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YUE, LILI. Gene cassettes unique to epidemic-associated lineages of Listeria monocytogenes 

serotype 4b. (Under the direction of Dr. Sophia Kathariou)  

 

       Listeria monocytogenes is responsible for severe foodborne infections, with high mortality and 

morbidity. A clonal group of L. monocytogenes strains of serotype 4b designated Epidemic Clone I 

(ECI) has been responsible for numerous outbreaks of foodborne illness in the United States and 

elsewhere. A number of genes and gene cassettes unique to ECI strains have been identified through 

molecular approaches, and through the recently completed genome sequencing on ECI strain. 

However, the functions of most of these ECI specific sequences remain unclear. The purpose of this 

research has been to perform a comparative genomic analysis of the regions harboring four ECI 

specific gene cassettes, designated region 144, 133, 17B and 85, among five different Listeria strains 

for which genome sequencing projects have been undertaken. The strains included ECI strain F2365 

(serotype 4b), ECII strain H7858 (serotype 4b), serotype 1/2a strains EGD-e and F6854, and Listeria 

innocua CLIP 11262. The genomic organization of the region harboring these cassettes in ECI was 

investigated in the different genomes, and transcriptional analysis by reverse-transcriptase polymerase 

chain reaction was pursued with three regions, 144, 133 and 17B. The comparative genomic 

organization data revealed that all four ECI specific regions have features typical of genomic islands 

(GEIs), being present in the genome of ECI strains but absent from the genome of other serotype 4b 

strains, suggesting horizontal insertion / deletion events and possible roles in pathogenicity and 

metabolism of the organism. Transcriptional data suggested that the six ECI specific open reading 

frames in region 133 were co-transcribed as a unit separate from adjacent genes which were highly 

conserved among different strains. To obtain information on the possible functions of the ECI specific 

genes and gene cassettes, a mutational approach was pursued. A deletion mutant of the ECI specific 

sequence in region 133 was constructed in two different ECI strains, and the mutants were 



characterized bacteriologically and in terms of phenotypic microarrays. The deletion mutant F2365 

∆133 was characterized in terms of basic bacteriological features including hemolytic activity, phage 

susceptibility, motility, cell morphology, growth at 37ºC, 25ºC and 4ºC, bacitracin resistance, surface 

antigen detection, and with a panel of phenotypic microarrays. The parental strain F2365 was 

observed to grow better than the deletion mutant F2365 ∆133 at 4ºC, and the Phenotypic Microarrays 

identified certain differences in substrate utilization between the mutant and the wild type parental 

strain. The findings suggest that the ECI specific cassette in region 133 may contribute to bacterial 

growth at cold temperature and to the metabolism of certain carbon and nitrogen sources. Future 

studies employing animal and cell culture models will be needed to evaluate the possible impact of the 

ECI specific cassette in region 133 in virulence and pathogenesis of the bacteria. 
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1.1 Introduction 

       The genus Listeria belongs to the Clostridium subbranch, together with Staphylococcus, 

Streptococcus, Lactobacillus, and Bronchothrix. This phylogenetic position of Listeria is 

consistent with its low G+C DNA content (36-42%) (3). The genus Listeria comprises six 

recognized species: Listeria monocytogenes, Listeria innocua, Listeria ivanovii, Listeria 

seeligeri, Listeria welshimeri, and Listeria grayi (39). Based on 16S and 23S rRNA sequence 

data, these six species can be divided into two lines of descent as follows: (i) L. grayi and (ii) 

the remaining five Listeria spp.. The latter subgroup has two distinct evolutionary branches, 

the first including L. monocytogenes, and L. innocua and the second encompassing L. 

ivanovii, L. seeligeri, and L. welshimeri (15, 47).  

 

       Listeria strains are divided into serotypes on the basis of somatic (O) and flagellar (H) 

antigens (3). L. monocytogenes comprises 13 serotypes: 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 

4b, 4c, 4d, 4e, and 7. Certain of the surface antigens among those employed for the 

serotyping scheme are shared among L. monocytogenes, L. innocua, L. seeligeri, and L. 

welshimeri. A kit for serotyping Listeria is now commercially available (Denka Seiken, 

Tokyo, Japan). Among 13 serotypes of L. monocytogenes, serotypes 1/2a, 1/2b and 4b 

account for 95% of human infections (3, 37). Serotype 1/2c strains are prevalent in foods and 

food processing environment, but rarely cause human infection. However, the majority of L. 

monocytogenes strains found in conjunction with large outbreaks of human food-borne 

listeriosis are serotype 4b (18, 25, 26, 30, 48, 49, 57). On the basis of multilocus enzyme 

electrophoresis (MLEE) typing, two genomic divisions have been identified in L. 

monocytogenes: division I includes serotypes 1/2a, 1/2c, 3a and 3c; and division II includes 
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serotypes 1/2b, 3b and 4b (5, 27, 41). L. monocytogenes can also be subtyped into three 

lineages by EcoRI ribotyping and other tools: lineage I, comprising serotypes 1/2b, 3b, 3c 

and 4b; lineage II, comprising serotypes 1/2a, 1/2c, and 3a; and lineage III, comprising 

serotypes 4a and 4c (8, 35).  

 

       Listeriae are saprophytic bacteria that are ubiquitous in nature (47). Among them, L. 

monocytogenes acts as an opportunistic pathogen for both humans and animals, mainly 

causing abortions in pregnant females, neonatal sepsis, and severe infections such as 

septicemia and meningoencephalitis in susceptible hosts (18, 31). L. monocytogenes is a 

Gram positive, nonspore-forming, rod-shaped bacterium originally described in 1926 as 

being the causative agent in an outbreak of disease in laboratory rabbits and guinea pigs in 

England (50). L. ivanovii is principally responsible for abortions in sheep (31). Rarely, L. 

ivanovii and L. seeligeri can cause human listeriosis (16, 29). L. innocua has been implicated 

in rare cases of animal disease (45, 55).  

 

1.2 Detection methods 

       There are many methods for the isolation and identification of Listeria. Traditional 

methods are laborious and can take up to 1 to 2 weeks to complete, such as the CAMP 

(Christie, Atkins, Munch-Petersen) test, sugar fermentation, and nitrate reduction (39). Many 

methods involving monoclonal antibodies, DNA probes and PCR technology have been 

developed, for instance a molecular method based on restriction fragment length 

polymorphism (RFLP) of PCR-amplified fragments of the 23S rRNA gene was designed for 

rapid identification of Listeria species (39). Moreover, serotyping and pulsed-field gel 
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electrophoresis (PFGE) techniques have been frequently and successfully used in the 

characterization of L. monocytogenes (37). The Centers for Disease Control and Prevention 

(CDC) developed standardized PFGE methods, and in collaboration with the Association of 

Public Health Laboratories (APHL), created PulseNet. This allows scientists at public health 

laboratories throughout the country to rapidly compare the PFGE patterns of bacteria isolated 

from ill persons and determine whether they are similar. PulseNet plays a vital role in 

surveillance and identification of foodborne illness outbreaks that were previously difficult to 

detect.  

 

1.3 Pathogenic Listeria monocytogenes Vs. nonpathogenic Listeria innocua  

       L. monocytogenes can survive in the extreme conditions encountered in the food chain, 

such as high salt concentrations and extremes of pH and temperature. These characteristics 

are shared by L. innocua, a nonpathogenic species found often in combination with L. 

monocytogenes in food and in the environment (20, 32). Although L. innocua is a 

nonpathogenic species, it is the species most closely related to L. monocytogenes, while the 

animal pathogen L.ivanovii and the nonpathogen L.grayi are more distantly related (23). 

However, L. innocua can overgrow L. monocytogenes in enrichment broths, which may lead 

to L. monocytogenes  escaping detection (8, 21). The genome sequences of L. monocytogenes 

EGD-e (serotype 1/2a) and L. innocua include strain name CLIP 11262 that was sequenced 

have been compared. Both genomes encoded many putative surface and secreted proteins, 

transporters, and transcriptional regulators, consistent with the ability of both species to adapt 

to diverse environments (20). However, 30 of the 133 surface proteins identified in L. 

monocytogenes EGD-e were absent from L. innocua and 20 of these 30 L. monocytogenes 
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EGD-e specific surface proteins had the LPXTG Motif (anchoring proteins to the cell 

surface), which suggested that L. monocytogenes EGD-e may be more adaptable to the 

environments than L. innocua. The regulatory proteins are related to the ability of Listeria to 

adapt and respond to different environments and some global regulatory systems might also 

be associated with virulence. BglG regulatory proteins, one of the largest families of 

regulatory proteins, seems to be over-represented in Listeria and many are associated with 

the phosphoenolpyruvate-dependent phosphotransferase systems (PTS) involved in sugar 

transport and metabolism, which are abundant in Listeria (10). The comparison between the 

L. monocytogenes and L. innocua genomes reveals the conservation of all ABC transporters, 

but L. monocytogenes has many more PTS genes than L. innocua, suggesting that the L. 

monocytogenes EGD-e- specific PTS could be implicated in virulence (10, 20).  

 

       The presence of 270 L. monocytogenes EGD-e and 149 L. innocua strain-specific genes 

(clustered in 100 and 63 islets, respectively) suggests that virulence in Listeria results from 

multiple gene acquisition and deletion events (20). The G+C contents differ between species; 

the G+C contents of Listeria species are from 37% to 39%, while the G+C contents of other 

bacteria range from 25% to 75%. The G+C content of most of these islets are significantly 

lower or higher than the flanking regions, suggesting the acquisition by horizontal gene 

transfer. Other DNA fragments may also have been acquired by horizontal gene transfer from 

bacteria with a similar G+C content, or over time may have adapted to the Listeria genome. 

This seems to be one of the cases for the "virulence locus," whose G+C content is similar to 

that of the rest of the chromosome. Comparison of this region among Listeria species (11) 

and with the soil bacterium Bacillus subtilis indicates that this gene cluster was probably 
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acquired by a common ancestor of Listeria and that L. innocua subsequently lost most of it. 

Bacteriophages and plasmids may play a role in gene acquisition, and the sequenced L. 

monocytogenes and L. innocua strains contained one and five prophages, respectively. L. 

innocua contained a plasmid encoding heavy metal resistance. 2853 and 2973 protein-coding 

genes have been identified in L. monocytogenes and L. innocua, respectively. The encoded 

genes have a high similarity to those of B. subtilis, suggesting a common origin for these 

three species. Both Listeria genomes contained putative DNA uptake genes homologous to B. 

subtilis competence genes. As Listeria are not known to be naturally competent, the Listeria 

DNA uptake apparatus may have lost its original function. Alternatively, its regulation or the 

signals that induce competence may differ from those of B. subtilis. Gene transfer by 

transformation could explain most of the genomic differences between the two Listeria 

species as well as between Listeria and B. subtilis (20).  

 

1.4 Serotypes 

       To better understand the molecular mechanisms of L. monocytogenes virulence in 

humans and survival of this bacterium in food and in the environment, several additional L. 

monocytogenes strains have been recently sequenced. To date, L. innocua (serotype 6a), L. 

monocytogenes strains EGD-e (serotype 1/2a), and F2365 (serotype 4b, genomic division II) 

have been fully sequenced. L. monocytogenes strains F6854 (serotype 1/2a, genomic division 

I), and H7858 (serotype 4b, genomic division II) have been partially sequenced (20, 23, 36).  

 

       Comparisons were made between serotype 4b and serotype 1/2a (23, 36). Before the 

genome of L. monocytogenes strain F2365 was fully sequenced, Herd and Kocks used L. 
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monocytogenes strain F4565 (serotype 4b, Isolated from the same outbreak as F2365) as the 

representative of serotype 4b to compare its genome with L. monocytogenes strain EGD-e. 

They found that 5 to 6% of the L. monocytogenes strain F4565 genome did not hybridize to 

the genome of L. monocytogenes strain EGD, and they deduced that about 150 to 190 kb of 

its DNA would be absent or substantially different from the genome of strain EGD-e. 39 

different fragments, including 9 L. monocytogenes 4b specific fragments have been identified. 

Many of the isolated fragments had homology to bacterial surface components, and may 

offer the bacteria the ability to survive in variable environments. One of the 39 fragments, 

fragment number 85, and was homologous with a methyltransferase of the Sau3A restriction-

modification system. This gene was confirmed and identified in the later paper (23, 36, 58).  

 

       L. monocytogenes strain F2365 genome was completed in 2004. It is a serotype 4b 

cheese isolate from the Jalisco (Mexican-style) cheese outbreak of 1985 in California (34, 

36). L. monocytogenes strain F2365 is the first L. monocytogenes serotype 4b strain that has 

been fully sequenced. Its genome was compared to the genomes of L. innocua, L. 

monocytognenes strain EGD-e, L. monocytogenes strain F6854, which is a serotype 1/2a 

turkey frankfurter isolate from a sporadic case in 1988 in Oklahoma (1), and with L. 

monocytogenes strain H7858, which is a serotype 4b frankfurter isolate from the multistate 

outbreak of 1998-1999 in the USA (2). A summary of the key genomic findings of these five 

strains is presented in Table 1 (20, 36).  
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Table 1. Genomic summary of five Listeria strains. Modified from reference 19 and 36. 
 
 
Strain 

L. 
monocytogenes 
F2365 

L. 
monocytogenes 
H7858 

L. 
monocytogenes 
EGD-e 

L. 
monocytogenes 
F6854 

L. innocua 
Clip 
11262 

Serotype 4b 4b 1/2a 1/2a 6a 

Chromosome 
Length 

2 905 310 ~2 893 921 2 944 528 ~2 953 211 3 011 209 

G+C content 38% 38% 39% 37.8% 37% 

No. of ORFs 2847 3024 2853 2973 2973 

Phage regions 2 2 1 3 5 

Monocins 1 1 1 1 1 

Plasmid None 1 None None 1 

Plasmid Length - 82 270 - - 81 900 

No. of ORFs on 
plasmid 

- 94 - - 79 

 

       The genes from all five listeria genomes were compared against each other by using 

BLAST. A total of 51, 97, 69 and 61 strain-specific genes were identified in strains F2365, 

F6854, H7858 and EGD-e, respectively. A cluster of F2365 specific genes were identified 

(LMOf2365_0331±LMOf2365_0323), including a putative type II restriction endonuclease 

with specificity for GATC sites, a DNA methylase specific for cytosines at GATC sites, and a 

DNA-binding protein. This result supported with the previous findings (23). Among the 

serotype 1/2a-specific genes were three clusters that encode pathways for the transport and 

metabolism of carbohydrates including ribose, and an unidentified pentose sugar. The 

serotype 1/2a-specific genes also included an operon that encodes the biosynthetic pathway 

for the antigenic rhamnose substituents that decorate the cell wall-associated teichoic acid 

polymer in serotype 1/2a strains (27), five glycosyl transferases and an adenine-specific DNA 

methyltransferase. The pleiotropic regulatory activator prfA (LMOf2365_0211 in strain 
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F2365) and the four genes comprising the agr locus (agrA-D; LMOf2365_0057-60 in strain 

F2365) were completely conserved across all four L. monocytogenes strains. Both of PrfA 

regulon and agr locus play very important roles in virulence of Listeria (4). The virulence 

factor of bacteria includes adhesion factors, colonization factors, invasion factors and toxins. 

The conservation of PrfA regulon and agr locus across these different strains suggests that 

they are under selective pressure to be maintained without mutations.  

 

1.5 Mobile genetic elements in the L. monocytogenes genome 

       Bacteria commonly carry a number of mobile elements (transposons, plasmid, prophages 

and integrons), the composition of which can vary widely among members of the same 

bacteria species. Horizontal transfer of these elements drives the evolution of pathogenicity 

(10). 

 

1.5.1 Insertion elements (IS) 

       An intact insertion element, (IS) element (ISLmol), was present in the serotype 1/2a 

strains F6854 (two copies) and EGD-e (three copies). The chromosomes of serotype 4b 

strains (F2365 and H7858) lacked intact (IS) elements, but did contain four copies of 

transposase ORFA of the IS3 family, that were present in homologous locations in both 

strains. Three of the ORFAs were also present in the serotype 1/2a strains (EGD-e and F6854) 

in the same location; the additional copy of ORFA is considered a complete and a partial 

duplication in strains F2365 and H7858, respectively (36). It seems that all L. monocytogenes 

genomes contain the transposase ORFA, and this gene probably originated from the genome 

of an ancestral Listeria before the strains diverged. However, ISLmol appears to be a recent 
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acquisition and may still be mobile in the chromosome of the serotype 1/2a strains (36). 

 

 

1.5.2 Clustered regularly interspaced palindromic repeats (CRISPRs) 

       The clustered regularly interspaced palindromic repeats (CRISPRs) are short direct 

repeats, 25-50 nucleotides long, interspaced by unique sequences of similar size (7). Five 

Listeria genomes were compared by identifying polymorphisms using CRISPRs. L. 

monocytogenes serotype 1/2a strains and L. innocua had CRISPR repeats, but L. 

monocytogenes 4b did not. Thus, CRISPR elements may be involved in gene transfer events, 

and they can be considered a tool to differentiate among Listeria strains. 

 

1.5.3 Prophages 

       Nine putative prophages and five putative monocins / defective prophages were found in 

all five Listera genomes, but F2365 does not contain an intact prophage in the genome. Six 

of the nine putative prophages have at least 11 ORFs that are homologous to ORFs of ΦA118, 

a phage which is a temperate Siphovirus (morphotype B1), attacking predominantly serovars 

1/2a (56). In L. innocua, a putative prophage (Φ11262.1) has inserted into tRNA-Lys-4, 

suggesting that this prophage may be a relatively recent acquisition in L. innocua by 

recombination with an existing prophage (36).   

 

1.5.4 Plasmids 

       No plasmids were found in L. monocytogenes serotype 1/2a strains (EGD-e and F6854) 

and L. monocytogenes strain F2365 (serotype 4b). However, L. monocytogenes H7858 
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(serotype 4b) was found to harbor a plasmid, pLM80, ca.80 kb, with high level of similarity 

to L. innocua pLI100 and Bacillus anthracis plasmid pXO2 (20, 44). Two distinct regions of 

similarity of pLM80 were identified. Region 1 is specific to Listeria; it encodes proteins 

responsible for the detoxification of arsenate and cadmium, and also contains six mobile 

genetic elements. Region 2 is similar to a region of pXO2, but it has diverged substantially 

from its counterparts in pXO2, suggesting that region may have been exchanged between L. 

monocytogenes and B. anthracis some time ago, or was transferred from a different source 

(36).  

