et al., 1991; McDonnell et al., 1999).  Due to its non-toxic, non-corrosive and non-

staining attributes it is used in the formulation of cleaners and sanitizers in a variety of 

industries including dairy, slaughterhouses, breweries , food storage tanks, and milk storage 

tanks. Extensive use of BC may constitute a selective pressure for emergence of BC 

resistance in bacteria (Aase et al., 2000). This resistance may help in the successful 

establishment of L. monocytogenes in the processing plant leading to transfer into foods 

through post-processing contamination (Genigeorgis et al., 1989). BC resistance along with 

cadmium resistance was first seen in the strains implicated in the 1998-99 hotdog outbreak 

(Romanova et al., 2002). Similarly serotype 1/2a strains implicated in the 2001 turkey deli 

meats outbreak (Olsen et al., 2005) have been found to  BC-resistant (unpublished).  

1.10.3.1 Mechanism of BC resistance 

In L. monocytogenes, two efflux pumps have been described for resistance against 

different toxic compounds. The first multidrug efflux pump is a chromosomal gene mdrL 

associated with resistance to ethidium bromide, antibiotics (macrolides, cefotaxime) and 

heavy metals (Mata et al., 2000).  The second efflux pump is encoded by lde and is 

responsible for fluoroquinolone resistance and partially for resistance to acridine orange and 

ethidium bromide (Godreuil et al., 2003). 
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Studies involving L. monocytogenes strains isolated from different sources (foods, 

environment of cheese dairies, humans and wild birds) showed the presence of plasmid–

mediated multiple resistances toward BC, hexamidine disethionate, and ethidium bromide 

(Lemaitre et al., 1998). However, Mereghetti et al., (2000), did not see plasmid- mediated BC 

resistance even though all strains, regardless of BC resistance, carried mdrL (which encodes 

a multidrug efflux pump) and orfA (putative transcriptional repressor of mdrL). The well 

known multidrug resistance efflux pump encoding qacA amd smr (detected in 

Staphylococcus aureus) was not detected in Listeria, regardless of resistance to quaternary 

ammonium compounds, suggesting an intrinsic resistance due to modifications in the cell 

wall (Mereghetti et al., 2000). BC-induced broad resistance mechanisms based on proton 

motive force-driven efflux pumps (Aase et al., 2000).  Such efflux pumps are the major 

mechanism of adaptation to BC in originally sensitive strains. Different mechanisms were 

seen in originally resistant and sensitive strains for adaptation to BC based on cell surface 

antigens, efflux pump utilization and fatty acid profiles (To et al., 2002). The efflux pump 

encoded by mdrl is at least partly responsible for the adaptation to BC (Romanova et al., 

2006). Finally studies in our lab also identified a three-gene cassette responsible for BC 

resistance on pLM80 (plasmid associated with 1998-99 hotdog outbreak) along with 

cadmium resistance determinants (cadAcadC) (Elhanafi et al., 2007) 
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2 CHAPTER II - Heavy metal and benzalkonium chloride resistance of Listeria 

monocytogenes from the environment of turkey processing plants 

2.1 ABSTRACT 

Resistance of Listeria monocytogenes to cadmium and arsenic has been used 

extensively for strain subtyping. However, limited information is available on prevalence of 

such resistance among isolates from the environment of food processing plants. In addition, it 

is not known whether resistance of such isolates to heavy metals may correlate with 

resistance to quaternary ammonium compounds extensively used as disinfectants in the food 

processing industry. In this study, we characterized 192 L. monocytogenes isolates (123 

putative strains) from the environment of turkey processing plants in the United States for 

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

benzalkonium chloride (BC). Resistance to cadmium was significantly more prevalent 

among strains of serotype 1/2a (or 3a) and 1/2b (or 3b) (83% and 74%, respectively) than 

among strains of the serotype 4b complex (19%).  Resistance to BC was encountered among 

60% and 51% of the serotype 1/2a (or 3a) and 1/2b (or 3b) strains, respectively, and among 

7% of the strains of the serotype 4b complex. All BC resistant strains were also resistant to 

cadmium, although the reverse was not always the case.  In contrast, no correlation was 

found between BC resistance and resistance to arsenic, which overall was low (6%). Our 

findings suggest that the processing environment of turkey processing plants may constitute a 

reservoir for L. monocytogenes harboring resistance to cadmium and to BC, and raise the 
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possibility of common genetic elements or mechanisms mediating resistance to quaternary 

ammonium disinfectants and to cadmium in L. monocytogenes.  

2.2 INTRODUCTION 

 Listeria monocytogenes causes listeriosis, a relatively rare but serious foodborne 

disease with symptoms such as stillbirths or abortions, septicemia, meningitis or encephalitis. 

It has a high mortality rate (ca. 20%) for at risk populations which include pregnant women 

and their fetuses, neonates, and those who are elderly and immunocompromised (Painter et 

al., 2007). Strains of three serotypes (1/2a, 1/2b, and 4b) are associated with most human 

listeriosis cases. A substantial fraction of sporadic cases and the majority of foodborne 

outbreaks are due to serotype 4b strains (Kathariou 2002; Painter et al., 2007). However, 

strains of serotype 4b tend to be underrepresented in foods, and the majority of food isolates 

are of serotypes 1/2a or 1/2b (Huang et al., 2007; Latorre et al., 2007; Shen et al., 2006). The 

environment of food processing plants is considered to play a key role in contamination of 

processed, ready-to-eat foods, and substantial evidence points to the ability of certain strains 

to colonize the processing plant environment and to persist there, frequently over extended 

periods of time (Kathariou 2002; Kornacki et al., 2007).   

 Benzalkonium chloride (BC) and other quaternary ammonium compounds (QAC) are 

extensively used as disinfectants in the food processing industry (McDonnell et al., 1999; 

Merianos 1991). Frequent use of BC and other QACs in food processing plants may 

constitute a selective pressure for emergence and establishment of resistance to these 

compounds among L. monocytogenes isolates that successfully colonize the processing 
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plants, and that subsequently become transferred to foods through post-processing re-

contamination of the products. It would therefore be important to investigate resistance of L. 

monocytogenes from the food processing plant environment to BC and other QACs. Only a 

few studies, primarily in Europe, have investigated BC resistance in L. monocytogenes from 

the environment of food (primarily seafood) processing plants (Aase et al., 2000; Soumet et 

al., 2005). Thus, currently limited information is available on BC resistance in isolates from 

diverse types of processing plants, especially in the United States.   

Studies with L. monocytogenes isolates implicated in the 1998-99 hotdog outbreak in 

the United States (CDC, 1998) revealed that some of the isolates were resistant to BC 

(Romanova et al., 2002). Investigations in our laboratory have shown that BC resistant 

strains from this outbreak were also resistant to the heavy metal cadmium and that the 

resistance determinants were harbored on a large (ca.80 kb) plasmid (Elhanafi et al., 2007), 

identified through the genome sequencing of one of these strains, H7858 (Nelson et al., 

2004).  Resistance to heavy metals, especially cadmium and arsenic, has been extensively 

used for strain subtyping purposes in L. monocytogenes (Harvey et al., 2001; McLauchlin et 

al., 1997; Vaz-Velho et al., 2001) and cadmium resistance has been found to be associated 

with a transposon (Tn5422), commonly harbored on plasmids (Lebrun et al., 1992; Lebrun et 

al., 1994). However, no information has been available on possible associations between BC 

resistance and resistance to heavy metals in L. monocytogenes from the processing plant 

environment.  In this study, we investigated prevalence of resistance to BC, and to the heavy 
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metals cadmium and arsenic, among L. monocytogenes from the environment of several 

turkey processing plants in the United States. 

2.3 MATERIALS AND METHODS 

2.3.1 Bacteria and Growth Conditions 

The 192 L. monocytogenes isolates used in this study are from our laboratory’s Listeria 

strain collection and are listed by serotype in Supplemental Tables 2.1-2.3. Of the 192 

isolates, 80 were of serotype 1/2a (or 3a), 46 of 1/2b (or 3b), 13 of 1/2c (or 3c), and 53 of the 

serotype 4b complex (serotype 4b, 4d, 4e). Isolates were obtained between 2003 and 2006 as 

described (Eifert et al., 2005) from selective enrichments of environmental samples from six 

different turkey processing plants in the United States, with the majority being derived from 

three plants, A (n= 133), B (n=28) and C (n=14) (Tables 2.1 to 2.3). The description of the 

results of this survey regarding prevalence of L. monocytogenes (including different 

serotypes and genomic fingerprints) and other Listeria spp. in the plants throughout the 

survey period will be published elsewhere.  Serotype designations were determined by 

multiplex PCR as described earlier (Doumith et al., 2004), and the genotypic characterization 

of several isolates of the serotype 4b complex was earlier described (Eifert et al., 2005).  The 

serotyping scheme that was employed determined isolates as being of serotype 1/2a (or 3a), 

1/2b (or 3b), 1/2c (or 3c), or of the serotype 4b complex (4b, 4d and 4e) (Doumith et al., 

2004). 

Of these 192 isolates, 87 were derived from multiple (2-10) colonies obtained from 

selective enrichments of 18 different samples (Tables 2.1-2.3).  When isolates representing 
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multiple colonies from the same enrichment shared the same serotype and heavy metal and 

BC susceptibility profile, and, when known, the same genomic fingerprints based on pulsed-

field gel electrophoresis with AscI and ApaI done as described (Eifert et al., 2005), only one 

isolate was included to determine prevalence of resistance to BC, cadmium and arsenic. This 

was done in order to avoid possible bias stemming from inclusion of multiple isolates 

representing the same strain, and harboring the same susceptibility profiles. Thus, a total of 

123 strains, including 53 of serotype 1/2a (or 3a); 39 of 1/2b (or 3b); 27 of 4b complex; 4 of 

1/2c (or 3c), were used for evaluations of prevalence of resistance to cadmium, BC and 

arsenic (Tables 1-3). L. monocytogenes H7550, a cadmium and BC-resistant strain of 

serotype 4b from the 1998-1999 hot dog multi-state outbreak (CDC, 1998), and L. 

monocytogenes J1735, a cadmium and BC-susceptible strain of serotype 4b from the 2002 

turkey deli meat multi-state outbreak (CDC 2002), were used as positive and negative 

controls, respectively, for both cadmium and BC resistance. L. monocytogenes J2213 (arsenic 

resistant serotype 4b sporadic clinical isolate, 2002) was used as positive control for arsenic 

resistance.  These three strains were provided by the Centers for Disease Control and 

Prevention (Atlanta, GA) and were chosen based on previous results obtained from our 

laboratory.  Bacteria were routinely grown on blood agar plates containing 5% sheep blood 

(Remel, Lenexa, KS) at 37ºC for 36 h, and long-term storage was at -80ºC in brain heart 

infusion (Becton, Dickinson and Co., Sparks, MD) with 20% glycerol (Fisher Scientific, 

Fairlawn, NJ).   
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2.3.2 Determination of Heavy metal and Quaternary compound resistance 

A single colony (ca. 1-2 mm diameter) from a blood agar plate culture was suspended in 

100µl of tryptic soy broth (TSB) (Becton, Dickinson and Co.).  To determine resistance to 

cadmium, 3µl of the suspension was spotted in duplicate onto isosensitest agar (ISA) (Oxoid, 

Hampshire, England) (control), and ISA containing 70µg/ml cadmium chloride anhydrous 

(Sigma, St.louis, MO).  The medium and concentration were based on those employed by 

McLauchlin et al.  (75µg/ml of cadmium chloride monohydrate) (McLauchlin et al., 1997).  

For determination of resistance to arsenic, the cell suspension (3µl) was spotted in duplicate 

on ISA containing 500µg/ml sodium arsenite (Fluka, Buchs, Steinheim, Germany) 

(McLauchlin et al., 1997).  To determine resistance to BC, the cell suspensions were spotted 

in duplicate on Mueller Hinton agar (Mueller Hinton broth with 1.2% Bacto agar (Becton, 

Dickinson and Co.), containing 10µg/ml benzalkonium chloride (Acros, New Jersey) and 2% 

of defibrinated sheep blood (BBL, Sparks, MD).  This concentration of BC (10µg/ml) was 

selected after evaluating the minimal inhibitory concentrations for a panel of strains, 

including those reported to be BC-resistant and BC-susceptible following the protocol of 

Soumet et al. (Soumet et al., 2005).  Each plate contained the panel of test strains as well as 

the designated positive and negative control strains.  The plates were incubated at 37ºC for 

48 h, and the quantity of growth on the test plates was compared with that on the control ISA 

plates. 
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2.3.3 Statistical Analysis 

Statistical analysis was done using chi-square tests through SAS (version 9.1.3), (SAS 

Institute, Cary, North Carolina). 

2.4 Results 

Prevalence of resistance to BC, cadmium and arsenic was evaluated based on the data 

for the population of 123 strains, obtained following exclusion of isolates from multiple 

colonies from enrichments of the same sample and harboring the same serotype, 

susceptibility profile, and (when known) genomic fingerprint.  Resistance to cadmium and to 

BC was frequently encountered in this population, being detected in 81 (66 %) and 57 (46%), 

respectively, of the 123 strains.  In contrast, resistance to arsenic was much less common, 

being detected in only 7 (6%) of the strains (Fig.2.1). All 57 BC-resistant strains were also 

resistant to cadmium, although the reverse was not the case; 30% of the 81 cadmium-

resistant strains were susceptible to BC. Furthermore, all seven arsenic-resistant strains were 

also resistant to cadmium (but only one of the 7 was also resistant to BC). Thus, only one of 

the 123 strains was found to be resistant to all three compounds. 

2.4.1 Prevalence of resistance to BC, Cadmium and arsenic varies noticeably among 

serotypes 

Prevalence of L. monocytogenes with cadmium resistance was much higher in serotype 

1/2a (or 3a) (83%) and 1/2b (or 3b) (74%) than in the serotype 4b complex (19%) (p<0.0001)  

(Fig.2.1, Table 2.4). The prevalence of BC resistance was also significantly higher in strains 

of serotypes 1/2a (or 3a) and 1/2b (or 3b) (60% and 51%, respectively), than in those of the 
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serotype 4b complex (7%), with p<0.0002 for 1/2a (or 3a) vs. 4b complex and p<0.0013 for 

1/2b (or 3b) vs. 4b complex.  Simultaneous resistance to BC and cadmium was frequent 

among serotype 1/2a (or 3a) and 1/2b (or 3b) strains (60 and 51%, respectively), with all BC-

resistant organisms being also resistant to cadmium, as mentioned earlier.  Prevalence of 

strains resistant to cadmium but susceptible to BC was similar (ca. 23%) in serotype 1/2a (or 

3a) and 1/2b (or 3b) (Fig.2.1).   

In contrast to the results with resistance to cadmium and BC, resistance to arsenic was found 

more frequently in strains of the serotype 4b complex (15%) than in those of serotype 1/2a 

(or 3a) (6%) and 1/2b (or 3b) (not detected). The sole strain among the entire collection that 

was co-resistant to all three compounds (strain 1497) indeed belonged to the serotype 4b 

complex. Resistance to arsenic was encountered in only three of the 53 serotype 1/2a (or 3a) 

strains, and was not detected among any of the 39 strains of serotype 1/2b (or 3b) (Fig. 2.1, 

Table 2.4). 

2.4.2 Plant-specific prevalence of resistance to BC, cadmium and arsenic 

Even though L. monocytogenes isolates were obtained from six plants, the majority 

were derived from three (plants A, B, C) (Table 2.4).  Analysis of resistance prevalence data 

from these three plants revealed significant differences. Prevalence of BC resistance was 

higher among strains from plant A (69%) than among those from plants B and C (4% and 

14%, respectively) (p<0.0001 for A-B and p=0.0012 for A-C). Differences were noted in 

prevalence of resistance to cadmium (85, 29, and 21% in strains from plants A, B, and C, 

respectively) (p<0.0001).  Interestingly, arsenic resistance was found only among plant B 
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strains (14%) and among strains from some of the other plants, but not among any of the 

strains from plant A or C (Table 2.4).   

Prevalence of BC resistance among strains of the same serotype also varied 

noticeably among plants. BC resistance was more prevalent in serotype 1/2a (or 3a) and 1/2b 

(or 3b) strains from plant A (82% and 69%, respectively) than in strains of these serotypes 

obtained from other plants (excluding plants yielding <5 isolates).  Similar plant-specific 

effects were observed in prevalence of resistance to cadmium in serotype 1/2a (or 3a) and 

1/2b (or 3b) strains (Table 2.4).  This was especially pronounced in the case of serotype 1/2a 

(or 3a) strains from plant C, which were uniformly susceptible to cadmium, and constituted 

the majority (8/9) of the cadmium-susceptible strains of this serotype (the other one being a 

single strain from plant B) (Table 2.1). Similarly, cadmium resistance was noticeably lower 

in serotype 1/2b (or 3b) strains from plant B than those from plant A (p=.0018), and plant B 

isolates contributed to the majority (7/10) of the cadmium-susceptible strains of serotype 

1/2b (or 3b) (Table 2.4).   

Plant-specific trends in BC resistance were difficult to detect in strains of the serotype 

4b complex, due to low overall prevalence of BC resistance in these strains; only one strain 

from plant A (1/9) and one from plant B (1/16) were resistant to BC (Table 2.3). Resistance 

to cadmium was also overall low among strains of this serotype, regardless of the plant of 

origin. However, strains from plant B were more likely to be resistant to this heavy metal 

(25%) than those from plant A (11%) (Table 2.4).   
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None of the serotype 1/2a (or 3a) and 1/2b (or 3b) strains from plants A, B or C were 

resistant to arsenic. Arsenic-resistant strains of serotype 1/2a (or 3a) were only obtained from 

plant D (two of three strains) and plant E (one of two strains), but the small numbers of total 

strains from these plants compromises the ability to identify plant-specific trends. None of 

the serotype 1/2b (or 3b) isolates were resistant to arsenic, regardless of the plant of origin. A 

possible plant-specific contribution was identified in strains of the serotype 4b complex, 

since all four arsenic resistant strains of this serotype were derived from one facility (plant B) 

(Table 2.3). 

2.5 DISCUSSION 

Resistance to heavy metals (especially cadmium and arsenic) has been extensively 

employed as a strain subtyping tool for L. monocytogenes (Harvey et al., 2001; McLauchlin 

et al., 1997; Vaz-Velho et al., 2001) but the possible role of such resistance to the ecology of 

the bacterium in habitats of relevance to food contamination, e.g. the food processing 

environment and foods themselves, has remained elusive. Substantial attention has been 

directed to attributes that may contribute to the establishment and persistence of the pathogen 

in the environment of food processing plants, including (but not limited to) ability to form 

biofilms, to colonize surfaces, and to resist disinfectants (Karnacki et al., 2007). However, 

possible correlations between heavy metal resistance and disinfectant resistance in L. 

monocytogenes have not been recognized. The findings from this study provide, to our 

knowledge for the first time, strong evidence that in L. monocytogenes from the processing 

plant environment resistance to the quaternary ammonium disinfectant BC is strongly 
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correlated with resistance to the heavy metal, cadmium. Without exception, all isolates found 

to be BC resistant were also resistant to cadmium. However, ca. 30% of cadmium resistant 

strains lacked resistance to BC, suggesting that cadmium and BC resistance were not always 

linked.   

The molecular mechanisms responsible for BC resistance always being accompanied 

by resistance to cadmium remain unknown at this time. Genetic studies have shown that 

efflux systems mediating resistance to cadmium are associated with a transposable element 

(Tn5422), frequently harbored on plasmids (Lebrun et al., 1992; Lebrun et al., 1994a; Lebrun 

et al., 1994b). Genome sequencing studies have revealed additional cadmium efflux systems 

on plasmids pLM80 of L. monocytogenes H7858 (Nelson et al., 2004) and pLI100 of L. 

innocua CLIP 11262 (Glaser et al., 2001) and, in the case of L. monocytogenes strain EGDe, 

on the chromosome (Glaser et al., 2001). Preliminary studies in our laboratory suggest that 

BC resistance is also mediated by a plasmid-borne efflux system (Elhanafi et al., 2007), even 

though chromosomal genes involved in multidrug resistance have also been implicated in 

acquired resistance to this disinfectant (Mereghetti et al., 2000; Romanova et al., 2002). One 

may speculate that the strains characterized in the current study acquired BC resistance 

determinants in addition to pre-existing cadmium resistance plasmids.   Such plasmids have 

been identified before in L. monocytogenes, especially in serogroup 1/2 (Lebrun et al., 1992). 

Since selective pressure for BC resistance may be relatively recent, this may account for such 

resistance being always accompanied by the earlier acquired trait of resistance to cadmium.   
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In this study, resistance of L. monocytogenes to BC (51-60%) was significantly more 

prevalent than observed in previous studies (10% or lower) (Aase et al., 2000; Mereghetti et 

al., 2000). The high prevalence of BC resistance  and cadmium resistance (74-83%) observed 

in the current study in strains of serotype 1/2a (or 3a) and 1/2b (or 3b) is significant, 

considering that strains of these serotypes make a major contribution to the environmental L. 

monocytogenes burden in processing plants. Overall, serotype 1/2a (or 3a) and 1/2b (or 3b) 

were recovered from  48% and 39%, respectively, of the L. monocytogenes positive samples 

from the turkey processing plants  from which the strains investigated here were derived (R. 

M. Siletzky and S. Kathariou, unpublished findings). Similar predominance of strains with 

these serotypes from processing plant environmental samples has been reported by others as 

well (Lawrence et al., 1995; Ojeniyi et al., 1996; Soumet et al., 2005; Thevenot et al., 2005). 

Earlier studies also reported that resistance to cadmium in food and clinical strains of 

serotype 1/2a and 1/2b was significantly higher than in serotype 4b strains (McLauchlin et 

al., 1997).  

