
Abstract 
 

Li, Jianying. Molecular characterization of a gene that is associated with Listeria 

monocytogenes serotype 4b-specific surface antigen expression (Under the direction of 

Dr. Sophia Kathariou) 

 
 
Listeria monocytogenes is the cause of human listeriosis, a food borne disease with high 

mortality. Serotypes 1/2a, 1/2b, and 4b account for most cause of illness. Serotype 4b is 

of special interest, for its high implication in foodborne outbreaks. Two loci were 

previously found to be involved in serotype-specific surface antigen expression of L. 

monocytogenes serotype 4b. One mutant, 27B6, derived from L.monocytogenes serotype 

4b strain 2381L (Jalisco cheese outbreak), was found to be negative in immunoblot 

reactions with all three serotype 4b-specific MAbs C74.22, C74.33, and C74.180. 

Chromatographic analysis showed markedly reduced levels of two sugar substituents on 

the teichoic acid backbone, compared with the wild type strain. The mutant was 

furthermore resistant to Listeria species-specific phage A511, while still sensitive to 

serotype 4b-specific phage 2671. In this study, the transposon localized in a new genomic 

region (locus III). The genes in this region had homologues in the database involved in 

galactose metabolism, including galM, galE, and pgm. The transposon in 27B6 was 

found to be in the putative pgm. Interestingly, although inactivation of the putative pgm 

affected the presentation of both serotype-specific sugar substituents on the teichoic acid, 

the gene was not found to be unique to serotype 4b. The gene pgm was present in 

L.monocytogenes serotypes other than 4b, while it was absent or highly divergent in other 

species. An in-frame deletion of pgm was constructed, showing similar phenotypes as 

those of the initial transposon mutant 27B6. The wild type pgm sequence could 

successfully complement mutant 27B6 in-trans, restoring wild-type reactivity with 

MAbs, as well as phage A511 sensitivity. In conclusion, this newly characterized 

genomic region of L.monocytogenes may function in sugar metabolism and is possibly 

associated with cell wall teichoic acid glycosylation in serotype 4b, being required for 

expression of serotype 4b-specific antigenic determinants as well as receptors for phage 

A511.  
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Chapter 1 

Comprehensive Review of the Literature 

 

1.1 Listeria monocytogenes—a food born human pathogen 

Listeria monocytogenes is one of the six species of Listeria, the others being L. 

ivanovii, L. innocua, L. seeligeri, L. welshimeri, and L. grayi. L. monocytogenes is the 

only human pathogen within this genus, and L. ivanovii is exclusively an animal 

pathogen and is not associated with human infection. 

Listeria monocytogenes is a small (1.0-2.0µm x 0.5µm), gram-positive, 

nonsporeforming, facultatively anaerobic rod with round ends. It is motile at 20-25o C, 

but not at 37oC where flagellin production is found markedly reduced (Peel et al., 1988). 

The colonies of L. monocytogenes are round, slightly raised, and blue-green by obliquely 

transmitted light (Farber et al., 1991). One of the most distinguishing features of L. 

monocytogenes is its psychotrophic character. Although the best temperature range is 30-

37oC, it can grow at temperatures as low as 1oC (Seeliger, H.P.1981; Schuchat et al., 

1991). 

This organism is ubiquitous in the environment, and has been found in soil, plant, 

water samples, silage, sewage, slaughterhouse wastes, milk and dairy products, 

vegetables, fruits, meat, poultry, fish, and human and animal faeces (Weis, et al 1975; 

McCarthy, S.A. 1990; Doyle, M.P.1990; Hayes et al., 1991; Farber et al., 1991). 

 Listeria could cause a severe disease, listeriosis. The clinical syndromes 

associated with human listeriosis include abortions, septicemia, meningitis and 

encephalitis. People with suppressed T-cell-mediated immunity are especially prone to 
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listeriosis. Populations at risk include pregnant women, newborns, and 

immunocompromised individuals (i.e. AIDS and cancer patients). 