 

1.5.5 Role of plasmids and transposons in antibiotic and heavy metal resistance in 

Listeria 

       The plasmids in Listeria strains usually carry genes encode functions in carbohydrate 

fermentation, resistance to antibiotics, heavy metals or disinfectants, growth at low pH, NaCl 

tolerance or thermal inactivation by pasteurization (33). In most cases, antibiotic and heavy 

metal resistance attributes come from four types of mobile genetic elements: conjugative 

plasmids, mobilizable plasmids, transposons and integrons (12-14, 22, 28, 42, 43). Antibiotic 

resistance can be transferred by conjugation of enterococcal and streptococcal plasmids and 

transposons carrying antibiotic resistance genes from Enterococcus-Streptococcus to Listeria 

and between the different species of Listeria, such as plasmid pIP501, pAMβ1, pRYC16 and 

Tn916(19, 40, 54). Multiple antibiotic resistance in L. monocytogenes can be acquired by 

self-transferable plasmids, such as pIP811(42), pUBX1 and pWDB100(22). Some L. 

monocytogenes strains have resistance to heavy metals which usually are toxic in bacteria. 

Transposon Tn5422 is plasmid-borne in L. monocytogenes, and contains two genes which 

 11



confer cadmium resistance(28).  

 

1.6 Epidemic clones of L. monocytogenes 

1.6.1 Epidemic clone I (ECI) 

       L. monocytogenes has been implicated in numerous outbreaks and sporadic cases of 

human listeriosis. Since it can grow at low temperatures, it has the potential to contaminated 

highly processed, cold-stored, and ready-to-eat foods. At high-risk people for listeriosis are 

pregnant women and their fetuses, the very old and the very young people, and 

immunocompromised people, including HIV and cancer patients (18, 48). Serotypes 1/2a, 

1/2b and 4b are involved in more than 95% of listeriosis cases. Furthermore, most publicized 

outbreaks have involved serotype 4b (9, 41).  

  

       Several closely related strains of serotype 4b, designated epidemic clone I (ECI), have 

been implicated in outbreaks in Nova Scotia, Canada (coleslaw, 1981), California (Mexican-

style cheese, 1985), France (pork tongue in aspic, 1992), as well as several other outbreaks 

(17, 27). ECI strains were not identified in raw, refrigerated meat and poultry (46), and were 

rarely recovered from food (6). The foods are mostly contaminated by serotype 1/2 strains, 

especially 1/2a and 1/2c strains, not by serotype 4b strains, the reasons remained unknown 

(27). Several genetic and phenotypic markers specific to ECI strains have been identified. 

ECI strains share a unique restriction fragment length polymorphism in a genomic region 

essential for low-temperature (4ºC) growth (27, 59). In addition, they also appear to 

methylate cytosines at GATC sites of their genome, thus make their genomic DNA resistant 

to digestion by the restriction enzyme Sau3AI (53, 60). 
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       In 2001, Herd and Kocks showed that ECI strains have a number of unique genomic 

fragments and gene clusters commonly absent from other serotype 4b strains (23). Fragment 

85 was specific to ECI strains and was putatively involved in cytosine methylation at GATC 

sites (23). Genome sequencing data recently revealed that this fragment was part of a gene 

cassette composed of three genes, 85R (5-methyl Cytosine restriction), 85M (methylase) and 

85S (endonuclease Sau3AI), Thus, this cassette appears to have GATC-specific restriction-

modification functions. The G+C contents of the genes 85M, 85R and 85S are 33, 28, and 

31%, respectively, which is noticeably lower than the average of L. monocytogenes (38%). 

The low G+C content indicated that this cassette might have been horizontally introduced 

into the genome of ECI strains by lateral transfer from currently unidentified bacteria. In 

bacteria, restriction methylation systems are usually thought to associate with a defense 

against phage invasion, digesting the unmodified DNA injected into the cell by the phage 

(58); in some cases, DNA methylation is associated with regulation of genes involved in 

virulence and other functions (24, 51). In the recent publication, 51 ECI strain F2365 specific 

genes were identified, and the genes (LMOf2365_001-LMOf2365_0323) corresponding 

fragment 85R, 85M and 85S were also confirmed. The pleiotropic regulatory activator prfA 

(LMOf2365_0211) was found completely conserved across four L. monocytogenes strains 

F2365 (serotype 4b, ECI), F6854 (serotype 1/2a), H7858 (serotype 4b, ECII) and EGD-e 

(serotype 1/2a). The PrfA regulon controls the major virulence genes (hly, plcA, plcB, mpl, 

actA, inlA and inlB) (36). And the four genes comprising the agr locus (agrA-D; 

LMOf2365_0057-60) were found in all four L. monocytogenes strains and non-pathogenic 

strain L. innocua. agr locus was identified played important role in Listeria virulence (4) 
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1.6.2 Epidemic clone II 

       In 1998 - 1999, L. monocytogenes of serotype 4b was implicated in a multistate outbreak 

of listeriosis, which was caused by the consumption of contaminated hot dogs and was 

responsible for 101 human cases, including 21deaths (2, 52). The ribotype and pulsed-field 

gel electrophoresis (PFGE) fingerprints of these strains had been rarely encountered before. 

Thus these bacteria appeared to represent a novel epidemic associated lineage, which is 

designated epidemic clone II (2, 17).  

 

       In recent publication, 69 of ECII strain H7858 specific genes were identified. 8605 high 

quality SNPs were found in the genome of H7858, suggesting a high mutation rate of genes 

involved in energy metabolism and transport, and having varying abilities to withstand 

adverse environments (36). One serotype 4b-specific region (LMOf2365_0448 to 

LMOf2365_0471) which was either divergent in or absent from the genome of ECII strains 

has been identified (17). Based on southern blotting result, several DNA fragments in this 

region are not present on ECII genome and only three ORFs are conserved between ECII and 

other serotype 4b strains. Except for conserved ORFs, the G+C contents of this region range 

from 19.44 to 35.78%, which is much lower than the average G+C content of L. 

monocytogenes (38%), suggesting that the corresponding genes in serotype 4b may have 

been acquired by horizontal transfer from another, unidentified source. This region is also 

adjacent to the internalin genes inlA and inlB, which are known to have important functions 

in cell invasion and virulence in L. monocytogenes (17). This suggested the possibility that 
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the serotype 4b-specific genes in this region may also be implicated in host-pathogen 

interactions and virulence. Comparative genomic analysis of the region suggests that it may 

have been introduced into serotype 4b by an insertion in the genome between 

LMOf2365_0448 and LMOf2365_0471 (inlA). Alternatively, the region could have been 

present in an ancestral L. monocytogenes lineage and maintained only in serotype 4b, 

becoming lost from the genomes of strains of other serotypes.  

 

1.6.3 Epidemic clone III 

       Unlike ECI and ECII, the strains of ECIII are serotype 1/2a. Strain L. monocytogenes 

F6854, which caused the contamination of turkey franks in 1988 (2, 27, 52), belongs to this 

clone, and it has been partially sequenced. It is noticeable that ECIII strains appeared to have 

persisted in the processing plant for more than a decade (27). The strain identified in the 2000 

multistate outbreak that was caused by contaminated turkey deli meat was the same PFGE 

genotype as the strain implicated in a human listeriosis case associated with the consumption 

of contaminated turkey in 1988 (27, 38).  
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CHAPTER II 

Genomic organization and transcriptional analysis of ECI specific  

cassettes 144, 133, 17B and 85 
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2.1 Abstract 

       The genome of ECI strains has been known to harbor gene cassettes unique to this 

clonal group. Four such ECI specific gene cassettes, designated 144, 133, 17B and 85 were 

characterized further by taking advantage of the recently complete genome sequencing of the 

ECI strain F2365. The genomic organization of the regions harboring these ECI-specific 

cassettes was analyzed in five different Listeria strains, including ECI strain F2365 (serotype 

4b), ECII strain H7858 (serotype 4b), serotype 1/2a strains EGD-e and F6854, and Listeria 

innocua CLIP 11262. The comparative genomic organization data revealed that all four ECI 

specific regions has features typical of genomic islands (GEIs), being present in the genome 

of ECI strains but absent from the genome of other serotype 4b strains, suggesting insertion / 

deletion events. The G+C contents of all four ECI specific cassettes were significantly lower 

(27-34%) than the average for Listeria (38%). Of the four cassettes, one (cassette 144) 

consisted of a single open reading frame (ORF), whereas cassettes 17B, 85, and 133 

consisted of three, five, and six ORFs, respectively. Transcriptional analysis utilizing reverse 

transcriptase – polymerase chain reactions suggested that the single ECI - specific ORF in 

cassette 144 was co-transcribed with two upstream ORFs that were conserved among 

different strains, and that the six ORFs of cassette 133 were co-transcribed, and appeared to 

constitute a transcriptional unit separate from the flanking genes. A 42 bp palindromic 

sequence flanked the ECI specific ORFs on this cassette, possibly functioning as rho- 

independent transcriptional terminator based on secondary structure analysis, whereas a 

single copy of the sequence was found in a genomically equivalent location in the other 

strains. Two of the cassettes, 133 and 17B, were located immediately adjacent to genes with 

key functions in cell metabolism, tuf (translation elongation factor Tu) and gidA (glucose 

 26



inhibited division protein, involved in mortification of 23S rRNA), respectively. With the 

exception of cassette 85, which is involved in restriction and modification of DNA at GATC 

sites, the functions of the other ECI specific cassettes are unknown at this time. However, the 

genomic features of the cassettes suggest that they are genomic islands that may have been 

horizontally transferred from other organisms. Similarly to genomic islands in other bacteria, 

these cassettes may play important roles in bacterial pathogenicity and metabolism, in 

self-defense from phage infection, and in resistance to antibiotics, heavy metals or extreme 

environments.  
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2.2 Introduction 

       Most of the outbreaks of food borne listeriosis have involved a small number of 

genetically related strains, commonly of serotype 4b (3, 5, 7, 18). Epidemic clone I (ECI) 

strains have been implicated in numerous outbreaks in Europe and North America, including 

those in Nova Scotia, Canada (coleslaw 1981), California (Jalisco cheese, 1985), France 

(pork tongue in aspic, 1992), and others (4). ECI specific genetic and phenotypic markers 

have been identified, including a modification that rendered the genomic DNA of these 

strains resistant to digestion by the enzyme Sau3AI, and restriction fragment length 

polymorphisms (RFLPs) in several chromosomal markers (9, 20, 21). Recently, the genome 

sequencing of one ECI strain F2365, which was implicated in the 1985 Jalisco (Mexican 

style cheese) outbreak in California, has been completed and published (16). 

 

      The genome sequence of strain F2365 identified 51 genes that were present in the 

genome of this organism and absent from the other Listeria genomes that had been 

sequenced (8). Several of these putative ECI-specific genes were identified in a previous 

study that employed subtractive hybridization of one of the strains from the Jalisco cheese 

outbreak against the serotype 1/2a strain EGD-e (9). Subtractive hybridization is a method to 

identify DNA/RNA present in one sample but not in the others. In this study, we 

characterized the genomic regions harboring four of these fragments (fragments 144, 133, 

17B, and 85) at the level of genomic organization and transcription utilizing the information 

from the complete genome sequence of F2365.  
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2.3 Materials and methods 

2.3.1 Nucleotide sequence analysis for cassettes 144, 133, 17B and 85  

       For DNA and protein database searches and analysis, we used BLAST algorithms 

(http://www.ncbi.nlm.nih.gov/BLAST/) and Artemis software 

(http://www.sanger.ac.uk/Software/Artiemis). For DNA and protein database comparisons 

among five different Listeria genomes, we used clustalW (http://www.ebi.ac.uk/clustalw/). 

The whole sequence data of L. monocytogenes strain EGD-e (serotype 1/2a), L. 

monocytogenes strain F2365 (serotype 4b), L. innocua strain CLIP 11262 and preliminary 

sequence data of L. monocytogenes strain H7858 (serotype 4b) and L. monocytogenes strain 

F2365 (serotype 1/2a) were obtained from (http://www.ncbi.nlm.nih.gov/). For RNA 

secondary structure analysis, we used RNA folding (mfold) 

(http://www.bioinfo.rpi.edu/applications/mfold/old/rna/). For protein prediction, we used 

protein families database alignments and HMMs (http://www.sanger.ac.uk/Software/Pfam/).  

 

2.3.2 Isolation of genomic DNA of Listeria 

       A single colony was inoculated in 5 ml TSB+ 0.7%Yeast Extract, and was incubated 

at 37ºC overnight. 3 ml of the cells were collected by centrifugation (11.9 rpm 3 minutes) in 

a 1.5 ml Eppendorf tube. The pellet was resuspended in 180 ul enzymatic lysis buffer (10 ml 

lysis buffer: 200 ul 1M tris-cl pH7, 40 ul 0.5 M ECTA, 120 ul Triton x 100, 200 mg 

lysozyme, 9.64 ml ddH2O) and incubated at 37ºC for 3 hours. Qiagen DNeasy tissue kit 

(Valencia, CA) was used in the following steps (See Qiagen DNeasy tissue handbook from 

step 3 on page 19 to step 9 on page 29). Genomic DNA was resuspended in dH2O and stored 

at 4ºC.  
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2.3.3 Southern Blots 

2.3.3.1 Cultures used in Southern Blots 

Table 1. Listeria strains used in southern blotting with probes derived from different ORFs in the ECI 
specific regions 133 and 17B.  
 

NO. Strains Serotypes Origin Sporadic (S)/ 

Epidemic (E) 

Patient/food 

origin 

1 F2381 4b (ECI) CA, USA E Patient 

2 G4026 4b (ECI) ENGLAND E Patient 

3 G3982 4b (ECI) SWITZERLAND E Food 

4 G3988 4b (ECI) CANADA E Patient 

5 G3992 4b (ECI) FRANCE E Patient 

6 G4030 4b (ECI)  FRANCE E Patient 

7 264 4b (ECI) HAWAII S Patient 

8 266 4b HAWAII S Pateint 

9 2001-126R 4b NC, USA S Patient 

10 4b1 4b N/A S Patient 

11 WS1 4b (ECIa) NC, USA  E Patient 

12 2001-7R 4b NC, USA S Patient 

13 H7750 4b (ECII) USA E Patient 

14 H7738 4b USA E Patient 

15 F6854 1/2a USA S Patient 

16 J0161 1/2a (ECIII) USA E Pateint 

17 G3986 3b USA S Food 

18 G3968 3b USA S Patient 

19 G3964 1/2b CANADA S Patient 

20 G4027 1/2b USA S Patient 

21 G4598 1/2b Italy E Patient 

 

2.3.3.2 Probe Labeling with DIG-dUTP (Roche) 

       DNA fragments to be used as probes in Southern blots were labeled with random 

primers and digoxigenin, following the steps recommended by the vendor of the digoxigenin 
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labeling and detection kit (Roche). 10 ng- 1 ug DNA was added to autoclaved dH2O to a final 

volume of 15 ul. The DNA was denatured by heating in a boiling water bath at 95-100ºC for 

10 minutes, and immediately placed on ice. 2 ul 10X Hexanucleotide Mix, 2 ul 10X DIG 

DNA labeling mix and 1 ul Klenow (5u / ul) were added to the DNA and the mixture was 

incubated at 37ºC overnight. The labeled DNA was stored at -20ºC.  

 

2.3.3.3 Digestion of genomic DNA with restriction enzyme EcoRI and agarose gel 

electrophoresis 

      Genomic DNA was completely digested by the restriction enzyme EcoRI (New 

England, Biolabs, Beverly, MA) in a 37ºC water bath overnight. The total volume of the 

restriction mixture was 20 ul, (1 ug genomic DNA, 1 ul enzyme EcoRI, 2ul 10X Buffer, 

supplied by the vendor). The whole volume (20 ul) of completely digested genomic DNA 

was separated in 1.0% agarose gel and 1 x TAE buffer (40 mM Tris acetate, 1 mM EDTA, 

pH 8.0).  

 

2.3.3.4 Southern transfer 

       After electrophoresis, the gel was placed in a glass or plastic container and soaked in 

250 mM HCl for just 10 min at room temperature with gentle shaking on a shaker. The HCl 

was discarded, and the gel was rinsed briefly with dH2O, and soaked in denaturing solution 

(0.5 M NaOH, 1.5 M NaCl dissolved in dH2O) for 45 minutes, with gentle shaking, followed 

by gentle shaking in neutralization solution (0.5 M Tris-Cl, 1.5 M NaCl dissolved in dH2O) 

for 30 minutes. A nylon membrane (MSI, Gloucester, MA) was pre-wetted in H2O for 5 

minutes, then transferred to 2 X SSC (dilution from 20 X SSC, 20 x SSC: 175. 3 g NaCl, 88. 
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2 g Na Citrate (Citric Acid Trisodium Salt), pH7.0, total volume 1L, autoclave) for several 

minutes. The DNA was transferred onto nylon membrane in 10X SSC by capillary action, 

overnight. Following transfer the nylon membrane was treated with a UV crosslinker 

(STRATAGENE, UV Strata linker 1800) to fix the DNA on the membrane. 

 

2.3.3.5 Hybidization 

       The membrane was prehybridized with the prehybridization solution (5X SSC, 0.1% 

of N-lauroylsarcosine, 0.02% of SDS, 2% of blocking reagent, and 50% of formamide) 

(Roche) for 3 hours and hybridized with the DNA probe overnight. Both prehybridization 

and hybridization were performed at 42ºC in a hybridization tube under high stringency 

conditions.  

 

2.3.3.6 Detection 

       Before detection, the membrane was washed at room temperature with 2X SSC 

(containing 0.1% SDS) for 20 minutes, 1X SSC (containing 0.1% SDS) for 20 minutes, and 

0.5X SSC (containing 0.1% SDS) for 20 minutes. The membrane was then blocked with 

blocking buffer (0.15 M NaCl, 0.1 M Tris-HCl, pH 7.5, 2% blocking reagent purchased from 

Roche) for 1 hr, and incubated with anti-DIG-alkaline phosphatase (1:5,000-1:10,000, v:v, in 

blocking buffer) for 30 minutes. The membrane was washed with Maleic buffer (0.1 M 

Maleic Acid, 0. 15M NaCl, pH 7.5) twice. CSPD (Roche) (1:1000, v:v, in buffer 3: 0.1 M 

Tris-HCl, pH 9.5, 0.1 M NaCl, 0.05 M MgCl2) was used as the substrate for alkaline 

phosphatase. X-ray film (Fuji) was exposed to the chemiluminescent light resulting from 

hybridization of DNAs with the probe. The DNA on the nylon membrane can be re-probed 
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2-3 times. For re-probing, previous probe was removed (“stripped”) by incubating the 

membrane in alkaline probe-stripping solution (0.2 N NaOH, 0.1% SDS) at 42ºC for 45 min 

twice, and then washing thoroughly in 6 x SSC. The membrane was then air dried, and sealed 

in a plastic bag and stored at 4ºC until the next hybridization.  