One may speculate that the lower prevalence of BC and cadmium resistance among 

the isolates of the serotype 4b complex that were investigated here may reflect the relatively 

low propensity of serotype 4b strains to harbor plasmids. Earlier studies indicated that 

plasmids were more common in serogroup l strains (35%) than in strains of serogroup 4 

(15%) (Lebrun et al., 1992). However, it must be kept in mind that at least two multistate 

outbreaks have involved serotype 4b strains with plasmid-borne cadmium resistance and, in 

the case of the 1998-99 strains, BC resistance as well (Elhanafi et al., 2007; Nelson et al., 
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2004). Thus, resistance to BC and cadmium, even though overall relatively rare in serotype 

4b, may still represent an important adaptation for strains implicated in food contamination 

and human illness.  

  Interestingly, our findings indicate that resistance to arsenic was more prevalent in 

strains of the serotype 4b complex than in other serotypes. Similar findings were reported 

with food and clinical strains in earlier studies (McLauchlin et al., 1997). Such findings 

suggest that serotype 4b strains may have a fitness advantage in habitats with arsenic 

contamination. It is noteworthy that, in addition to natural and industrial sites with heavy 

metal contamination, arsenic burden is also likely to be elevated in conventional, intensive 

poultry production systems due to the frequent administration of organoarsenates (e.g. 

roxarsone) as coccidiostatic agents (Chapman et al., 2002). This may represent a previously 

unrecognized selective pressure for serotype 4b strains in such environments, and is worthy 

of further investigations.     

Arsenic resistance was not encountered among any of the serotype 1/2b (or 3b) 

strains that we investigated, and in other studies it was also found to be rather rare in food 

and clinical strains of serotype 1/2b (McLauchlin et al., 1997). This is intriguing, considering 

the fact that 1/2b and 4b strains are members of the same evolutionary branch within L. 

monocytogenes (Kathariou, 2002; Wiedmann et al., 1997). Further studies are needed to 

identify possible barriers to acquisition of arsenic resistance determinants by strains of 

serotype 1/2b, and to characterize dissemination mechanisms for arsenic resistance in L. 

monocytogenes.    
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In this study, surveys of different plants suggested heterogeneity in prevalence of 

resistance to the compounds that were tested. For instance, serotype 1/2a (or 3a) strains from 

plant C were uniformly susceptible to BC and cadmium, and in fact were the major 

contributors to the average estimates for susceptibility to cadmium and BC among strains of 

this serotype. Accurate determinations of plant-specific impact on prevalence were 

compromised by the fact that the numbers of strains from the different plants were variable, 

and in several cases they were low (due to small numbers of L. monocytogenes-positive 

samples from some of the plants). Nonetheless, the current data suggest the importance of 

including strains from more than one plant, both for overall evaluations of resistance 

prevalence and for evaluations of resistance among strains of a specific serotype.   

Previously, a genotypic comparison of strains of the serotype 4b complex from two of the 

plants (plants A and B) revealed plant-specific strains (Eifert et al., 2005), and similar 

preliminary data have been obtained with serotype 1/2a (or 3a) and 1/2b (or 3b) strains (S. 

Mullapudi, R. M. Siletzky and S. Kathariou, unpublished results). The presence of plant-

specific strain types has also been reported in other studies, focusing on different types of 

processing plants (Giovannacci et al., 1999; Unnerstad et al., 1996). We are currently 

investigating the possible associations between resistance to BC, cadmium and arsenic and 

the apparent dissemination and persistence of the organism in the processing plant. In one 

earlier study, strains repeatedly isolated from foods were found to be more likely to be 

resistant to cadmium than sporadic strains (Harvey et al., 2001).   
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In conclusion, investigation of strains from turkey processing plants has revealed   a 

previously unidentified correlation between resistance to the quaternary ammonium 

disinfectant BC and to the heavy metal cadmium. Concurrent resistance to these agents was 

common in serogroup 1/2 strains from some plants, whereas resistance to arsenic was most 

commonly encountered in strains of the serotype 4b complex. Further studies are needed to 

characterize the underlying resistance mechanisms and to evaluate the possible impact of 

such resistance attributes on the ecology and adaptations of L. monocytogenes that 

contaminate the environment of these and other food processing plants. 
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Table 2.1 - Serotype 1/2a (or 3a) and 1/2c (or 3c) L. monocytogenes processing plant isolates 
investigated in this study  

Isolate          
Number2 Date 

 
Source (Plant) cadmium BC  arsenic 

 
1637 5/28/2003 Thigh cut-up area, drain (B) - - - 
86 9/24/2003 Floor (under worker) (A)  + + - 
175 9/24/2003 Drain (A) + - - 
538 9/24/2003 Floor (under worker) (A)  + - - 
777 9/24/2003 Floor drain (A)  + - - 
869 9/24/2003 Bin at product cutting area (A) + + - 
273 12/3/2003 Ground meat floor (A) + + - 
408 2/10/2004 Re-hang table (A) + + - 
432 2/10/2004 Thigh cut-up area, drain (A) + + - 
82 4/13/2004 Roast - drain (A) + - - 
84 4/13/2004 Ground meat floor (A) + + - 
459 4/13/2004 Chiller drain (A) + + - 
483 4/13/2004 Roast  drain (A) + + - 
513 4/13/2004 Ground meat floor (A) + + - 
521 4/13/2004 Thigh cut-up area, drain (A) + + - 
10 4/27/2004 Evisceration area, floor drain (C)  - - - 
90 6/15/2004 Chiller re-work table (A) + - - 
93 6/15/2004 Chiller drain (A) + + - 
162 6/15/2004 Roast drain (A) + + - 
165 6/15/2004 Ground meat floor (A) + + - 
170 6/15/2004 Thigh cut-up area, drain (A) + + - 
171 6/15/2004 Boots (A) + + - 
600 6/15/2004 Roast drain (A) + + - 
627 6/15/2004 Ground meat floor (A) + + - 
653 6/15/2004 Swab from boots (A) + + - 
#130 6/27/2004 Carcass - Fecal contam. before cleaning (C) + + - 
686 8/23/2004 Chiller drain (A) + + - 
720 8/23/2004 Roast drain (A) + + - 
740 8/23/2004 Ground meat floor (A) + + - 
754 8/23/2004 Thigh cut-up area, drain (A) + + - 
180 10/21/2004 Chiller rework table (A) + + - 
181 10/21/2004 Chiller floor drain (A) + + - 
*884(1) 10/21/2004 Chiller drain (A) + + - 
905 10/21/2004 Bone-cutting area, floor drain (A) + - - 
933 10/21/2004 Ground meat floor (A) + + - 
#961 10/21/2004 Thigh cut-up  area,  swab from boots (A) + + - 
*1559(2) 10/25/2004 Fecal sample from 3 turkeys (D) + - + 
*1566(2) 10/25/2004 Back cut-up (carcass halving) (D) + - + 
1096 12/14/2004 Ground meat floor (A) + + - 
*1732(1) 3/9/2005 First Chill Tank (E) + - + 
*1747(2) 3/9/2005 Cart/Forklift Wheels Near Skin Trim (E) + - - 
1171 4/5/2005 Ground meat floor (A) + + - 
*1178(1) 4/5/2005 Thigh cut-up area, boot swab (A) + + - 
 

Resistance to3 
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Table 2.1 Continued 
Isolate          
Number2 Date 

 
Source (Plant) cadmium BC  arsenic 

 
2506 4/12/2005 Cages - Live birds on truck (C) - - - 
2507 4/12/2005 Cages - Live birds on truck (C) - - - 
2508 4/12/2005 CO2 table, slide  and diverter area (C) - - - 
2659 4/12/2005 Evisceration area, floor drain (C) - - - 
2660 4/12/2005 Chiller 1 - entry end (C) - - - 
2661 4/12/2005 Carcass - Fecal contam. before cleaning(C) - - - 
2661 4/12/2005 Carcass - Fecal contam. before cleaning(C) - - - 
1845 5/18/2005 5 Skins (B) + - - 
1907 6/6/2005 Sponges of drains @ thigh trim/grind (D) + + - 
#2687 3/8/2006 Picker drain near drain exit-hock cutter - - - 
*2622(4) 3/29/2006 Condemned product, bone-cutting area (A)   + + - 
*2627(5) 3/29/2006 Re-hang drain (A) + - - 
*2647(9) 3/29/2006 Thigh cut-up area, drain (A) + + - 
#*2642(9)  3/29/2006 Thigh cut-up  area, drain (A) + + - 
      

 
1 Isolates were of serotype 1/2a (or 3a); only four samples yielded isolates of serotype 1/2c (or 3c), indicated by 
#. 
2 Samples from which multiple colonies were tested and found to have identical serotype and resistance profile 
are indicated by *; the number of additional colonies is shown in parentheses. For example, from sample 1566, 
two additional colonies were tested, with identical results. 
3 Resistant and susceptible isolates are designated by + and -, respectively  
 

Resistance to3 
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Table 2.2 Serotype 1/2b (or 3b) L. monocytogenes processing plant isolates investigated in this 
study 

Isolate 
Number1 Isolation 

Date Source cadmium BC 10 arsenic 
      
1491 8/5/2003 Empty bin cart after soak (B) - - - 
1492 8/5/2003 Hose at wall sink near chicken soak (B) - - - 
174 9/24/2003 Floor soapy / re-hang (A) + - - 
1104 9/24/2003 Drain sample (A) + + - 
1281 12/3/2003 Bone-cutting area, floor  drain (A) + - - 
1297 12/3/2003 Roast area (packaged turkey parts) (A) - - - 
1308 12/3/2003 Roast drain (pkg'd turkey parts) (A) + + - 
1282 12/3/2003 Bone-cutting area, floor  drain (A) + - - 
378 2/10/2004 Bone-cutting area, floor  drain (A) + + - 
1499 2/25/2004 Bin carts at re-hang after turkey soak (B) + - - 
78 4/13/2004 Chiller drain (A) + + - 
83 4/13/2004 Roast - drain (A) + + - 
463 4/13/2004 Chiller drain (A) + + - 
523 4/13/2004 Thigh drain (A) + - - 
27 4/27/2004 Chiller 3 - entry end (C) + - - 
1505 5/18/2004 Floor drain, end of evisceration (B) - - - 
1507 5/18/2004 Floor drain, chill tank exit (B) + - - 
95 6/15/2004 Chiller drain (A) + + - 
163 6/15/2004 Roast drain (A) + + - 
172 6/15/2004 Boots (A) + + - 
554 6/15/2004 Chiller drain (A) + + - 
597 6/15/2004 Roast drain (A) + + - 
677 8/23/2004 Chiller drain (A) + + - 
706 8/23/2004 Roast table (A) - - - 
715 8/23/2004 Roast drain (A) + + - 
731 8/23/2004 Re-hang catwalk (A) + - - 
179 10/21/2004 Chiller rework table (A) - - - 
854 10/21/2004 Live hanging sink (A) + + - 
1077 12/14/2004 Chiller drain (A) + + - 
197 12/16/2004 Evisceration floor drain (C) + + - 
1629 1/18/2005 Gloves/Armbands (7) (B) - - - 
1633 1/18/2005 End of soaker (B) - - - 
1661 2/28/2005 Beginning of evisceration (B) - - - 
1134 4/5/2005 Roast drain (A) + + - 
1181 4/5/2005 Thigh boots (A) + + - 
1830 5/18/2005 Turkey carcasses (3), chill tank (B) + - - 
2220 9/8/2005 Hose from drip tray, de-feathering exit (B) - - - 
*2405(4) 10/13/2005 Floor drain - kill floor (F) + + - 
*2629(3) 3/29/2006 Re-hang drain (A) + + - 

 
 

 

Resistance to3 
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Table 2.2 Continued 
 
1 Samples from which multiple colonies were tested and found to have identical serotype and resistance profile 
are indicated by *; the number of additional colonies is shown in parentheses.  For example, from sample 2405, 
four additional colonies have been tested with identical results. 
2 Resistant and susceptible isolates are designated by + and -, respectively  



 

75 

Table 2.3 Serotype 4b complex L. monocytogenes processing plant isolates investigated in this 
study 

Isolate 
Number1 

Alternate 
ID2 

Isolation 
Date Source cadmium BC 10 arsenic 

       
1493 L0226 8/5/2003 Overhead pipe and drip shield (B) - - - 

1494 L0228 8/5/2003 
Rinse of 5 raw turkey drumsticks 
(B) + - + 

1106  9/24/2003 Drain sample (A) - - - 
*529(3) 18-1a 9/24/2003 Floor (under worker) (A) - - - 
1117 34-6a 9/24/2003 Drain sample (A) + + - 

1495 L0315 10/2/2003 
Sample of floor near wall and soak 
tank(B) - - - 

1496 L0327 10/2/2003 Sponge of post chill carcasses (B) - - - 
1497 L0328 10/2/2003 Air conditioning unit (B) + + + 
*1277(1) 82a-2 12/3/2003 Bone-cutting area, floor drain (A) - - - 
*377(3) 128b-1 2/10/2004 Bone-cutting area, floor drain (A) - - - 
1498 L0603 2/25/2004 Near first turkey dip tank (B) - - - 
1500 L0616 2/25/2004 Rinse of 6 thighs post-chiller (B) + - + 
1501 L0617 2/25/2004 Ground turkey (B) + - + 

1503 L0623 2/25/2004 
Yellow ladder #14 at turkey dip tank 
(B) - - - 

*80(1) #171A 4/13/2004 Roast - drain (A) - - - 
1506 L0704 5/18/2004 Sink and hose (B) - - - 
1513 L0719 5/18/2004 Floor, next to hose (B) - - - 

1514 L0720 5/18/2004 
Floor drain, next to salting station 
(B) - - - 

1516 L0724 5/18/2004 Bin by salter (B) - - - 

1548  8/19/2004 
Empty bin cart @turkey chill 
entrance (B) - - - 

1549  8/19/2004 Mats @ turkey soak re-hang (B) - - - 
1550  8/19/2004 Liver cut up table (B) - - - 

*184(9)  
10/21/200
4 Bone-cutting area, floor drain (A) - - - 

1157  4/5/2005 Re-hang drain (A) - - - 
2509  4/12/2005 Cage dumper slide (C) - - - 

2688  
11/29/200
5 Re-hang conveyor -exit end (C) - - - 

*2616(9)  3/29/2006 Chiller re-work table (A) - - - 
1 Samples from which multiple colonies were tested and found to have identical serotype and resistance profile 
are indicated by *; the number of additional colonies is shown in parentheses.  For example, from sample 184, 
nine additional colonies have been tested with identical results. 
2 Alternative designations refer to those used earlier (6).  
3  Resistant and susceptible isolates are designated by + and -, respectively.

Resistance to3 
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Table 2.4 Prevalence of resistance to cadmium, benzalkonium chloride, and arsenic in isolates of L. monocytogenes of different serotypes, 
and from different turkey processing plants1 

  
Serotype 1/2a, 3a 

Resistant to 
Serotype 1/2b, 3b 

Resistant to 
Serotype 4b 
Resistant to 

Serotype 1/2c, 3c 
Resistant to 

Total 
Resistant to 

Plant Cd BC As Cd BC As Cd BC As Cd BC As Cd BC As 
                          

A (n=75) 38/38 31/38 0/38 23/26 18/26 0/26 1/9 1/9 0/9 2/2 2/2 0/2 64/75 52/75 1/75 
  100% 82% 0% 88% 69% 0% 11% 11% 0% 100% 100% 0% 85% 69% 1% 
                          

B (n=28) ½ 0/2 0/2 3/10 0/10 0/10 4/16 1/16 4/16 NA NA NA 8/28 1/28 4/28 
  50% 0% 0% 30% 0% 0% 25% 6% 25%      29% 4% 14% 
                          

C (n=14) 0/8 0/8 0/8 2/2 1/2 0/2 0/2 0/2 0/2 1/2 1/2 0/2 3/14 2/14 0/14 
  0% 0% 0% 100% 50% 0% 0% 0% 0% 50% 50% 0% 21% 14% 0% 
                          

D-F(n=6) 5/6 1/6 3/6 1/6 1/6 0/6 NA NA NA NA NA NA 6/6 2/6 3/6 
  83% 17% 50%  17% 17% 0%            100% 33% 50% 
                          

Total 44/53 32/53 3/53 29/39 20/39 0/39 5/27 2/27 4/27 3/4 3/4 0/4 81/123 57/123 7/123 
(n=123) 83% 60% 6% 74% 51% 0% 19% 7% 15% 75% 75% 0% 66% 46% 6% 

 

1 Cd, BC, As refer to cadmium, benzalkonium chloride, and arsenic, respectively; NA (not applicable), no isolates of the indicated serotype were available from 
the Indicated processing plant.  
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Figure 2.1 - Prevalence of resistance to cadmium, benzalkonium chloride (BC) and arsenic among isolates of L. monocytogenes of 
different serotypes from the environment of turkey processing plant
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3 CHAPTER III - Prevalence of genetically distinct cadmium resistance 
determinants in Listeria monocytogenes from the environment of turkey processing 
plants 

3.1 ABSTRACT 

Our studies have revealed a high prevalence of resistance to the quaternary ammonium 

disinfectant benzalkonium chloride (BC) among L. monocytogenes strains of serotype 1/2a 

(or 3a) and serotype 1/2b (or 3b) originating from the environment of turkey processing 

plants. Furthermore, all BC-resistant strains were also resistant to the heavy metal cadmium, 

although the reverse was always not the case. The three most recent multistate outbreaks of 

listeriosis in the United States (1998-99 hot dog outbreak, and outbreaks in  2001  and 2002)  

have involved cadmium resistant strains, two  of which (implicated in the 1998-99 and 2001 

outbreaks) were resistance to BC as well. Resistance to cadmium and arsenic has frequently 

been used as a subtyping tool for L. monocytogenes, but limited information is available on 

resistance determinants harbored by isolates from the food processing environment.  In this 

study, we evaluated the prevalence of the three different cadmium resistance cadA 

determinants identified to date in L. monocytogenes: cadA1 (associated with Tn5422),  cadA2 

(associated with plasmid pLM80, identified in the 1998-99 outbreak strain) (c), cadA3 

(associated with the integrated conjugative element (ICE) of L. monocytogenes EGD-e). We 

characterized 81 cadmium-resistant L. monocytogenes strains that were isolated between 

2002 and 2005 from turkey processing plants in the United States. Hybridizations of EcoRI-

digested genomic DNA with cadA1, cadA2 and cadA3 showed tat 38 (47%) of the 81 strains 
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harbored exclusively cadA1 whereas 16 strains (20%) harbored exclusively cadA2. 

Interestingly, 23 strains (28%) harbored both cadA1 and cadA2. Only three strains showed 

weak signals with cadA3, and these strains also hybridized strongly with cadA1. 

Interestingly, cadA2 prevalence was higher among cadmium resistant strains that were also 

BC-resistant than among cadmium resistant but BC-susceptible strains of the same serotype.  

In conclusion, our investigation showed the presence of two genetically distinct cadmium 

resistance cadA determinants, which are separately or in combination, among cadmium-

resistant L. monocytogenes strains. Further studies need to be performed on the prevalence of 

the different determinants, and their possible role in the ecology and evolution of L. 

monocytogenes in the turkey processing plant environment. 

3.2 INTRODUCTION 

Listeria monocytogenes is a Gam-positive, facultatively intracellular pathogen 

responsible for relatively rare but severe illness (listeriosis). Listeriosis has a high mortality 

rate (ca. 20%) and is characterized by symptoms such as septicemia, meningitis and 

abortions. At particular risk are pregnant women and their fetuses, neonates, the 

immunocompromised and the elderly (Painter et al., 2007).   Listeriosis is commonly 

foodborne and frequently implicated vehicles include ready-to-eat, highly processed foods, 

especially those typically stored at refrigerated temperature.  Contaminated commodities 

such as hot dogs, turkey deli meats, other specialty meats, and soft cheeses have been 
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responsible for several outbreaks in the United States and elsewhere (Kathariou et al., 2002; 

Painter et al., 2007; Liu, 2008). 

The environment of food processing plants is the major contributor to L. 

monocytogenes contamination of ready-to-eat, processed foods. The bacterium can survive in 

the processing plant environment for long periods of time.   Biofilm formation, resistance to 

disinfectants, growth at low temperature,  resistance to Listeria-specific phages, and other 

attributes may contribute to Listeria’s prevalence and persistence in the food processing 

environments (Kornacki et al., 2007; Borucki et al., 2003).    

Recently, we showed that resistance to the quaternary ammonium disinfectant 

benzalkonium chloride (BC) was highly prevalent among L. monocytogenes strains of 

serotype 1/2a (or 3a) and serotype 1/2b (or 3b) isolated from turkey processing plants.  BC 

resistance was encountered in 60% and 51% of strains of serotype 1/2a (or 3a) and serotype 

1/2b (or 3b), respectively (Mullapudi et al., 2008). Furthermore, all BC-resistant strains were 

also resistant to the heavy metal cadmium, although the opposite did not hold true; 23% of 

the cadmium resistant strains were susceptible to BC (Mullapudi et al., 2008). 

   The three most recent multistate outbreaks of listeriosis in the United States (1998-

99 hot dog outbreak, and outbreaks in 2001 and 2002, both involving turkey deli meats) have 

involved cadmium resistant strains.  In two of these outbreaks (1998-99 and 2001) the 

bacteria were resistant not only to cadmium but to BC as well (S. Kathariou and R. M. 

Siletzky, unpublished).   This, along with the recently observed association between BC 
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resistance and resistance to cadmium among the isolates from the turkey processing plants 

(Mullapudi et al., 2008), and an earlier description of associations between cadmium 

resistance and strain persistence (Harvey et al., 2001) suggest that cadmium resistance of L. 

monocytogenes may be of public health and food safety relevance. From this perspective, it 

would be important to understand the molecular basis of cadmium resistance in this 

organism. 