 

1.2 Pathogenic serotypes of L. monocytogenes    

The different typing strategies for L.monocytogenes include serotyping; 

ribotyping; pulse-field-gel electrophoresis (PFGE), restriction fragment length 

polymorphism (RFLPs), and automated laser fluorescent analysis of amplified fragment 

length polymorphism (AFLP). All Listeria species have been characterized by the 

possession of antigens that give rise to 17 serovars. Serotyping (Seeliger et al. 1979) is 

based on an analysis of flagella and somatic antigens and became the main typing tool for 

Listeria monocytogenes. Base on this scheme, serotypes 1/2a, 1/2c, 3a, and 3c composed 

one group and serotypes 1/2b, 3b, and 4b in another (Bibb et al., 1989; Piffaretti et al., 

1989). Three serotypes (1/2a, 1/2b, and 4b) account for the majority of clinical isolates 

(Seeliger, H.P. 1961; Schuchat et al., 1991). Research on L. monocytogenes pathogenesis 

has been done mostly with serotypes 1/2a and 1/2c (Portnoy et al., 1992).  

Serotype 4b is of special importance and interest due to its frequency in sporadic 

and epidemic listeriosis. It is estimated that serotype 4b stains account for about 40% of 

sporadic cases and almost all epidemics of foodborne listeriosis in Europe and North 

America in the past two decades (Schuchat et al., 1991). However, isolation of serotype 

4b from food does not exceed other serotypes (Hayes, et al 1991, Schoenberg, et al 

1989). The question whether serotype 4b is more virulent to humans is still under 

investigation. 
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1.3 Pathogenesis of L. monocytogenes 

1.3.1 Entering macrophage through complement receptors 

 Listeria monocytogenes is a facultative intracellular pathogen that can invade 

either phagocytic or nonphagocytic cells and is able to survive intracellularly (Berche et 

al., 1987; Berche et al., 1988). This constitutes its major pathogenicity determinants. It 

has been shown that macrophages that can kill Listeria phagocytose the bacteria 

primarily through complement receptor type 3 (CR3). (Drevets et al. 1992). On the other 

hand, the macrophages that cannot kill Listeria appear to phagocytize the bacterium 

primarily through receptors other than CR3 (Alvarez-Dominguez et al., 1993; Drevets et 

al., 1992).  

 

1.3.2 Entering cells mediated by internalin 

L. monocytogenes can cause natural infection by invading intestinal epithelial 

cells following ingestion of contaminated food. Since epithelial cells are not actively 

phagocytic, L. monocytogenes must enter these cells by an invasive process that requires 

the association of a bacterial surface protein (internalin ) with a receptor on the surface on 

the host. (Gaillard et al., 1991, 1996; Dramsi et al., 1993, 1997). Two major internalins 

have been found to be involved in this process. InlA, which is covalently linked onto the 

peptidoglycan with a LPXTG motif (Schneewind et al., 1995), is essential for 

internalization by intestinal epithelial cells. InlB, which associates with lipoteichoic acid 

at the surface (Jonquieres et al., 1999), appears to be important for internalization by 

hepatocytes only. The receptor for InlA on the surface of epithelial cells was found to be 

E-cadherin (Mengaud et al., 1996). Internalin B is required for triggering host cell 
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signaling by activating the phosphoinositide kinase p85-p110, resulting in cytoskeletal 

rearrangement and engulfment of the bacteria (Ireton et al., 1997, 1999). Several other 

members of the internalin family have been identified and shown not to be required for 

invasion (Dramsi et al., 1997). 

 

1.3.3 Escape from the phagosome and cell-to-cell spread 

Upon entering the host cell, the bacteria are wrapped within the cell membrane, 

forming a vacuole. The escape from the vacuole is dependent on the key virulence factor, 

listeriolysin O (LLO) (Georffroy et al., 1987; Portnoy et al., 1988), encoded by gene hly. 