 

2.3.4 RNA Extraction 

       A single colony was inoculated in 3 ml TSB+ 0.7%Yeast Extract, and incubated at 

37ºC overnight. All 3 ml of the cells were recollected by centrifugation (11.9 rpm, 3 minutes) 

in a 1.5 ml Eppendorf tube. And the pellet was suspended in 180 ul enzymatic lysis buffer 

and incubated at 37ºC for 3 hours. 20 ul proteinase K (Qiagen) was added and incubated at 

room temperature for 45 minutes. 1 ml TRIzol (Invitrogen, Carlsbad, CA) (use 1 ml of 

TRIzol per 1.0 x 107 cells to homogenize) was added and vortexed for 3 seconds. The 

mixture was incubated at room temperature for 2-3 minutes, and then was centrifuged (11400 

rpm, 4ºC, 15 minutes). The aqueous phase (the top clear phase) was transferred to a new 1.5 

ml Eppendorf tube. The middle phase (white) was the protein phase, and the bottom phase 

(red) was the DNA phase. 0.5 ml Isopropyl alcohol was added and mixed by hand. The 

mixture was incubated at room temperature for 10 minutes, and was centrifuged (11400 rpm, 

4ºC, 10 minutes). The supernatant was discarded and the RNA pellet was washed once with 

1 ml 75% ethanol, centrifuged (8900 rpm, 4ºC, 5 minutes), and air dried briefly. The RNA 

was dissolved in 80 ul DEPC water (0.1% Diethylpyrocarbonate in dH2O, kept at room 

temperature overnight and then autoclaved), and incubated at 55-56ºC for 10 min. RNA was 

stored at -70ºC for later use.  
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2.3.5 Reverse transcriptase-polymerase chain reaction (RT-PCR) 

       ImProm-IITM Reverse Transcription System (Promega, Madison, WI) was used to 

prepare complementary DNA (cDNA).  

 

2.3.5.1 Prepare RNA target and primer 

       For each 20 ul reverse transcriptase reaction, RNA template up to 1 ug, primer (20 

pmol/0.5 ug) and DEPC water (5 ul) were combined, incubated at 70ºC for 5 minutes, and 

was quick-chilled at 4ºC for 5 minutes and held on ice.  

 

2.3.5.2 Prepare reverse transcriptase mix 

       For each 20 ul reverse transcriptase reaction, ImProm-IITM 5x reaction buffer (4u)l, 

25mM MgCl2 (2.4 ul), dNTP mix (1ul), recombinant RNasin ribonuclease inhibitor (1ul) and 

DEPC water (5.6ul) were combined, the mixture was vortexed and 1 ul ImProm-IITM reverse 

transcriptase was added last.  

 

2.3.5.3 Reverse Transcription 

       The template and reverse primer were add to the reaction mix. The final volume for 

each individual reaction was 20 ul. The reaction mix was annealed at 25ºC for 5 minutes, the 

fist strand was extended at 37-42ºC for 60 minutes, and the ImProm-IITM reverse 

transcriptase was heat-inactivated by incubating at 70ºC for 15 minutes. cDNA was used 

immediately for PCR or stored at -80ºC. 

2.3.5.4 PCR amplification 

       To prepare PCR mix, the cDNA sample was subtracted by combining the 
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amplification reagents in a sterile 1.5 ml Eppendorf tube on ice. The components were 

combined in the order listed (Appendix A), and was mixed by vortexing and kept on ice.  

 

2.4 Results 

       Five Listeria strains (four strains of L. monocytogenes and one of the 

non-pathogenic species L. innocua) with accessible genome sequencing data were included 

in the genomic characterization of the ECI-specific regions. The four L. monocytogenes 

strains were F2365 (serotype 4b ECI California Jalisco cheese isolate, 1985 outbreak, 

completely sequenced genome) (5, 11); H7858 (serotype 4b ECII 1998-1999 multistate 

outbreak frankfurter isolate, partially sequenced genome) (2, 11); EGD-e (serotype 1/2a, 

animal isolate, completely sequenced genome); and F6854 (serotype 1/2a Oklahoma turkey 

frankfurter isolate, 1988, partially sequenced genome) (1,11). The sequenced L. innocua 

strain was strain CLIP 11262 (serotype 6a, completely sequenced genome) (8). 

  

      BLAST analyses using the complete genome sequence for F2365 (NC_002973) (9), 

revealed that the ECI-specific fragments 144, 133, 17B, and 85 that had been earlier 

identified (9) were internal to Open Reading Frames (ORFs) 0687, 2629, 2790, and 0327, 

respectively, in the genome BLAST analyses in addition showed that sequences with 

significant homology to these fragments could not be detected in any of the other Listeria 

genomes that had been sequenced, including the genome of H7858 which had the same 

serotype (serotype 4b) as F2365. Such analyses were in agreement with the earlier 

description of these fragments as ECI-specific (9). The location of the fragments in the 

genome of F2365 revealed that fragments 133, 17B and 85 were quite close to the origin of 
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replication, there are only 23 protein coding genes (55,622bp) from cassette 17B to the origin 

of replication, and all four fragments were within about ¼ of the whole genome, the gene 

encoding one of the Listeria monocytogenes key virulence factor-listeriolysin O is also very 

closed to the origin of replication, listeriolysin O allows the bacterium to escape from a 

phagocytosis vacuole (Fig. 1). The location of these fragments in the genome appears to not 

be random, and their proximity to the origin of replication suggests that they may have high 

copy number and be involved in key cellular functions.  

 

 

 

Fig. 1 Location of the ECI specific cassettes 144, 133, 17B, and 85 in the genome of the ECI strain 
F2365. The origin of replication and gene encoding key virulence factor Listeriolysin O are also 
indicated. LMOf2365_xxxx designations are the ORF numbers of the corresponding locus, with the 
origin being ORF 0001.The ORF numbers in the map indicated the corresponding ORFs to the 
fragments 144, 133, 17B, and 85 identified in earlier study (9). Modified from ref. 9.     
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2.4.1 Genomic organization of ECI specific regions and comparative genomic analysis 

among different Listeria genome. 

       The genomic region harboring fragments 144, 133, 17B, and 85 was visualized by 

ARTEMIS and analyzed by BLAST in order to identify the boundaries of the F2365-specific 

region. This approach revealed that the regions harboring these fragments differed noticeably 

in terms of the amount and complexity of their ECI-specific content, as described below:  

 

       Region harboring fragment 144. The region harboring fragment 144 was the 

simplest in terms of organization, with a single ORF being specific to F2365, and being 

flanked by ORFs conserved among the different L. monocytogenes genomes as well as L. 

innocua (Fig. 2). The F2365-specific ORF (ORF 0687) was transcribed in the same direction 

as its upstream ORF, encoding a putative serine threonine protein phosphatase, whereas the 

downstream ORF was convergent to ORF 0687. Interestingly, in the non-pathogenic species 

L. innocua an unrelated ORF encoding an internalin like protein with the LPXTG motif 

characteristic of wall-associated proteins was identified in this region, and appeared to be 

unique to the genome of this non-pathogenic Listeria. In pathogenic Listeria internalins are 

associated with important virulence functions (10).   
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F2365 

 

Fig. 2 Genomic region harboring fragment 144 in F2365 (ECI) and other Listeria genomes. CHP: 
Conserved hypothetical protein, HP: Hypothetical protein, Ser/Thr PP: Serine/threonine protein 
phosphatase, MP: Membrane protein, EIII DP: Endonuclase III domain protein. Arrows indicate 
direction of transcription. Gray arrows: strain specific ORFs, white arrows: conserved ORFs 
 
 

       Region harboring fragment 133. The region harboring fragment 133 was more 

complicated than region 144, with six ORFs being specific to F2365, and being flanked by 

ORFs conserved among the different L. monocytogenes genome as well as L. innouca (Fig. 

3.1). The six F2365-specific ORFs were co-transcribed in the same direction. Interestingly, a 

42 bp palindromic sequence flanked the ECI specific ORFs on this cassette, possibly 

functioning as rho- independent transcriptional terminator based on secondary structure 

analysis, whereas a single copy of the sequence was found in a genomically equivalent 

location in the other strains. The direct repeats have the potential to form a stem-loop 

structure (∆G= -20.4) with a series of Ts at the 3’ end, thus having the features of 

rho-independent terminator (Fig. 3.2).   
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Fig. 3.1 Genomic region harboring fragment 133 in F2365 (ECI) and other Listeria genome. PTS IIA: 
putative PTS system, IIA component; HP: Hypothetical protein; MP: Membrane protein; Tuf: 
Translation elongation factor Tu, RF: Repetitive fragment  
(5’ ATTCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT 3’) Arrows indicate direction 
of transcription. Gray arrows: strain specific ORFs, white arrow: Conserved ORFs 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 3.2 Secondary structure of palindromic repeat in region 133. ∆G= -20.4 
Direct repeat sequence: 5’ ATTCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT 3’ 
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       Region harboring fragment 17B. The region harboring fragment 17B has three 

ORFs being specific to F2365, and being flanked by ORFs conserved among the different L. 

monocytogenes genomes and as well as L. innocua. ORF2798 encodes a hypothetical protein 

with a conserved domain AbiF, abortive infection bacteriophage resistance protein. Abortive 

infection mechanism (Abi) affects prolate-headed-phage proliferation and provides resistance 

to bacteriophage by abortive infection. ORF2799 has a Helix-turn-helix XRE domain, 

suggesting that it encodes a prokaryotic DNA binding protein; it belongs to the xenobiotic 

response element family of transcriptional regulators. These two ORFs have opposite 

transcription orientations, and a large (1645 bp) intergenic sequence between them. 

ORF2800 has similarity with site-specific recombinase, of the phage integrase family; 

moreover, this region contains one or more premature stops and/or frameshifts. Interestingly, 

F2365 ORFs 2795, 2796 and 2797 were homologous ORFs with nucleotide similarity 

68-74%, and had three or four homologues in other L. monocytogenes strains as well as L. 

innocua. L. innocua has two ORFs encoding hypothetical proteins in the same genomic 

location.  
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Fig. 4 Genomic region harboring fragment 17B in F2365 (ECI) and other Listeria genomes. HP: 
Hypothetical Protein; CHP: Conserved Hypothetical Protein; Gid: Glucose-inhibited division Protein; 
trmE: tRNA modification GTPase. Arrows indicate direction of transcription. Black arrows: strain 
specific ORFs, gray arrows: homologous ORFs, which arrows: conserved ORFs.  
 
 
 
       Region harboring fragment 85. The region harboring fragment 85 has five ORFs 

being specific to F2365, and being flanked by ORFs conserved among the different L. 

monocytogenes genomes and as well as L. innocua. There is one conserved hypothetical 

protein in the same place as cassette 85 in other four Listeria strains. L. innocua has one 

unrelated ORF encoding permease in this genome location. Comparative genomic analysis 

revealed five ECI specific ORFs in this region:  ORF 0324 encodes a putative lipoprotein 

and contains premature stop codons; ORF 0325 encodes type II restriction enzyme Sau3AI, 

ORF 0326 encodes DNA-binding protein, ORF 0327 encodes C-5 cytosine-specific DNA 
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methylase and ORF 0328 encodes a hypothetical protein. There is an HNHc domain in ORF 

0328. The domain HNHc (SMART ID: SM00507, SCOP nomenclature: HNH family) is 

associated with a range of DNA-binding proteins, involving in a variety of binding and 

cutting functions (14).  

F2365 

 

Fig. 5 Genomic region harboring fragment 85 in F2365 (ECI) and other Listeria genomes. HP: 
Hypothetical protein; PTS: PTS system, beta-glucoside-specific, IIA; ORF0324: Lipoprotein, putative, 
authentic frameshift with a premature stop codon in the ORF; CHP: Conserved hypothetical protein. 
Arrows indicate direction of transcription. Gray arrows: strain specific ORFs, white arrows: 
conserved ORFs.  
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2.4.2 G+C content 
       The G+C contents of each ECI specific region are significantly lower than Listeria 

average G+C content (38%) and the flanking ORFs. See Fig. 6-Fig. 9. 

 
 

 

Fig. 6 ECI strain F2365 144 region G+C content map. Gray arrow: ECI specific ORF 
 

 
Fig. 7 ECI strain F2365 133 region G+C content map. Gray arrow: ECI specific ORFs  
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Fig. 8 ECI strain F2365 17B region G+C content map. Gray arrow: ECI specific ORFs  
 

 

 

Fig. 9 ECI strain F2365 85 region G+C content map. Gray arrow: ECI specific ORFs  
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2.4.3 Southern blots 

       Southern blots were used to accurately determine the boundaries of the ECI specific 

regions 17B and 133 in multiple strains, representing different serotypes of L. monocytogenes. 

The L. monocytogenes strains used in southern blots are listed in table 2. Representative 

southern blots are shown in Figures 10 and 11, and the results are summarized in Table 3 and 

4.   

Table 2. Summary of southern blot results of L. monocytogenes and L. innocua with probes from 
three ORFs in region 133.   
 

Probes Strain category 

 ECI ECIa ECII Sporadic 

4b (266, 

4b1 

1/2a L. innocua 1/2b 3b1 

ORF2630 + + - - - - + 2/3+ 

1/3- 

ORF2628 + + - - - -   

ORF2627 + + - - - - + 2/3+ 

1/3- 

 
1 Of the three strains of serotype 3b that were tested, two (G3964 and G4598) reacted with probes 
derived from ORF2627 and ORF2630, whereas one strain (G4027) did not. 
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Table 3. Summary of southern blot results of L. monocytogenes and L. innocua with probes from 
ORFs in region 17B and flanking ORFs. 
 

Probes Strain category 

 ECI ECIa ECII Sporadic 

4b (266, 

4b1 

L.innouca 

ORF2800 + - - - - 

ORF2799 + - - - - 

ORF2799-ORF2798 + - - - - 

ORF2798 + - - - - 

ORF2797 + - - - + 

ORF2796 + + + + + 

ORF2795 + + + + + 

ORF2794 + + + + + 

 

         M  1  2  3  4  5  6  7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22  

        
 

Fig. 10.1 Southern blot of EcoRI-digested DNA from different strains, probed with ORF2630 (region 
133).  Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua; 18: G3986 (serotype 3b); 19: G3968 (serotype 3b); 20: 
G3964 (serotype 1/2b); 21: G4027 (serotype 1/2b); 22: G4598 (serotype 1/2b 
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         M  1    2    3    4    5   6   7    8   9   10   11   12   13   14   15   16   17 

          
 
 
Fig. 10.2 Southern blot of EcoRI-digested DNA from different strains, probed with ORF2628 (region 
133). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
 
 
 
 
         M  1  2  3  4  5  6  7  8 9 10 11 12 13 14 15 16 17 18 19 20 21 22  

          
 
 
 
Fig. 10.3 Southern blot of EcoRI-digested DNA from different strains, probed with ORF2627 (region 
133). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua; 18: G3986 (serotype 3b); 19: G3968 (serotype 3b); 20: 
G3964 (serotype 1/2b); 21: G4027 (serotype 1/2b); 22: G4598 (serotype 1/2b) 
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        M  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  

 
 
Fig. 11.1 Southern blot of EcoRI-digested DNA from different strains, probed with ORF2800 (region 
17B). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
 

 
 
 
 
 
       M   1  2  3   4  5   6  7  8  9  10  11  12  13  14  15  16  17 

 
 

Fig. 11.2 Southern blot of EcoRI-digested DNA from different strains, probed with ORF2799 (region 
17B).  Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
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        M  1  2  3   4  5  6  7  8  9  10  11  12  13  14  15  16  17 

        
 
Fig. 11.3 Southern blot of EcoRI-digested DNA from different strains, probed with intergenic 
sequence between ORFs 2798 and 2799 (region 17B). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: 
G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 
2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: 
H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
 

 
 
 
 
 
        M  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17 

 
 
 
Fig. 11.4 Southern blot of EcoRI-digested DNA from different strains, probed with ORF 2798 (region 
17B). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
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         M  1     2    3    4    5     6    7    8   9   10   11   12   13   14   15   16   17 

 
 
Fig. 11.5 Southern blot of EcoRI-digested DNA from different strains, probed with ORF 2797 (region 
17B).  Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
 
 
 
 
 
 
         M  1     2    3    4    5    6    7    8   9    10   11   12   13   14   15   16   17 

 
 
 
Fig. 11.6 Southern blot of EcoRI-digested DNA from different strains, probed with ORF 2796 (region 
17B). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
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         M  1     2    3    4    5     6    7    8   9   10   11   12   13   14    15   16   17 

 
 
Fig. 11.7 Southern blot of EcoRI-digested DNA from different strains, probed with ORF 2795 (region 
17B). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 (ECI); 6: 
G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 4b); 11: 
WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 (serotype 
1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
 
 
 
 
 
 
         M  1    2    3    4    5    6    7    8   9   10   11   12   13   14   15  16  17 

 
 
Fig. 11.8 Southern blot of EcoRI-digested DNA from different strains, probed with ORF 2794 
(region 17B). Lanes are: 1: F2381 (ECI); 2: G4026 (ECI); 3: G3982 (ECI); 4: G3988 (ECI); 5: G3992 
(ECI); 6: G4030 (ECI); 7: 264 (ECI); 8: 266 (serotype 4b); 9: 2001-126R (serotype 4b); 10: 4b1 (serotype 
4b); 11: WS1 (serotype 4b); 12: 2001-7R (serotype 4b); 13: H7750 (ECII); 14: H7738 (ECII); 15: F6854 
(serotype 1/2a); 16: J0161 (serotype 1/2a); 17: L. innocua 
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2.4.4 RT-PCR analysis  

2.4.4.1 RT-PCR results for region 144 

       The results of RT-PCR suggested that conserved ORFs ORF0685 and ORF0686 were 

co-transcribed with ORF0687, which was ECI-specific ORF. See Fig. 12.1, Fig. 12.2 and Fig. 12.3. 

PC PD PE 

 
Fig. 12.1 Map of region 133 in strain F2365. Arrows indicate location of primers used in RT-PCR.  
Abbreviations for deduced polypeptides are as in Fig. 2.  
 
 
 
 
 
                             1   2   3   4   5   6   7   M 

                             
 
 
 
Fig. 12.2 RT-PCR results for ECI strain F2365. Primer PB was used to synthesize cDNA, and primers 
PA and PB were used to detect ORF0685 transcripts. Lanes: 1, PAPB (10ul cDNA); 2, PAPB (5ul 
cDNA); 3, PCPD (10ul cDNA); 4, PCPD (5ul cDNA); 5, RT-PCR negative control; 6, PAPB (DNA 
template); 7, PCPD (DNA template).  
 