Earlier studies of cadmium resistance in L. monocytogenes indicated that for the vast 

majority (95.3%) of resistant strains, resistance was plasmid associated and that the 

resistance determinants (cadA and cadC) were harbored on a transposable element, Tn5422 

(Lebrun et al., 1992, Lebrun et al., 1994 a,b).  Tn5422-associated cadAcadC was highly 

homologous to cadA and cadC from the Staphylococcus plasmid pIP501 (Nucifora et al., 

1989; Lebrun et al., 1994).  However, sequencing of the genome of the epidemic L. 

monocytogenes strains H7858 (1998-99 hotdog outbreak, serotype 4b) and L. monocytogenes 

J0161 (2001 turkey deli meats outbreak, serotype 1/2a) revealed that the cadmium resistance 

determinants cadAcadC  were unrelated at the nucleotide sequence level from those harbored 

by Tn5422, even though the deduced polypeptides were similar.  In both strains, the 

cadmium resistance cassettes were harbored on large (ca. 80 kb) plasmids which also 

harbored genes for resistance to BC (Nelson et al., 2004; Elhanafi et al., 2007; 

http://www.broad.mit.edu).  Still, a third type of cadAcadC cassette has been identified 

through genome sequencing of L. monocytogenes EGD-e (serotype 1/2a), which is resistant 
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to cadmium but not to BC.  In contrast to the other two gene cassettes, this was harbored on 

the chromosome as a component of an integrated conjugative element (ICE) (Glaser et al., 

2001). 

Although resistance to cadmium has frequently been used as a subtyping tool in L. 

monocytogenes (Harvey et al., 2001; McLauchlin et al., 1997; Vaz-Velho et al., 2001), 

limited information is available on cadmium resistance determinants harbored by isolates 

from the food processing plant environment. Environmental isolates had limited 

representation among those found to harbor Tn5422-associated cadAcadC (Lebrun et al., 

1994a,b).  Furthermore, those isolates were primarily from Europe.  It is not known whether 

isolates from recent surveys of food processing plant environments in other regions harbor 

the same determinants, or, for instance, determinants such as those described above and 

identified through the genome sequencing projects of L. monocytogenes strains EGD-e and 

H7858 (Glaser et al., 2001; Nelson et al., 2004).   

In this study, we evaluated the prevalence of the three different cadmium resistance 

cadA determinants identified to date in L. monocytogenes (associated with Tn5422, pLM80, 

and ICE in L. monocytogenes EGD-e, respectively) among 81 cadmium-resistant L. 

monocytogenes strains (57 of which were also resistant to BC).    
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3.3 MATERIALS AND METHODS 

3.3.1 Bacterial strains and growth conditions 

The cadmium resistant strains characterized in this study were a subset of a library of 

123 strains isolated from turkey processing plants in the United States between 2002 and 

2005, are described previously (Mullapudi et al., 2008).  All 81 strains of this collection 

which were confirmed be resistant to cadmium were included in the current study 

(Appendix-Table 6.4).  This included 44 strains of serotype 1/2a (or 3a); 29 of 1/2b (or 3b); 

five of the serotype 4b complex (4b and the closely related serotypes 4d and 4e); and three of 

1/2c (or 3c). L. monocytogenes (BUG 912, H7550 and EGDe ) were used as reference strains 

for cadA associated with Tn5422, pLM80, and ICE, respectively.  The cultures were 

typically grown on tryptic soy agar containing 5% sheep blood (Remel, Lenexa, KS) at 37ºC 

for 48 h. 

3.3.2 DNA extractions and polymerase chain reaction (PCR) 

DNA was extracted using the DNeasy tissue kit (Qiagen, Valencia, CA) following the 

protocol of the manufacturer.   The concentration of DNA was adjusted to 50 ng/µl in AE 

buffer (QIAGEN, Valencia, CA) using SmartSpecTM 3000 at 260nm (Biorad, CA). Primers 

were designed using Primer3 (http://fokker.wi.mit.edu/primer3/input.htm) software based on 

the sequences of cadA genes found in Tn5422, pLM80,, and EGDe (Table 1) and were 

purchased from Operon Biotechnologies, Inc. (Huntsville, AL).  The cadA sequences from 

Tn5422, pLM80, and L. monocytogenes EGD-e are heretofore referred to as cadA1, cadA2, 
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and cadA3, respectively.  For PCR we used Ex Taq™ polymerase, 10X buffer and dNTPs 

(Takara, Madison, WI) as suggested by the vendor.  PCR included a denaturing step of 95oC 

for 5 , then 30 cycles each of 95 oC for 1 min, 52 oC for 1 min (55 oC when using the cadA-

Tn5422 primers), and 72 oC for 1 min. A final elongation step was done at 72 oC for 10 min. 

Products were electrophoresed on a 1% (wt/vol) agarose gel in 1X Tris-borate-EDTA buffer.    

3.3.3 Southern blots and dot blot hybridization 

To develop probes for DNA hybridizations cadA fragments were amplified by PCR 

using as template genomic DNA of L. monocytogenes H7550 (1998 Multistate outbreak 

strain), BUG 912 (Lm 106) (Lebrun et al., 1994) and EGDe (Glaser et al., 2001) strains. The 

PCR products were purified using (QIAGEN, Valencia, CA) and labeled with (Roche, 

Indianapolis, IN) following the manufacturer’s instructions. Southern blotting of genomic 

DNAs digested with EcoRI (New England Biolabs) was done as previously described 

(Yildirim et al., 2004). DNA was fixed by crosslinking with a UV Stratalinker 1800 

(Stratagene) using the default setting. The membrane was then washed with 6X SSC (once) 

and air dried on Whatman paper. Hybridizations and signal detection were as described for 

Southern blots (Yildirim et al., 2004). Multiple-strain hybridizations employed an arrayed 

format as described (Herd et al., 2001).  In this way genomic DNA (30 µl, 50 ng/µl) was 

mixed with 30 µl DMSO in individual wells of a 96-well plate (GeneMate, Kaysville UT). A 

multi-blot replicator (V&P Scientific, Inc.) was used to spot the genomic DNA mixture onto 

nylon membranes (Osmonics Inc, Minnetonka, MN). DNA was denatured for 15 minutes by 
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placing the membrane on four layers of Whatman paper soaked with denaturing solution (1.5 

M NaCl and 0.5 M NaOH). For neutralization, the membranes were dipped in 6X SSC 

(twice) and 1X SSC (once), sequentially.  DNA was fixed by crosslinking with a UV 

Stratalinker 1800 (Stratagene) using the default setting. Hybridizations and signal detection 

were as described for Southern blots (Yildirim et al., 2004).  

3.4 RESULTS 

All strains were first examined for the presence of cadA1, cadA2, and cadA3, 

corresponding to cadA from Tn5422, pLM80, and L. monocytogenes EGD-e, respectively, by 

PCR.   To address ambiguous PCR results (mostly consisting of weak products obtained 

from certain strains), multiple total-DNA hybridizations were employed.  However, these 

hybridizations also yielded ambiguous results with certain strains, primarily associated with 

high background.  Therefore, Southern blot hybridizations were utilized for confirmation 

of the presence of the putative genes, in all strains tested.  The results reported here are based 

on these Southern blot hybridization data.  

Hybridizations of EcoRI-digested genomic DNAs with cadA1 and cadA2 showed that 

38 (47%) of the 81 strains harbored cadA1 whereas 16 strains (20%) harbored cadA2 (Fig. 

3.1).   Interestingly, 23 strains (28%) harbored both cadA1 and cadA2 (Southern blots with 

representative strains are shown in Fig. 3.2).  The simultaneous presence of cadA1 and cadA2 

in these strains was confirmed by PCR and DNA array hybridizations (data not shown).  Four 

strains failed to hybridize with either cadA1 or cadA2 (Fig. 3.1).  None of the strains yielded 



   

86 

 

clear hybridization signals with cadA3.  Weak signals with cadA3 were observed in three 

strains, which also hybridized strongly with cadA1 (data not shown).   

3.4.1 Prevalence of cadA1 and cadA2 by serotype 

Strains possessing only cadA1 were noticeably more frequent among those of 

serotype 1/2a (or 3a) (68%), versus serotype 1/2b (or 3b) (21%) (Fig. 3.1). In contrast, strains 

harboring only cadA2 were more prevalent among those of serotype 1/2b (or 3b) than among 

those of serotype 1/2a (or 3a) (38% and 7%, respectively). The prevalence of strains with 

both cadA1 and cadA2 determinants was significantly higher among serotype 1/2b (or 3b) 

strains (41%) than among those of serotype 1/2a (or 3a) (25%). The numbers of available 

cadmium resistant strains of serotype 1/2c (or 3c) and of the serotype 4b complex were too 

small (three and five, respectively) for investigation of serotype-specific trends in the 

prevalence of cadA1 or cadA2 determinants.  None of these strains hybridized with both 

cadA1 and cadA2. Two of the three serotype 1/2c (or 3c) strains harbored only cadA1, 

whereas cadA2 alone was detected in one strain of the serotype 4b complex. The cadA1 gene 

was not detected among any of the five strains of the serotype 4b complex (Fig. 3.1).  

Interestingly, the four cadmium resistant strains (all resistant to arsenic with one showing BC 

resistance as well) that did not hybridize to either cadA1 or cadA2 were all of the serotype 4b 

complex (Fig. 3.1) and were also negative for cadA3 (data not shown).  
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3.4.2 Prevalence of cadA1 and cadA2 differs between cadmium resistant, BC-

suspectible and cadmium resistant, BC-resistant strains 

As mentioned earlier, a subset (57/81, ca. 70%) of the cadmium resistant strains were 

also resistant to BC (Mullapudi et al., 2008) (Appendix 6.4).  Among the cadmium resistant 

strains that we investigated, BC resistance was encountered in 32/44 (73%) of the serotype 

1/2a (or 3a) strains and in 20/29 (70%) of those of serotype 1/2b (or 3b) (Appendix 6.4).  

Strains that were cadmium resistant and BC susceptible (CdrBCs) tended to possess the 

cadmium resistance determinant cadA1 (75%) and were never found to hybridize with both 

cadA1 and cadA2.  Only 12% of these strains harbored cadA2 (Fig. 3.1).  However, strains 

that were both cadmium and BC resistant (CdrBCr) were found to harbor cadA1 alone (35%) 

or cadA2 alone (23%), but most frequently contained both determinants (40%).  Thus, 63% 

of the strains that were resistant both to cadmium and to BC harbored cadA2, either alone or 

in combination with cadA1 (Fig. 3.1).  The findings clearly showed that strains that harbored 

both cadA1 and cadA2 were always resistant to both cadmium and BC (although the reverse 

was not the case) (Fig. 3.1).  Of the four strains that failed to hybridize with either of these 

two determinants, three were CdrBCs strains of the serotype 4b complex (Fig. 3.1).   

 Within the CdrBCr phenotypic class, the prevalence of each of the determinants 

varied noticeably between serotype 1/2a (or 3a) and 1/2b (or 3b) strains (Table 3.2).  The 

presence of cadA1 alone (i.e. in absence of cadA2) was detected in 18/32 (56%) strains of 

serotype 1/2a (or 3a) but in none of the 20 tested strains of serotype 1/2b (or 3b).  On the 
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other hand, the prevalence of cadA2 alone (i.e. in absence of cadA1) was lower among 

serotype 1/2a or 3a) strain (3/32, 9%) than among serotype 1/2b (or 3b) strains (8/20, 40%).  

Simultaneous presence of cadA1 and cadA2 was also more frequent among strains of 

serotype 1/2b (or 3b) than among those of serotype 1/2a (or 3a) (Table 3.2).   The higher 

prevalence of cadA1 among serotype 1/2a (or 3a) strains and of cadA2 among serotype 1/2b 

(or 3b) strains was also observed when strains of the CdrBCs phenotypic class were 

examined.  In this case cadA1 was detected in all 12 of the serotype 1/2a (or 3a) strains, 

whereas all three strains found to harbor cadA2 were of serotype 1/2b (or 3b) (Table 3.2).   

3.4.3 Cadmium determinants also varied by plants 

In plant A, the cadmium determinant prevalent was either cadA1 (45%) or both cadA1 

and cadA2 (34%) followed by cadA2 (20%).  But for the eight strains obtained from plant B, 

four had cadA1 (50%) and the other four failed to hybridize to either determinant. Plants C 

and D(3 strains each), had either cadA1 or cadA2, but not both. Two strains from plant E had 

cadA1. Plant F (only one strain) had both cadA1 and cadA2. All the strains hybridizing with 

both determinants (cadA1 and cadA2) came from only plant A in both 1/2a (or 3a) and 1/2b 

(or 3b) serotype (formed two clusters and 4 clusters respectively) (S. Mullapudi, R. M. 

Siletzky and S. Kathariou, unpublished results) except for one strain from plant F also had 

both determinants. 
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3.5 DISCUSSION  

In L. monocytogenes, three genetically distinct cadmium resistance determinants have 

been identified, associated with Tn5422, harbored on plasmid pLM80, and integrated in the 

chromosome of L. monocytogenes EGDe (Lebrun et al., 1994; Nelson et al., 2004; Glaser et 

al., 2001).  In each case, these resistance systems consist of two genes, cadA and cadC, the 

products of which mediate the efflux of cadmium.  The cadA determinats corresponding to 

the cadA component of each of the three systems have been designated in the study as cadA1, 

cadA2, and cadA3, respectively.   

In the strains characterized, cadA1 was found most frequently (61/81, 75%) and was 

often (38/81, 47%), the only cadmium resistance determinant detected.    Strains possessing 

both cadA1 and cadA2 formed the second largest sub-population; these strains were always 

resistant to both cadmium and BC (CdrBCr). In L. monocytogenes, BC resistance is mediated 

by a plasmid-borne efflux system (Nelson et al., 2004; Elhanafi et al., 2007), even though 

chromosomal genes have also been implicated (Romonova et al., 2002; Mereghetti et al., 

2000).  The BC resistance gene cassette is harbored by the same plasmids (e.g. pLM80) that 

harbor cadA (“cadA2”) and cadC in L. monocytogenes strains H7858 and J0161 (Nelson et 

al., 2004; Elhanafi et al., 2007; http://www.broad.mit.edu).   Interestingly, Southern blot and 

other assays (PCR, total genomic DNA hybridizations in the array format) failed to provide 

unambiguous evidence for the presence of cadA3 in any of the strains that were tested.  The 

cadA (“cadA3”) cadC genes in L. monocytogenes EGD-e are chromosomally located, and 
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appear to be a component of an integrated conjugative element.  A highly homologous 

cadmium resistance gene cassette has also been identified in an integrated chromosomal 

element of Streptococcus thermophilus strain 4134 (Shirawski et al., 2002).  However, the 

ability of this cassette to be conjugatively transferred from Listeria strains that harbor it (such 

as L. monocytogenes EGD-e) to other L. monocytogenes strains has not been determined.  

The limited distribution of cadA3 among our strains, and the fact that it has not been detected 

among the Listeria genomes sequenced (and available for examination) to date suggest that 

this may be a relatively rare cadmium resistant determinant in L. monocytogenes, possibly 

due to limits in the distribution and dissemination of the ICE that harbors it.  Previous studies 

focusing on Tn5422-associated cadA and cadC also revealed that cadmium resistance was 

largely plasmid-associated in L. monocytogenes, with only 12.8% of cadmium-resistant 

strains appearing to lack plasmids (Lebrun et al., 1992).   

In this study, we found that the relative prevalence of cadA1 vs. cadA2 varied 

significantly by serotype, with cadA1 being more prevalent among serotype 1/2a (or 3a) 

strains and cadA2 being more prevalent among strains of serotype 1/2b (or 3b).  The 

underlying mechanisms for this observation are currently unknown.  Previous studies 

focusing on Tn5422-associated cadA and cadC did not evaluate the possibility for differential 

prevalence of these cadmium resistance genes in serotype 1/2a vs. 1/2b strains. Genome 

sequencing projects have also revealed the presence of identical cadA (“cadA2”) on highly 

conserved plasmids harbored by L. monocytogenes H7858 (serotype 4b) and J0161 (serotype 
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1/2a) (Nelson et al., 2004; http://www.broad.mit.edu), suggesting that plasmids harboring 

these cassettes can be maintained in strains of different serotypes.  However, the acquisition 

of such plasmids by different strains of L. monocytogenes remains poorly uncharacterized.  It 

is possible that strains of serotype 1/2b (or 3b) may be more likely to acquire such plasmids 

(from yet unidentified donors) than those of serotype 1/2a (or 3a).  Preliminary data from our 

laboratory suggest that conjugative transfer of  pLM80-assicated cadmium resistance to 

plasmid-free L. monocytogenes was limited, even under conditions that allowed conjugative 

transfer of the self-mobilizing transposon Tn916 (D. Elhanafi and S. Kathariou, 

unpublished).  Further analysis of the ability of L. monocytogenes of different serotypes to 

acquire cadmium resistance plasmids harboring cadA1 and or cadA2 is needed to clarify the 

mechanism behind to observed associations between the prevalence of these determinants 

and the L. monocytogenes serotype.   

Without exception, strains that hybridized with both cadA1 and cadA2 were resistant 

to both cadmium and BC, regardless of serotype.   This suggests that detection of both 

determinants in the same organism can be useful in predicting BC resistance.  In an earlier 

study, we showed that BC resistant strains from the turkey processing plants were always 

found to be also resistant to cadmium, and speculated that this may reflect BC resistance 

harbored on large plasmids that also encode BC resistance (Mullapudi et al., 2008).  

Examples of such plasmids have been documented, such as pLM80 and the plasmid harbored 

by J0161.  The cadA determinant analysis data in the present study revealed that ca. 40% of 
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these BC resistant strains harbor not only cadA2 (identified on pLM80) but an additional 

cadA determinant, cadA1.  Although the existence of cadA1, cadA2, and BC resistance 

determinants on one replicon cannot be excluded, a more likely explanation is that a plasmid 

such as pLM80 (harboring cadA2 and BC resistance determinants) was acquired by strains 

that already harbored a plasmid with Tn5422-associated cadA (“cadA1”).  Plasmid content 

analyses of the strains and plasmid curing experiments are being pursued in our laboratory to 

determine the localization of the cadmium resistance determinants in the strains.   

In this study, cadA1 (alone or in combination with cadA2) was found in the majority 

(75%) of the CdrBCr strains, with cadA2 (alone or in combination with cadA1) found in 63%.  

However, cadA2, alone or in combination with cadA1, was significantly more prevalent 

among strains that were resistant to both cadmium and BC than among cadmium resistant but 

BC-susceptible strains.  This was observed both for serotype 1/2a (or 3a) strains and for 

strains of serotype 1/2b (or 3b).  This finding is intriguing, and suggests that selection for 

resistance to quaternary compounds (such as BC) may at least partially drive the observed 

higher prevalence of cadA2-harboring strains in the BC-resistant vs. BC-susceptible strains.  

It is tempting to speculate that acquisition and establishment of plasmids such as pLM80, 

which harbor both BC resistance genes and cadA2, may be one of the mechanisms that the 

bacteria use to respond to such selective pressure.  BC and other quaternary ammonium 

disinfectants are extensively used in the food processing plants (McDonnell et al., 1999; 

Merianos et al., 1991) and chronic exposure might constitute a powerful selective pressure 
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for acquisition of resistance.  It is possible that plasmids harboring cadA2 and BC resistance 

genes have been relatively recently established in L. monocytogenes in the food plant derived 

isolates, in response to such pressure.  This could explain the failure to identify cadmium 

resistance genes such as those harbored by pLM80 in earlier studies, which involved L. 

monocytogenes strains from earlier periods and from sources other than the processing plant 

environment.  As mentioned, only cadA1 was identified in those studies, present in all nine 

plasmid-harboring cadmium resistant strains that were investigated (Lebrun et al., 1994a, b). 

In that study, six strains did not have plasmids or cadA1 but were still resistant to cadmium 

(Lebrun et al., 1994a, b). In our study, four of the five available cadmium resistant strains of 

the serotype 4b complex failed to hybridize with any of the cadmium resistance probes. 

These strains must have some other determinant or mechanism for cadmium resistance, 

which is not yet identified.  It is noteworthy that these four strains were also resistant to 

arsenic, and one strain was BC resistant as well. This may suggest that in these strains 

cadmium resistance is due to a mechanism that also confers arsenic resistance.   