LLO is a 58.6-kDa protein, which is a sulfhydryl-activated, pore-forming cytotoxin that 

lyses the host vacuole membranes. This allows the bacteria to escape from the vacuole 

and avoids fusion with lysosome where killing of the bacteria occurs.  

Once L. monocytogenes escapes from the phagosome or phagolysosome, it 

multiplies in the cytoplasm, and spreads from cell to cell (Tilney et al., 1989). This 

intracellular movement is mediated by host cell actin, whose assembly is mediated by a 

protein, ActA, encoded by the bacterial gene actA (Domann et al., 1992; Kocks et al., 

1992; Kocks et al., 1995). Another gene, plcB, encodes lecithinase (PC-PLC) (Vazquez-

Boland et al., 1992), which is a secreted enzyme with a pH optimum at 5.5-8. It catalyzes 

the hydrolysis of a broad range of phospholipids. Lecithinase can break down the double 

plasma membranes that surround L. monocytogenes after cell-to-cell spread (Vazquez-

Boland et al., 1992), allowing bacteria to be free again.  

  

1.3.4 Regulation of the virulence factors 
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The virulence regulon consists of several genes and operons, including hly, plcA-

prfA, plcB, and the inlAB operon (Fig.1) (Sheehan et al., 1994). Except for the inlAB 

operon, all of these genes are located within a ca.10 kb chromosomal region (Kocks et 

al., 1992; Vasquez-Boland et al., 1992). prfA encodes a protein, PrfA that functions as a 

transcriptional regulator. The prfA gene is co-transcribed with plcA during the 

exponential phase. This bicistronic transcription requires going through a putative Rho-

independent terminator structure at the 3' end of the plcA gene (Sheehan et al., 1994). At 

the end of exponential growth prfA is transcribed from its own promoter, located 

immediately upstream of the start codon. (Sheehan et al., 1994).  

 

 

Fig.1 The organization and coordinate regulation of virulence gene expression by PrfA in 

L. monocytogenes. Diagram modified from Sheehan et al.(1994). 

 

All virulence factors are coregulated (Kathariou et al., 1990; Leimeister-Wachter, 

et al., 1990) through PrfA, a 27 kDa protein. PrfA may activate gene expression by 

binding the target sequences and interacting directly with the RNA polymerase. Low 

levels of PrfA protein could allow expression of high-affinity promoters (such as hly and 
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plcA), whereas high levels of PrfA were required for expression of low-affinity promoters 

(such as mpl) (Freitag et al., 1993).  

Other few virulence-related determinants have been recognized outside the prfA 

regulon (Kohler et al., 1990; Rouquette et al., 1995, 1996; Marron et al., 1997). These 

include the ClpC ATPase, a general stress protein, and genes associated with acid 

tolerance of the bacteria. Mutation in the clpC gene of L. monocytogenes was identified 

with impaired virulence in the mouse as well as impaired ability to grow in iron-depleted 

conditions and in bone marrow-derived macrophages (Rouquette et al., 1995, 1996). The 

major extracellular protein p60 (Iap) appears to be required for adherence and invasion of 

certain cell lines (e.g., 3T6) but not others (e.g., Caco-2) (Kuhn et al.,1989; Gutekunst et 

al., 1992). It has been shown that following phagocytosis of L. monocytogenes by 

macrophages the phagosome is rapidly acidified, and that this acidification is a 

prerequisite for escape of the bacteria from the phagosome (De Chastellier et al., 1994).   

 

1.4  Food-borne Listeria monocytogenes infection  

 Listeriae are widely distributed in nature and can be found on decaying vegetation 

and in soils, animal faeces, sewage, silage and water. L. monocytogenes can infect a 

remarkable range of vertebrates, including cattle, chicken. wild fowl, and even fish 

(Farber et al 1991). The most important route for human exposure to L. monocytogenes is 

by ingestion of contaminated food (Jones 1990). 