 
 
 
 

0686 
Ser/Thr 

0688
MP 

0690 
EIII DP
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CHP 
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HP 

0689 
C.H.P 
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504bp 
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                                     M  1  2  3  4  5 

                                     
 

919bp 

Fig. 12.3 RT-PCR results for ECI strain F2365. Primer PE was used to synthesize cDNA, and primers 

 to synthesize cDNA. The self-priming of the RNA could be 

2.4.4.2 RT-PCR results for region 133 

       RT-PCR results suggested that the two conserved ORFs that flank the ECI specific 

ORFs were not co-transcribed with the ECI specific ORFs. Three of the ECI-specific ORFs 

that encode putative membrane proteins were co-transcribed. However, RT-PCR analysis of 

the ECI-specific ORFs in region 133 yielded inconsistent results, possibly suggesting low 

expression of the six ECI specific ORFs, or unstable messages. Some RT-PCR results were 

based on self-priming. The self-priming of the RNA perhaps could be explained as a result of 

secondary structure configurations that provide a suitable 3’- terminus to prime the reverse 

transcriptase. Suggested that all six ECI specific ORFs in this region were co-transcribed (Fig. 

13.1-Fig. 13.4). 

 

      For the strains that have not been sequenced lacked these ORFs, regular PCR and 

RT-PCR was done to serotype 4b strains H7750, 4b1, 266 and serotype 1/2a strain F6854 

PC and PE were used to detect transcripts of ORF0685, ORF0686 and ORF0687. Lanes: 1, PCPE 
(10ul cDNA); 2, PCPE (5ul cDNA); 3, PCPE (10 ul cDNA, Self-priming); 4, PCPE (5ul cDNA, 
Self-priming); 5, negative control.  
Self-priming: no primer was added
explained as a result of secondary structure configurations that provide a suitable 3’- terminus to 
prime the reverse transcriptase.    
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with primers Pm and Pn. The results confirmed that these four strain did not harbor 

ECI-specific ORFs, and showed that the two conserved ORFs, which encode PTS system IIA 

component and translation elongation factor respectively, were co-transcribed (Data not 

shown).  
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ig. 13.4 RT-PCR results for ECI strain F2365. Primer Pe was used to construct cDNA and primers 
e and Pf were used to detect transcription of ORF2630 and ORF2631; Primer Pg was used to 

.4.4.3 RT-PCR analysis of region 17B 

at two highly conserved ORFs, ORF 2802 and ORF 

 

790bp 
983bp 

731bp 

 
 
F
P
construct cDNA, and primers Pg and Ph were used to detect transcription of ORF2627 and ORF2628; 
Primer Pi was used to construct cDNA, and primers Pi and Pj were used to detect transcription of 
ORF2626 and ORF2627. 1: PePf (10ul cDNA), 2: PePf (5ul cDNA), 3: PePf (Self-priming, 10ul 
cDNA), 4: PePf (Self-priming, 5ul cDNA), 5: PgPh (10ul cDNA), 6: PgPh (5ul cDNA), 7: PgPh 
(Self-priming, 10ul cDNA), 8: PgPh (Self-priming 5ul cDNA), 9: PiPj (10ul cDNA), 10: PiPj (5ul 
cDNA), 11: PiPj (Self-priming, 10ul cDNA), 12: PiPj (Self-priming 5ul cDNA), 13: PePf negative 
control, 14: PgPh negative control.  
 
 
 
2

       The RT-PCR results suggested th

2801, which encode tRNA modification GTPase (TrmE) and glucose-inhibited division 

protein A (GidA), respectively, were co-transcribed (Fig. 14.5). The conserved ORFs from 

ORF 2797 to 2790, with ORF 2790 encoding glucose-inhibited division protein B (GidB), 

were also co-transcribed (Fig. 14.3, Fig. 14.4). In the ECI specific region, ORF 2800 and 

ORF 2799 were co-transcribed, whereas ORF 2798 was transcribed by itself (Fig. 14.2, Fig. 

14.3).  RT-PCR done for serotype 1/2a strain F6854 and serotype 4b strains H7858, 4b1 and 

266 showed that the ORF encoding GidA protein was co-transcribed with the homologous 
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ORFs (Data not shown). 
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Fig. 14.3 RT-PCR results for ECI strain F2365.  Primer P5 was used to construct cDNA, and primers 

transcription of ORF2795 and ORF2796; Primer P5 was used to 
onstruct cDNA, and primers P5 and P7 were used to detect transcription of ORF2795, ORF2796 and 

P5 and P6 were used to detect 
c
ORF2797; Primer P5 was used to construct cDNA, and primers P5 and P8 were used to detect 
transcription of ORF2795, ORF2796, ORF2797 and ORF2798. 1: P5P6, 2: P5P6 negative control, 3: 
P5P7, 4: P5P7 negative control, 5: P5P8, 6: negative control. 
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Fig. 14.4 RT-PCR results for ECI 
strain F2365. Primer P10 was used to 
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1452bp

Fig. 14.5 RT-PCR result for ECI strain 
F2365. Primer P12 was used to construct 
cDNA and primers P11 and P12 were used 
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1179bp 
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P10 were used to detect transcription 
of ORF2795 to ORF2790. 1: P9P10, 2: 
P9P10 negative control. 
 

to detect transcription of ORF2801 and 
ORF2802. 1: P11P12, 2: P11P12 negative 
control. 
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2.5 Discussion.  

ific fragments can also be referred to as ECI specific gene cassettes. The 

      Methods for identifying genomic islands can be divided into two groups: those for 

      The ECI regions that were analyzed varied in complexity. Region 144 represented 

       ECI spec

G+C content of these cassettes was noticeably lower than the average for the genome of 

Listeria, suggesting that the cassettes represent genomic islands (GEIs) that have been 

acquired by ECI strains by horizontal transfer. GEIs can have quite large size, often >10Kb , 

and are a prominent feature of bacterial genomes(6). Some of the GEIs may involve in 

bacterial pathogenicity and are called pathogenicity islands (PAIs), some may play a role in 

secretion (secretion islands), some confer resistance to antibiotics, (resistance islands), and 

some may be important in metabolism (metabolic islands).  

 

 

which bacterial isolation is required, and those for which it is not required. Examples of those 

for which bacterial isolation and cultivation is required include: (a) Genome comparison by 

subtractive hybridization; (b) Genome comparison by DNA–DNA hybridization, based on 

survey of known genomic regions; (c) tRNA screening; (d) Detection of horizontally 

acquired genetic information by identification of repeat structures, transposons and insertion 

sequence (IS), G+C content; (e) Island probing approach (3). Methods for which bacterial 

isolation and cultivation are not required include phenotypic screening of (meta-) genomic 

libraries for traits that are indicative of mobile and transferable DNA elements (3). 

 

 

the simplest situation among the ECI specific regions; it has only one ECI specific Open 

Reading Frame (ORF), which encodes a hypothetical protein, whereas all other strains lacked 
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this ORF. Interestingly, the genome of the non-pathogenic species L. innocua harbored a 

unique gene encoding an internalin like protein in the vicinity of this region. Internalins are 

very important in virulence of pathogenic Listeriae, and this putative internalin gene in L. 

innocua may suggest that this genomic region harbored virulence-related genes in an 

ancestral listerial lineage that preceded the differentiation between L. monocytogenes and L. 

innocua. 

 

       The average G+C contents of L. monocytogenes strains F2365, H7858, EGD-e, 

      There is a conserved domain-COG4594 in this ORF, the function of which is 

      RT-PCR results suggested that the ECI-specific ORF in region 144 was 

F6854 and L. innocua are 38%, 38%, 39%, 37.8% and 37%. For 144 ECI specific region, the 

G+C content is about 26%, much lower than the average ECI G+C content. This unusual 

G+C content is a feature of pathogenicity islands, and suggests that this ECI specific region 

might have been horizontally transferred and may act as a virulence determinant in ECI 

strains.       

 

 

unknown. The protein BLAST result showed that the deduced popypeptide was similar 

(about 25% identity) with Rlo proteins of Campylobacter jejuni. In C. jejuni several rlo 

genes (rloA through rloH) are located between hsdR and hsdS (type I restriction-modification 

systems) (15).   

 

 

co-transcribed with two upstream ORFs, one of which encodes a serine/threonine protein 

phosphatase. Serine/threonine protein phosphatases catalyze the dephosphorylation of 
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phosphoserine and phosphothreonine residues and are involved in signal transduction.    

 

       The other three ECI specific cassettes that were analyzed were more complicated 

      The G+C content of the six ECI specific ORFs was about 32%, lower than the 

      Protein BLAST failed to identify any proteins with significant similarity to the two 

than region 144. Region 133 harbored six ECI specific ORFs, encoding two hypothetical 

proteins, three putative membrane proteins and one ABC transporter. The six ECI specific 

ORFs were flanked by palindromic direct repeats and by two conserved ORFs, encoding 

translation elongation factor Tu and putative PTS system IIA component, respectively.  

Comparative analysis of the sequenced genomes of other strains of Listeria showed no ORF 

between the translation elongation factor Tu and the putative PTS system IIA component, but 

all had one copy of the palindromic sequence between these two conserved ORFs.   

 

 

average for ECI strains (38%), and much lower than the two conserved flanking ORFs, 

whose G+C content was above 42%. This feature suggests the possibility that this region 

may be horizontally transferred from other organisms.  

 

 

hypothetical proteins. The ABC transporter was similar to Bacillus cereus G9241 the 

bacitracin transport ATP-binding protein BcrA (38% identity, 61% positives). BcrA is a part 

of the binding protein-dependent transport system for bacitracin that confers resistance to this 

antibiotic, possibly by mediating energy coupling to the transport system (12). B. 

licheniformis, a bacitracin producer, has an ABC transporter system which is hypothesized to 

pump out bacitracin for self-protection. The transporter is composed of two membrane 
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proteins, BcrB and BcrC, and two identical ATP-binding subunits of efflux transporter, BcrA 

(19). One of the membrane proteins-ORF2630 was similar to Bacillus thuringiensis serovar 

israelensis ATCC 35646 hypothetical membrane spanning protein (24% identities, 49% 

positives); the other two putative membrane proteins lacked any conserved domains. The 

sequence analysis results suggest that region 133 may be involved in antibiotic resistant 

mechanisms, possibly representing a resistance island.   

 

       The southern blot results suggested that region 133 is indeed present in all ECI 

      17B region is the most complicated, as it has three ECI specific ORFs, in different 

strains that we screened, but could also be detected in a recently identified epidemic lineage 

of L. monocytogenes serotype 4b, implicated in an outbreak in Winston Salem, N. Carolina, 

in 2001. Other serotype 4b strains and strains of serotype 1/2a, as well as L. innocua, lacked 

this region. However, certain 1/2b and 3b strains also harbored the region. These findings 

were in agreement with the results of Herd and Kocks, who reported that fragment 133 in this 

region was unique to ECI and to strains of serotype 1/2b and 3b (ref). RT-PCR result 

suggested that the six ORFs in this region constituted a transcriptional unit separate from 

those in the flanking regions. This result is consistent with the hypothesis that the direct 

repeats might serve as terminators in this region.    

 

 

transcriptional orientations. The presence of a putative phase integrase suggests that the 

ECI-specific genes in this region may have been horizontally transferred by a phage.  

Phage-mediated transfer is common in acquisition of pathogenicity islands (6). After the 

genes enter the new host cells, two genetic processes are important: stabilization of the new 
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elements, and optimized expression of the newly acquired genes. The high number of 

mutations often leads to stop codons in the ‘mobility’ genes of pathogenicity islands, such as 

integrases, origins of replication in plasmids or IS elements, thus, making the newly 

generated organisms stable and avoiding the loss of the new genes (13). In the ECI specific 

region, ORF2800 and ORF2799 were co-transcribed, and ORF2798 was transcribed by itself. 

It is of interest that ORF2800 was transcribed, considering that it harbors the premature stop 

codons, and likely not translated. ORF2801 and ORF2802 were co-transcribed, encoding 

glucose-inhibited division protein A (GidA) and tRNA modification GTPase (TrmE). The 

gidA genes are well conserved among prokaryotes and eukaryotes and are generally localized 

near the chromosomal replication origin. GidA has been identified to be involved in cell 

division (1, 2, 11); and involved in the biosynthesis of the hyper-modified nucleotide 

5-methylaminomethyl-2-thiouridine which is found in the wobble position of bacterial 

tRNAs, and this modification is necessary to stabilize codon-anticon interactions(4). RT-PCR 

done for serotype 1/2a strain F6854 and ECII strain H7858 showed that the ORF encoding 

GidA protein was co-transcribed with homologous ORFs. This suggests that all these 

conserved ORFs in region 17B were transcribed together originally, and that the ECI specific 

sequences were horizontally transferred from other organisms. L. innocua also acquired 

certain specific sequences in this region. The various G+C contents of ORFs in cassette 17B 

indicated that they might have been transferred from different organisms at different time.   

 

       Region 85 has been identified in previous investigations, and remains the only ECI 

specific cassette with a known function (9, 21). The function of this ECI specific region is to 

methylate cytosines at GATC sites, thus make ECI strains resistant to digestion by the 
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restriction enzyme Sau3AI. This is one of the key mechanisms of bacteria for self-protection 

against phage invasion (17). There is one conserved hypothetical protein in the same place as 

cassette 85 in other four Listeria strains, suggesting that this conserved hypothetical protein 

might have been replaced by cassette 85 in ECI strains.  

  

       In conclusion, the comparative genomic analysis revealed that the four ECI specific 

. B. Bates, E. Boye, and T. Kogoma. 1998. Are minichromosomes valid 

2. T. Kogoma. 1997. The absence of effect of gid r 

3. artz, B. D. Plikaytis, M. W. Reeve

 

cassettes investigated here differ in complexity and gene content, but have certain common 

features: all four cassettes harbor ORFs with G+C content significantly lower than the 

average for Listeria; in at least two cases (regions 133 and 17B) the cassettes appear to have 

been inserted in genomic regions which are involved in key cellular functions (e.g. TuF); and 

all four cassettes are located in a well-defined portion of the genome, in relative proximity to 

the origin of replication. Further studies are needed to elucidate the mechanisms that have 

mediated acquisition and maintenance of these cassettes in ECI strains.   
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3.1 Abstract 

       A deletion was constructed in ECI specific region133 region in Listeria monocytogenes 

ECI strains F2381L-PHI-R. Bacteriological characterization of the mutant F2381L-PHI-R 

∆133 revealed that both this strain and its wild type parent were negative with the serotype 

4b-specific monoclonal antibody c74.22, and were both resistant to phage 20422-1. These 

findings were reproducible, and suggested that, unknown to us at the time that the mutant 

construction was initiated; the ECI parental strain had undergone a spontaneous mutation that 

was responsible for these phenotypes. The mutation had been apparently established while 

the strain had been serially passaged in the laboratory, because the stock culture (maintained 

at -70C) remained wild type in regard to these characteristics, being positive with c74.22 and 

susceptible to the phage. For this reason, we decided to construct the deletion in a different 

ECI strain, F2365, which is also the strain the genome sequence of which has been 

determined (3). Prior to mutant construction, F2365 was tested in terms of c74.22 and phage 

susceptibility, and was confirmed to be wild type in these regards. The deletion mutant, 

F2365 ∆133, was characterized in terms of basic bacteriological features including hemolytic 

activity, phage susceptibility, motility, cell morphology, and growth at 37ºC, 25ºC and 4ºC.  

In addition, the mutant was characterized in terms of bacitracin resistance and with a panel of 

Phenotypic Microarrays. No differences were detected between the deletion mutant and the 

wild type parental strain in hemolytic activity, phage susceptibility, motility, cell shape, 

bacitracin resistance and growth at 37ºC and 25ºC. However, at 4ºC the parental strain F2365 

was observed to grow faster than the deletion mutant F2365 ∆133. The Phenotypic 

Microarrays identified certain differences in substrate utilization between the mutant and the 

wild type parental strain.  These differences were not pronounced at the quantitative level, 
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but were consistently observed. The F2365 wild type respired better than the deletion mutant 

F2365 ∆133 in 20 carbon sources, especially Uridine, and 11 nitrogen sources, especially N-

Acetyl-D-Glucosamine, and the deletion mutant F2365 ∆133 respired better than F2365 wild 

type in the nitrogen source Alloxan; no significant difference in the utilization of phosphorus 

and sulfur Sources. In conclusion, the gene expression in cassette 133 may involve in the 

bacteria growth at cold temperature and may work together on the membrane of ECI strains 

and involved in some carbon and nitrogen sources transportation or metabolism pathway.  
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3.2 Introduction 

       Subtractive hybridization studies and the genome sequencing of the ECI strain F2365 

have allowed identification of several putative ECI specific regions in the genome (1). The 

genomic organization of four of these regions has been analyzed in detail (Chapter II).  One 

of these regions, region 133, was of special interest, due to its location immediately adjacent 

to a gene with a key function in translation (Translation Elongation Factor Tu).  The region 

133 ECI specific cassette also harbored ORFs which encode putative membrane associated 

proteins, and an ABC transporter that may be involved in bacitracin transport, and resistance 

to this antimicrobial agent (Chapter II, and Fig. 1).  The region 133 ECI cassette was also 

present in the ECIa epidemic clonal group, which is related to ECI and appears to represent 

an emerging L. monocytogenes lineage, and in certain strains of serotypes 1/2b and 3b.  As 

discussed in Chapter I, serotypes 1/2b, 3b, and 4b constitute one of the major genomic 

divisions (Genomic Division II also referred to as Lineage I).  These results suggest that the 

gene cassette in this region may have been acquired by a L. monocytogenes strain ancestor to 

this division, and was subsequently lost by serotype 4b strains except for strains of specific 

epidemic associated clonal groups, i.e. ECI and ECIa, or there was no cassette 133 in L. 

monocytogenes strain ancestor and this cassette was acquired by some serotype 1/2b and 3b 

strains, ECI strains and ECIa strains.  Interestingly, two copies of palindromic direct repeats 

(5’ ATTCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTT 

TTGT 3’) were found flanking the ECI specific ORFs in ECI strains, while only one copy 

was found in strains which do not have the six ECI specific ORFs.  
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      Currently the function of this gene cassette remains unknown.   In order to investigate the 

possible function of the ORFs in this ECI specific region, we constructed a deletion in this 

region in two ECI strains, F2381L-PHI-R and F2365.   