 In conclusion, our investigation has shown that cadmium-resistant L. monocytogenes 

strains from the environment of turkey processing plants harbor two genetically distinct 

cadmium resistance cadA determinants, separately or in combination. Relative prevalence of 

these determinants appears to depend on the serotype of the organisms, and is associated with 

their resistance to the quaternary ammonium disinfectant, BC.  Further studies are needed to 

elucidate the mechanisms underlying the prevalence of the different determinants, and their 
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possible role in the ecology and evolution of L. monocytogenes in the turkey processing plant 

environment.   
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Table 3.1 - List of primers for probe preparation 

 

  

 

Primer Sequence Target Gene Accession Number 
 
cadA-Tn5422F 

 
5’-CAGAGCACTTTACTGACCATCAATCGTT-3’ 

 
cadA homolog of transposon 
Tn5422 (cadA1) 

 
L28104 

cadA-Tn5422R 5’-TCTTCTTCATTTAACGTTCCAGCAAAAA-3’   
    
cadA-pLM80F 5’-ACAAGTTAGATCAAAAGAGTCTTTTATT-3’ cadA homolog of  plasmid 

pLM80 (cadA2) 
AADR01000058 

cadA-pLM80R 5’-ATCTTCTTCATTTAGTGTTCCTGCAAAT-3’   
    
cadA-EGDeF 5’-TGGTAATTTCTTTAAGTCATCTCCCATT-3’ cadA homolog of EGDe 

(cadA3) 
AL591824 

cadA-EGDeR 5’-GCGATGATTGATAATGTCGATTACAAAT-3' 
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Table 3.2 - Genetic determinants responsible for cadmium resistance in strains (serotype 1/2a (or 3a) and 1/2b (or 3b)) of L. 
monocytogenes from different turkey processing plants 

  CdrBCs  CdrBCr 

Serotype 
cadA1 
only 

cadA2 
only cadA1+cadA2 

No 
hybridization  

cadA1 
only 

cadA2 
only cadA1+cadA2 

No 
hybridization  

1/2a(or3a) 12/12 0/12 0/12 0/12 18/32 3/32 11/32 0/32 

1/2b(or3b) 6/9 3/9 0/9 0/9 0/20 8/20 12/20 0/20 

Total 18/21 3/21 0/21 0/21 18/52 11/52 23/52 0/52 
n=73 86% 14% 0 0% 35% 21% 44% 0% 

 
 cadA1, cadA gene harbored on Tn5422 
 cadA2, cadA gene harbored on pLM80 plasmid  
cadA1 + cadA2, strains having both cadA genes 
CdrBcs represents strains with cadmium-resistant and BC-sensitive phenotype. CdrBcr represents strains with cadmium- and BC-resistant phenotype.  Three 
strains from 1/2a (or 3a) serotype showed weak hybridization with cadmium determinant associated with chromosome as in strain EGDe. 
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Figure 3.1- Prevalence of cadmium resistance determinants among isolates of L. monocytogenes of different serotypes from the 
environment of turkey processing plants 

cadA1, cadA2 represents cadmium resistance determinants of transposon and pLM80 plasmid respectively.  
cadA1 + cadA2 represent strains showing hybridization with both determinants. Cdr, Bcs represents strains with cadmium resistant and BC  
sensitive phenotype.  
3 Cdr, Bcr represents strains with cadmium and BC resistance phenotype.  The patterns are: stripes, cadA1; white, cadA2; black dots, cadA1 + cadA2; black, 
hybridization with none of the cadmium determinants.  
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pLM80 probe 

 

 

 

 

 

 

           

Tn5422 probe 

Figure 3.2 - Southern blot hybridization with cadA gene corresponding to pLM80  and 
transposon (Tn5422) 

Lanes 1, 459 (P+ T+); 2, 165 (P+ T+); 3, 1907 (P+ T-), 4, 905 (P- T+); 5, 170 (P- T-)(cadmium 
susceptible variant of 170 strain which is originally cadmium resistant (P+ T-) ; 6, 1134 (P+ T+) ; 7, 
597 (P+ T+) ; 8, 83 (P+ T+) ; 9, 378 (P+ T+) ; 10, 1181 (P+ T-) ; 11, 1499 (P- T+) ; 12, 174 (P+ T-) ; 13,  
130 (P+ T-) ; 14, 961 (P- T+) ; 15, 1117 (P+ T-); 16, H7550 (P+ T-, control) ; 17, BUG 912 (P- T+, 
control) ; 18, EGDe (P- T-, control) ; M, DNA Molecular-weight marker II, DIG labeled (Roche, 
Indianapolis, IN). 
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4 CHAPTER IV Strain subtyping of Listeria monocytogenes from the 

environment of turkey processing plants 

4.1 ABSTRACT 

 Genotyping methods have been extensively used to investigate the 

contamination routes, dissemination patterns and environmental niches responsible for 

L. monocytogenes contamination in food processing plants. However, reports of L. 

monocytogenes strain types of Listeria obtained from processing plants in the United 

States have been relatively few, and have primarily involved seafood or dairy plants. 

The occurrence of two major outbreaks of listeriosis in the United States in 2001 and 

2002 involving turkey deli meats suggests the importance of elucidating the molecular 

ecology of Listeria in turkey processing facilities. Currently there is limited 

information regarding contamination patterns of turkey processing plants in the United 

States with regards to different serotypes and strain types of L. monocytogenes. We 

have found high  prevalence of heavy metal and BC resistance in turkey processing 

plant isolates of serotypes 1/2a (or 3a) and 1/2b (or 3b). In this study we subtyped 123 

L. monocytogenes strains isolated from six turkey processing plants, including strains 

of serotype (1/2a (or 3a), 1/2b (or 3b), 4b complex (serotypes 4b, 4d and 4e) and 1/2c 

(or 3c). We examined the possible association between the apparent dissemination and 

persistence of L. monocytogenes strains in the processing plant environment and 

resistance to BC and cadmium. We also compared genotypic relatedness of the 

environmental L. monocytogenes strains to other L. monocytogenes strains 
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representing major epidemic clones. A total of 104 PFGE types were identified among 

the 123 strains using two enzymes (AscI and ApaI), resulting in Simpson’s index of 

diversity (D) of 0.995. Each serotype included clusters of strains that appeared to be 

largely facility-specific. 

 None the serotype 1/2a (or 3a) and 1/2b (or 3b) environmental strains clustered 

with the two known outbreak-associated strains of these serotypes, but cluster analysis 

of strains of the serotype 4b complex revealed that the two Epidemic Clone II 

reference strains (H7550 and J1925) were indistinguishable from, or closely related to 

several environmental strains from three plants.  Such data suggest that the 

environment of turkey processing plants may constitute a reservoir for Epidemic 

Clone II strains.  Further studies are needed to elucidate the mechanisms underlying 

the prevalence and persistence of certain L. monocytogenes strains in the processing 

plant, and to also assess the pathogenic potential of such strains. 

4.2 INTRODUCTION 

 Listeriosis is a rare disease caused by Listeria monocytogenes. It is associated 

with severe symptoms (septicemia, meningitis and abortions) and has a high fatality 

rate (ca. 20%) in at risk populations, which include pregnant women, fetuses, the 

elderly and individuals who are immunocompromised (Painter et al., 2007).  Highly 

processed, cold-stored, ready-to-eat foods are frequently associated with listeriosis.   

 The food processing plant environment plays a key role in contamination of 

processed, ready-to-eat foods. Certain strains can persist over extended periods of time 
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by colonizing the processing plant environment (for review see Kathariou et al., 2002; 

Kornacki et al., 2007). Various mechanisms may be employed by L. monocytogenes to 

persist in the environment of  food processing plants, including the ability to colonize 

surfaces and form biofilms, development of resistance to quaternary ammonium 

compounds and other disinfectants, growth at low temperature and in the presence of 

other environmental stresses,  and resistance to phage (Kornacki et al., 2007; Marth et 

al., 2007).  Acid tolerance and ability to form biofilms tend to be more pronounced 

among persistent than non-persistent strains (Lunden et al., 2007; Borucki, 2003). 

Persistent strains were also more likely to harbor resistance to the heavy metal, 

cadmium (Harvey et al., 2001).  

 Genotyping methods have been extensively used to investigate the 

contamination routes, dissemination patterns and ecological niches for L. 

monocytogenes in food processing environment (for review see Kathariou et al., 2002; 

Kornacki et al., 2007).   He However, reports of strain types of Listeria in processing 

plants in the United States have been relatively few, and have primarily involved 

seafood or dairy plants (Kabuki et al., 2004; Lappi et al., 2004; Thimothe et al., 2004; 

Hoffman et al., 2003). Limited information is available on the molecular epidemiology 

and ecology of Listeria in poultry processing plants in the United States, and the 

available reports have focused mostly on plants processing chicken (Berrang et al., 

2005; Cox et al., 1997; Genigeorgis et al., 1989; Genigeorgis et al., 1990).   

 The implication of contaminated ready-to-eat turkey deli meats in at least two 
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major outbreaks of listeriosis in the United States in 2001 and 2002 (CDC, 2000; 

CDC, 2002) suggests the importance of elucidating the molecular ecology of Listeria 

in turkey processing facilities.  Currently there is limited information regarding 

contamination patterns of turkey processing plants in the United States with regards to 

different serotypes and strain types of L. monocytogenes.  

  In a previous study, we characterized the strain types of L. monocytogenes of 

the serotype 4b complex (serotype 4b and the closely related serotypes 4d and 4e), 

isolated between 2002 and 2005 from two turkey slaughter and processing plants in 

the United States (Eifert et al., 2005).  A four-year (2002-2006) investigation of 

environmental samples from these and four additional turkey processing plants has 

shown that strains of serotypes 1/2a (or 3a) and 1/2b (or 3b) were predominant (48 and 

39%, respectively, of the total L. monocytogenes isolates from the environmental 

samples) (Eifert et al., in preparation).  Analysis of 123 strains from these processing 

plants has revealed that resistance to the heavy metal cadmium, and to the quaternary 

ammonium disinfectant benzalkonium chloride (BC) was common, especially among 

strains of certain seroypes.   We found that 60% of the serotype 1/2a (or 3a) strains 

and 51% of those of serotype 1/2b (or 3b) were resistant both to BC and to cadmium 

(Mullapudi et al., 2008).  However, with the exception of the serotype 4b complex 

strain sub-set, no information has been available on the genomic fingerprints of these 

strains, their diversity, and their possible association with specific processing facilities.  

In this study we used pulsed-field gel electrophoresis (PFGE) to subtype L. 
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monocytogenes from these six turkey processing plants, including strains of serotype 

(1/2a (or 3a), 1/2b (or 3b), 4b complex and 1/2c (or 3c).  We examined the possible 

association between the apparent dissemination and persistence of L. monocytogenes 

strains in the processing plant environment and resistance to BC and cadmium. In 

addition, we assessed strains for specificity to a particular plant and compared the 

genotypic relatedness of the environmental strains to L. monocytogenes strains 

representing major epidemic clones.  

4.3 MATERIALS AND METHODS 

4.3.1 Bacterial strains and growth conditions 

The panel of 123 strains characterized in this study has been described before 

(Mullapudi et al., 2008) and include strains from six turkey processing plants sampled 

at different times between 2002 and 2006.  There were 53 isolates of serotype 1/2a (or 

3a); 39 of 1/2b (or 3b); 27 of the 4b complex; and 4 of 1/2c (or 3c) (Fig 4.1-4.3).  

Serotype designations had previously been determined using a multiplex PCR assay, 

which identified serotypes as 1/2a (or 3a), 1/2b (or 3b), 1/2c (or 3c), and 4b complex 

(4b, 4d, 4e) (Doumith et al., 2004), Based on this method, certain serotypes could not 

be discriminated from one another (e.g., 1/2a from 3a).  Cultures were routinely grown 

on tryptic soy agar with 5% sheep's blood (Remel, Lenexa, KS) for 48 hours at 37C.   

4.3.2 Pulsed-field gel electrophoresis (PFGE) 

PFGE was performed as previously described (Eifert et al., 2005) using Pulsed-

field Certified agarose (Bio-Rad, Hercules, CA). Two restriction enzymes, AscI (New 
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England Biolabs, Ipswich, MA) and ApaI (Roche, Indianapolis, IN), were used for 

DNA digestion which was done for a minimum of two hours and five hours, 

respectively, following the instructions of the manufacturer. The digested DNAs were 

electrophoresed in a CHEF-DRIII unit (Bio-Rad). Lambda concatemers (New England 

Biolabs) were used as standards (48.5 to 1018.5 kb). Analysis of the banding patterns 

was done visually as well through application of BioNumerics (version 4.6, Applied 

Maths, Austin, TX) software. A band position tolerance and optimization of 1.0% was 

used. Clustering was done using the unweighted pair group method with arithmetic 

averages (UPGMA).  Strain diversity was determined using Simpon’s index of 

diversity (Hunter et al., 1988).  

4.4 RESULTS 

 BioNumerics clustering of the combined AscI and ApaI PFGE profiles resulted 

in a dendrogram with three large clusters that were largely serotype-specific.  One 

cluster consisted of strains of serotype 1/2a (or 3a) and also included the four strains of 

serotype 1/2c (or 3c); the other two clusters consisted of strains of serotype 1/2b (or 

3b) and the serotype 4b complex, respectively.  Two strains of serotype 1/2b (or 3b) 

(230a-3 and 90a-1) were clustered with the strains of the serotype 4b complex (data 

not shown).  

Using both enzymes a total of 104 PFGE types were identified among the 123 

strains, resulting in Simpson’s index of diversity (D) of 0.995.  Several isolates had 

identical PFGE types, with 12 types containing more than one isolate.  Of these, nine 



 

 

110 

PFGE types were represented by two isolates each, and the other three PFGE types 

were represented by three, three and seven isolates, respectively. In all twelve cases, 

isolates with the same PFGE type originated from the same processing plant and were 

collected at different time periods as well as from different samples at the same time 

points. Isolates with identical pulsotypes also shared the same resistance profile 

towards cadmium, arsenic and BC. Of the 12 pulsotypes that were represented by 

more than one isolate, five occurred in the serotype 1/2a (or 3a) group, five in serotype 

1/2b (or 3b) and two in the serotype 4b complex.  

4.4.1 Strain diversity varies among serotypes.    

A total of 51 PFGE types were detected among the 57 isolates of serotype 1/2a 

(or 3a) and 1/2c (or 3c) following the composite analysis using both enzymes (Fig. 

4.1), with    Simpson’s index of diversity (D) = 0.9956. The cluster of 39 serotype 

1/2b (or 3b) isolates had 34 PFGE types (Fig. 4.2) (D = 0.9924). The two isolates 

(98% similarity with each other) that had clustered with the serotype 4b complex in 

the clustering of the entire set of profiles formed a small sub-cluster by themselves 

with a 68% similarity with other 4b strains. The cluster of 27 isolates of the serotype 

4b complex had the lowest diversity value (D = 0.93163) with 19 PFGE types (Fig. 

4.3).  

4.4.2 Strain types specific to individual plants, or cosmopolitan 

Each serotype included clusters of strains that appeared to be processing plant-

specific.   For instance, for serotype 1/2a (or 3a) isolates, clusters A (20 isolates) and B 
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(16 isolates) were identified, which included isolates derived from plant A, except for 

one isolate in each cluster (from processing plants E and B, respectively) (Fig. 4.1).   

PFGE type similarity within each of these clusters was 72% or higher, with most 

profiles differing by three-four bands.  On the other hand, cluster C (70% or higher) 

included isolates from multiple processing plants (8 from plant C, 2 from plant A and 

one from plant D) (Fig. 4.1). Within serotype 1/2b (or 3b) (Fig. 4.2), cluster B profile 

similarity was composed of 15 isolates solely from plant A, whereas in clusters A and 

C, plant specificity was not indicated.  Cluster A was comprised of 8 isolates from 

plant A, 3 from plant B and one from plant C. In cluster C, although 5 isolates were 

obtained from plant B, plants A, C and F also contributed one isolate each.  In the 

serotype 4b complex, each cluster had the majority of its isolates originating from the 

same plant.  Of the 8 isolates in cluster A, 7 were derived from plant A with only one 

strain from plant C. In cluster B, 12 out of 15 isolates came from plant B; 7 of these 

isolates had identical PFGE profiles, with both enzymes.  The remaining three isolates 

came from plants A (two isolates) and C (one isolate).  All four strains in cluster C 

(four PFGE types) were derived from plant B (Fig. 4.3).  

4.4.3 Analysis of subtyping results with strains representing different epidemic 

clones 

PFGE profiles were compared to representative isolates from various epidemic 

clonal groups in order to determine how closely related the environmental isolates 

from this study were to strains implicated in outbreaks.  The following serotype 4b 
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representatives of epidemic clonal strains were used in the comparison: F2381 

(Epidemic Clone I-California outbreak 1985), H7550 (Epidemic Clone II-hot dog 

multi-state outbreak 1998-1999), J1925 (Epidemic Clone II, 2002 outbreak), WS1, 

(Epidemic Clone V-Winston Salem, NC outbreak 2000-2001).  The serotype 4b 

sporadic strain 266 was also included as a representative of “generic 4b”.  The 

serotype 1/2a strain J0161 (Epidemic Clone III, 2001 outbreak) was included in the 

PFGE profile comparisons with serotype 1/2a (or 3a) strains, and the serotype 1/2b 

strain FSL R2-503 (also known as G6054)(chocolate milk outbreak, 1995) was 

included in comparisons with profiles of strains of 1/2b (or 3b).   Cluster analysis of 

strains of the serotype 4b complex revealed that the two Epidemic Clone II reference 

strains grouped with 81% similarity to several environmental strains (cluster B) (Fig. 

4.3).  The PFGE profile of strain H7550 was closely related (one to three bands 

difference) to the profiles of two strains from plant A (1117, 1106), whereas J1925 

was more closely related to strains from plant B (six to eight band difference). The 

other two reference strains, F2381 (ECI) and WS1 (ECV), grouped within cluster A at 

82% similarity.  The representative generic 4b strain 266 was outside of the 

environmental clusters (Fig .4.3). 

4.4.4 Effect of resistance to compounds on subtyping 

When comparing CdrBCr strains to CdrBCs strains, there was no clustering based 

on BC resistance category. But strains susceptible to all three compounds grouped 

separately from resistant strains (Fig. 4.1-4.3). Most of the 4b strains were susceptible 
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to the compounds and clustered together, apart from the five resistant strains. 

Interestingly, strains with arsenic resistance both in serotype 1/2a (or 3a) and 4b 

clustered separately towards the end of the dendrogram and mostly constituted the 

sporadic strains (Fig. 4.1 & 4.3).  

4.5 DISCUSSION 

In this study, the strains from the processing plant environment exhibited 

significant diversity, with 104 PFGE types detected in 123 strains.  This diversity was 

noticeably higher than in other studies.  For instance, analysis of the strain types from 

three meat processing plants and one poultry processing plant identified 47 PFGE 

types in  596 strains (Lunden et al., 2003 ), and in a study of  one poultry and one pork 

meat plant, 50 PFGE types were identified in 502 isolates (Chasseignauxet al., 2001). 

This strain diversity may suggest continuous introduction of different L. 

monocytogenes strains into the processing plant from sources yet unknown. On the 

other hand, the identification of clusters with closely related strain types might reflect 

persistence of certain strains in the processing plant with continuous genetic 

modifications over time, thus accounting for the apparent diversity.  The persistence of 

these strains is indicated by the fact that the strains within these clusters were 

recovered at different times from the same plant and often from different locations in 

the same plant.  Strain persistence has been noted by numerous other studies in 

different processing plants and products (for review see Kathariou et al., 2002; 

Kornacki et al., 2007).  
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Alternatively, strains with closely related PFGE profiles may reflect repeated 

introductions of the same or closely related strains into the processing plant 

environment from outside sources.  Within each serotype, PFGE analysis identified 

individual strains with highly distinctive PFGE patterns; these may reflect sporadic 

(transient) strains that have not become established in the processing environment, or 

that become introduced into the plant relatively rarely or sporadically.. 

In a previous study, we showed that serotype 4b L. monocytogenes from two 

turkey processing plants (plants A and B in current study) included several plant-

specific strains (Eifert et al., 2005).  Plant-specific strain types have also been reported 

in other studies involving pork and dairy processing plants (Giovannacci et al., 1999; 

Unnerstad et al., 1996).  The analysis of the PFGE profiles of additional strains of the 

setrotype 4b complex, and of strains of the predominant serotypes (1/2a or 3a, and 

1/2b or 3b) provided further evidence for plant-specific strains. Unlike Chasseignaux 

et al., (2001), none of the isolates in this study shared a common PFGE type, 

indicating that these strains were plant-specific.  A similar finding was also reported 

by surveys done on cold-smoked salmon and its processing environment, with a few 

exceptions (Gudmundsdottir et al., 2005). This suggests that the reason for the 

difference in prevalence and strains types of L. monocytogenes in individual plants is 

based on the different conditions in the environment of these plants.  

Previously, Harvey et al., (2001), reported that the occurrence of cadmium 

resistance is more likely to be seen in recurrent strains than sporadic strains.  In all 
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cases, isolates in this study that had identical pulsotypes shared the same resistance 

profile towards the heavy metals (cadmium and arsenic) and disinfectant (BC).  

Certain strains of serotypes 1/2a (or 3a) and 1/2b (or 3b) from plant A had identical 

PFGE profiles and were cadmium resistant, but not all were BC resistant.  However, 

none of the identical strains from plant B in either serotype 1/2b (or 3b) or 4b were 

resistant to either cadmium or BC.  Therefore, cadmium resistance may not be 

indicative of a strain’s ability to persist in the processing plant environment, but might 

give an added advantage to those residing in plants with high cadmium contamination. 

BC resistance was not always seen in persistent strains, but when the resistance was 

present it was always in conjunction with cadmium resistance, as suggested in our 

previous study (Mullapudi et al., 2008).  BC resistance might be more prevalent in 

plants utilizing sublethal concentrations of disinfectant, but did not correlate much to 

the putative persistence of a strain.  

 Epidemic clonal strains were used by Eifert et al., (2005), to characterize the L. 

monocytogenes strains of the serotype 4b complex from two turkey processing plants 

(plants A and B, in this study). The processing plant isolates harbored markers specific 

to epidemic–associated clonal groups but showed different PFGE –based genomic 

fingerprints than did the outbreak strains. In the current study, strains of the serotype 

4b compelx included the 18 used previously (Eifert et al., 2005) plus 9 additional 

strains (4 from plant A, three from plant B and 2 from plant C). Inclusion of an 
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additional reference strain for ECII indicated that strains with identical or highly 

similar PFGE profiles were isolated from all three plants.   