 L. monocytogenes was first demonstrated to be a food-borne pathogen during the 

1980s, after an outbreak of listeriosis in the Canadian Maritime provinces (Schlech et al 

1983). In this outbreak, coleslaw made with cabbage that had been fertilized with manure 
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from L. monocytogenes-infected sheep was the likely cause of more than 40 clustered 

cases of listeriosis. Other food products that were involved in major L. monocytogenes 

outbreaks have been contributed to contaminated cheese or other dairy products. For the 

sporadic cases, a wide range of ready-to-eat foods, including chicken, sausages and other 

deli foods had been implicated. Currently the US government has set a zero-tolerance for 

L. monocytogenes in ready-to-eat food.  

 

 

Place Year Cases Source 

Halle 1966 279 Unknown source 

Nova Scotia 1981 41 Coleslaw 

Boston 1983 49 Milk 

Switzerland 83-87 122 Cheese 

California 1985 142 Jalisco cheese 

Philadelphia 86-87 36 No common source 

France 1992 279 Jellied pork tongue 

USA 98-99 101 Hot dog 

USA 2000 29 Deli Turkey meats 

 

 Most common L. monocytogenes infections happen due to the post-processing 

contamination of ready-to-eat (RTE) foods such as heat-treated deli meats and cheese 

made of pasteurized milk. Since the organism is ubiquitously distributed in the 

environment and relatively resistant to heat, high salt concentrations and other adverse 

Table 1. Major outbreaks of L.monocytogenes for the past several decades 
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environmental conditions it is especially difficult to control in the food processing 

environment. In addition, several authors have reported formation of biofilms by L. 

monocytogenes and it is suspected that such biofilms form a unique niche for extended 

survival of L. monocytogenes in food-processing plants. (Chae, M. S. and H. Schraft, 

2001). 

 

1.5 Wall teichoic acid  (WTA)   

 As stated above, most research on the pathogenesis of L. monocytogenes focused 

on serotypes 1/2a and 1/2c. Little is known about the unique features of pathogenesis and 

genetics of serotype 4b, even though they account for a large fraction (ca. 40%) of 

sporadic and almost all epidemic listeriosis cases. A special cell wall teichoic acid 

(WTA) structure of this bacterium has been determined.  

 

1.5.1 Biochemistry of WTA  

WTAs are phosphorylated anionic polymers, present in Gram-positive bacteria, 

located in the outermost layer of the cell wall and functionally equivalent to the outer 

membrane of Gram-negative bacteria, in terms of severing as an external permeability 

barrier (Merchante et al., 1995). Teichoic acids includes a wide range of polymers 

composed of phosphodiester groups, sugar residues and/or polymers, and often D-alanine 

ester residues (Baddiley, J 1970; Ward, J.B. 1981). However, the most common teichoic 

acids are glycerol phosphate and ribitol phosphate polymers. These polymers are 

sometimes substituted by D-alanine ester residues and are often glycosylated (Ward, J.B. 
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1981). WTAs are different from the membrane-associated, because they are covalently 

linked to peptidoglycan (Ward, J.B. 1981).  

In L. monocytogenes there are two types of WTA structures (Fiedler, et al 1988; 

Uchikawa et al, 1986; Fujii et al., 1985): (1). Ribitol residues are attached to phosphate 

groups by phosphodiester linkage between C-1 and C-5, forming a main backbone with a 

sugar substituent (serogroup 1/2 and 3) or without a sugar substituent (serogroup 7). (2). 

In serotype 4, besides ribitol, N-acetylglucosamine (Glc-NAc) is also a component of 

teichoic acid as a part of the major chain, integrated into the chain with or without 

glycosylation. The 3- and 6- hydroxyl groups of N-acetylglucosamine (Glc-NAc) are sites 

for sugar substituents. Serotype 4b has a unique WTA structure, in which both glucose 

and galactose are simultaneously found as substituents (Fiedler, et al 1988; Uchikawa et 

al., 1986; Fujii et al., 1985). This feature in serotype 4b strains may render their WTAs 

much more antigenic than non-4b strains. Fig.2 shows diagrammatic structures of 

teichoic acid linkage units in serogroup 1/2 (A), serogroup 3 (B) and serotype 4b (C). 