 

 
DR DR 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Genomic region harboring fragment 133 in F2365 (ECI) and other Listeria genome. PTS IIA: 
putative PTS system, IIA component; HP: Hypothetical protein; MP: Membrane protein; Tuf: 
Translation elongation factor Tu, DR: Direct Repeat 
(5’ ATTCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT 3’) 
Arrows indicate direction of transcription. Gray arrows: strain specific ORFs, white arrow: Conserved 
ORFs 
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3.3 Materials and Methods 

3.3.1 Bacterial strains and growth media.   

       Strains of Listeria used in this work were described in Chapter II, along with the 

methods for growing and preserving the organisms. 

3.3.2 Mutant construction 

       Fragments upstream and downstream of the ECI specific cassette in region 133 were 

amplified by primers P1 and P5, P6 and P7 harboring restriction sites HindIII, BamHI and 

EcoRI, respectively (Table 1). The two PCR fragments (1128 bp and 762 bp) for the 

upstream and downstream fragment, respectively) were ligated to the temperature sensitive 

shuttle vector pCON-1 (Fig. 2), and the recombinant plasmid was transformed to competent 

cells of Escherichia coli SM10 by electroporation. Transformants (designated E. coli 

SM1076) were selected on LB plates containing Ampicillin (0.5ug/ml) following 12 h of 

incubation at 37 ºC.  Conjugations were done between E. coli SM1076 and L. monocytogenes 

ECI strain F2381L-PHI-R, as well as between E. coli SM1076 and F2365. In the L. 

monocytogenes recipient, homologous recombination between the plasmid and the genome 

of L. monocytogenes resulted in integration of the plasmid, and the integrants were selected 

following incubation on BHI+ chloramphenicol (5ug/ml) plates, and then the selected 

integrants were incubated at 42ºC, which is a temperature restrictive for replication of 

pCON-1, resulting in the loss of the plasmid, and in 133 region, about 50% of the 

chloramphenicol sensitive colonies in wild type region was replaced with the deletion version 

(Fig. 3).  
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Table 1. Primers for plasmid construction. Restriction enzyme sites were underlined. 

Primer 

Name 

Primer Sequence  Restriction Sites 

P1 GCTGATGCACAAGCTTATGACC HindIII 

P5 CTTTGGATCCACAAAAAAACCGACAAAGCC BamHI 

P6 TTGTGGATCCAATAAAAATTAACTTGAAAAATATC BamHI 

P7 CCTCGTCAGTATAACGAATTCCG            EcoRI 

 

 

 

 

 

Fig. 2 Plasmid construction. Fragments upstream and downstream of the ECI specific cassette in 
region 133 were amplified by primers P1 and P5, P6 and P7 harboring restriction sites HindIII, 
BamHI and EcoRI, respectively. The two PCR fragments (1128 bp and 762 bp) for the upstream and 
downstream fragment, respectively) were ligated to the temperature sensitive shuttle vector pCON-1. 
On the plasmid pCON-1, oriT is the origin of conjugation, pE1941s is the origin of replication in L. 
monocytogenes, ColE1 is the origin of replication in E. coli, cat is the gene encodes chloramphenicol 
resistance protein, bla is the gene encodes ampicillin resistance protein.   
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Fig. 3 Homologous recombination-mediated 133 region deletion. After the plasmid entering L. 
monocytogenes cell, homologous recombinations happened between the plasmid and the genome of L. 
monocytogenes under the temperature and antibiotics pressure. 
 

3.3.2.1 Plasmid construction 

3.3.2.1. (a) Enzyme restriction and ligation 

       The upstream and downstream fragments were amplified with primers P1 and P5, P6 and 

P7 by Colony PCR (Appendix B, C). Plasmid pCon-1 and the PCR-amplified upstream and 

downstream fragments were digested by restriction enzymes EcoRI, HindIII and BamHI, 

respectively, at 37°C for 3 hours (Appendix D). The digestion products were confirmed by 

electrophoresis. The digested upstream and downstream fragments and the digested plasmid 

were ligated at room temperature overnight (Appendix E).  

 

3.3.2.1. (b) Electroporation 

       The plasmids were transformed into competent cell E. coli SM10 by electroporation. 1µl 

of the ligation reaction was gently mixed with 50µl competent cells using a pipette, in 
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duplicate for each transformation. Following electroporation (voltage max: 2.5; resistance: 

200; capacitancy: 25; time const: 4-5), 1ml LB was added to resuspend the mixture in a 15-

ml tube, and the cell suspension was incubated with shaking at 37ºC for about 1hour. All 

transformants were plated on LB+Ampicillin (0.5ug/ml) agar and were incubated at 37ºC 

overnight. 

 

3.3.2.1. (c) Screen positive transformants 

       For initial mass screenings, colonies of E. coli were picked with sterile toothpicks from 

the LB+Ampicillin (0.5ug/ml) agar plate, and resuspended in 75ul lysis solution in an 

Eppendorf Tube.  (10 ml Lysis buffer consisted of 6ml H2O, 3ml 10% SDS, 1ml 1M Tris-

HCL pH8 (autoclaved), 120ul 10M NaOH) in a total volume of 10 ml. Following incubation 

at room temperature for 5 min, an equal volume of phenol: chloroform: isoamyl alcohol 

(25:24:1) was added to the mixture. The mixture was then centrifuged at maximum speed in 

for 3 minutes. The upper aqueous phase was removed, and 15 ul of the supernatant was 

loaded on a 0.8% agarose gel. The colonies with plasmid size larger than the vector alone 

were chosen for restriction digestion screens. The plasmids were extracted (QIAprep 

miniprep handbook, plasmid DNA purification using the QIAprep spin miniprep kit and a 

microcentrifuge), and then digested by restriction enzymes HindIII and EcoRI at 37°C for 3 

hours. The digested products were checked on 1% agarose gel, and two E. coli SM 1076 

transformants (NO. 87 and NO. 88) were chosen for conjugation with ECI strains. 
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3.3.2.2 Conjugation of E.coli SM1076 harboring the recombinant plasmid and ECI 

strain F2381L-PHI-R 

       E.coli SM1076 NO.87 and No.88 were inoculated separately in 5ml BHI +Ampicillin 

(100ug/ml) and incubated at 37ºC overnight. L. monocytogenes ECI strain F2381L-PHI-R 

was inoculated in 5ml BHI and incubated at 37ºC overnight. 1.5 ml of F2381L-PHI-R, E.coli 

SM1076 NO.87 and No.88 were centrifuged at 14000 rpm for 1min, the supernatant was 

removed, and the pellet was washed with 1ml BHI twice. 1ml BHI was added to resuspend 

F2381L-PHI-R, and then F2381L-PHI-R was mixed with E.coli SM1076 NO.87 and No.88 

pellets by pipetting, separately. The mixture was centrifuged at 1400 rpm for 1min, the pellet 

was washed with 1ml BHI, and the mixture was resuspended in 1ml BHI. One nitrocellulose 

membranes (MSI, Gloucester, MA) (3cmx3cm) were placed on a BHI+Penicillin G 

(0.5ug/ml) plate, 50µl of the mixture was added onto each membrane, and the plate was 

incubated at 30ºC overnight. The nitrocellulose membrane from each plate was placed into a 

15-ml tube with 4ml BHI, the bacteria were washed into the BHI medium by vortexing, and  

50 µl of the mixture was streaked or spread-plated onto BHI+ Nalidixic acid (30ug/ml) + 

chloramphenicol (5ug/ml) plates.  The plates were air-dried dry in the biosafety laminar flow 

cabinet for 30min, and then incubated at 30ºC overnight. 

3.3.2.3 Isolation of integrants and recombinants  

       Isolated colonies were streaked on BHI+ Nalidixic acid (30ug/ml) + chloramphenicol 

(5ug/ml) agar, and incubated at 30ºC overnight. The colonies were confirmed by PCR using 

primers P1 and P7 and checked on a 1% agarose gel. Two transconjugants (NO.1 and NO.22) 

were inoculated in 5ml BHI+ chloramphenicol (5ug/ml), respectively,  incubated at 30 ºC 

overnight, diluted (1:100) dilution in BHI, plated (50µl) on BHI+ chloramphenicol (5ug/ml) 
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agar, and incubated at 42ºC for 48 hours. Three colonies were streaked on BHI+ 

chloramphenicol (5ug/ml) agar, and incubated at 42ºC for 24 to 48 hours. Two colonies from 

these plates were inoculated in BHI, and incubated at 30 ºC overnight for 3 to 4 serial 

transfers. 300µl of the culture from the fourth transfer was inoculated in 5ml BHI, incubated 

at 42ºC overnight, diluted (10-7), plated (50µl) on BHI agar, and incubated at 37ºC overnight. 

90 isolated colonies from this plate were tested for chloramphenicol resistance by replica 

plating on BHI agar and BHI + chloramphenicol (5ug/ml) agar, and incubated at 30ºC 24-48 

hours.  

3.3.2.4 PCR screening and southern blots to identify deletion mutants   

       Chloramphenicol sensitive colonies from the previous screen were examined by PCR 

using primers Pm and Pn which were in ORF2625 and ORF2632, respectively, flanking 

region 133 (Appendix F). Cultures from colonies NO.9, NO.17 and NO.19 were confirmed 

by Southern blots.   

3.3.2.5 Sequencing confirmation of deletion mutants 

Culture NO.19 was chosen for sequencing. The deletion region was amplified with primers 

P1 and P7 by colony PCR. The PCR product was purified by QIAquick PCR purification kit 

(See QIAquick Spin Handbook, QIAquick PCR purification kit protocol using a 

microcentrifuge) and diluted in water, then quantified on a 1% agarose gel. PCR DNA (in 

water, approximate 50 ng, 10ng / 100 base pair) and primer Pm / Pn (in water, 10pmoles) 

were mixed and put in one 2-ml microcentrifuge tube, total volume was 20 ul. Primers Pm 

and Pn which were in ORF2625 and ORF2632, respectively, flanking region 133. The DNA 

sample was sequenced by UNC-CH Genome Analysis Facility.  
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3.3.2.6 Construction of ECI deletion mutant in strain F2365 

       The procedures employed for construction of the deletion in F2365 were the same as 

described above for Chloramphenicol sensitive colonies were confirmed by PCR using 

primers P1 and P7. Colonies NO.12, NO.13 and NO.16 were confirmed by Southern blot and 

colony NO.12 was chosen for sequencing. The sequencing results confirmed that the ECI 

specific region was deleted with the first direct repeat remaining, and only four base pairs 

were changed at the BamHI site.   

 

3.3.3 Mutant F2365 ∆133 characterization identification 

3.3.3.1 Hemolytic activity 

       ECI strain F2365 wild type and F2365 ∆133 cells were streaked on sheep blood agar 

plates (Remel), and were incubated at 37ºC for 1day, 25ºC for 2 days, and 4ºC for 30 days 

(each incubation done in duplicate).  

 

3.3.3.2 Phage invasion 

       Phage 20422-1 is a Listeria genus specific phage isolated in 2004 by Jae-Won Kim in 

our laboratory from a North Carolina turkey processing plant. This phage infects all 

serotypes of L. monocytogenes. F2365 wild type and F2365 ∆133 cells were incubated in LB 

broth at 37ºC and 20ºC overnight. L. monocytogenes cells (F2365 wild type/ F2365 ∆133), 

phage 20422-1 and MgSO4 were mixed in soft LB agar (0.75% agar). The mixture was 

poured onto a hard LB agar plate (1.5% agar), incubated in 37ºC, and examined for plaques. 
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3.3.3.3 Motility 

       ECI strain F2365 wild type and F2365 ∆133 cells were grown in TSB+0.7% yeast 

extract at 37ºC overnight, spotted (5 ul, done in triplicate for each strain) on a soft agar plate 

(TSB+0.7% yeast extract, with  0.4% agar), and incubated at 37ºC, 25ºC and 4ºC.   

 

3.3.3.4 Growth at 37ºC, 25ºC and 4ºC 

       F2365 wild type and F2365 ∆133 cells were inoculated in TSB+0.7% yeast extract, and 

incubated at 37ºC overnight. Dilutions (10-8) were made in TSB+0.7% yeast extract and 

OD600 value was determined with the spectrophotometer (BIO-RAD, Smart Spec 300) to get 

an almost equal OD600 value for each culture. 10 ul of each culture was plated onto 

TSB+0.7% yeast extract agar, and was incubated at 37ºC for 1.5 days, 25ºC for 3 days, and 

4ºC for 35 days (done in duplicate).  

 

3.3.3.5 Cell morphology  

       F2365 wild type and F2365 ∆133 cells were grown in TSB+0.7% yeast extract at 37ºC 

for 10 hours (observed every two hours), 25ºC for 48 hours (observed every 5 hours), and 

4ºC for 30 days (observed every two days). Bacteria were observed with phase contrast 

microscopy (Leica).     

 

3.3.3.6 Bacitracin resistance 

       F2365 wild type and F2365 ∆133 cells were grown in TSB+0.7% Yeast Extract to early 

log phase (OD530 = 0.3). A 0.5 ml culture was added to a test tube that contained 0.5ml of 

TSB with serially diluted concentrations of bacitracin (indicate range of concentrations and 
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source of bacitracin). Growth was monitored by measuring OD530 after 5h at 37ºC, after 5 

days at 4ºC.  

       In the presence of ZnSO4, the sensitivity to bacitracin will be increased, ZnSO4 can 

mediate the binding between bacitracin and isoprenyl pyrophosphate (IPP) (6), the antibiotic 

action of bacitracin is to bind to IPP to prevent IPP from dephosphorylation into isoprenyl 

phosphate (IP) by specific phosphatase(s), thus reducing the amount of IP that is available for 

carrying sugar-peptide units (7). In this study, we also did bactracin test in the presence of 

ZnSO4 (40 ug/ml). 

 

3.3.3.7 Phenotypic microarrays 

       Phenotypic MicroArrays (Biolog, Hayward, CA) can be used to evaluate carbon (PM1-

2), nitrogen (PM3), and phosphorus/sulfur (PM4) metabolism of several bacterial species 

(http://www.biolog.com/accesstoPMTech.html). L. monocytogenes strain F2365 wild type, 

mutant strain F2365 Δ133 were grown at 37ºC overnight on BUG+B Agar (Biolog, 

Hayward, CA). The following solutions were prepare to add to IF-0 inoculating fluid (Biolog, 

Hayward, CA): 100x stock solution of solution D (menadione sodium bisulfite [Sigma Cat# 

M5750] 5.524 mg + sodium salicylate [Sigma Cat# S3007] 320.2mg), solution E (sodium 

pyruvate [Sigma Cat# P2256] 2.2 g + sodium thioglycollate [Sigma Cat# T0632] 570.5 mg + 

uridine [Sigma Cat# U3750] 24.42 mg) . The chemicals were dissolved in 10 ml of purified 

ddH2O, filter sterilized, and stored in a refrigerator in 50-ml tubes wrapped in aluminum foil. 

Solution D was added to IF-0 for PM1 and PM2 plates, whereas solution E was added to IF-0 

for PM3 and PM4 plates. 150 ul of the 100x stock solution was added to 15 ml of IF-0 

inoculating fluid immediately before preparing the cell suspensions. A dry sterile cotton 
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swab was used to remove a small amount of cells from the agar surface and to completely 

resuspend the cells in inoculating fluid (IF-0, solution D/E). Turbidity was adjusted to 

OD590=0.2 and each cell suspension was poured into a sterile filling reservoir and was 

inoculated into the PMs by pipetting 100 ul per well. The PMs were incubated at 37ºC for 24 

hr (PM1 and PM2) or for 36-48 hr (PM3 and PM4), and the results were read and scored. 

The formation of purple color indicated utilization of the C, N, P, or S source in a particular 

well. The A-1 well was used as a reference well for a “negative” reaction. Any well with 

more color than the reference well was considered “positive”. The PM plates were scanned 

and software ImageJ was used to prepare the scoring tables. 

 

3.3.3.8 Colony immunoblotting with monoclonal antibody MAb c74.22.   

       ECI strain F2365 and mutant F2365 ∆133 were grown in BHI at 37ºC overnight. A 

piece of nitrocellulose membrane was placed on the BHI agar plate, 5ul of the culture was 

spotted in triplicate on the membrane, and the plates were incubated at room temperature for 

36-48 hr.  The colonies were washed off the membrane with Towbin transfer buffer (3.03g 

Tris, 14.4g glycine, 200 ml methanol, dH2O to 1000 ml, adjusted to pH8.3, with 10 ml of 

10%SDS added), with shaking, and membrane was then washed twice in TTBS buffer for 5-

10 min (TTBS, Tris-buffered saline with Tween-20: 2.42 g Tris base, 8 g NaCL, 3.8ml 1M 

Hydrochloric acid, dH2O to 1000ml, adjusted to pH7.6, with 0.1% Tween-20 added). The 

membrane was incubated in Blotto blocking solution (5% non-fat milk powder in TTBS) 

with shaking for 1 hour. The membrane was then incubated with primary antibody (Blotto 

blocking solution + primary antibody, 1:1000), ascites antibody MAb c74.22 (isotype IgG1) 

(2) with shaking for one hour. The membrane was washed in TTBS, using two quick rinses 
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followed by three 5 min washes. The membrane was then incubated with secondary antibody 

(1:500 goat-anti mouse immunoglobulin, polyvalent, horseradish peroxidase-conjugated; 

Fisher) for one hour. The membrane was washed in TTBS using 2 quick rinses followed by 

three 5 min washes, and incubated in freshly prepared substrate solution (15 ml of 3 mg/ml 

of 4-Chloro-1-Naphthol in 95% ethanol, 25 ml of 0.01M Tris-HCL, pH7.5, and 300 ul of 3% 

of H2O2) for 5 to 30 minutes, with a cover to avoid light until color was fully developed. 

After color was developed, the membrane was rinsed and soaked in dH2O for 5 minutes, 

dried in air, and kept in the dark.  

3.4 Result  

3.4.1 Mutant construction result 

       The mutant F2381L-PHI-R ∆133 was confirmed by PCR screening with primers Pm and 

Pn, located in the conserved ORFs ORF2625 and ORF2632, respectively, flanking the ECI 

specific region (Fig. 4); and confirmed by southern blots, the genomic DNA was digested by 

restriction enzymePvuII and styI, separately, the probe was amplified by PCR with primers 

P1 and P7 (Fig. 5). The sequencing result was compared with the wild type showed in Fig. 6.  
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                             4      5      9     17     M    19     +     WT          H2O 

                            

503bp 

 

Fig. 4 PCR screen of chloramphenicol sensitive colonies using primers Pm and Pn, located in the 
conserved ORFs ORF2625 and ORF2632, respectively, flanking the ECI specific region. Lanes 1-5 
and 6 were chloramphenicol sensitive colonies, lane 7 was positive control, lane 8 was F2365 wild 
type, and lane 9 was negative control for the PCR. 
 