In conclusion, we found great strain diversity in our turkey processing plants 

with distinct PFGE types. Heavy metal (cadmium and arsenic) and BC resistance were 

detected frequently among the strains but did not appear to be associated with strain 

persistence in a plant. Plant-specific strains were commonly found in our study.  
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Figure 4.1 - PFGE analysis of serotype 1/2a (or 3a) 

Full strain names for “FSL” isolates are: FSL R2-4: FSL R2-499; FSL N3-1: FSL N3-165; FSL J2-0: FSL J2-003; FSL F2-5: FSL 
F2-515. 
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Figure 4.2 - PFGE analysis of serotype 1/2b (or 3b) 

Full strain names for “FSL” isolates are: FSL (Trout in brine): FSL N1-017; FSL J. (Water): FSL J1-
175; FSL J. (Sporadic human listeriosis): FSL J1-194; FSL J. (Food isolate/human dis.): FSL J2-064; 
FSL. (Gastrointestinal listerios.): FSL R2-503. 
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Figure 4.3 - PFGE analysis of serotype 4b 

Full strain names for “FSL” isolates are: FSL J1-2.: FSL J1-208; FSL J2-0: FSL J2-071. 
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5 CHAPTER V Plasmid curing of heavy metal and disinfectant resistant 

strains of Listeria monocytogenes isolated from the environment of turkey 

processing plants 

5.1 Abstract 

Several mechanisms have been proposed for the survival of L. monocytogenes in the 

processing plant environment, including biofilm formation, phage resistance, 

bacteriosin production, competitive adherence to surfaces, as well as development of 

resistance to disinfectants and heavy metals.  Several clinical strains of L. 

monocytogenes have documented resistance to heavy metals, especially cadmium and 

arsenic. Resistance to cadmium and to certain disinfectants has been found to be 

largely due to genes that are on plasmids. This was confirmed by the fact that L. 

monocytogenes strains implicated in the 1998-99 hot dog outbreak in the United States 

were resistant to both cadmium and the quaternary ammonium disinfectant 

benzalkonium chloride (BC), and genes mediating these resistances were localized in 

two different gene cassettes on the large plasmid pLM80.   A similar large plasmid 

encoding resistance both to cadmium and to BC was identified in the serotype 1/2a 

strain J0161 implicated in a multistate outbreak of listeriosis in 2001, involving 

contaminated turkey deli meats. However, limited information is available on the 

stability of cadmium and BC resistance among isolates of L. monocytogenes from the 

processing plant environment, or even whether resistance to heavy metals (cadmium 

and arsenic) and BC is plasmid-borne. In this study, we employed standard plasmid 
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curing protocols to investigate the stability of the resistance determinants in a panel of 

ten L. monocytogenes strains representing different serotypes, each displaying 

resistance to cadmium and to BC or arsenic. All were isolated from the turkey 

processing environment. Of the ten strains, four produced variants that were 

susceptible to both cadmium and BC, one strain showed loss of only BC resistance 

while retaining cadmium resistance, and five strains failed to lose any of the 

resistances after plasmid curing. None of the arsenic resistant strains yielded variants 

that lost resistance to either cadmium or arsenic.  These results show that cadmium 

and BC resistance can be eliminated from certain environmental strains using plasmid 

curing protocols, although the rate of loss was low. Future studies focusing on 

localization of the resistance determinants on plasmids or possibly on the 

chromosome, especially in strains that failed to lose resistance are merited. 

Mechanisms underlying the observed stability of the resistance phenotypes need to be 

elucidated as well. 

5.2 INTRODUCTION 

 Listeria monocytogenes is a Gram positive, rod-shaped, non-spore forming 

bacterium. It is facultatively anaerobic and has been extensively studied as a 

facultative intracellular pathogen that can cause severe disease (listeriosis) with a high 

mortality rate of approximately 20%. Symptoms such as septicemia, meningitis or 

encephalitis, abortions and stillbirths can be seen in at-risk patients such as pregnant 

women and their fetuses, neonates, and those who are elderly and immune 
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compromised (Painter et al., 2007). Food processing plants play a key role in the 

contamination of foods, especially highly processed, ready-to-eat foods, with L. 

monocytogenes. L. monocytogenes can colonize the processing plant environment, 

surviving in harborage sites over extended periods of time (Kathariou et al., 2002; 

Kornacki et al., 2007).  

 Several mechanisms have been suggested for survival of L. monocytogenes in 

the processing plant environment, including biofilm formation, phage resistance, 

bacteriosin production, biocide resistance, competitive adherence to surfaces, as well 

as development of resistance to disinfectants and heavy metals (Kathariou 2002; 

Kornacki et al., 2007; Marth et al., 2007). Resistance towards antimicrobials and 

heavy metals such as cadmium and arsenic has been found to be largely due to genes 

that are on plasmids (Thavasi et al., 2007; Majumdar et al., 2007; McLauchlin et al., et 

al., 1997; Lebrun et al., 1992, Lebrun et al., 1994). Serotype 4b L. monocytogenes 

strains implicated in the 1998-99 hot dog outbreak in the United States were resistant 

to both cadmium and the quaternary ammonium disinfectant benzalkonium chloride 

(BC), and genes mediating these resistances were localized in two different gene 

cassettes (one specific for resistance to cadmium, and one for resistance to BC) on the 

large plasmid pLM80 (Nelson et al., 2004; Elhanafi et al., 2007; Cheng et al., 2008).   

A similar large plasmid encoding resistance both to cadmium and to BC was identified 

in the serotype 1/2a strain J0161 (http://www.broad.mit.edu); this strain was 

implicated in a multistate outbreak of listeriosis in 2001 involving contaminated 
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turkey deli meats (CDC 2000; Olsen et al., 2005).  Plasmids have been reported to be 

present in 28% of L. monocytogenes strains (Lebrun et al., 1992) and were found to be 

significantly more prevalent among strains of serotype 1/2a and 1/2b than among 

serotype 4b strains (McLauchlin et al., 1997; Lebrun et al., 1992; Cernat et al., 2002).  

Resistance to cadmium is the most frequent resistance determinant associated with 

plasmids (Lebrun et al., 1992). Plasmid curing experiments, involving repeated 

passage of the bacteria at 42oC (acriflavin, and novobiocin  is also used for plasmid 

curing) have been frequently employed to determine whether resistance determinants 

are plasmid-borne ((Lebrun et al., 1992;  Mereghetti et al., 2000; Romanova et al., 

2007).  

Investigation of the strains implicated in the 1998-99 outbreak of listeriosis 

revealed that certain strains were resistant to cadmium and to BC, whereas others were 

susceptible to both compounds.  Similar variation was identified among a panel of 

strains of the 2002 outbreak, which included both cadmium-resistant (BC resistance 

was not exhibited by any of the strains from this outbreak) and cadmium-susceptible 

organisms (Cheng et al., 2008). In our laboratory, application of standard plasmid 

curing protocols with  the 1998-99 outbreak strain H7550 readily resulted in  loss of 

cadmium and BC  resistance, and accompanying changes in pulsed filed gel 

electrophoresis patterns corresponded to the loss of pLM80 (Elhanafi et al., 2007).  

Limited information is available on the stability of cadmium and BC resistance 

among natural environmental isolates of L. monocytogenes (Lemaitre et al., 1998; 
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Soumet et al., 2005; McLauchlin et al., 1997).  Analysis of strains from the 

environment of six turkey slaughter and processing plants in the United States 

revealed that resistance to cadmium and to BC was widespread, especially among 

strains of serotypes 1/2a (or 3a) and 1/2b (or 3b) (Mullapudi et al., 2008).  All BC-

resistant strains were also resistant to cadmium, but not vice-versa, and 60% and 51% 

of the serogroup 1/2a (or 3a) and 1/2b (or 3b) strains, respectively, were resistant to 

both of these compounds.  In contrast, resistance to arsenic was infrequent (6% overall 

prevalence) and was found primarily among strains of the serotype 4b complex 

(serotypes 4b, 4d, and 4e) (Mullapudi et al., 2008).  

We found that cadmium resistant strains from the processing plant 

environmental samples harbored two different cadA resistance determinants, singly or 

in combination: one (cadA1) corresponded to Tn5422-associated cadA, extensively 

described in earlier studies of plasmid-associated cadmium resistance in L. 

monocytogenes (Lebrun et al., 1994, Lebrun et al., 1994). The other (cadA2) 

corresponded to cadA identified on the pLM80 of the 1998-99 outbreak strain H7858.  

Even though cadA1 was overall more prevalent than cadA2, the latter was 

significantly more prevalent among cadmium resistant, BC-resistant strains than 

among those resistant to cadmium only (Chapter 3).  However, it is not known 

whether resistance to heavy metals (cadmium and arsenic) and BC is plasmid-borne in 

strains from the processing environment.  In addition, the stability of these resistance 

determinants has not been characterized.   
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In this study, we employed standard plasmid curing protocols to investigate the 

stability of the resistance determinants using a panel of strains obtained from the 

turkey processing plant environment. Derivatives that lost one or more resistance 

phenotypes were characterized by pulsed-field gel electrophoresis and through 

hybridizations with probes specific to the resistance determinants. 

5.3 MATERIALS AND METHODS 

The L. monocytogenes strains used in this study are listed in Table 1.These 

strains were chosen from our laboratory’s Listeria strain collection as representative 

processing plant isolates of different serotypes. Four strains (432, 1566, 1732 and 84) 

were of serotype 1/2a (or 3a), two 163, and 1507) of serotype 1/2b (or 3b), three 

(1494, 1497 and 1117) of the 4b complex (serotype 4b, 4d, 4e) and one strain 130) 

was of serotype 1/2c (or 3c) (Table 1).   

5.3.1 Plasmid curing 

A single colony (ca. 1-2 mm diameter) from a blood agar plate culture was 

inoculated into 5 ml of tryptic soy broth (TSB) (Becton, Dickinson and Co., Sparks, 

MD) and incubated overnight at 37oC.  This overnight culture (5 µl) was used to 

inoculate 5 ml of fresh TSB and incubated at 42oC overnight. Serial passages were 

made daily using the same conditions (1000-fold dilution and overnight incubation at 

42oC) for up to 15-20 days (i.e. 15-20 passages). Every 5 passages, serial dilutions (10-

4, 10-5 and 10-6) were plated on tryptic soy agar (TSB with 0.7% yeast extract and 

1.2% Bacto agar (Becton, Dickinson and Co., Sparks, MD) and incubated overnight at 
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37oC.  Fifty colonies were randomly chosen to test for the loss of heavy metal and/or 

disinfectant resistance.  The test plates were made of Isosensitest agar (ISA) (Oxoid, 

Hampshire, England) containing 70 µg/ml cadmium chloride anhydrous (Sigma, 

St.louis, MO); ISA containing 500 µg/ml sodium arsenite (Fluka, Buchs, Steinheim, 

Germany); and Mueller Hinton broth with 1.2% Bacto agar, 10 µg/ml BC (Acros, 

New Jersey) and 2% defibrinated sheep blood (BBL, Sparks, MD). Isosensitest agar 

without any additive was used as the control plate.  The test plates for different strains 

were selected based on resistance to cadmium, arsenic and BC as described in our 

earlier publication (Mullapudi et al., 2008). L. monocytogenes strains H7550 and 

J1735 were used as positive and negative controls, respectively, for cadmium and BC 

resistance.  For arsenic resistance, L. monocytogenes strains J2213 and H7550 were 

used as positive and negative control, respectively. The three strains used as controls 

were provided by the Centers for Disease Control and Prevention (Atlanta, GA) and 

were chosen based on previous results obtained in our laboratory. Test plates and 

control plates each contained a panel of 50 colonies (streaked using sterile pipette tip), 

a positive and a negative control. Each colony was used to inoculate the test plate as 

well as the positive control plate (Isosensitest agar without any additive).  When the 

original strain was resistant to two different compounds, each colony was used to 

inoculate two types of test plates (e.g. one with cadmium and one with BC) as well as 

the positive control plate. The plates were incubated at 37oC for 48 hours and growth 

on the test plate was compared with that of the control plate.   
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 Colonies that exhibited a loss of resistance were individually tested again for 

confirmation of the results using as inoculums, cells from the corresponding spot on 

Isosensitest agar (control plate). When loss of resistance was confirmed, the 

susceptible variants were characterized further using DNA-based assays (polymerase 

chain reations (PCR), southern blots and pulsed-field gel electrophoresis).  

5.3.2 DNA extractions and Southern blot hybridizations.    

DNA was extracted using the DNeasy tissue kit (QIAGEN, Valencia, CA) 

following the protocol of the manufacturer. Probes specific to the cadA gene harbored 

by the parental strain and a probe derived from the BC resistance genes (mdr1 & 

mdr2) were prepared using the primers listed in Table 5.2,  as described (Yildirim et 

al., 2004).  The probes were labeled using digoxigenin (Roche, Indianapolis, IN) 

following the manufacturer’s instructions and blotting was also done as previously 

described (Yildirim et al., 2004).  PCR was done using Ex Taq™ polymerase, 10X 

buffer and dNTPs (Takara, Madison, WI) as suggested by the vendor.  PCR included a 

denaturing step of 95oC for 5 min, then 30 cycles each consisting of 95 oC for 1 min, 

52 oC for 1 min (55 oC when using the cadA-Tn5422 primers), and 72 oC for 1 min; 

and a final elongation step of 72 oC for 10 min. Products were electrophoresed on a 

1% (wt/vol) agarose gel in 1X Tris-borate-EDTA buffer.    

5.3.3 Pulsed-field gel electrophoresis (PFGE) 

 PFGE was used to confirm plasmid loss as would be suggested by at least one 

band difference between the wild-type strain and its respective susceptible variant. 
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PFGE was done as described (Eifert et al., 2005) using Pulsed-field Certified agarose 

(Bio-Rad, Hercules, CA) for making agarose plugs. All samples were digested with 

AscI (New England Biolabs, Ipswich, MA) and ApaI (Roche, Indianapolis, IN). When 

no band differences between the variant and wild-type were detected either with AscI 

or with ApaI restrictions, further analysis was done using the restriction enzymes KpnI 

and SmaI (New England Biolabs). The digested plugs were electrophoresed in a 

CHEF-DRIII unit (Bio-Rad, Hercules, CA). Lambda concatemers were used as 

standards (48.5 to 1018.5 kb) (New England Biolabs). The banding patterns were 

analyzed visually.  PFGE profiles for strains 130 and 1117 were also examined with a 

modified PFGE protocol that allowed better separation and visualization of relatively 

small bands.  Specifically, Initial switch time (1.0s); final switch time (6.0s); run time 

(11hours). 

5.4 RESULTS 

Selection for loss of resistance to cadmium and to BC or arsenic was done on 10 

strains of different serotypes, each displaying resistance to cadmium and to BC or 

arsenic.  One strain was resistant to all three compounds (Table 5.1).  None of the 

arsenic resistant strains yielded variants that lost resistance to either cadmium or 

arsenic.  Of the five strains that were resistant to cadmium and BC, four (432, 84, 

1117 and 130) yielded variants that were susceptible to both cadmium and BC. Strain 

163 showed loss of only BC resistance while retaining cadmium resistance. Five 

strains (1566, 1732, 1507, 1497 and 1494) failed to lose resistance towards cadmium; 
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four of these parental strains were originally BC sensitive and the remaining strain 

(1494) was resistant to both cadmium and BC, but also failed to yield BC-susceptible 

variants (Table 5.1). Plasmid curing experiments were repeated for these five strains, 

with identical results.  

5.4.1 Stability of resistance in strains of serotype 1/2a (or 3a).   

Of the four strains of serotype 1/2a (or 3a) that we investigated, two (1566 and 

1732, both resistant to cadmium and to arsenic but susceptible to BC) showed no 

evidence of plasmid curing even after 20 passages at 42oC.  Interestingly, susceptible 

variants were obtained with the other two serotype 1/2a (or 3a) strains, which were 

cadmium and BC resistant but arsenic sensitive. It took only five passages to obtain a 

cadmium and BC sensitive (CdsBCs) variant from strain 432.  Strain 84 showed no 

loss of resistance after the 5th passage, but five variants sensitive to cadmium were 

obtained after the 10th passage; two of these five variants were also sensitive to BC 

(CdsBCs).  In addition, 84 yielded 17 BC sensitive variants after the 10th passage, each 

retaining cadmium resistance (Table 5.1). 

 Confirmation testing revealed that 4/5 cadmium resistant variants of 84 

exhibited only reduced growth on cadmium while only one was still sensitive to both 

cadmium and BC (CdsBCs).  Two of 19 BC sensitive variants were still sensitive to 

BC (one CdsBCs and one CdrBCs), while the remaining variants showed reduced 

growth. Overall, strain 84 yielded only one colony which was sensitive to both 

cadmium and BC (CdsBCs).  
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5.4.2 Stability of resistance in strains of serotype 1/2b (or 3b).   

We failed to identify cadmium susceptible variants from either of the two tested 

strains of serotype 1/2b (or 3b).  One strain (1507) was cadmium resistant and BC 

sensitive, and showed no loss of resistance towards cadmium.  The other strain (163) 

was resistant to both cadmium and BC and showed no loss of cadmium resistance, but 

three BC-susceptible variants were obtained after the 10th passage. Two more CdrBCs 

variants were obtained after the 15th passage.  Confirmation tests revealed that all the 

variants obtained from 163 exhibited reduced growth on BC instead of being 

completely inhibited by it, so we chose one of the CdrBCs variants obtained from the 

10th passage and further analyzed it using Southern blot hybridization.  

5.4.3 Stability of resistance in strains of serotype 1/2c (or 3c).  

In the case of the serotype 1/2c (or 3c) strain 130, which was resistant both to 

cadmium and to BC, one variant sensitive to both cadmium and BC (CdsBCs) was 

obtained after 20 passages.  However, the confirmation test of the variant showed 

reduced growth but not complete resistance to both cadmium and BC. Therefore, 

plasmid curing for 130 was continued for 5 more passages and one variant confirmed 

to be susceptible to both cadmium and BC (CdsBCs) was obtained.  

5.4.4 Stability of resistance in strains of the serotype 4b complex.  

Two of the three strains of the serotype 4b complex (1497, 1494) failed to yield any 

susceptible variants even after 20 passages; both of these strains were cadmium and 

arsenic resistant and one was also resistant to BC as well.  In contrast, strain 1117 
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(resistant to cadmium and BC) yielded three CdrBCs variants after five passages, but 

confirmation showed only reduced growth of these three variants in the presence of 

BC. After 15 passages, two confirmed variants susceptible to both cadmium and BC 

(CdsBCs) were obtained from a total of 6 cadmium sensitive variants (three CdsBCr 

and three CdsBCs), and 16 BC sensitive variants initially obtained before the 

confirmation test (three CdsBCs and thirteen CdrBCs).  

5.4.5 Southern blot hybridization showed the loss of cadmium and BC 

resistance genes 

Susceptible variants were compared to their respective wild-type strains (432, 

84, 163, 130 and 1117) using hybridizations to labeled cadmium resistance 

determinants (pLM80, Tn5422) and BC (BC-Sc) resistance probes (Figure 1). The 

results clearly showed the loss of both cadmium resistance determinants and BC 

resistance genes. Of special interest was strain 163, which harbored two cadmium 

resistance determinants (one hybridizing with cadA from pLM80 and another 

hybridizing with cadA associated with Tn5422). The CdrBCs variant of this strain 

appeared to have lost one cadmium resistance determinant (pLM80) (Figure 5.1 (a, b)) 

along with the BC resistance determinant, while retaining the Tn5422 cadmium 

resistance determinant (Figure 5.1 (c)).  

5.4.6 Pulsed-field gel electrophoresis (PFGE) 

 The use of restriction enzyme AscI resulted in no detectable difference in any of 

the isolate pairs (Appendix 6.13).  Digestion of the variants and their respective wild-
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type strains using restriction enzyme ApaI resulted in the loss of bands in variants of 

only two strains (130 and 1117) (Figure 5.2). The remaining three strain/variant pairs 

(432, 84 and 163) were further characterized using restriction enzymes SmaI and 

KpnI, there was still no difference in banding patterns between the parental strains and 

respective variants (Appendix 6.13). Interestingly, these plasmid-cured variants were 

derived from parental strains that harbored two cadmium resistance determinants.  

However, the two strains (1117 and 130) that contained only one determinant (cadA2) 

exhibited multiple band differences between the parental strain and its respective 

variant when cut with ApaI (Fig. 5.2). 

5.5 DISCUSSION  

Extensive evidence indicates that bacterial plasmids can harbor resistance 

determinants towards heavy metals, antibiotics and disinfectants (Thavasi et al., 2007, 

Majumdar et al., 2007; McIntosh et al., 2008; McLauchlin et al., 1997; Lebrun et 

al.,1992; Lemaitre et al., 1998; Elhanafi et al., 2007).   This is typically shown by the 

loss of resistance in strains after plasmid curing (Wasi et al., 2008; Thavasi et al., 

2007; Lebrun et al., 1992). In the present study, we saw the loss of resistance after 

application of a standard plasmid curing protocol (serial passages of the bacteria at 

elevated temperature) in five of the ten strains that were investigated (432, 84, 163, 

1117 and 130).  This rate of plasmid curing may not be representative of all L. 

monocytogenes strains, since the frequency of plasmid loss was lower than observed in 

previous studies (Lebrun et al., 1992; Margolles et al., 1998; Thavasi et al., 2007).  
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It was noteworthy that cured derivatives were readily obtained with the 

outbreak-associated strain H7550, as well as with strains J1925 and J1815 associated 

with the 2002 outbreak (Cheng et al., 2008).  The propensity of plasmids harboring the 

determinants to be eliminated may be reflected in plasmid-containing as well as 

plasmid-free strains associated with the same outbreak.  Furthermore, studies of 

Tn5422-associated cadmium resistance determinants reported that plasmid curing such 

as employed here readily yielded susceptible derivatives (Lebrun et al., 1994).  Such 

findings were in sharp contrast with those obtained with the environmental strains in 

the current study.  These strains yielded variants typically only after numerous 

passages, and at relatively low frequency. Several strains failed to yield any variants at 

all.  At this time, it is not known whether the difficulty in obtaining susceptible 

variants of the environmental strains reflects strain-specific stability of plasmids, or 

whether it may reflect chromosomal carriage of the determinants associated for the 

resistances.  Further work involving plasmid extractions and hybridizations will be 

required to conclusively demonstrate whether the determinants are plasmid-borne or 

chromosomal.  Nonetheless, the current data suggest that in environmental strains, 

resistance to cadmium, BC and arsenic was often highly stable and difficult to 

eliminate under laboratory conditions typically employed to promote loss of plasmids 

in bacteria.  When variants were obtained, the number of passages required to obtain a 

variant lacking resistance varied between the strains. This might suggest the stability 

of the plasmid is strain dependent. 
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 Previous Southern blot hybridization assays showed that some of the strains 

used in this study that also respond to plasmid curing harbored either the cadmium 

efflux system present on pLM80 of L. monocytogenes H7858 (e.g. strains 1117 and 

130) (here referred to as cadA2) or contained both cadA2 and a cadmium resistance 

determinant that is associated with transposable element Tn5422 (here referred to as 

cadA1) (e.g. strains 432, 84, 163) (S. Mullapudi, R. M. Siletzky and S. Kathariou, 

unpublished results). The loss of the cadmium resistance determinants in these 

plasmid-cured variants was clearly detected in our Southern blot hybridization studies 

when comparing the wild-type strains and their respective plasmid-cured variants 

(Figure 5.1). These results confirm the presence of the resistance genes on the 

plasmid.  Interestingly, the CdrBCs variant of strain 163 showed the loss of one of the 

cadmium resistant determinants (cadA2, Figure 5.1(a)) but the presence of the cadA1 

determinant (Fig.5.1 (b)) upon Southern blot hybridizations. This suggests 

simultaneous presence of two cadmium resistance determinants on two separate 

plasmids, one of which also harbors the genes for BC resistance.   The other plasmid 

harbors the Tn5422-associated cadA, and appears to have been retained in the variants, 

suggesting relatively high stability of the plasmid.   