  

 

                         A                                          B                                           C 

Fig. 2. Diagrammatic representation of teichoic acid composition in different L. 

monocytogenes serotypes. (A) serogroup 1/2 (serotypes 1/2a, 1/2b and 1/2c); (B) 
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serogroup 3 (serotypes 3a, 3b and 3c); (C) serotype 4b. Diagram modified from 

Uchikawa et al. (1986). 

    

1.5.2 Roles of WTAs 

 WTAs are anionic polymers responsible for the integrity of the bacteria. 

Therefore, it is understandable that WTAs have multiple important functions and may 

also be involved in pathogenesis of L. monocytogenes. 

1. Cell viability 

WTA appears to be essential for growth of Gram-positive bacteria. Genetic 

inactivation of two genes, tagA and tagB, in B. subtilis, which are involved in WTA-

peptidoglycan linking reaction, resulting in lethal damage to the bacterium (Mauel et al., 

1989).  

2. Cell morphology  

Impaired expression of tagGH involving the transport of WTA caused cell 

morphology to change from rod to cocoid (Lazarevic et al., 1995a). 

3. Monoclonal antibody recognition and phage adsorption 

WTA can stimulate immune responses to generate WTA-specific antibodies 

(Burger, M.M. 1966; Wendlinger, et al 1996). Previous data from our laboratory and in 

collaboration with Dr. Fiedler suggest that the L. monocytogenes serotype 4b-specific 

surface antigens 22, 33, and 180 that react with monoclonal antibodies c74.22, c74.33, 

and c74.180, respectively (Kathariou et al., 1994), are associated with the WTA 

components. WTA also serves as phage receptors (Young, Y.E. 1967; Archibald, A.R. 

1974; Clark et al., 2000). Absence of either sugar substituent in serotype 4b markedly 

affected reactivity with the serotype-specific monoclonal antibodies. A recent study in 
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our laboratory (Promadej et al., 1999) revealed a novel serogroup-specific gene, gtcA, is 

involved in glycosylation of teichoic acid in serotype 4b, which is responsible for 

reactivity with the serotype 4b-specific monoclonal antibody c74.22. Another genomic 

region (gltAB) was also shown to be essential for the reactivity with all three 4b-specific 

monoclonal antibodies (Lei et al., 2001). The serotype 4b-specific phage A500 

specifically recognized N-acetylglucosamine, one of the major sugar component in the 

teichoic acid chain of serotype 4b, while the serogroup 1/2-specific phage A118 

recognized rhamnose and N-acetylglucosamine, the serotype-specific sugar components 

of serotypes 1/2a and 1/2b (Wendlinger et al. 1996, Tran. et al 2000).  

4. Cell-to-cell adhesion 

WTAs are directly exposed to the environment and may play an important role in 

attachment to host cell surface components in the case of pathogenic Listeria. L. 

monocytogenes serotype 4b (and other serotypes) has strong invasion ability for a variety 

of mammalian cells. Mutants in gtcA, which lost galactose substituents on their WTA, 

lost reactivity with MAb c74.22, also lost the ability to invade mammalian cell lines 

NIH/3T3, J774, L929, Caco-2, and Hela (Promadej, et al 1997; Clark et al., 2000). Seven 

independent transposon mutants in gtcA showed the same deficiency. In contrast, mutants 

in gltA or gltB,  which lost glucose while retaining the galactose on their WTA, were 

normal in invasion assays (Lei et al., 2001). These results strongly suggest that the WTA 

component galactose is directly or indirectly involved in invasion of the bacteria.   