 
 
 
 
 
 
 
                                              9      19    ∆WT   WT    M       9     19   ΔWT    WT 

 

Fig. 5 Mutant confirmation by southern blot, the probe was amplified by PCR with primers P1 and P7. 
Lanes 9 and 19: region 133 deletion mutants; ∆WT: chloramphenicol sensitive wild type obtained at 
the same time as the deletion mutants, after homologous recombination; WT: F2381L-PHI-R wild 
type, Lanes 1-4 were digested by restriction enzyme PvuII, and lanes 6-9 were digested by restriction 
enzyme StyI.  
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Wildtype        CAGTTGAACTAATTGCACCAATCGCTATCGAAGACGGTACTAAATTCTCTATCCGTGAAG 60 
Deletion        CAGTTGAACTAATTGCACCAATCGCTATCGAAGACGGTACTAAATTCTCTATCCGTGAAG 60 
                ************************************************************ 
 
Wildtype        GCGGACGTACAGTAGGCGCTGGCGTTGTTTCTAACATCAGCAAATAATATCTGATACGAT 120 
Deletion        GCGGACGTACAGTAGGCGCTGGCGTTGTTTCTAACATCAGCAAATAATATCTGATACGAT 120 
                ************************************************************ 
 
Wildtype        TCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT 
Deletion        TCAAACTGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT 

****** ********************************* 
 
 
                                 Deleted sequence 
 

GCCTGAAATAAAAATTAACT 180 
(BamHI site)GGATCCAATAAAAATTAACT 180 

*  *  ************** 
 
Wildtype        TGAAAAATATCACATTTTCGCATAACCTTAAAGTAGACATATCTTTTTACCTTCTAGACC 240 
Deletion        TGAAAAATATCACATTTTCGCATAACCTTAAAGTAGACATATCTTTTTACCTTCTAGACC 240 
                ************************************************************ 
 
Wildtype        GAAATCAAGGAGGTAGGCCAAGTGGTACAATTTGATGCTCGAAATATGGCGTTGCTCGAA 300 
Deletion        GAAATCAAGGAGGTAGGCCAAGTGGTACAATTTGATGCTCGAAATATGGCGTTGCTCGAA 300 
                ************************************************************ 
 
Wildtype        TCACTCGTTGTGGCGAATGTATATCTTGCACCCGAGAAATTACAAGAAGA 350 
Deletion        TCACTCGTTGTGGCGAATGTATATCTTGCACCCGAGAAATTACAAGAAGA 350 

************************************************** 

Fig. 6 Sequence comparison of region 133 deletion in ECI strain F2381L-PHI-R. ECI specific region 
was deleted with the first direct repeat remaining (in italics), and four base pairs were changed at the 
BamHI site (indicated in bold). 
 

       The mutant F2365 ∆133 was confirmed by PCR screening with primers P1 and P7 (Fig. 

7); and confirmed by southern blots, the genomic DNA was digested by restriction enzyme 

PvuII and styI, separately, the probe was amplified by PCR with primers P1 and P7 (Fig. 8). 

The sequencing result was compared with the wild type showed in Fig. 9.  
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                                                         10    12   13    16    +      WT H2O 

 
 
Fig. 7 PCR screen of chloramphenicol sensitive colonies to detect deletions in F2365. Primers P1 and 
P7 were in ORF2625 and ORF2632, respectively, flanking region 133. Lanes 1-4 were 
chloramphenicol sensitive colonies, lane 5 was positive control, lane 6 was F2365 wild type, and lane 
7 was negative control for the PCR. 
 
 
 
                                    12   13    16 ΔWT  WT   M 12  13  16   ΔWT   WT 

 

Fig. 8 F2365 Mutant confirmation by southern blot, done as described in the legend for Fig. 5.  ∆WT: 
wild type obtained after homologous recombination, as in Fig. 5; WT: F2365 wild type; lanes 1-5 
were digested by restriction enzyme PvuII; lanes7-11 were digested by restriction enzyme StyI.  
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Wildtype        CAGTTGAACTAATTGCACCAATCGCTATCGAAGACGGTACTAAATTCTCTATCCGTGAAG 60 
Deletion        CAGTTGAACTAATTGCACCAATCGCTATCGAAGACGGTACTAAATTCTCTATCCGTGAAG 60 
                ************************************************************ 
 
Wildtype        GCGGACGTACAGTAGGCGCTGGCGTTGTTTCTAACATCAGCAAATAATATCTGATACGAT 120 
Deletion        GCGGACGTACAGTAGGCGCTGGCGTTGTTTCTAACATCAGCAAATAATATCTGATACGAT 120 
                ************************************************************ 
 
Wildtype        TCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT 
Deletion        TCAAACTGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT 

****** ********************************* 
 
 
                                 Deleted sequence 
 

GCCTGAAATAAAAATTAACT 180 
(BamHI site)GGATCCAATAAAAATTAACT 180 

*  *  ************** 
 
Wildtype        TGAAAAATATCACATTTTCGCATAACCTTAAAGTAGACATATCTTTTTACCTTCTAGACC 240 
Deletion        TGAAAAATATCACATTTTCGCATAACCTTAAAGTAGACATATCTTTTTACCTTCTAGACC 240 
                ************************************************************ 
 
Wildtype        GAAATCAAGGAGGTAGGCCAAGTGGTACAATTTGATGCTCGAAATATGGCGTTGCTCGAA 300 
Deletion        GAAATCAAGGAGGTAGGCCAAGTGGTACAATTTGATGCTCGAAATATGGCGTTGCTCGAA 300 
                ************************************************************ 
 
Wildtype        TCACTCGTTGTGGCGAATGTATATCTTGCACCCGAGAAATTACAAGAAGA 350 
Deletion        TCACTCGTTGTGGCGAATGTATATCTTGCACCCGAGAAATTACAAGAAGA 350 

************************************************** 

Fig. 9 Sequence comparison of region 133 deletion in ECI strain F2365. ECI specific region was 
deleted with the first direct repeat remaining (in italics), and four base pairs were changed at the 
BamHI site (in bold). 
 

 

3.4.2 Hemolytic activity 

       F2365 and mutant F2365 ∆133 had identical hemolytic activity at 37ºC and 25ºC. No 

activity was detected at 4ºC (data not shown). 

3.4.3 Phage invasion 

      Infections with phage 20422-1 revealed that F2365 wild type and mutant F2365 ∆133 

were equally susceptible, with similar numbers of plaques formed both at 37ºC and 20ºC 

(data not shown). 

3.4.4 Motility 

      When spotted on soft agar and grown at 37ºC, 25ºC and 4ºC, F2365 wild type and mutant 

F2365 ∆ 133 were indistinguishable in terms of their swarming patterns (Fig. 10). 
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Fig. 12 Growth curve of F2365 wild type and mutant F2365 ∆133 in Trypticase Soy agar +0.7% yeast 

extract at 4ºC. Blue line:  F2365 wild type; red line: mutant F2365 ∆133 

 

 

3.4.7 Bacitracin resistance 

       No significant difference could be noticed between F2365 wild type and mutant F2365 

∆133 in terms of resistance to bacitracin. The minimum inhibitory concentrations (MICs) of 

bacitracin at 37ºC was 25ug/ml, MIC at 4ºC was 5ug/ ml, both for the mutant and for the 

wild type (Table. 2). There is no significant difference between F2365 wild type and mutant 

F2365 ∆133 in the presence of ZnSO4 (40 µg/ml).   
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Table 2. The growth of F2365 wild type and F2365 ∆133 in series bacitacin concentrion at 37ºC and 
4ºC.  
Bacitracin (Unit/ml) F2365 Wild type 

OD530 at 37ºC 
F2365 ∆133 

OD530 at 37ºC 
F2365 Wild type 

OD530 at 4ºC 
F2365 ∆133 

OD530 at 4ºC 
0 1.1185 1.1075 1.117 1.108 

0.005 1. 1365 1.143 1.0995 1.146 
0.01 1.1435 1.159 1.137 1.1225 
0.05 1.126 1.1205 1.101 1.0675 
0.1 1.1345 1.1385 1.132 1.073 
0.5 1.1525 1.0905 1.092 1.0585 
1 1.099 1.119 1.017 1.008 

2.5 1.067 1.0705 0.852 0.771 
5 1.032 1.0365 0.442 0.4385 

7.5 0.99 0.969 0.3535 0.3645 
10 0.921 0.8345 0.293 0.3395 
25 0.4145 0.3685 0.2435 0.266 
50 0.271 0.252 0.268 0.2755 
75 0.2575 0.2235 0.2355 0.2675 
100 0.237 0.202 0.23 0.263 
125 0.213 0.1855 0.2145 0.2485 
150 0.2015 0.182 0.3625 0.251 
200 0.1955 0.1725 0.2025 0.2305 

  

3.4.8 Phenotypic Microarrays 

       ECI strain F2365 wild type utilized the carbon sources better than mutant F2365 ∆133 in 

N-Acetyl-D-Glucosamine, D-Trehalose, D-Mannose, Glycerol, D-Fructose, α-D-Glucose, 

Maltose, β-Methyl-D-Glucoside, Maltotriose, Adenosine, D-Cellobiose,  β-Cyclodextrin, γ-

Cyclodextrin, Dextrin, Gentiobiose, α-Methyl-D-Galactoside, Xylitol, especially in Uridine 

mudium.  In Arbutin and Dihydroxy Acetone medium, the mutant utilized the carbon sources 

slightly better than the wild type (Fig. 13, Table 3). For nitrogen sources, F2365 wild type 

ultilized nitrogen sources better than the mutant F2365 ∆133 in L-Cysteine, L-Threonine, L-

Threonine, Thymidine, Uridine, Inosine, Xanthosine, Uric Acid medium, especially in  D-

Glucosamine, N-Acetyl-D-Glucosamine medium. However, the mutant utilized Alloxan 

medium slightly better than the wild type (Fig. 14, Table 4). For phosphorus and sulfur 

sources, there was no significant difference between F2365 wild type and the mutant F2365 
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∆133. (Figure 15, 16, Table 5) Uridin is a nucleoside, and nucleosides could serve as carbon 

source under certain induction in E. coli and B. subtilis. In B. subtilis, the nupC locus 

encodes a pyrimidine-nucleoside transporter that mediates the transport of uridine, thymidine 

and deoxyuridine (5). N-acetyl-D-glucosamine (NAG) is a good energy and nitrogen source 

for bacteria, is a main constituent of bacterial cell wall peptidoglycan. NAG is transported via 

a NAG-specific phosphotransferase system (PTSNAG). In the cytosol of Bacillus subtilis, 

~90% of the NAG taken up was converted to cell wall precursors (4).    

 

3.4.9 Colony immunoblotting with monoclonal antibody MAb c74.22 

        Both of ECI strain F2365 wild type and mutant F2365 ∆133 were positive with 

monoclonal antibody MAb c74.22.  
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Fig. 13 PM1 carbon sources MicroPlate Value comparison of F2365 wild type Vs. mutant F2365 
∆133. X axis indicated well number in 96-well plate, Y axis indicated the value of F2365 wild type 
value minus mutant F2365 ∆133 value. Well NO.1 was negative control.  
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Table 3. PM1 carbon sources with significant value difference between F2365 wild type and mutant F2365 
∆133 
 

Well Number Difference Carbon Sources 

3 9.22 N-Acetyl-D-Glucosamine 

10 16.033 D-Trehalose 

11 19.42 D-Mannose 

15 14.808 Glycerol 

31 13.401 D-Fructose 

33 12.073 α-D-Glucose 

34 13.53 Maltose 

48 23.409 Uridine 

56 12.459 β-Methyl-D-Glucoside 

58 10.538 Maltotriose 

60 9.887 Adenosine 

71 14.489 D-Cellobiose 
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Fig. 14 PM2 carbon sources MicroPlate Value comparison of F2365 wild type Vs. mutant F2365 
∆133. X axis indicated well number in 96-well plate, Y axis indicated the value of F2365 wild type 
value minus mutant F2365 ∆133 value. Well NO.1 was negative control.  
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Table 4. PM2 carbon sources with significant value difference between F2365 wild type and mutant F2365 
∆133 
 

Well number Difference Carbon resource 

4 14.006 β-Cyclodextrin 

5 11.933 γ-Cyclodextrin 

6 9.348 Dextrin 

20 -9.267 Arbutin 

25 11.455 Gentiobiose 

30 10.598 α-Methyl-D-Galactoside 

44 9.092 Xylitol 

93 -9.253 Dihydroxy Acetone 

 
 
 

-20

-15

-10

-5

0

5

10

15

20

25

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94

Well number

F2
36

5 
w

ild
ty

pe
 v

al
ue

- F
23

65
 1

33
 m

ut
an

t v
al

ue

 
Fig. 15 PM3  nitrogen sources MicroPlate Value comparison of F2365 wild type Vs. mutant F2365 
∆133. X axis indicated well number in 96-well plate, Y axis indicated the value of F2365 wild type 
value minus mutant F2365 ∆133 value. Well NO.1 was negative control.  
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Table 5. PM3 nitrogen sources with significant value difference between F2365 wild type and mutant 
F2365 ∆133. 
 

Well number Difference Nitrogen resource 

11 13.927 L-Cysteine 

23 11.849 L-Threonine 

46 11.196 Ethylenediamine 

56 18.438 D-Glucosamine 

59 22.967 N-Acetyl-D-

Glucosamine 

69 10.489 Thymidine 

71       11.53 Uridine 

72        14.61 Inosine 

74         11.472 Xanthosine 

75         12.509 Uric Acid 

76        -16.053 Alloxan 
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Fig. 16 PM4   Phosphorus & Sulfur sources MicroPlate Value comparison of F2365 wild type Vs. 
mutant F2365 ∆133. X axis indicated well number in 96-well plate, Y axis indicated the value of 
F2365 wild type value minus mutant F2365 ∆133 value. Well NO.1 was negative contro 
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3.5 Discussion 

          In this study, a deletion of the ECI specific region 133 was constructed in ECI strain 

F2365 by homologous recombination. Phenotypic characterization of the deletion mutant, 

F2365 ∆133, revealed that it was indistinguishable from its wild type parental strain in terms 

of basic bacteriologic characteristics (hemotytic activity, cell morphology, motility, phage 

susceptibility, serotype 4b-specific surface antigen expression).  At 37ºC and 25ºC mutant and 

wild type grew similarly. However, the growth of the mutant F2365 ∆133 was impaired at 4ºC, 

which indicated that one or more of the  genes in  region 133 may contribute to the 

organism’s ability to grow at low temperature. Even though growth at cold temperatures is a 

typical characteristic of L. monocytogenes and other Listeria spp., it is possible that some of 

the determinants contributing to cold growth may differ among different strains.  It is 

noteworthy that of the six ECI specific ORFs in region 133, three encoded putative 

membrane proteins. It is possible that the absence of membrane proteins normally encoded 

by the genes in this cassette may adversely affect membrane structure and function, 

especially at low temperature. Even though the deletion did not abolish the ability of the 

bacteria to grow in the cold, the observed reduction in cold growth suggests that this gene 

cassette may contribute to the food safety thread that ECI bacteria pose. Cold tolerance, 

which allows L. monocytogenes to grow in high risk (highly processed, cold stored, ready-to-

eat) foods at refrigerator temperature, is a key factor for the ability of L. monocytogenes to 

cause food-borne outbreaks.   

 

       The mutant F2365 ∆133 was surveyed by Phenotypic Microarray technology, and the 

metabolism of carbon, nitrogen, Phosphorus and Sulfur Sources were tested. The utilization 
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of 20 carbon sources, especially Uridine, and 11 nitrogen sources, especially N-Acetyl-D-

Glucosamine and Alloxan, were altered  significantly by the deletion of the ECI specific genes 

in region 133, whereas no significant changes were noticed in the utilization of phosphorus 

and sulfur sources. The products of the ECI specific  genes in  region 133, including the 

putative ABC transporter and the three putative membrane proteins may work together to 

mediate transport of certain carbon and nitrogen sources, thus affecting  the metabolism of 

the organism. It is conceivable that the structural changes responsible for the impaired 

growth at low temperature are also mediating the altered metabolic reactions detected by the 

phenotypic microarrays.   

 

At this time, the possible impact of the mutation in virulence or pathogenicity of the 

organism is not known. The antibiotics sensitivity and biofilm formation of F2365 and 

deletion mutant are going to be tested; and F2365 and the deletion mutant are going to be 

investigated using an oral murine infection model developed by Drs. Monica Boruki and 

Cristina Cunha, at Washington State University. Other animal and cell culture models will 

also need to be employed to further characterize the possible impact of this gene cassette in 

interactions of the bacterium with potential host cells, and in overall virulence.  
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        Appendix A PCR reaction system in Reverse Transcripton PCR 

Component Final concentration 
Volume per 100 ul 

reaction 

DEPC water  X ul 

10x thermophilic polymerase 

reaction buffer (without 

MgCl2) 

1x 8.0 ul 

MgCl2, 25mM 2mM 5.6 ul 

dNTP mix, 10mM 0.2mM 1 ul 

Upstream primer 1 uM X ul 

Downstream primer 1 uM X ul 

Promega Taq DNA 

polymerase 
5.0u 1.0 ul 

PCR mix volume per reaction  80 ul 

Volume of cDNA added  20 ul 

Total PCR volume  100 ul 
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Appendix B Colony PCR reaction system 

 

10X Ex TaqTM Buffer 2ul 

dNTP Mixture 1.6ul 

Template Add single colony to reaction mix by 

picking the colony with either a sterile 

loop or pipette tip and twirling this in the 

liquid in the tube 

Primer 1 (10pmol) 0.5ul 

Primer 2 (10pmol) 0.5ul 

TaKaRa Ex TaqTM 0.125ul 

H2O Up to 20ul 
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Appendix C Alignment in 133 region among L. monocytogenes strains 

F2365, EGD-e and L. innouca 

Multiple sequence alignment among L. monocytogenes strains F2365, EGD-e and L. innouca, Start 
and stop codons were high lighted, primers P1, P5, P6 and P7 were high lighted, restriction sites 
HindII, BamHI and EcoRI were underlined, repetitive sequences were italic marked.   
  