 Transposons are frequently associated with plasmids (Poros-Gluchowska et al., 

2003; Lebrun et al., 1994) as well as chromosomes (Chien et al., 2008; Tseng et al., 

2007). Interestingly, for strains 1566, 1732 and 1507, which showed no loss of 

resistance after repeated passages at 42C, the cadmium efflux system was associated 
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with Tn5422 (cadA1). Failure to obtain susceptible derivatives from those three strains 

might suggest that the transposon is located on a plasmid that is very stable, or that it 

may be located on the chromosome.    

 The low prevalence of plasmids in serotype 4b strains compared to those of 

serotype 1/2 has been previously described (Margolles et al., 1998; Lebrun et al., 

1992). Two of our serotype 4b strains showed no loss of resistance, which may be 

indicative of the lack of a plasmid. These two strains did not hybridize with any of the 

cadmium efflux genes screened in this study (cadA2, cadA1) or with the EGDe 

chromosomal marker cadA3 (Chapter 3). The genetic mechanism for cadmium 

resistance in these strains is unknown at this point, but it is clearly stable. It is possible 

that a chromosomal and yet undescribed cadmium efflux system may underlie the 

cadmium resistance phenotype of these strains, and the stability of the resistance.    

The inability to detect any band difference using PFGE among three of the 

parent/variant pairs could possibly be due to failure of the enzymes to cut the plasmid 

DNA due to absence of specific recognition sequences for the enzymes used.  

Evidence from our laboratory indicates that undigested plasmids do not migrate 

through the PFGE gels, and thus their presence cannot be detected by PFGE (R. M. 

Siletzky and S. Kathariou, unpublished). Another possibility may be that the plasmid 

is too small to be detected using PFGE, regardless of the enzyme used for cutting. 

In conclusion, this study shows that cadmium and BC resistance can be 

eliminated from certain L. monocytogenes strains derived from the environment of 
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turkey processing plants following application of protocols typically used for plasmid 

curing.  However, the rate of loss of the resistance determinants was low, and for 

several strains susceptible derivatives could not be obtained.  Further studies are 

needed to determine the localization of the resistance determinants on plasmids, or 

possibly on the chromosome, and to characterize mechanisms underlying the observed 

stability of the resistance phenotypes.   
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Table 5.1 - L. monocytogenes strains used in investigation of stability of resistance phenotypes 

 

    Parental strain resistance to1 Variant Resistance to1 
Strain 

 
Serotype Isolation 

date 
Source (plant) Cadmium 

(cadA 
determinant) 
 

BC Arseni
c 

Cadmium 
(cadA 
determinant) 

BC Arsenic

          

4322 1/2a 2/10/2004 Thigh cut-up area, drain 
(A) 

+ (cadA1, 
cadA2) 

+ - -  - - 

15663 1/2a 10/25/2004 Back cut-up (carcass 
halving) (D) 

+ (cadA1) - + NA NA NA 

17323 1/2a 3/9/2005 First Chill Tank (E) + (cadA1) - + NA NA NA 
842 1/2a 4/13/2004 Ground meat floor (A) + (cadA1, 

cadA2) 
+ - -  - - 

842 1/2a 4/13/2004 Ground meat floor (A) + (cadA1, 
cadA2) 

+ - +  - - 

1634 1/2b 6/15/2004 Roast drain (A) + (cadA1, 
cadA2) 

+ - + (cadA2) - - 

15073 1/2b 5/18/2004 Floor drain, chill tank exit 
(B) 

+ (cadA1) - - NA NA NA 

14943 4b 8/5/2003 Rinse of 5 raw turkey 
drumsticks (B) 

+ (ND5) - + NA NA NA 

14973 4b 10/2/2003 Air conditioning unit (B) + (ND5) + + NA NA NA 
11172 4b 9/24/2003 Drain sample (A) + (cadA2) + - -  - - 
1302 1/2c 6/27/2004 Carcass - Fecal contam. 

before cleaning (C) 
+ (cadA2) + - -  - - 
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Table 5.2 Continued 
 
1 + and – indicate resistance and susceptibility, respectively; cadA1, cadA2, cadA3 represents cadmium resistance determinants of Tn5422, pLM80 and 
EGDe, respectively. 
2 Variant lost both cadmium and BC resistance. 
3 NA, Non-applicable because no susceptible variants were identified.  
4 Variant lost BC resistance after plasmid curing (Southern blot hybridization indicated loss of one cadA determinant). 
5ND- Not determined; strains did not hybridize with any of the cadmium efflux genes screened for in this study (cadA1, cadA2 or cadA3). 
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Table 5.2 - Primers used in this study 

 

 

 

1H7550 (1998 Multistate outbreak strain) and BUG 912 (Lm 106) (Lebrun et al., 1994)  
 

Primer Sequence Target 
Gene(s) 

Accession 
Number 

DNA 
template1 

 
cadA-pLM80F 

 
5’-ACAAGTTAGATCAAAAGAGTCTTTTATT-3’ 

 
cadA 

 
AADR01000058 

 
H7750 

cadA-pLM80R 5’-ATCTTCTTCATTTAGTGTTCCTGCAAAT-3’    
     
cadA-Tn5422F 5’-CAGAGCACTTTACTGACCATCAATCGTT-3’ cadA L28104 BUG912 
cadA-Tn5422R 5’-TCTTCTTCATTTAACGTTCCAGCAAAAA-3’    
     
BC-Sc F  5’-CACATGAATCCATATG-3’ mdr1, mdr2 AADR01000058 H7550 
BC-Sc R 5’-TGTCAGCAGATCTTTG-3’ 
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(a) pLM80 probe 

 

 

 

(b) Tn5422 probe 

 

 

 

(c) BC probe  

 

Figure 5.1 - Southern blot hybridization comparing parental strains with its 
respective susceptible variants: using cadA gene probes harbored on (a) pLM80, 
(b) Tn5422 and (c) BC probe 

Lanes 1, Strain 432; 2, 432-variant; 3, Strain 163; 4, 163-variant; 5, Strain 84; 6, 84-variant; 7, 
Strain 130; 8, 130-variant; 9, Strain 1117; 10, 1117–variant, M, DNA Molecular-weight marker II, 
DIG labeled (Roche, Indianapolis, IN). 

   M     1     2      3     4      5     6      7      8      9     10      +       -      - 

   M      1      2       3      4      5      6      7      8      9     10      -     +     - 

   M     1      2      3      4       5      6       7      8      9     10      +       -      - 
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Figure 5.2 -  PFGE analysis showing band difference between parental strains and 
susceptible variants when digested with ApaI restriction enzyme 

Lanes 1, Strain 130; 2, 130-variant; 3, Strain 1117; 4, 1117–variant, M, Lambda Concatemers (48.5 
to 1018.5 kb). Arrows indicate the bands missing in the susceptible variants. 

 

 

M       1       2                  3         4      M 
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6 Appendix
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6.1 Serotype 1/2a (or 3a) strains and their results with different tests 

   Resistance to2 PCR Macroarray Southern Blot 

Isolate 
number Date Source (Plant) Cd BC As pLM 80 Tn5422 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                  1 2 1 2         

1637 5/28/2003 Thigh Cut Up(B) - - - NA NA NA NA NA NA NA NA NA NA NA 

86 9/24/2003 floor (under worker) (A)  + + - + + - + - + - - + + - 

175 9/24/2003 drain (A) + - - +1 + - - - + + - - + - 

538 9/24/2003 floor (under worker) (A)  + - - - + - - - + + - - + - 

777 9/24/2003 drain (A)  + - - - + - - - + + - - + - 

869 9/24/2003 bin at cutting - dangerous knives 
(A) + + - - + - - - + + - - + - 

273 12/3/2003 ground meat floor (A) + + - - + - - NA +1 NA - - + - 

408 2/10/2004 rehang table (A) + + - - + - - - + + - - + - 

432 2/10/2004 drain - thigh (A) + + - + + - + + + + + + + - 

82 4/13/2004 roast - drain (A) + - - - - - - - NA NA - - + - 

84 4/13/2004 ground meat floor (A) + + - + + - + (-) + (+) - + + - 

459 4/13/2004 chiller drain (A) + +   + + - + + + (+) - + + - 

483 4/13/2004 roast - drain (A) + + - + + - + - (+) (+) - + + - 

513 4/13/2004 ground meat floor (A) + + - - + - - - + + + - + +f 

521 4/13/2004 thigh drain (A) + + - + + - - - - (+) - + + - 

10 4/27/2004 Evis floor drain Exit end - south 
end 3 (C)  - - - NA NA NA NA NA NA NA NA NA NA NA 

90 6/15/2004 chiller rework table (A) + - - - + - - - + + - - + - 
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Appendix 6.1 Continued  

   Resistance to2 PCR Macroarray Southern Blot 

Isolate 
number Date Source (Plant) Cd BC As pLM 80 Tn5422 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                  1 2 1 2         

93 6/15/2004 chiller drain (A) + + - + + - + + + + - + + - 

162 6/15/2004 roast drain (A) + + - + + - + (-) + (+) - + + - 

165 6/15/2004 ground meat floor (A) + + - + + - + - + (+) - + + - 

170 6/15/2004 thigh drain (A) + + - + +1 - + + - - - - - - 

171 6/15/2004 boots (A) + + - - - - - - - - - - - - 

600 6/15/2004 roast drain (A) + + - - + - - - + (+) - - + - 

627 6/15/2004 ground meat floor (A) + + - - + - - NA + NA - - + - 

653 6/15/2004 boots (A) + + - - + - - - + + - - + - 

130 7/27/2004 Carcass - Fecal contam. before 
cleaning (C) + + - + - - + + - - - + - - 

686 8/23/2004 chiller drain (A) + + - - + - - - + + + - + +f 

720 8/23/2004 roast drain (A) + + - + + - + + - + - + + - 

740 8/23/2004 ground meat floor (A) + + - + + - + (+) (-) (+) - + + - 

754 8/23/2004 thigh drain (A) + + - - + - - - + + - - + - 

180 10/21/2004 chiller rework table (A) + + - - + - - - + + - - + - 

181 10/21/2004 chiller drain (A) + + - +1 + - - - + + - - + - 

*884(1) 10/21/2004 chiller drain (A) + + - - + - - - + + - - + - 

905 10/21/2004 drain - osteo (A) + - - - + - - - + + - - + - 

933 10/21/2004 ground meat floor (A) + + - - + - - - + + - - + - 

961 10/21/2004 thigh boots (A) + + - - + - - - + + - - + - 

*1559(2) 10/25/2004 fecal sample from 3 turkeys (D) + - + - + - - - + + - - + - 
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Appendix 6.1 Continued 

   Resistance to2 PCR Macroarray Southern Blot 

Isolate 
number Date Source (Plant) Cd BC As pLM 80 Tn5422 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                  1 2 1 2         

*1566(2) 10/25/2004 back cut (carcass halving) (D) + - + - + - - - + + - - + - 

1096 12/14/2004 ground meat floor (A) + + - +1 + - - - + (+) - - + - 

*1732(1) 3/9/2005 First Chill Tank (E) + - + - + - - - + + - - + - 

*1747(2) 3/9/2005 Cart/Forklift Wheels Near Skin 
Trim (E) + - - - + - - - + + + - + +f 

1171 4/5/2005 ground meat floor (A) + + - + + - - - + + - - + - 

*1178(1) 4/5/2005 thigh boots (A) + + - + + - - - + + - - + - 

1907 6/6/2005 sponges of drains @ thigh 
trim/grind (D) + + - + +1 - + + - - - + - - 

1845 7/1/2005 5 Skins(B) + - - - + - - - + + - - + - 

2506 3/8/2006 Cages - Live birds on truck in 
north shed.(C) - - - NA NA NA NA NA NA NA NA NA NA NA 

2507 3/8/2006 Cages - Live birds on truck in 
north shed.(C) - - - NA NA NA NA NA NA NA NA NA NA NA 

2508 3/8/2006 CO2 table - and 2 other (slide + 
diverter)(C) - - - NA NA NA NA NA NA NA NA NA NA NA 

2659 3/8/2006 Evis floor drain Exit end - south 
end 3(C) - - - NA NA NA NA NA NA NA NA NA NA NA 

2660 3/8/2006 Chiller 1 - entry end(C) - - - NA NA NA NA NA NA NA NA NA NA NA 

2661 3/8/2006 Carcass - Fecal contam. before 
cleaning(C) - - - NA NA NA NA NA NA NA NA NA NA NA 

2661 3/8/2006 Carcass - Fecal contam. before 
cleaning(C) - - - NA NA NA NA NA NA NA NA NA NA NA 
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Appendix 6.1 Continued 

   Resistance to2 PCR Macroarray Southern Blot 

Isolate 
number Date Source (Plant) Cd BC As pLM 80 Tn5422 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                  1 2 1 2         

2687 3/8/2006 Picker drain near drain exit - hock 
cutter - - - NA NA NA NA NA NA NA NA NA NA NA 

*2622(4) 3/29/2006 condemn - yellow bucket/cut 
osteo (A) + + - - + - - - + + - - + - 

*2627(5) 3/29/2006 rehang drain (A) + - - - + - - - + + - - + - 

*2647(9) 3/29/2006 thigh drain (A) + + - - + - - - + + - - + - 

*2642(9) 3/29/2006 thigh drain (A) + + - - + - - - + + - - + - 
 

1 represents strains with weak signal 
() results in parenthesis represent ambiguous results 
* Samples from which multiple colonies were tested and found to have identical serotype and resistance profile are indicated by *; the number of additional 
colonies is shown in parentheses. 
NA (not applicable), isolates were susceptible to all three compounds.  
cadA1, cadA2, cadA3 represents cadmium resistance determinants of transposon, pLM80 and EGDe plasmid respectively. 
2Resistant and susceptible isolates are designated by + and -, respectively  
 

 



 

 

157 

6.2 Serotype 1/2b (or 3b) strains and their results with different tests 
      Resistance to2 PCR Macroarray Southern blot 

Isolate 
number Date Source (Plant) Cd BC As pLM 80 Tn5422 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                  1 2 1 2         

1491 8/5/2003 empty bin cart after soak (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1492 8/5/2003 
sponge of hose at weall sink 
near chicken soak (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

174 9/24/2003 floor soapy / re-hang (A) + - - + - - - - - - - - - - 
1104 9/24/2003 drain sample (A) + + - + + - + + + + - + + - 
1281 12/3/2003 drain - osteo (A) + - - + - - - - - - - + - - 

1297 12/3/2003 
roast area (packaged turkey 
parts) (A) - - - NA NA NA NA NA NA NA NA NA NA NA 

1308 12/3/2003 
roast drain (pkg'd turkey 
parts) (A) + + - + + - +   +1   - + + - 

1282 12/3/2003 drain - osteo (A) + - - + - +1 + + - - - + - - 
378 2/10/2004 drain - osteo (A) + +   + + - + + + (+) - + + - 

1499 2/25/2004 
Two bin carts at rehang after 
turkey soak (B) + - - - + - - - - + - - + - 

78 4/13/2004 chiller drain (A) + + - + - - + + - - - + - - 
83 4/13/2004 roast - drain (A) + + - + + - + + + + - + + - 
463 4/13/2004 chiller drain (A) + + - + - - + + - - - + - - 
523 4/13/2004 thigh drain (A) + - - - + - - - + + - - + - 
27 4/27/2004 Chiller 3 - entry end (C) + - - - + - - - + + - - + - 

1505 5/18/2004 
floor drain, end of 
evisceration (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1507 5/18/2004 
floor drain, chill tank exit 
(B) + - - - + - + - + + - - + - 

95 6/15/2004 chiller drain (A) + + - + - - + (-) - - - + - - 
163 6/15/2004 roast drain (A) + + - + + - + + + + + + + - 
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Appendix 6.2 Continued 
      Resistance to2 PCR Macroarray Southern blot 

Isolate 
number Date Source (Plant) Cd BC As pLM 80 Tn5422 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                  1 2 1 2         

172 6/15/2004 boots (A) + + - + - - +   +1   - + - - 
54 6/15/2004 chiller drain (A) + + - + - - + + - - - + - - 
597 6/15/2004 roast drain (A) + + - + + - + + + + - + + - 
677 8/23/2004 chiller drain (A) + + - + + - + + + + - + + - 
706 8/23/2004 roast table (A) - - - NA NA NA NA NA NA NA NA NA NA NA 
715 8/23/2004 roast drain (A) + + - + + - + + + + - + + - 
731 8/23/2004 rehang catwalk (A) + - - - + - - - + + - - + - 
179 10/21/2004 chiller rework table (A) - - - NA NA NA NA NA NA NA NA NA NA NA 
854 10/21/2004 live hanging sink (A) + + - + +1 - +1   -   - + - - 
1077 12/14/2004 chiller drain (A) + + - + + - + + + + + + + - 

197 12/16/2004 
Evis floor drain Exit end - 
south end 7(C) + + - + +1 - + + - - - + - - 

1629 1/18/2005 Gloves/Armbands (7) (B) - - - NA NA NA NA NA NA NA NA NA NA NA 
1633 1/18/2005 End of Soaker (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1661 2/28/2005 
Beginning of Evisceration 
(B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1134 4/5/2005 roast drain (A) + + - + + - +   +   - + + - 
1181 4/5/2005 thigh boots (A) + + - + +1 - + + - - - + - - 

1830 5/18/2005 

Turkey Carcasses (3) End 
of the Chill Tank in Bin 
(B) + - - - + - - - + + - - + - 

2220 9/8/2005 

swab of hose from drip 
tray near defeathering exit 
(B) - - - NA NA NA NA NA NA NA NA NA NA NA 

*2405(4) 10/13/2005 floor drain - kill floor (F) + + - + + - + + + + - + + - 
*2629(3) 3/29/06 rehang drain (A) + + - + + - + + + + - + + - 
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Appendix 6.2 Continued 
 

1 represents strains with weak signal 
() results in parenthesis represents ambiguous results 
* Samples from which multiple colonies were tested and found to have identical serotype and resistance profile are indicated by *; the number of additional 
colonies is shown in parentheses. 
NA (not applicable), isolates were susceptible to all three compounds.  
2Resistant and susceptible isolates are designated by + and -, respectively 
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6.3  Strains of the serotype 4b and their results with different tests 
        Resistance to2 PCR Macroarray Southern blot 

Isolate 
number 

Alternative 
designation Date Source (Plant) Cd BC As pLM 

80 
Tn54

22 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                    1 2 1 2         

1493 L0226 8/5/2003 

sponge of overhead pipe 
and drip shield at turkey 
dip tank (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1494 L0228 8/5/2003 
rinse of 5 raw turkey 
drumsticks (B) + - + - +* - - - - - - - - - 

*529(3) 18-1a 9/24/2003 floor (under worker) (A) - - - NA NA NA NA NA NA NA NA NA NA NA 

1106 34-2b 9/24/2003 drain sample (A) - - - NA NA NA NA NA NA NA NA NA NA NA 

1117 34-6a 9/24/2003 drain sample (A) + + - + - - + + - - - + - - 

1495 L0315 10/2/2003 

sponge sample of floor 
near wall and soak tank 
(B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1496 L0327 10/2/2003 
sponge of post chill 
carcasses (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1497 L0328 10/2/2003 

swabs of drip tubes and 
surfaces from an air 
condi (B) + + + - +* - - - - - - - - - 

*1277(1) 82a-2 12/3/2003 drain - osteo (A) - - - NA NA NA NA NA NA NA NA NA NA NA 

*377(3) 128b-1 2/10/2004 drain - osteo (A) - - - NA NA NA NA NA NA NA NA NA NA NA 

1498 L0603 2/25/2004 
Near first turkey dip 
tank (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1500 L0616 2/25/2004 
Rinse of 6 thighs post-
chiller (B) +       -   + - - - - - - - - - -      - 

1503 L0623 2/25/2004 
Yellow ladder #14 at 
turkey dip tank (B) - 

      
- - NA NA NA NA NA NA NA NA NA NA NA 

*80(1) #171A 4/13/2004 roast - drain (A) - - - NA NA NA NA NA NA NA NA NA NA 
 

NA 
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Appenidx 6.3 Continued 

        Resistance to2 PCR Macroarray Southern blot 

Isolate 
number 

Alternative 
designation Date Source (Plant) Cd BC As pLM 

80 
Tn54

22 EGD cadA2 cadA1 cadA3 cadA2 cadA1 cadA3 

                         1      2      1      2         

1506 L0704 5/18/2004 

Eqpt, sink&hose near 
salter (yellow hose area) 
(B)      -     -   -   NA      NA     NA NA NA NA 

           
NA     NA      NA      NA     NA 

1513 L0719 5/18/2004 
floor, next to "yellow hose" 
(B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1514 L0720 5/18/2004 
floor drain, next to salting 
station (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1516 L0724 5/18/2004 eqpt, bin by salter (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1548 L0928 8/19/2004 
empty bin cart @turkey chill 
enterance (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1549 L0929 8/19/2004 
mats @ turkey soak rehang 
(B) - - - NA NA NA NA NA NA NA NA NA NA NA 