 

1.6 Serotype 4b-specific monoclonal antibodies  
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 Previously, a number of monoclonal antibodies (MAbs) with a high degree of 

specificity for serotype 4b strains of L. monocytogenes have been developed and 

characterized (Kathariou et al., 1994). Through screening of numerous 4b and non-4b 

strains of L. monocytogenes and other Listeria species, all 4b strains have been shown to 

react with MAb c74.22, c74.33, and c74.180. The only other L. monocytogenes strains 

with this reactivity pattern were 4d (ATCC19117), 4e (ATCC19118).  Three strains out 

of 15 of L. innocua (F7833, F8596, and F8735) were positive with these three MAbs 

(Kathariou et al., 1994). Recently, studies from our laboratory showed a closed genetic 

relationship between L. monocytogenes serotype 4b and L. innocua F8596, suggesting 

possible horizontal transfer of certain genes (Lan and Kathariou, 2000).  

As described above, in serotype 4b the unique teichoic acid structure may serve as 

antigenic determinant resulting in positive reaction with the MAbs. Missing either 

glucose or galactose in the teichoic acid abolished the reactivity with one or more of the 

MAbs (Promadej et al., 1999; Lei et al., 2001), suggesting that the integrity of WTA 

structure as well as sugar substituents themselves are responsible for normal activity with 

these MAbs. 

 

1.7 Listeria-specific phages 

In general, attachment of bacteriophages to the surface of bacterial host cells 

requires host-specific recognition and/or certain cell surface structures. In Gram-positive 

bacteria, such as streptococci and lactobacilli, cell wall carbohydrates are essential for 

phage adsorption (Douglas et al., 1971; Ishibashi et al., 1982; Keogh et al., 1983; 

Valyasevi et al., 1994; Yokokura et al., 1971). In Staphylococcus and Bacillus spp., cell 
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wall teichoic acids were found to be important for phage adsorption.  Specifically, 

rhamnose, N-acetylgalactosamine, and N-acetylglucosamine were found to be major 

immunogenic components in two strains of Streptococcus cremoris, and absence of these 

sugar components prevented bacteriophage adsorption (Keogh et al., 1983).  

Furthermore, bacteriophage receptors in Bacillus subtilis (Glaser et al., 1966; Young, 

F.E.  1967), Staphylococcus aureus and Staphylococcus epidermidis (Schleifer et al., 

1974) were shown to be associated with both the glycosylated teichoic acid and 

peptidoglycan structures of the cell walls.   

In L. monocytogenes, rhamnose and N-acetylglucosamine served as the major 

antigenic determinants in serotype 1/2a, while galactose and glucose served as the major 

antigenic determinants in serotype 4b (Ullmann, W. W. and J. A. Cameron. 1969; 

Kamisango et al., 1983). Further research demonstrated that N-acetylglucosamine was 

important for adsorption for serotype 4b-specific phage A500, and rhamnose and N-

acetylglucosamine were necessary for phage A118 adsorption. Phage A511 was a 

Listeria genus-specific phage, and it utilized peptidoglycan as a receptor (Wendlinger et 

al. 1996). 

 

1.8 Objective and significant of this study 

 Two loci have been determined to be unique to L. monocytogenes serotype 4b, 

and to function in teichoic acid glycosylation (Promadel, 1999, Lei, 2001). Mutants with 

transposon insertion in either of these loci resulted in negative reaction with the MAbs. 

Biochemical analysis showed loss or reduction in levels of sugar substituents on the 

teichoic acid backbone. In addition, mutants carrying transposon insertions showed 
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altered phenotypes such as loss of the ability to invade mammalian cell lines (Promadej, 

et al 1997).  

 One mutant that was generated from the epidemic strain 2381L showed lack of 

reactivity with MAbs and reduced levels of sugar substituents on the cell wall teichoic 

acid backbone. However, genes in both loci mentioned above were intact. In addition, the 

mutant became resistant to Listeria specific phage A511 while was still sensitive to L. 

monocytogenes 4b-specific phage 2671. 

 Obviously, there exists another locus that carries the genes responsible for 

teichoic acid glycosylation in serotype 4b. Is this locus specific for serotype 4b? How do 

the genes function? What is the relationship between the unknown genes and the already 

studied loci? 