             (ORF2632 start codon) 
F2365 2632-2625     ATGGCAAAAGAAAAATTTGACCGCTCTAAACCCCATGTTAACATTGGTACTATTGGACAC 60 
EGD-e 2653-2652     ATGGCAAAAGAAAAATTTGACCGCTCTAAACCCCATGTTAACATTGGTACTATCGGACAC 60 
L.innocua 2802-2801 ATGGCAAAAGAAAAATTTGACCGCTCTAAACCCCATGTTAACATTGGTACTATTGGACAC 60 
                    ***************************************************** ****** 
 
F2365 2632-2625     GTTGACCATGGTAAAACAACTTTAACTGCTGCAATTACAACTGTACTTGCTAAAAAAGGC 120 
EGD-e 2653-2652     GTTGACCATGGTAAAACAACTTTAACTGCTGCAATTACAACTGTACTTGCTAAAAAAGGC 120 
L.innocua 2802-2801 GTTGACCATGGTAAAACTACTTTAACAGCTGCAATTACAACTGTACTTGCTAAAAAAGGC 120 
                    ***************** ******** ********************************* 
                            (P1 including HindIII site) 
F2365 2632-2625     TATGCTGATGCACAAGCTTATGACCAAATTGATGGTGCTCCGGAAGAAAGAGAACGTGGT 180 
EGD-e 2653-2652     TATGCTGATGCACAAGCTTATGACCAAATTGATGGTGCTCCAGAAGAAAGAGAACGTGGA 180 
L.innocua 2802-2801 TTTGCTGATGCACAAGCTTATGATCAAATTGATGGTGCTCCAGAAGAAAGAGAACGTGGT 180 
                    * ********************* ***************** *****************  
 
F2365 2632-2625     ATCACAATCTCTACTGCTCACGTTGAGTACCAAACTGACAGCCGTCACTATGCACACGTT 240 
EGD-e 2653-2652     ATCACAATCTCTACTGCTCACGTTGAGTACCAAACTGACAGCCGTCACTATGCACACGTT 240 
L.innocua 2802-2801 ATCACAATCTCTACTGCTCACGTTGAGTACCAAACTGACAACCGTCACTATGCACACGTT 240 
                    **************************************** ******************* 
 
F2365 2632-2625     GACTGCCCAGGACATGCCGATTACGTTAAAAACATGATCACTGGTGCTGCACAAATGGAC 300 
EGD-e 2653-2652     GACTGCCCAGGACATGCCGATTACGTTAAAAACATGATCACTGGTGCTGCACAAATGGAC 300 
L.innocua 2802-2801 GACTGCCCAGGACATGCCGATTACGTTAAAAACATGATCACTGGTGCTGCACAAATGGAC 300 
                    ************************************************************ 
 
F2365 2632-2625     GGAGCTATCTTAGTAGTATCTGCTGCTGATGGCCCAATGCCACAAACTCGTGAACATATC 360 
EGD-e 2653-2652     GGAGCTATCTTAGTAGTATCTGCTGCTGATGGCCCAATGCCACAAACTCGTGAACATATC 360 
L.innocua 2802-2801 GGAGCTATCTTAGTAGTATCTGCTGCTGATGGCCCAATGCCACAAACTCGTGAACATATC 360 
                    ************************************************************ 
 
F2365 2632-2625     TTACTTTCACGTCAAGTTGGTGTTCCATACATCGTTGTATTCATGAACAAATGTGACATG 420 
EGD-e 2653-2652     TTACTTTCACGTCAAGTTGGTGTTCCATACATCGTTGTATTCATGAACAAATGTGACATG 420 
L.innocua 2802-2801 TTACTTTCACGTCAAGTTGGTGTTCCATACATCGTTGTATTCATGAACAAATGTGACATG 420 
                    ************************************************************ 
 
F2365 2632-2625     GTTGACGATGAAGAATTACTAGAATTAGTTGAAATGGAAATTCGTGATCTATTAACTGAA 480 
EGD-e 2653-2652     GTTGACGATGAAGAATTACTAGAATTAGTTGAAATGGAAATTCGTGATCTATTAACTGAA 480 
L.innocua 2802-2801 GTTGACGATGAAGAATTACTAGAATTAGTTGAAATGGAAATTCGTGATCTATTAACTGAA 480 
                    ************************************************************ 
 
F2365 2632-2625     TATGAATTCCCTGGCGATGACATTCCTGTAATCAAAGGTTCAGCTCTTAAAGCACTTCAA 540 
EGD-e 2653-2652     TATGAATTCCCTGGCGATGACATTCCTGTAATCAAAGGTTCAGCTCTTAAAGCACTTCAA 540 
L.innocua 2802-2801 TATGAATTCCCTGGCGATGACATTCCTGTAATCAAAGGTTCAGCTCTTAAAGCACTTCAA 540 
                    ************************************************************ 
 
F2365 2632-2625     GGTGAAGCTGACTGGGAAGCTAAAATTGACGAGTTAATGGAAGCTGTAGATTCTTACATT 600 
EGD-e 2653-2652     GGTGAAGCTGACTGGGAAGCTAAAATTGACGAGTTAATGGAAGCTGTAGATTCTTACATT 600 
L.innocua 2802-2801 GGTGAAGCTGACTGGGAAGCTAAAATTGACGAGTTAATGGAAGCTGTAGATTCTTACATT 600 
                    ************************************************************ 
 
F2365 2632-2625     CCAACTCCAGAACGTGATACTGACAAACCATTCATGATGCCAGTTGAGGATGTATTCTCA 660 
EGD-e 2653-2652     CCAACTCCAGAACGTGATACTGACAAACCATTCATGATGCCAGTTGAGGATGTATTCTCA 660 
L.innocua 2802-2801 CCAACTCCAGAACGTGATACTGACAAACCATTCATGATGCCAGTTGAGGATGTATTCTCA 660 
                    ************************************************************ 
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F2365 2632-2625     ATCACTGGTCGTGGAACAGTTGCAACTGGACGTGTTGAACGTGGACAAGTTAAAGTTGGT 720 
EGD-e 2653-2652     ATCACTGGTCGTGGAACAGTTGCAACTGGACGTGTTGAACGTGGACAAGTTAAAGTTGGT 720 
L.innocua 2802-2801 ATCACTGGTCGTGGAACAGTTGCAACTGGACGTGTTGAACGTGGACAAGTTAAAGTTGGT 720 
                    ************************************************************ 
 
F2365 2632-2625     GACGAAGTAGAAGTTATCGGTATTGAAGAAGAAAGCAAAAAAGTAGTAGTAACTGGAGTA 780 
EGD-e 2653-2652     GACGAAGTAGAAGTTATCGGTATCGAAGAAGAAAGCAAAAAAGTAGTAGTAACTGGAGTA 780 
L.innocua 2802-2801 GACGAAGTAGAAGTTATCGGTATTGAAGAAGAAAGCAAAAAAGTAGTAGTAACTGGAGTA 780 
                    *********************** ************************************ 
 
F2365 2632-2625     GAAATGTTCCGTAAATTACTAGACTACGCTGAAGCTGGCGACAACATTGGCGCACTTCTA 840 
EGD-e 2653-2652     GAAATGTTCCGTAAATTACTAGACTACGCTGAAGCTGGCGACAACATTGGCGCACTTCTA 840 
L.innocua 2802-2801 GAAATGTTCCGTAAATTACTAGACTACGCTGAAGCTGGCGACAACATTGGCGCACTTCTA 840 
                    ************************************************************ 
 
F2365 2632-2625     CGTGGTGTTGCTCGTGAAGATATCCAACGTGGTCAAGTATTAGCTAAACCAGGTTCGATT 900 
EGD-e 2653-2652     CGTGGTGTTGCTCGTGAAGATATCCAACGTGGTCAAGTATTAGCTAAACCAGGTTCGATT 900 
L.innocua 2802-2801 CGTGGTGTTGCTCGTGAAGATATCCAACGTGGTCAAGTATTAGCTAAACCAGGTTCGATT 900 
                    ************************************************************ 
 
F2365 2632-2625     ACTCCACACACTAACTTCAAAGCTGAAACTTATGTTTTAACTAAAGAAGAAGGTGGACGT 960 
EGD-e 2653-2652     ACTCCACACACTAACTTCAAAGCTGAAACTTATGTTTTAACTAAAGAAGAAGGTGGACGT 960 
L.innocua 2802-2801 ACTCCACACACTAACTTCAAAGCTGAAACTTATGTTTTAACTAAAGAAGAAGGTGGACGT 960 
                    ************************************************************ 
 
F2365 2632-2625     CACACTCCATTCTTCAACAACTACCGCCCACAATTCTATTTCCGTACTACTGACGTAACT 1020 
EGD-e 2653-2652     CACACTCCATTCTTCAACAACTACCGCCCACAATTCTATTTCCGTACTACTGACGTAACT 1020 
L.innocua 2802-2801 CACACTCCATTCTTCAACAACTACCGCCCACAATTCTATTTCCGTACTACTGACGTAACT 1020 
                    ************************************************************ 
 
F2365 2632-2625     GGTATTGTTACACTTCCAGAAGGTACTGAAATGGTAATGCCTGGTGATAACATTGAGCTT 1080 
EGD-e 2653-2652     GGTATTGTTACACTTCCAGAAGGTACTGAAATGGTAATGCCTGGTGATAACATTGAGCTT 1080 
L.innocua 2802-2801 GGTATTGTTACACTTCCAGAAGGTACTGAAATGGTAATGCCTGGTGATAACATTGAGCTT 1080 
                    ************************************************************ 
 
 
F2365 2632-2625     GCAGTTGAACTAATTGCACCAATCGCTATCGAAGACGGTACTAAATTCTCTATCCGTGAA 1140 
EGD-e 2653-2652     GCAGTTGAACTAATTGCACCAATCGCTATCGAAGACGGTACTAAATTCTCTATCCGTGAA 1140 
L.innocua 2802-2801 GCAGTTGAACTAATTGCACCAATCGCTATCGAAGACGGTACTAAATTCTCTATCCGTGAA 1140 
                    ************************************************************ 
                                                         (ORF2632 stop condon) 
F2365 2632-2625     GGCGGACGTACAGTAGGCGCTGGCGTTGTTTCTAACATCAGCAAATAATATCTGATACGA 1200 
EGD-e 2653-2652     GGCGGACGTACAGTAGGCGCTGGCGTTGTTTCTAACATCAGCAAATAATATCTGATACGA 1200 
L.innocua 2802-2801 GGCGGACGTACAGTAGGCGCTGGCGTTGTTTCTAACATCAGCAAATAATATCTGATACGA 1200 
                    ************************************************************ 
                                    (P5 including BamHI site)GGATCC
F2365 2632-2625     TTCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGTCTAAAAAAAGCTGAATAAT 1260 
EGD-e 2653-2652     TTCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT------------------- 1241 
L.innocua 2802-2801 TTCAAACCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGT------------------- 1241 
                    *****************************************                    
 
F2365 2632-2625     CTAGTAATAAAGAATTAGTTCATATTTCTAAAAAATTAGATATATACAATTTTTGATAAT 1320 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
                                                          (ORF2631 start codon) 
F2365 2632-2625     TATGCTATATTTGGAATGCACATAAATAATTTACAGAGGAGAGAGAATGAAATGAAAAAG 1380 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     AAATTAGTTGTTTTAGGGTTAGCGGGTGCAATATTTTTATCAGGAATGGGAATCTTAAAC 1440 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
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F2365 2632-2625     GTAAGCGCAGCAAATTATTCGGATACAAAGTTTAGTTTTACACTAGGTAAACTTGGTGCA 1500 
EGD-e 2653-2652     ------------------------------------------------------------ 1248 
L.innocua 2802-2801 ------------------------------------------------------------ 1248 
                                                                           
 
F2365 2632-2625     AATGATTACACTGGTTCTAGACAAAAACAGAACACTACATCATCTTATGTGAAATTAAAT 1560 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     TCAATTGGAAAAGGAACAATGGATACATGGCTTTTAAAATCTAATGGAGCTAGCGTTCGA 1620 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     AGTAAATATGTGACTGTGAGGCAAGGTGAAAGCAAAAAAATTGCTAACTACGCTTATGAA 1680 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     GATTATGGCAAATGTAATGTTAAATTAGCTGCTGAAACTAGTAAAACTCAATTTGTTAGA 1740 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
 
F2365 2632-2625     GTTACTGCTACAGGCCTTTGGAGTCCAGATAGTATTTAA(ORF2631 Stop codon) 
EGD-e 2653-2652     --------------------------------------- 
L.innocua 2802-2801 --------------------------------------- 
 
 
                        Omit sequence of F2365 from ORF2630 to ORF2627 
 
                                                                                 
F2365 2632-2625                       (ORF2626 start codon)ATGAAAAAAATACTTGGCGGA 1800 
EGD-e 2653-2652                                            --------------------- 
L.innocua 2802-2801                                        --------------------- 
 
 
F2365 2632-2625     ATCTTAATTATTTTTGTAATAGGCCTGTTTGCTTGGCGCGTATATGATGTAAAAGCTAAT 1860 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     TCTTTTTCATATGAAAATAAGGCACATGCTGAACAGGAAAAATTTCAACTTGGAAGCTCA 1920 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     ACAATCAGTGCTGGAAAAGCATTTGTTGTAAGTGATGCAGACTTAAATAAATATGTGACA 1980 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     AAAGATTATTTTAAGCAGGAAAATAAGACTCTTTTGCTCGTTCAATTAGAATCTACAGAA 2040 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     AAAGATATAAGAATTTCTGATTTTCAGTTAGGGTATAAAGAATTTGTAACGTTGTCAGAT 2100 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     ACTTCGGCAGCAAGTTATGAATTTGAAGATGGGGTGTATAAAATGGTGTTAGGTTTTAAT 2160 
EGD-e 2653-2652     ------------------------------------------------------------ 
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L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
 
F2365 2632-2625     ATACCTAAAGAATTACTAGCAACTAACAAGACATTCACATTAGTTACTCCGAGTAAATAT 2220 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
                                                   (ORF2626 stop codon) 
F2365 2632-2625     TGGAAGAACGGAGCAAGGGATGTTGTGGAAATCAGTTTATAAAAAGTAGCTTTATTCAAA 2280 
EGD-e 2653-2652     ------------------------------------------------------------ 
L.innocua 2802-2801 ------------------------------------------------------------ 
                                                                             
                                                       GGATCC(P6 including BamHI site)      
F2365 2632-2625     CCGACAAAGTCATTTGGCTTTGTCGGTTTTTTTGTGCCTGAAATAAAAATTAACTTGAAA 2340 
EGD-e 2653-2652     ----------------------------------ATACAAAAATAAAAATATACTTGAAA 1267 
L.innocua 2802-2801 -----------------------------------GCCTGAAATAAAAATTAACTTGAAA 1266 
                                                        **********  ******** 
 
F2365 2632-2625     AATATCACATTTTCGCATAACCTTAAAGTAGACATATCTTTTTACCTTCTAGACCGAAAT 2400 
EGD-e 2653-2652     AATATCACATTTTCGCATAACCTTAATGTAGACATATCTTTTTACCTTCTAGACCGAAAT 1327 
L.innocua 2802-2801 AATATCACATTTTCGCATAACCTTAAAGTAGACATATCTTTTTACCTTCTAGACCGAAAT 1326 
                    ************************** ********************************* 
                           (ORF2625 start codon) 
F2365 2632-2625     CAAGGAGGTAGGCCAAGTGGTACAATTTGATGCTCGAAATATGGCGTTGCTCGAATCACT 2460 
EGD-e 2653-2652     CAAGGAGGTAGGCCAAATGGTACAATTTGATGCTCGAAATATGACATTACTCGAATCGCT 1387 
L.innocua 2802-2801 CAAGGAGGTAGGCCAAGTGGTACAATTTGATGCTAGAAATATGATGCTGCTCGAATCGCT 1386 
                    **************** ***************** ********    * ******** ** 
 
F2365 2632-2625     CGTTGTGGCGAATGTATATCTTGCACCCGAGAAATTACAAGAAGAACTAGGAATTTCCAA 2520 
EGD-e 2653-2652     CGTCGTGGCGAATGTATATCTTGCACCCGAGAATTTACAAGAAGAACTAGGAATTTCCAA 1447 
L.innocua 2802-2801 CGTCGTGGCGAATGTATATCTTGCACCCGAGAAATTACAAGAAGAACTAGGCATTTCCAA 1446 
                    *** ***************************** ***************** ******** 
 
F2365 2632-2625     ACGAACACTTCAATATGATGTGGAAAAAATTAATAAAGAATTAGATAATATAGGACTCGA 2580 
EGD-e 2653-2652     ACGAACACTTCAATATGATGTAGAAAAAATTAATAAAGAATTAGATAATATAGGACTTGA 1507 
L.innocua 2802-2801 ACGAACACTACAATATGATGTTGAAAAAATTAATAAAGAATTAGATGATATAGGGCTTGA 1506 
                    ********* *********** ************************ ******* ** ** 
 
F2365 2632-2625     TGGTATTCAATCTGTTCGTGGACAAGGGTATTATTTATTAGAAGATGAAAAATCGACAAT 2640 
EGD-e 2653-2652     TGGTATTCAATCCGTTCGTGGACAAGGGTATTATTTATTAGAAGAAGAAAAAACGACAAT 1567 
L.innocua 2802-2801 TGGTATTCAATCCGTTCGTGGACAAGGTTATTATTTATTAGAAGATGAAAAATCGACAAT 1566 
                    ************ ************** ***************** ****** ******* 
 
F2365 2632-2625     TAAAGAAATCCTTGGAAATAGGGAAGCGAGCCACAAAGTCTTTTCAGCAAGTGAGCGTCG 2700 
EGD-e 2653-2652     TAAAGAGATCCTTGAAAATAGGGAAGCGAGCCACAAAGTTTTTTCAGCTAGTGAACGCCG 1627 
L.innocua 2802-2801 TAAAGAAATTCTTGGAAATAGGGAAGCGAGCCACAAAGTCTTTTCAGCAAGTGAGCGTCG 1626 
                    ****** ** **** ************************ ******** ***** ** ** 
 
F2365 2632-2625     CATCCGTATTTTATTTTTTCTGCTCGTAACAGATGCGCGAGTAATCATTGATACGATTAA 2760 
EGD-e 2653-2652     CATCCGTATTTTATTTTTTCTGCTCGTAACAGATGCGCGAGTAATTATCGATACGATTAA 1687 
L.innocua 2802-2801 TATCCGTATTTTATTTTTTCTGCTTGTAACAGATGCGCGTGTAATTATTGATACAATTAA 1686 
                     *********************** ************** ***** ** ***** ***** 
 
F2365 2632-2625     TGAATGCAATGAAGTCAGTCGTAATACAAGTTTGCAGGACATTAAACAATTAAAATTAGC 2820 
EGD-e 2653-2652     TGAATGCAATGAAGTCAGTCGTAATACCAGTTTACAGGATATTAAACAATTAAAATTAGC 1747 
L.innocua 2802-2801 TGCGTGCAATGAAGTTAGTCGTAACACTAGTTTACAGGATATTAAACAGTTAAAATTAGC 1746 
                    **  *********** ******** ** ***** ***** ******** *********** 
 