1550 L0930 8/19/2004 liver cut up table (B) - - - NA NA NA NA NA NA NA NA NA NA NA 

*184(9) #268A 10/21/2004 drain - osteo (A) - - - NA NA NA NA NA NA NA NA NA NA NA 

1501 L0617 2/25/2005 Ground turkey (B) + - + - - - - - - - - - - - 

1157 363b-1 4/5/2005 rehang drain (A) - - - NA NA NA NA NA NA NA NA NA NA NA 

2509 #5 Ml 6-1 3/8/2006 Cage dumper slide (C) - - - NA NA NA NA NA NA NA NA NA NA NA 

2688 #8 Ml 15 3/8/2006 
Rehang Conveyor -exit end 
(C) - - - NA NA NA NA NA NA NA NA NA NA NA 

*2616(9) 491a-5 3/29/06 chiller re-work table (A) - - - NA NA NA NA NA NA NA NA NA NA NA 
1 represents strains with weak signal 
() results in parenthesis represents ambiguous results 
* Samples from which multiple colonies were tested and found to have identical serotype and resistance profile are indicated by *; the number of additional 
colonies is shown in parentheses. 
NA (not applicable), isolates were susceptible to all three compounds.  
cadA1, cadA2, cadA3 represents cadmium resistance determinants of transposon, pLM80 and EGDe plasmid respectively.  
2Resistant and susceptible isolates are designated by + and -, respectively 
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6.4 CDC strains and their results with different tests 

      Resistance to2 
 

PCR Macro-array 

code 
Alternative 
designation 

Date 
Received 

Isolation 
Date 

Country/
State Source Serotype Cd BC  As pLM80 Tn5422 EGD 

cad
A2 

cad
A1 

cad
A3 

1450 H7550 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 4b + + - + - - + - - 

1451 H7596 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 

4b 
(untypable 
by CDC) - - - NA NA NA NA NA NA 

1452 H7738 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 4b + + - + +1 - + - - 

1453 H7762 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 4b + + - + +1 - + - - 

1455 H7943 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 4b - - - NA NA NA NA NA NA 

1456 H7962 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 4b - - - NA NA NA NA NA NA 

1457 H7969 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 4b - - - NA NA NA NA NA NA 

1458 H9127 1/13/01   USA 
Hotdog Outbreak 
(1998-99) 4b - - - NA NA NA NA NA NA 

1461 J0161 4/19/02   USA 2000 outbreak 1/2a + + - + - - + - - 

1462 J1735 7/10/03     

Clinical  - Pilgrim's 
Pride outbreak 
2002 4b - - - NA NA NA NA NA NA 

1463 J1815 7/10/03     

Environmenal - 
Pilgrim's Pride 
outbreak 2002 4b + - - + - - +1 - - 

1465 J1925 7/10/03     

Food - Pilgrim's 
Pride outbreak 
2002 4b + - - + - - +1 - - 

1466 J2206 2/1/05 1/1/03 NJ Clinical 4b - - - NA NA NA NA NA NA 
1467 J2213 2/1/05 1/1/03 AZ Clinical 4b + - + - +1 - - - - 
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Appendix 6.4 Continued 

      Resistance to2 
 

PCR Macro-array 

code 
Alternative 
designation 

Date 
Received 

Isolation 
Date 

Country/
State Source Serotype Cd BC  As pLM80 Tn5422 EGD 

cad
A2 

cad
A1 

cad
A3 

1469 J2255 2/1/05 1/1/03 GA Clinical 4b - - - NA NA NA NA NA NA 
1470 J2269 2/1/05 1/1/03 GA Clinical 4b + - - +1 + - +1 - - 
1471 J2275 2/1/05 1/1/03 PA Clinical 4b + - - +1 + - - - - 
1472 J2282 2/1/05 1/1/03 MD Clinical 4b - - - NA NA NA NA NA NA 

1473 J2288 2/1/05 1/1/03 TX 

Clinical Mexican 
style cheese 
outbreak 4b + - - - + - - + - 

1474 J2302 2/1/05 1/1/03 CA Clinical 4b + - + - + - - - - 

1475 J2313 2/1/05 1/1/03 TX 

Clinical Mexican 
style cheese 
outbreak 4b - - - NA NA NA NA NA NA 

1476 J2327 2/1/05 1/1/03 MI Clinical 4b - - - NA NA NA NA NA NA 
1477 J2353 2/1/05 1/1/03 IL Clinical 4b + - + +1 +1 - - - - 

1478 J2391 2/1/05 1/1/03 TX 

Clinical Mexican 
style cheese 
outbreak 4b + - - - + - - + - 

1479 J2422 2/1/05 1/1/03 RI Clinical 4b + - + - + - - - - 

1480 J2433 2/1/05 1/1/03 TX 

Food Mexican 
style cheese 
outbreak 

4b 
(untypable 
by CDC) + - - +1 + - - + - 

1481 J2446 2/1/05 1/1/03 OH Clinical 4b + + - + + - + +1 - 
1482 J2479 2/1/05 1/1/03 MI Clinical 4b - - - NA NA NA NA NA NA 
1483 J2571 2/1/05 1/1/03 KY Clinical 4b - - - NA NA NA NA NA NA 
1484 J2584 2/1/05 1/1/03 VT Clinical 4b + - + - +1 - - +1 - 
1485 J2621 2/1/05 1/1/03 OR Clinical 4b - - - NA NA NA NA NA NA 
1448 H3396 3/31/05 4/3/97 CA Clinical blood 4b + + - + +1 - - - - 
1449 H6383 3/31/05 12/1/96 OH Clinical blood 4b + - - + - - - - - 
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Appendix 6.4 Continued 

      Resistance to2 
 

PCR Macro-array 

code 
Alternative 
designation 

Date 
Received 

Isolation 
Date 

Country/
State Source Serotype Cd BC  As pLM80 Tn5422 EGD 

cad
A2 

cad
A1 

cad
A3 

1464 J1838 3/31/05 10/17/02 NJ Clinical blood 4b - - - NA NA NA NA NA NA 
1468 J2230 3/31/05 2/26/03 MA Clinical 4b - - - NA NA NA NA NA NA 
1486 J2685 3/31/05 2/13/04 NY Clinical placenta 4b + - - + +1 - +1 - - 
1487 J3006 3/31/05 8/11/04 TX Clinical placenta 4b - - - NA NA NA NA NA NA 
1488 J3033 3/31/05 9/4/04 IL Clinical blood 4b + - - + +1 - +1 - - 
1489 J3200 3/31/05 12/9/04 CT Clinical blood 4b + - - + +1 - + - - 
2732 J2854 10/24/06 4/4/04 AZ   4b + - - - + - - + - 
2733 J2967 10/24/06 6/25/04 CA Clinical Blood 4b + - - + - - + +1 - 
2734 J2985 10/24/06 7/9/04 IL Clinical CSF 4b + - - - - - - - - 
2735 J3017 10/24/06 7/8/04 IN Clinical Blood 4b - - - NA NA NA NA NA NA 
2736 J3026 10/24/06 8/11/04 CT Clinical CSF 4b - - - NA NA NA NA NA NA 
2737 J3053 10/24/06 8/12/04 MI Clinical Blood 4b - - - NA NA NA NA NA NA 
2738 J3070 10/24/06 6/29/04 TN Clinical Blood 4b - - - NA NA NA NA NA NA 
2739 J3075 10/24/06 9/1/04 CT Clinical Blood 4b - - - NA NA NA NA NA NA 
2740 J3082 10/24/06 9/2/04 GA Clinical Blood 4b + - - - + - - + - 
2741 J3085 10/24/06 7/25/04 MD Clinical Blood 4b - - - NA NA NA NA NA NA 
2742 J3106 10/24/06 5/25/04 NY Clinical Blood 4b + - - - +1 - - - - 
2743 J3115 10/24/06 8/20/04 VA Clinical Blood 4b - - - NA NA NA NA NA NA 
2744 J3120 10/24/06 9/15/04 WA Clinical Blood 4b - - - NA NA NA NA NA NA 
2745 J3133 10/24/06 8/10/04 TX Clinical Blood 4b + - - - + - - + - 
2746 J3139 10/24/06 9/28/04 WI Clinical CSF 4b - - - NA NA NA NA NA NA 
2747 J3155 10/24/06 10/4/04 IL Clinical Blood 4b - - - NA NA NA NA NA NA 
2748 J3170 10/24/06 10/18/04 MI Clinical CSF 4b + - - + - - + - - 
2749 J3180 10/24/06 10/17/04 CO Clinical Blood 4b - - - NA NA NA NA NA NA 
2750 J3182 10/24/06 11/7/04 OR Clinical Blood 4b - - - NA NA NA NA NA NA 
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Appendix 6.4 Continued 

      Resistance to2 
 

PCR Macro-array 

code 
Alternative 
designation 

Date 
Received 

Isolation 
Date 

Country/
State Source Serotype Cd BC  As pLM80 Tn5422 EGD 

cad
A2 

cad
A1 

cad
A3 

2751 J3195 10/24/06 11/2/04 OH Clinical CSF 4b - - - NA NA NA NA NA NA 
2752 J3215 10/24/06 11/25/04 NJ Clinical Placenta 4b - - - NA NA NA NA NA NA 
2753 J3232 10/24/06 12/14/04 OK Clinical Blood 4b + - + - - - - - - 
2754 J3290 10/24/06 7/31/04 ME Clinical Blood 4b - - + NA NA NA NA NA NA 
2755 J3333 10/24/06 2/15/04 MN Clinical Blood 4b - - - NA NA NA NA NA NA 

 

1 represents strains with weak signal. 
NA (not applicable), isolates were susceptible to all three compounds.  
cadA1, cadA2, cadA3 represents cadmium resistance determinants of transposon, pLM80 and EGDe plasmid respectively. 
2Resistant and susceptible isolates are designated by + and -, respectively.  
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6.5 OLM strains and their results with different tests 
        Resistance to2 PCR Macro-array 

ID Country/State Source Serotype Cd BC As 
pLM 

80 Tn5422 EGDe cadA2 cadA1 cadA3 
OLM 3 Tiger River District, S. Africa 1926/gerbil 1/2a, 3a - - -             
OLM 10 Massachusetts, USA 1933/child 4b + - + +1 +1 - - - - 
OLM 5 USA 1933/fowl 1/2a, 3a - - -             
OLM 6 USA 1933/fowl 1/2a, 3a - - -             
OLM 13 USA 1933/human 1/2c, 3c - - -             
OLM 11 USA/ CT 1933/infant 4b + - + - - - - - - 
OLM 12 CT 1934/human 4b + - + - +1 - - - - 
OLM 15 USA 1934/infant 4b + - + - - - - - - 
OLM 18 USA 1934/infant 4b + - - - + - - - - 
OLM 72 Ontario, Canada 1937/rat 1/2a, 3a - - -             
OLM 20 USA 1937/sheep 4b - - -             
OLM 30 Uruguay 1937/sheep 4b - - -             
OLM 36 Argentina 1937/sheep 4b - - -             
OLM 37 USA 1937/sheep 4b - - -             
OLM 39 Iowa, USA 1937/sheep 4b - - -             
OLM 43 Ontario 1937/sheep 4b - - -             
OLM 44 USA 1937/sheep 4b - - -             
OLM 61 Ontario, Canada 1937/sheep 4b + - + - - - - - - 
OLM 63 Japan 1937/sheep 4b - - -             
OLM 65 Japan 1937/sheep 4b - - -             
OLM 66 Japan 1937/sheep 4b - - -             
OLM 69 Israel 1937/sheep 4b - - -             
OLM 71 Ontario, Canada 1937/sheep 4b + - - - + - - + - 
OLM 74 Ontario, Canada 1937/sheep 4b + - - - + - - + - 
OLM 77 Ontario, Canada 1937/sheep 4b + - + - + - - - - 
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Appendix 6.5 Continued 
        Resistance to2 PCR Macro-array 

ID Country/State Source Serotype Cd BC As 
pLM 

80 Tn5422 EGDe cadA2 cadA1 cadA3 
OLM 78 Ontario, Canad 1937/sheep 4b + - + - - - - +1 - 
OLM 8 USA 1937/sheep 4b - - -             
OLM 80 Ontario, Canada 1937/sheep 4b + - - - - - - - - 
OLM 9 USA 1937/sheep 4b - - -             
OLM 93 Ontario, Canada 1937/sheep 4b + - + - - - - - - 
OLM 97 Nova Scotia, Canada 1937/sheep 4b + - + - - - - - - 
OLM 98 Nova Scotia, Canada 1937/sheep 4b + - - - - - - - - 
OLM 38 Iowa, USA 1938/calf 1/2a, 3a - - -             
OLM 26 England 1938/Hen 1/2a, 3a - - -             
OLM 25 Scotland 1938/human 1/2c, 3c + - - + + - - + - 
OLM 28 England 1938/pullet 1/2a, 3a + - - - + - - +1 - 
OLM 29 England 1938/pullet 1/2a, 3a + - + - + - - + - 
OLM 31 Scotland 1939/human 1/2c, 3c - - -             
OLM 42 Australia 1948/human 1/2a, 3a - - -             
OLM 51 Canada 1948/human 1/2a, 3a - - -             
OLM 46 Arctic, Canada 1950/lemming 1/2a, 3a - - -             
OLM 52d   1951/human 1/2a, 3a - - -             
OLM 54d   1951/human 1/2a, 3a - - -             
OLM 55   1951/human 1/2a, 3a + - - - + - - + - 
OLM 56   1951/human 1/2a, 3a - - -             
OLM 76   1952/human 1/2c, 3c + - - - + - - + - 
OLM 75 Montreal, Canada 1952-3/human 1/2a, 3a - - -             
OLM 67 Ontario, Canada 1953/chinchilla 1/2a, 3a - - -             
OLM 70 Israel 1953/cow fetus 1/2a, 3a - - -             
OLM 73 Alberta, Canada 1953/fowl 1/2a, 3a - - -             
OLM 81   1954/ 1/2a, 3a - - -             
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Appendix 6.5 Continued 
        Resistance to2 PCR Macro-array 

ID Country/State Source Serotype Cd BC As 
pLM 

80 Tn5422 EGDe cadA2 cadA1 cadA3 
OLM 87 USA (CT) 1954/human 1/2a, 3a - - -             
OLM 135* Michigan, USA 1955/human 1/2b, 3b + - - - +1 - - - - 
OLM 102 Nova Scotia, Canada 1955/infant 4b + - + - + - - - - 
OLM 115 Nova Scotia, Canada 1955/infant 4b + - + - - - - - - 
OLM 118 Nova Scotia, Canada 1956/human 4b + - + + +1 - - - - 
OLM 116 Nova Scotia, Canada 1956/infant 4b + - + - +1 - - - - 
OLM 117 Nova Scotia, Canada 1956/infant 4b + - + - - - - - - 
OLM 141 Bucharest, Romania 1956/mud 4b - - -             
OLM 121 Ontario, Canada 1957/human 4b + - - - - - - - - 
OLM 120 Ontario, Canada 1957/infant 4b + - + - +1 - - - - 
OLM 124 Ontario, Canada 1958/infant 4b + - + - +1 - - - - 
OLM 127* Newfoundland, Canada 1959/hare 4b + - + - - - - - - 
OLM 125 Ontario, Canada 1959/infant 4b + - + - - - - - - 
OLM 128* Nova Scotia, Canada 1959/moose 1/2b, 3b + - - +1  + - - - - 
OLM 126* Nova Scotia, Canada 1959/sheep 4b - - -             
OLM 137 Nova Scotia, Canada 1960/cow 1/2c, 3c + - - - - + - - +1 
OLM 136* Louisiana, USA 1960/human 1/2b, 3b - - -             
OLM 142 Newfoundland, Canada 1960/human 4b + - + - +1 - - - - 
OLM 143 Ontario, Canada 1961/human 4b - - -             
OLM 144 Brazil 1961/human 4b - - -             
OLM 147 BC, Canada 1961/human 4b + - + - - - - - - 
OLM 138 Ontario, Canada 1961/infant 4b + - + - +1 - - - - 
OLM 152 Newfoundland, Canada 1963/human 4b + - + +1 +1 - - - - 
OLM 153 Newfoundland, Canada 1963/human 4b + - + - - - - - - 
OLM 151 Newfoundland, Canada 1963/infant 4b + - + +1 - - - - - 
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Appendix 6.5 Continued 
        Resistance to2 PCR Macro-array 

ID Country/State Source Serotype Cd BC As 
pLM 

80 Tn5422 EGDe cadA2 cadA1 cadA3 
             
OLM 157 Ontario, Canada 1964/human 4b + - + - +1 - - - - 
 
1 represents strains with weak signal. 
NA (not applicable), isolates were susceptible to all three compounds.  
cadA1, cadA2, cadA3 represents cadmium resistance determinants of transposon, pLM80 and EGDe plasmid respectively.  
2Resistant and susceptible isolates are designated by + and -, respectively. 
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6.6 DOH strains and their results with different tests 
                Resistance to2 PCR Macro-array 

Code 
Alternative 
designation 

Date 
Received 

Isolation 
Date 

Country/ 
State Source Serotype Cd BC  As pLM80 Tn5422 EGD 

cad
A2 

cad
A1 

cad
A3 

1327 
Ag lab 
0027D E16 1/14/03         + - - - - - - - - 

1382 FDC 101734 1/14/03 5/3/02       + + - +1 + - - + - 
1383 FDC 102956 1/14/03 5/6/02       + - + +1 + - - + - 

257 02-001 1/14/03 1/24/02 
FL Palm 
Harbor 

Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 

575 2001-21R 1/14/03 1/30/01 NC Burke 
Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 

576 2001-25R 1/14/03 2/5/02 NC Davidson 
Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 

581 2001-82R 1/14/03 6/30/01 NC Durham 
Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 

583 2002-119R 1/14/03 4/25/02 NC Wake 
Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 

584 
2002-119R 
BHA 1/14/03 4/25/02 NC Wake 

Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 

585 2002-327R 1/14/03 12/11/02 
NC 
Cumberland 

Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 

2007 LM 02-002 1/14/03 12/19/02 NC Aubry Clinical CSF 1/2a - - - NA NA NA NA NA NA 
2103 NC01-236R 1/14/03 10/9/01 NC Guilford Clinical CSF 1/2a - - - NA NA NA NA NA NA 
567 1a (255) 1/14/03       1a - - - NA NA NA NA NA NA 

573 2001-126R 1/14/03 6/5/01 
NC 
Mecklenburg 

Clinical 
Blood 4b - -   NA NA NA NA NA NA 

574 2001-182R 1/14/03 8/15/01 NC Harnett 
Clinical 
Blood 4b - + - NA NA NA NA NA NA 

577 2001-4R 1/14/03 1/30/01 NC Forsyth 
Clinical 
Blood 4b - - - NA NA NA NA NA NA 

578 2001-6R 1/14/03 1/30/02 NC Durham 
Clinical 
Blood 4b - - - NA NA NA NA NA NA 
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Appendix 6.6 Continued 
                Resistance to2 PCR Macro-array 

Code 
Alternative 
designation 

Date 
Received 

Isolation 
Date 

Country/ 
State Source Serotype Cd BC  As pLM80 Tn5422 EGD 

cad
A2 

cad
A1 

cad
A3 

                

580 2001-7R 1/14/03 1/3/01 
NC 
Buncombe Clinical CSF 4b - - - NA NA NA NA NA NA 

582 2001-8R 1/14/03 1/30/01     4b - - - NA NA NA NA NA NA 
                

579 2001-75R 1/14/03 6/20/01 
NC 
Perquimans 

Clinical 
Blood 

4b (1/2b 
by CDC) - - - NA NA NA NA NA NA 

589 2003-184R 10/3/03 8/4/03 NC 

Clinical 
amniotic 
fluid 1/2a - - - NA NA NA NA NA NA 

586 2003-123R 10/3/03 5/8/03   
Clinical 
Blood 1/2b - - - NA NA NA NA NA NA 

587 2003-151R 10/3/03 6/15/03 NC Cabarras Clinical CSF 4b - - - NA NA NA NA NA NA 

588 2003-173R 10/3/03 7/18/03 NC 
Clinical 
Blood 4b - - - NA NA NA NA NA NA 

590 2003-196R 10/3/03 8/16/03 NC 
Clinical 
Blood 4b - - - NA NA NA NA NA NA 

594 2004-363 9/14/04 6/27/04 

NC 
Buncombe 
County 

Clinical 
Blood 1/2a + - + - + - - + - 

591 2003-332 9/14/04 12/4/03 NC 
Clinical 
Blood 4b + - + +1 +1 - - - - 

592 2004-271 9/14/04 5/23/04 
NC Forsyth 
County 

Clinical 
Blood 4b - - - NA NA NA NA NA NA 

593 2004-287 9/14/04 5/31/04 
NC Wake 
County Clinical CSF 4b - - - NA NA NA NA NA NA 

595 2004-445 9/14/04 8/23/04 
NC Forsyth 
County 

Clinical 
Amniotic 
Fluid 4b - - - NA NA NA NA NA NA 

262 04-454 4/28/05 9/8/04 NC Wayne 
Clinical 
Blood 1/2a - - - NA NA NA NA NA NA 
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Appendix 6.6 Continued 
                Resistance to2 PCR Macro-array 

Code 
Alternative 
designation 

Date 
Received 

Isolation 
Date 

Country/ 
State Source Serotype Cd BC  As pLM80 Tn5422 EGD 

cad
A2 

cad
A1 

cad
A3 

                

263 04-471 4/28/05 9/15/04 
NC 
Mecklenburg 

Clinical 
placenta 4b - - - NA NA NA NA NA NA 

264 04-643 4/28/05 11/26/04 NC Wake Clinical CSF 4b - - - NA NA NA NA NA NA 

265 05-062 4/28/05 1/15/05 NC Carteret 
Clinical 
Blood 4b - - - NA NA NA NA NA NA 