F2365 2632-2625     GCTAAAACAGTTTAATTTAGAACTTGCGTATGACCGTAAAAATGGCAATATGGTTCTCGG 2880 
EGD-e 2653-2652     GCTAAAACAGTTTAATTTAGAGCTCGCTTATGATCGTAAAAATGGGAATATGGTTCTGGG 1807 
L.innocua 2802-2801 GCTCAAACAGTTTAACTTAGAGCTCGCTTATGACCGGAAAAATGGGAATATGGTTCTTGG 1806 
                    *** *********** ***** ** ** ***** ** ******** *********** ** 
 
F2365 2632-2625     TGATGAGCGCAGTATTCGCCAATTTTTTATTCACTATTGTATGAATAACGAAGAAATCGC 2940 
EGD-e 2653-2652     TGATGAGCGGAGTATACGCCAATTTTTTATTCATTATTGTATGAATAACGAAGAAATCGC 1867 
L.innocua 2802-2801 TGATGAACGTAGTATTCGTCAGTTTTTCATTCATTATTGTATGAATAACGAAGAAATAGC 1866 
                    ****** ** ***** ** ** ***** ***** *********************** ** 
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F2365 2632-2625     AACCGCAGACCAGTTGCTCGATTTAATGAAAATTAATCCGATGATAAAAAATCAGGAGTT 3000 
EGD-e 2653-2652     AACCGCGGACCAGTTGCTCGATTTAATGAAAATTAATCCGATGATAAAAAATCAGGAGTT 1927 
L.innocua 2802-2801 CACGGCAGACCAGTTACTCGATTTAATGAAAATAAATCCAATGATTAAAAATAAAGAACT 1926 
                     ** ** ******** ***************** ***** ***** ****** * **  * 
 
 
 
F2365 2632-2625     ATTTCCCAAATTAGATACGATTTTCGAAATTTTAGCAGTAACGGAGAAAAAAATCGGAAT 3060 
EGD-e 2653-2652     ATTTCCCAAATTAGATATGATTTTCGAAATTTTAGCAGTCACAGAGAAAAAAATCGGTAT 1987 
L.innocua 2802-2801 TTTCCCACATTTAGATACAATTTTTGAAATATTAGCAGTGACAGAGAAAAAAATCGGTAT 1986 
                     ** **  * *******  ***** ***** ******** ** ************** ** 
                (P7 including EcoRI site) 
F2365 2632-2625     TCGTTATACTGACGAGGTCCTTGAGCGCATTGGTATTATGATTTTCTTCTTTAAAGAACG 3120 
EGD-e 2653-2652     TCGTTACACAGATGAAGTTATTGAGCGTATTGGTATTATGATTTTCTTCTTTAAGGAACG 2047 
L.innocua 2802-2801 TCGTTATACAGACGAGGTCATTGAACGAATCGGAATTATGATTTTCTTCTTTAAAGAACG 2046 
                    ****** ** ** ** **  **** ** ** ** ******************** ***** 
 
F2365 2632-2625     AATGAAGCGTAATTGCTATTTAAATGAACAAGAAGAGCATGAAGTAGAATCTTTTGAGAT 3180 
EGD-e 2653-2652     AATGAAACGCAATTGTTATTTAAATGAGAAAGAAGAACATGAAGTAGAATCATTTGGTAT 2107 
L.innocua 2802-2801 AATGAAACGCGATTGTTATTTAAATGAGCACGAAGAACATGAAGTAGAATCTTTTAATAT 2106 
                    ****** **  **** ***********  * ***** ************** ***   ** 
 
F2365 2632-2625     TGCGCAGGAAATTTATCAGCAATTGCAGCAAAGTGAGAATTTTAAAATCAATCATGCGGA 3240 
EGD-e 2653-2652     TGCGCAGGAAATTTATCAGCAATTGCAGCAAAGCGAGAATTTTAAAATTAATCATGCGGA 2167 
L.innocua 2802-2801 TGCTCAGGAAATTTACGAGCAATTACAGCAAAAAGAGCATTTTAAGATCAATCATGCGGA 2166 
                    *** ***********  ******* *******  *** ******* ** *********** 
 
F2365 2632-2625     AATCACTTATTTAGGTAAACTTTTGCTTGGGGCGAGTCGTTTGAATGATGATGCGGCTGC 3300 
EGD-e 2653-2652     AATCACTTATTTAGGTAAACTTTTGCTTGGTGCGAGTCGTTTGAATGATGATGCGGCTGC 2227 
L.innocua 2802-2801 AATTACTTATTTAGGCAAACTTTTACTTGGCGCTAGTCGCTTGAATGATGATGCAGCTGT 2226 
                    *** *********** ******** ***** ** ***** ************** ****  
 
F2365 2632-2625     TGAAGGAAAATTAGATCTCATCGTTGAAAAAATCATCGCCGAATTTGAACGTCTTGCTTG 3360 
EGD-e 2653-2652     TGAAGGAAAACTAGATCTAATCGTTGAAAAAATCATTGCTGAATTTGAACGCCTTGCTTG 2287 
L.innocua 2802-2801 TGAAGGAAAGCTGGATATAATTGTTGAGAAAATTATTGCCGAATTTGAGCGCCTTGCTTG 2286 
                    *********  * *** * ** ***** ***** ** ** ******** ** ******** 
 
F2365 2632-2625     CGTGAATTTTGAAGACCATCGCAATTTGAAAAAAGATTTATTGCTTCATTTACAACCAGC 3420 
EGD-e 2653-2652     TGTGAATTTTGAAGACCATCGCAATTTGAAAAAAGATTTATTACTCCATTTACAACCAGC 2347 
L.innocua 2802-2801 TGTGAATTTTGAAGACCATCGTAGTTTAAAAAAAGATTTATTGCTCCATTTACAACCAGC 2346 
                     ******************** * *** ************** ** ************** 
 
F2365 2632-2625     CTACTATCGGCTTAAATTCCAAATTGAGTGGATTAACCCGCTAAGGACAGACATTAAACA 3480 
EGD-e 2653-2652     ATACTACCGTCTTAAATTCCAAATTGAGTGGATTAACCCGCTGCGTACAGACATTAAACA 2407 
L.innocua 2802-2801 ATATTATCGGCTTAAATTCCAAATTGAATGGATTAATCCGCTGCGAACAGATATTAAGCA 2406 
                     ** ** ** ***************** ******** *****  * ***** ***** ** 
 
F2365 2632-2625     AAGTTACAGTGATGTGTACGAGATTACGAAAAAATCACTCGAACCGCTAGAAGATTTACT 3540 
EGD-e 2653-2652     AAGTTACAGTGATGTGTACGAGATTACGAAAAAATCACTCGAACCGCTAGAAGATTTGCT 2467 
L.innocua 2802-2801 AAGTTATAGTGACGTGTATGAGATTACAAAAAAATCATTAGAACCACTAGAAGATTTACT 2466 
                    ****** ***** ***** ******** ********* * ***** *********** ** 
 
F2365 2632-2625     TGGTGAAACAATTCCAGAGGATGAAATAGCGTACGTAACAATCTTGTTCGGTGGCTATCT 3600 
EGD-e 2653-2652     TGGTGAAGCAATACCAGAGGATGAAATAGCGTACGTAACAATCTTGTTCGGCGGCTATCT 2527 
L.innocua 2802-2801 CGGTGAAAAAATCCCCGAAGATGAGATAGCGTACGTAACGATTTTGTTCGGCGGTTATCT 2526 
                    ******  *** ** ** ***** ************** ** ******** ** ***** 
 
F2365 2632-2625     TTCACGCAAAAATAATACTTTAGTTGAACGAAAAAAACTCTTAATCGTTTGCTCCAAAGG 3660 
EGD-e 2653-2652     TTCACGCAAAAACAATACTTTAGTTGAACGAAAAAAGCTCTTAATCGTTTGCTCCAAAGG 2587 
L.innocua 2802-2801 TTCTCGCAAAAACAATACTTTAGTTGAACGGAAGAAACTTTTAATTGTTTGCTCGAAAGG 2586 
                    *** ******** ***************** ** ** ** ***** ******** ***** 
 
F2365 2632-2625     TGTCGGAACGTCGCGGATGATTGAACGGCAATTATCGCAATTACTTGGTGAGCGAGTAGA 3720 
EGD-e 2653-2652     CGTCGGAACGTCGCGGATGATTGAACGGCAATTATCGCAATTACTTGGTGAACGAGTAGA 2647 
L.innocua 2802-2801 GGTAGGAACGTCGCGGATGATTGAGCGGCAACTTGCACAATTACTCGGTGAACGTGTTGA 2646 
                     ** ******************** ****** *  * ******** ***** ** ** ** 
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F2365 2632-2625     GATATTAGAACCAATTTCCATCCGTGAATTTGAAAAAGGGTTATACGCACCAGACTTTAT 3780 
EGD-e 2653-2652     GATATTAGAACCAATTTCCATCCGTGAGTTTGAAAAGGGGCTGTATGCACCAGATTTTAT 2707 
L.innocua 2802-2801 AATATTAGAACCAATTTCCATCCGTGAATTTGAAAAAGGGTTATACGCGCCAGACTTTAT 2706 
                     ************************** ******** *** * ** ** ***** ***** 
 
 
 
F2365 2632-2625     TGTGTCGACTTTGCCAATTATGGAACCAAAAGCACCAGTTTTTATCGTTAGTCCAATTTT 3840 
EGD-e 2653-2652     CGTATCTACTTTGCCAATTATGGAACAAAAAGCACCAGTTTTTATTGTTAGTCCGATTTT 2767 
L.innocua 2802-2801 TGTGTCGACTTTGCCAATTATGGAACCGAAAGCACCAGTTTTCATCGTTAGTCCGATTTT 2766 
                     ** ** *******************  ************** ** ******** ***** 
 
F2365 2632-2625     GACAGAAGCGCAGAAACAACAACTGATGAAGGCGATTGCCCCGCACATTTTGCAAAAGGA 3900 
EGD-e 2653-2652     AACAGAAGCGCAGAAGCAACAATTGATGAAGGTAATTGCTCCGCATATTTTACAAAAAGA 2827 
L.innocua 2802-2801 GACTGAGGCGCAGAAGCAACAACTGATGAAGGCGATTGCCCCGCACGTTTTGCAAAAGGA 2826 
                     ** ** ******** ****** *********  ***** *****  **** ***** ** 
 
F2365 2632-2625     CTCGGATGCGCGCATGTTGTCTTCTGTGCTTGATGTAGTAGATCAATATGCCAAAGTGGA 3960 
EGD-e 2653-2652     TTCTGATGCGCGCATGTTATCGTCCGTGCTCGATGTAGTAGATCAATATGCAAAAGTGGA 2887 
L.innocua 2802-2801 TTCGGATGCGCGCATGTTGTCTTCTGTGCTTGATGTAGTGGATCAATATGCCAAAGTGGA 2886 
                     ** ************** ** ** ***** ******** *********** ******** 
 
F2365 2632-2625     AGACCGCGAGAAATTGGCGGCAAAACTGAAATCGGTATTGTTCCAAGTGCAATCAGACAG 4020 
EGD-e 2653-2652     AGACCGCGAAAAATTAGCGGCCAAGCTAAAGTCGGTATTATTTCAAGTGCAATCGGACAG 2947 
L.innocua 2802-2801 AGACCGCGAAAAATTGGCGGCCAAGCTGAAGTCGGTATTGTTCCAAGTGCAATCGGACAG 2946 
                    ********* ***** ***** ** ** ** ******** ** *********** ***** 
 
F2365 2632-2625     CCAACTAGAAAAATCTCCAACACTCGAAGAACTTTTACCGAAAGAACGAATTACTTTTAA 4080 
EGD-e 2653-2652     CCAGCTAGAGAAATCGCCATCTCTTGATGAACTATTACCGCAAGAACGAATTATTTTTAA 3007 
L.innocua 2802-2801 CCAACTAGAAAAATCGCCAACACTTGAAGAACTGTTGCCAAAAGAACGAATTATTTTTAA 3006 
                    *** ***** ***** *** * ** ** ***** ** **  ************ ****** 
 
F2365 2632-2625     AGAAAGTGTGGCGGACTGGCGTGAAGCTATCCTAGTTGCCTCGAAATCGCTGCAACAAGA 4140 
EGD-e 2653-2652     AGAAAGTGTGACGGACTGGCAAGAAGCTATCCGAGTTGCTTCAAAACCACTACAGCAAGA 3067 
L.innocua 2802-2801 AGATAGTGTGGCGGATTGGCATGAAGCTATCCGAGTTGCGTCAAAACCACTACAACAAGA 3066 
                    *** ****** **** ****  ********** ****** ** *** * ** ** ***** 
 
F2365 2632-2625     AGGCTACATTTCGAGAAATTATCAGCATGCGATGATTGAAAATATTGAGAAACTCGGACC 4200 
EGD-e 2653-2652     AGGTTATATCTCGAAGAACTATCAGCATGCAATGATTGAAAATATTGAGAAACTCGGACC 3127 
L.innocua 2802-2801 AGGCTATATATCAGGAAACTATCAACAAGCTATGATTGAAAACATTGAAAAGCTAGGACC 3126 
                    *** ** ** **    ** ***** ** ** *********** ***** ** ** ***** 
 
F2365 2632-2625     ATACATCGTTATTGCGCCAGGGATTGCACTGCCACATGCGTCTGTGGATGACGGGGCATA 4260 
EGD-e 2653-2652     ATATATCGTTATTGCACCAGGGATTGCACTTCCCCATGCTTCGGTAGATGACGGGGCATA 3187 
L.innocua 2802-2801 ATATATCGTTATTGCACCAGGGATAGCACTGCCACACGCGTCGGTGGATGACGGCGCATA 3186 
                    *** *********** ******** ***** ** ** ** ** ** ******** ***** 
 
F2365 2632-2625     CCGAGTCGGAATGAGCTTACTGCGTTTAAATCAGCCAGTATCATTTTCAAGTAAAGCGAA 4320 
EGD-e 2653-2652     CCGTGTTGGAATGAGCCTACTACGGTTAGACCAGCCGGTTTCATTTTCAAGTAAAGCGAA 3247 
L.innocua 2802-2801 TCGAGTCGGAATGAGCTTACTGCGCTTAAATCAGCCAGTATCATTTTCAAGTAAAGCGAA 3246 
                     ** ** ********* **** ** *** * ***** ** ******************** 
 
F2365 2632-2625     AGATCAAGTGAAGTTAATTATTGTGCTCGCTTCCATTGACTCCTACACACATATTAATGC 4380 
EGD-e 2653-2652     GGATCAGGTTAAATTAATTATTGTGCTCGCTTCCATTGACTCCTACACACATATTAATGC 3307 
L.innocua 2802-2801 GGATCAAGTGAAGTTAATTATTGTGCTCGCTTCCATTGACTCCTATACACATATTAATGC 3306 
                     ***** ** ** ******************************** ************** 
 
F2365 2632-2625     GCTGAGCCAACTCACTAATTTAATCATGAAACATCACTTGCTAGAGCAGATTGAACAAGC 4440 
EGD-e 2653-2652     ACTTAGCCAACTCACTAATTTAATCATGAAACATCACTTGCTAGAGCAGATTGAACAAGC 3367 
L.innocua 2802-2801 GCTAAGCCAGCTTACTAATTTAATTATGAAACATCACTTACTTGAGCAGATTGAACAAGC 3366 
                     ** ***** ** *********** ************** ** ***************** 
                                                   (ORF2625 stop codon) 
F2365 2632-2625     GACATCAGCAGCGGAAATTGCCGCAATGTTAACGATACAATAA 4483 
EGD-e 2653-2652     GACATCAGCCGCGGAAATTGCCGCAATGTTAACCATAAAATAA 3410 
L.innocua 2802-2801 CGAATCAGCAGCAGAAATTGCCGCAATGTTAACAATAAAATAA 3409 
                       ****** ** ******************** *** ***** 
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Appendix D Restriction system 

Plasmid 

pCon-1 

10ul Upstream 

fragment 

10µl Downstream 

fragment 

10µl 

Buffer2 6µl 10xBufferE 6µl 10xBufferMC 6µl 

EcoRI 1.5µl BamHI 1.5µl BamHI 1.5µl 

HindIII 1.5µl HindIII 1.5µl EcoRI 1.5µl 

H2O 41µl H2O 41µl H2O 41µl 

Total 60µl Total 60µl Total 60µl 

 

 

 

 

Appendix E Ligation system 

10x ligase buffer  2µl Negative control: 

pCON-1  3ul  

Upstream fragment 6ul 10x ligase buffer  2µl 

Downstream fragment 6ul pCON-1 3ul 

H2O 2µl H2O 14µl 

T4 Ligase 1µl T4 Ligase 1µl 

Total 20µl Total 20µl 
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Appendix F Working primers used in this study 
 

 
Primer Name Oligo sequence: 5’-3’ 
PA GAAAACTGGGATAAAGAGCAAGAA 
PB ATGTAAATTTTGTACCGGGGTATG 
PC TGAATTGCGACAAACATATCAAG 
PD TGTAAATTTTGTACCGGGGTATG 
PE GTGATGACTTTTTCTTCCACGAC 
Pa ATATGTAGTTTTATTGAGTCCACTAGCTATTTA 
Pb TACTAGCCCAATAATTACAAAATAATAAATCAA 
Pc TGCAGCTAATTTCCAATCTGTTTA 
Pd AGCCATTATGACCTATGAACGAAT 
Pe CACTAGGTAAACTTGGTGCAAATG 
Pf TGCTACGAAATAATCAAGTGGTGT 
Pg AAGTTTGCCAGTTTTTCTATTTGG 
Ph TCCATAATAGCTTGAGCAATACCA 
Pi GTGGGATTTATTCGTTCATAGGTC 
Pj CACTTACAACAAATGCTTTTCCAG 
Pm GTACTACTGACGTAACTGGTATTGTTACACTT 
Pn GAATACCATCGAGTCCTATATTATCTAATTCT 
P1 CTCCAGGAGCTGACAAAAGC 
P2 GCTTGCTCCCGATTCAAATA 
P3 CCTCAACAAGTTCGGGGTTA 
P4 GGTTGCTAGCAGACTTCGAGA 
P5 ACTATCCTTATGAAACGGCGTAAG 
P6 GGAATTACAGTGATGACCATTTTG 
P7 ATGATTGTTGCGGGATTAGG 
P8 AACGCTTTTCACTCTTTTTACACC 
P9 TAGCCAAACAAATAGGGAGCAT 
P10 TACATAAAACGCGGCAGAGATA 
P11 ACTTGAAGCTTTAAATGGCGTTAC 
P12 GTTCTTCCAGGTGTTCTGAAAGTT 
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