259 04-272 6/2/05 5/23/04 NC Forsyth 

Clinical 
Blood baby 
of 04-271 4b - - - NA NA NA NA NA NA 

260 04-273 6/2/05 5/23/04 NC   4b - - - NA NA NA NA NA NA 

261 04-446 6/2/05 8/23/04 NC Forsyth 
Clinical 
placenta 4b - - - NA NA NA NA NA NA 

258 03-289 6/2/05 10/9/03 
NC 
Mecklenburg 

Clinical 
Blood 4b(?) - - - NA NA NA NA NA NA 

 

1 represents strains with weak signal 
NA (not applicable), isolates were susceptible to all three compounds.  
cadA1, cadA2, cadA3 represents cadmium resistance determinants of transposon, pLM80 and EGDe plasmid respectively. 
2Resistant and susceptible isolates are designated by + and -, respectively.  
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6.7 France Isolates and their resistance profile with cadmium, BC & arsenic 
 

ID Date Received Alternative ID Serotype Cd BC As 
BUG803 12-Sep-06 74  (J4137) 1/2a, 3a - + - 
BUG910 12-Sep-06 40  (J4139) 1/2b, 3b + - - 
BUG911 12-Sep-06 101  (J4140) 1/2b, 3b + - - 
BUG915 12-Sep-06 10  (J4143) 1/2b, 3b + - - 
BUG909 12-Sep-06 24  (J4138) 1/2c, 3c - - - 
BUG916 12-Sep-06 27  (J4144) 1/2c, 3c + - + 
BUG920 12-Sep-06 71  (J4145) 1/2c, 3c - - - 
BUG923 12-Sep-06 173  (J4147) 1/2c, 3c + - + 
BUG924 12-Sep-06 176  (J4148) 1/2c, 3c - + - 
BUG912 12-Sep-06 106  (J4141) 4b + - + 
BUG914 12-Sep-06 2  (J4142) 4b + - + 
BUG922 12-Sep-06 141  (J4146) 4b + - - 

 
1Resistant and susceptible isolates are designated by + and -, respectively 

Resistance to1 
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6.8 LA Isolates and their resistance profile with cadmium, BC & arsenic  

 
 

ID State/Country Serotype Cd BC As 
2 LA county 1/2a, 3a - - - 
5 LA county 1/2a, 3a - - - 
9 LA county 1/2a, 3a - - - 

13 LA county 1/2a, 3a - - - 
14 LA county 1/2a, 3a + - - 
15 LA county 1/2a, 3a + - - 
16 LA county 1/2a, 3a + - - 
18 LA county 1/2a, 3a + - - 
20 LA county 1/2a, 3a - - - 
21 LA county 1/2a, 3a + - - 
24 LA county 1/2a, 3a + - - 
38 LA county 1/2a, 3a + - - 
42 LA county 1/2a, 3a + - - 
1 LA county 1/2b, 3b - - - 
3 LA county 1/2b, 3b - - - 
4 LA county 1/2b, 3b - - - 
6 LA county 1/2b, 3b + - - 
8 LA county 1/2b, 3b - - - 

10 LA county 1/2b, 3b - - - 
11 LA county 1/2b, 3b - - - 
19 LA county 1/2b, 3b - - - 
22 LA county 1/2b, 3b + - - 
26 LA county 1/2b, 3b + - - 
27 LA county 1/2b, 3b + - - 
28 LA county 1/2b, 3b - - - 
29 LA county 1/2b, 3b + - - 

Resistance to1 
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Appendix 6.8 Continued 
 

ID State/Country Serotype Cd BC As 
30 LA county 1/2b, 3b + - - 
31 LA county 1/2b, 3b + - - 
33 LA county 1/2b, 3b + - - 
34 LA county 1/2b, 3b - - - 
35 LA county 1/2b, 3b - - - 
37 LA county 1/2b, 3b - - - 
39 LA county 1/2b, 3b - - - 
40 LA county 1/2b, 3b - - - 
41 LA county 1/2b, 3b - - - 
7 LA county 4b + - - 

12 LA county 4b + - + 
17 LA county 4b + - + 
23 LA county 4b + - - 
25 LA county 4b - - - 
32 LA county 4b + - + 
36 LA county 4b - - - 
43 LA county 4b - - - 

 
1Resistant and susceptible isolates are designated by + and -, respectively. 

Resistance to1  



 

 

176 

6.9 Strains tested for cadmium resistant genetic determinants 
          Resistance to2 Southern blot 

Isolate 
number Serotype Date State Source (Plant) Cd BC As cadA2 cadA1 cadA3 

             
86 1/2a (3a) 9/24/2003 NC floor (under worker) (A)  + + - + + - 
175 1/2a (3a) 9/24/2003 NC drain (A) + - - - + - 
538 1/2a (3a) 9/24/2003 NC floor (under worker) (A)  + - - - + - 
777 1/2a (3a) 9/24/2003 NC drain (A)  + - - - + - 
869 1/2a (3a) 9/24/2003 NC bin at cutting - dangerous knives (A) + + - - + - 
273 1/2a (3a) 12/3/2003 NC ground meat floor (A) + + - - + - 
408 1/2a (3a) 2/10/2004 NC rehang table (A) + + - - + - 
432 1/2a (3a) 2/10/2004 NC drain - thigh (A) + + - + + - 
82 1/2a (3a) 4/13/2004 NC roast - drain (A) + - - - + - 
84 1/2a (3a) 4/13/2004 NC ground meat floor (A) + + - + + - 
459 1/2a (3a) 4/13/2004 NC chiller drain (A) + +  + + - 
483 1/2a (3a) 4/13/2004 NC roast - drain (A) + + - + + - 
513 1/2a (3a) 4/13/2004 NC ground meat floor (A) + + - - + +1 
521 1/2a (3a) 4/13/2004 NC thigh drain (A) + + - + + - 
90 1/2a (3a) 6/15/2004 NC chiller rework table (A) + - - - + - 
93 1/2a (3a) 6/15/2004 NC chiller drain (A) + + - + + - 
162 1/2a (3a) 6/15/2004 NC roast drain (A) + + - + + - 
165 1/2a (3a) 6/15/2004 NC ground meat floor (A) + + - + + - 
170 1/2a (3a) 6/15/2004 NC thigh drain (A) + + - - - - 
171 1/2a (3a) 6/15/2004 NC boots (A) + + - - - - 
600 1/2a (3a) 6/15/2004 NC roast drain (A) + + - - + - 
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Appendix 6.9 Continued 
          Resistance to2 Southern blot 

Isolate 
number Serotype Date State Source (Plant) Cd BC As cadA2 cadA1 cadA3 

             
627 1/2a (3a) 6/15/2004 NC ground meat floor (A) + + - - + - 
653 1/2a (3a) 6/15/2004 NC boots (A) + + - - + - 
686 1/2a (3a) 8/23/2004 NC chiller drain (A) + + - - + +1 
720 1/2a (3a) 8/23/2004 NC roast drain (A) + + - + + - 
740 1/2a (3a) 8/23/2004 NC ground meat floor (A) + + - + + - 
754 1/2a (3a) 8/23/2004 NC thigh drain (A) + + - - + - 
180 1/2a (3a) 10/21/2004 NC chiller rework table (A) + + - - + - 
181 1/2a (3a) 10/21/2004 NC chiller drain (A) + + - - + - 
884 1/2a (3a) 10/21/2004 NC chiller drain (A) + + - - + - 
905 1/2a (3a) 10/21/2004 NC drain - osteo (A) + - - - + - 
933 1/2a (3a) 10/21/2004 NC ground meat floor (A) + + - - + - 
1559 1/2a (3a) 10/25/2004 PD fecal sample from 3 turkeys (D) + - + - + - 
1566 1/2a (3a) 10/25/2004 PD back cut (carcass halving) (D) + - + - + - 
1096 1/2a (3a) 12/14/2004 NC ground meat floor (A) + + - - + - 
1732 1/2a (3a) 3/9/2005 FB First Chill Tank (E) + - + - + - 
1747 1/2a (3a) 3/9/2005 FB Cart/Forklift Wheels Near Skin Trim (E) + - - - + +1 
1171 1/2a (3a) 4/5/2005 NC ground meat floor (A) + + - - + - 
1178 1/2a (3a) 4/5/2005 NC thigh boots (A) + + - - + - 
1907 1/2a (3a) 6/6/2005 PD sponges of drains @ thigh trim/grind (D) + + - + - - 
1845 1/2a (3a) 7/1/2005 EK 5 Skins(B) + - - - + - 
2622 1/2a (3a) 3/29/2006 NC condemn - yellow bucket/cut osteo (A) + + - - + - 
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Appendix 6.9 Continued 
          Resistance to2 Southern blot 

Isolate 
number Serotype Date State Source (Plant) Cd BC As cadA2 cadA1 cadA3 

2627 1/2a (3a) 3/29/2006 NC rehang drain (A) + - - - + - 
2647 1/2a (3a) 3/29/2006 NC thigh drain (A) + + - - + - 
130* 1/2c (3c) 7/27/2004 MI Carcass - Fecal contam. before cleaning (C) + + - + - - 
961* 1/2c (3c) 10/21/2004 NC thigh boots (A) + + - - + - 
2642* 1/2c (3c) 3/29/2006 NC thigh drain (A) + + - - + - 

174 1/2b ( 3b) 9/24/2003  floor soapy / re-hang (A) + - - - - - 
1104 1/2b ( 3b) 9/24/2003  drain sample (A) + + - + + - 
1281 1/2b ( 3b) 12/3/2003  drain - osteo (A) + - - + - - 
1308 1/2b ( 3b) 12/3/2003  roast drain (pkg'd turkey parts) (A) + + - + + - 
1282 1/2b ( 3b) 12/3/2003  drain - osteo (A) + - - + - - 
378 1/2b ( 3b) 2/10/2004  drain - osteo (A) + +  + + - 
1499 1/2b ( 3b) 2/25/2004  Two bin carts at rehang after turkey soak (B) + - - - + - 
78 1/2b ( 3b) 4/13/2004  chiller drain (A) + + - + - - 
83 1/2b ( 3b) 4/13/2004  roast - drain (A) + + - + + - 
463 1/2b ( 3b) 4/13/2004  chiller drain (A) + + - + - - 
523 1/2b ( 3b) 4/13/2004  thigh drain (A) + - - - + - 
27 1/2b ( 3b) 4/27/2004  Chiller 3 - entry end (C) + - - - + - 
1507 1/2b ( 3b) 5/18/2004  floor drain, chill tank exit (B) + - - - + - 
95 1/2b ( 3b) 6/15/2004  chiller drain (A) + + - + - - 
163 1/2b ( 3b) 6/15/2004  roast drain (A) + + - + + - 
 
 



 

 

179 

Appendix 6.9 Continued 
          Resistance to2 Southern blot 

Isolate 
number Serotype Date State Source (Plant) Cd BC As cadA2 cadA1 cadA3 

172 1/2b ( 3b) 6/15/2004  boots (A) + + - + - - 
554 1/2b ( 3b) 6/15/2004  chiller drain (A) + + - + - - 
597 1/2b ( 3b) 6/15/2004  roast drain (A) + + - + + - 
677 1/2b ( 3b) 8/23/2004  chiller drain (A) + + - + + - 
715 1/2b ( 3b) 8/23/2004  roast drain (A) + + - + + - 
731 1/2b ( 3b) 8/23/2004  rehang catwalk (A) + - - - + - 
854 1/2b ( 3b) 10/21/2004  live hanging sink (A) + + - + - - 
1077 1/2b ( 3b) 12/14/2004  chiller drain (A) + + - + + - 
197 1/2b ( 3b) 12/16/2004  Evis floor drain Exit end - south end 7(C) + + - + - - 
1134 1/2b ( 3b) 4/5/2005  roast drain (A) + + - + + - 
1181 1/2b ( 3b) 4/5/2005  thigh boots (A) + + - + - - 

1830 1/2b ( 3b) 5/18/2005  
Turkey Carcasses (3) End of the Chill Tank in 
Bin (B) + - - - + - 

2405 1/2b ( 3b) 10/13/2005  floor drain - kill floor (F) + + - + + - 
2629 1/2b ( 3b) 3/29/06  rehang drain (A) + + - + + - 
1494 4b 8/5/2003  rinse of 5 raw turkey drumsticks (B) + - + - - - 
1117 4b 9/24/2003  drain sample (A) + + - + - - 

1497 4b 10/2/2003  
swabs of drip tubes and surfaces from an air 
condi (B) + + + - - - 

1500 4b 2/25/2004  Rinse of 6 thighs post-chiller (B) + - + - - - 
1501 4b 2/25/2005   Ground turkey (B) + - + - - - 
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Appendix 6.9 Continued 
 
1 represents strains with weak signal 
cadA1, cadA2, cadA3 represents cadmium resistance determinants of transposon, pLM80 and EGDe plasmid respectively.  
2Resistant and susceptible isolates are designated by + and -, respectively. 
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6.10 Southern blot data for strains using probes cadA1 and cadA2 
 

 

 

 

 

 

 
cadA1: Strains: Lanes 1, 1507; 2, 740; 3, 1077; 4, 95; 5, 483; 6, 84; 7, 86; 8, 162; 9, 163; 10, 
554; 11, 1178; 12, H7550 (P+ T-, control); 13, BUG 912 (P- T+, control) ; 14, EGDe (P- T-, 
control); 15, OLM 137; 16, # 93; 17, 408; 18, 513; 19, 754; M, DNA Molecular-weight marker 
II, DIG labeled (Roche, Indianapolis, IN). 

 
 
 
 
 

 

 

 

 

 

cadA2: Strains: Lanes 1, 165; 2, 84; 3, 521; 4, 1096; 5, 459; 6, 720; 7, 1499; 8, 174; 9, 170; 10, 
1281; 11, 82; 12, 600; 13, 483; 14, 162; 15, 1178; 16, 554; 17, H7550 (P+ T-, control); 18, BUG 
912 (P- T+, control) ; 19, EGDe (P- T-, control); M, DNA Molecular-weight marker II, DIG 
labeled (Roche, Indianapolis, IN). 

M     1    2     3    4     5     6    7    8     9    10   11   12   13   14 15   16  17  18   19 

M     1    2     3    4     5     6    7    8     9    10   11   12   13   14  15   16  17  18   19 
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Appendix 6.10 Continued 

 

 

 

 

 

 

 

cadA1: Strains: Lanes 1, 165; 2, 84; 3, 521; 4, 1096; 5, 459; 6, 720; 7, 1499; 8, 174; 9, 170; 10, 
1281; 11, 82; 12, 600; 13, 483; 14, 162; 15, 1178; 16, 554; 17, H7550 (P+ T-, control); 18, BUG 912 
(P- T+, control) ; 19, EGDe (P- T-, control); M, DNA Molecular-weight marker II, DIG labeled 
(Roche, Indianapolis, IN). 
 
 
 
 
  

 

 

 

 

 
 
cadA2: Strains: Lanes 1, 432;  2, 715; 3, 677; 4, 597; 5, 1104; 6, 2629; 7, 378; 8, 83; 9, 2405; 10, 
1497; 11, 1494; 12, 1117; 13, 1566; 14, 554; 15, 1178; 16, H7550 (P+ T-, control); 17, BUG 912 
(P- T+, control) ; 18, EGDe (P- T-, control); M, DNA Molecular-weight marker II, DIG labeled 
(Roche, Indianapolis, IN). 

M   1    2     3    4     5     6    7    8     9    10   11   12   13  14   15  16  17   18   19 

M     1    2     3    4     5     6    7    8     9    10   11   12   13  14   15 16   17   18    
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Appendix 6.10 Continued 
 
 
 

 

 

 

 

cadA1: Strains: Lanes 1, 432;  2, 715; 3, 677; 4, 597; 5, 1104; 6, 2629; 7, 378; 8, 83; 9, 2405; 10, 
1497; 11, 1494; 12, 1117; 13, 1566; 14, 554; 15, 1178; 16, H7550 (P+ T-, control); 17, BUG 912 
(P- T+, control) ; 18, EGDe (P- T-, control); M, DNA Molecular-weight marker II, DIG labeled 
(Roche, Indianapolis, IN). 
 
 
 
 
 
 

 

 

 

 

cadA2: Strains: Lanes 1, 854; 2, 130; 3, 1907; 4, 1181; 5, 1282; 6, 172; 7, 463; 8, 78; 9, 197 ; 10, 
1500; 11, 1501; 12, 961; 13, 2642; 14, 523; 15, 554; 16, 1178; 17, H7550 (P+ T-, control); 18, BUG 
912 (P- T+, control) ; 19, EGDe (P- T-, control); M, DNA Molecular-weight marker II, DIG labeled 
(Roche, Indianapolis, IN). 

M    1    2      3    4     5     6    7    8     9    10   11   12   13  14  15   16  17    18   

M     1    2     3    4     5     6    7    8     9    10   11   12   13   14 15   16  17  18   19 
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Appendix 6.10 Continued 

 

 

 

 

 

 

 
cadA2: Strains: Lanes 1, 1732; 2, 1747; 3, 686; 4, 653; 5, 905; 6, 884; 7, 181; 8, 90; 9, 869 ; 
10, 538; 11, 1845; 12, 1830; 13, 1171; 14, 27; 15, 554; 16, 1178; 17, H7550 (P+ T-, control); 
18, BUG 912 (P- T+, control) ; 19, EGDe (P- T-, control); M, DNA Molecular-weight marker 
II, DIG labeled (Roche, Indianapolis, IN). 

 
 
 
 
 
 

 

 

 

 
 
cadA1: Strains: Lanes 1, 933; 2,180; 3, 777; 4, 175; 5, 1559; 6, 2647; 7, 2627; 8, 2622; 9, 2642 ; 
10, 731; 11, 162; 12, 432; 13, 686; 14, OLM 137; 15, 554; 16, 1178; 17, H7550 (P+ T-, control); 
18, BUG 912 (P- T+, control) ; 19, EGDe (P- T-, control); M, DNA Molecular-weight marker II, 
DIG labeled (Roche, Indianapolis, IN). 

     1   2    3    4    5     6   7   8   9   10  11   12  13   14   15   16   17  18   19    M 

M    1    2     3    4     5      6    7    8      9   10  11   12   13   14 15   16   17   18   19 
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Appendix 6.10 Continued 

 

 

 

 

  

 
cadA1: Strains: Lanes 1, 1907; 2, 884; 3, 905, 4, 1178; 5, 483; 6, 170; 7, 1181; 8, 1282; 9, 854; 
10, 1499; 11, 2405; 12, 1281; 13, 130; 14, 961; 15, 1117; 16  H7550 (P+ T-, control); 17, BUG 
912 (P- T+, control) ; 18, EGDe (P- T-, control); M, DNA Molecular-weight marker II, DIG 
labeled (Roche, Indianapolis, IN). 
 
 
 
 
 
 

 

 

 
 
 
 
cadA2: Strains: Lanes 1, 1907; 2, 884; 3, 905, 4, 1178; 5, 483; 6, 170; 7, 1181; 8, 1282; 9, 854; 10, 
1499; 11, 2405; 12, 1281; 13, 130; 14, 961; 15, 1117; 16  H7550 (P+ T-, control); 18, BUG 912 (P- 

T+, control) ; 19, EGDe (P- T-, control); M, DNA Molecular-weight marker II, DIG labeled (Roche, 
Indianapolis, IN). 

 

 M    1    2     3     4   5    6    7    8     9   10   11   12  13  14  15  16  17  18   M 

M    1    2     3    4      5     6    7     8     9    10   11  12   13   14  15   16  17  18    M 
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6.11  Macroarray blots using probes cadA1 and cadA2 
 

Tn5422 probe:  

 

 

 

 

 

 

          

 

 

pLM80 probe: 
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Appendix 6.11 Continued 

 

EGDe 

 

 

 

 

 

 

 

 

 

hly probe:  
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Appendix 6.11 Continued 

 pLM80 probe:  

 

 

 

 

 

 

 

 

 

 

Tn5422 probe:  
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6.12 Polymerize chain reaction 
 

pLM80: 

 

 

  

 

 

 

 

 

Tn5422: 

 

 

 

 

 

 

 

+ -

+ -
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Appendix 6.12 Continued 

EGDe 

 

 

 

 

 

+ -
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6.13 PFGE analysis of plasmid cured strains compared to parental strains 
 

ApaI: 

 

 

 

 

 

 

 

 

 

 

 

  

 

Lanes 1,Strain 432; 2, 432-Variant; 3, Strain 163; 4, 163-Variant; 5, Strain 84; 6, 84-Variant; 7, 
Strain 130; 8, 130-Variant; 9, Strain 1117; 10, 1117-Variant; M, Lambda Concatemers (48.5 to 
1018.5 kb).  

 

 

 

M   1   2    3   4    M   5    6    7    8    9   10  M
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Appendix 6.13 Continued 

AscI: 

 

 

 

 

 

  

  

 

 

 

 

 

 

 
Lanes 1, Strain 432; 2, 432-Variant; 3, Strain 163; 4, 163-Variant; 5, Strain 84; 6, 84-Variant; 7, 
Strain 130; 8, 130-Variant; 9, Strain 1117; 10, 1117-Variant; M, Lambda Concatemers (48.5 to 
1018.5 kb). 

M    1  2    3   4     5    6   7    8     9   10   M
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Appendix 6.13 Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lanes 1-4 digested with enzyme KpnI and 5-10 with enzyme SmaI. Lanes 1, Strain 432; 2, 432- 
variant; 3, Strain 84; 4, 84-variant; 5, Strain 432; 6, 432-variant; 7, Strain 163; 8, 163-variant; 9, 
Strain 84; 10, 84-variant; M, Lambda Concatemers (48.5 to 1018.5 kb). 
 

KpnI SmaI 

M   1   2     3   4  M   5  6         7   8          9  10  M
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