 The main objective of this study is to determine the gene responsible for the 

unique phenotype of L. monocytogenes serotype 4b, the serotype implicated in most 

human literiosis outbreaks. 
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Chapter 2 

Materials and Methods 

 

2.1 Bacterial strains and growth media 

 The bacterial strains used in this study are listed in Table 2. The Listeria spp. 

included L. monocytogenes, L. ivanovii, L. welshimeri, L. grayi, L. seeligeri, and L.  

innocua. The majority of the strains used belong to L. monocytogenes, which is, among 

Listeria spp., the only human pathogen in this species. E. coli strain DH5α, a Gram-

negative bacterium, was used as a host cell which can harbor Listeria genes on 

appropriate plasmid vectors. E.coli strain S17-1 was used as a host cell that could 

introduce plasmid pCON1 to L. monocytogenes by conjugation. 

The liquid medium used for growing Listeria was Brain Heart Infusion (BHI) 

(Difco) broth. The agar medium was BHI with 1.2% agar. The soft agar medium was 

BHI with 0.4% agar. The Blood Agar (BBL) was also the same as agar medium in 

composition except for the addition of 4% sheep red blood cells. The bacteria were 

grown at 35°C or room temperature (20-25°C). Bacterial strains were kept in BHI liquid 

medium at –70°C. Escherichia coli strains were grown in LB broth or agar medium, 100 

µg/ml of ampicillin was added if necessary. They were kept in LB liquid medium with 

20% glycerol at –70°C . 
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Table 1.  Bacterial strains used in this study 
 
  Species and strain                            Serotype                                Source or reference  
   
Listeria monocytogenes 
      4b1                                                      4b                                        Lei, 1997 
      27B6 (Tn916 mutant)                        ND                                       Lei, 1999 
      10B4 (Tn916∆E mutant)                   ND                                       Lei, 1999 
      5B2 (Tn916∆E mutant)                     ND                                       Lei, 1999 
      27COM8(complemented mutant)      ND                                      This study 
      27COM9(complemented mutant)      ND                                      This study 
      2381∆p(deletion mutant)                   ND                                      This study 
      F2381L                                               4b                                        L. Pine 
      F4242                                                 1/2b                                     B. Swaminathan      
Listeria innocua 
      F8596                                                  ND                                      L. Pine 
      F7833                                                   ND                                     L. Pine 
      F8735                                                   ND                                     L. Pine 
      6a1                                                       6a                                        L. Pine 
 
Listeria ivanovii                                       5                                           L. Pine 
Listeria welshimeri                                  ND                                        J. Luchansky 
Listeria grayi                                          ND                                         J. Luchansky 
Listeria seeligeri                                     ND                                         J. Luchansky 
Escherichia coli 
     DH5α  F-φ180dlacZ∆M15 ∆(lacZYA-argF)U169 recA1 hsdR17 
                  (rk

-mk
-) supE44 thi-1 gyrA reA1                                          X. F. Gao 

    S17-1                                                                                                 Simon, et al 
 
 
 
2.2 Detection of surface antigen expression  

2.2.1 Colony immunoblot with monoclonal antibodies      

L.monocytogenes serotype 4b strains (kept at -70°C) were inoculated on agar 

plates (with appropriate antibiotics when necessary) and grown overnight at 20-25°C. 

Monoclonal antibodies used in this experiment were c74.22 and c74.33, C74.180 and 

C74.191 (Kathariou et al., 1994). The following procedure was performed at room 

temperature: 
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 1) Nitrocellulose membranes (MSI) were soaked in Towbin transfer buffer (3.03 g 

Tris, 14.4 g glycine, 200 ml methanol, dH2O to 1000 ml, adjusted to pH 8.3, with 5-10 ml 

of 10 % SDS added); 

 2) The colonies were overlaid with the pre-soaked membrane that was allowed to 

remain on the plate for 10 min; 

 3) The membrane was lifted off the plate and air-dried, with the colony side up, 

for 10-15 min; 

 4) The colonies were washed off with the Towbin transfer buffer, with shaking; 

 5) The membrane was washed twice in TTBS buffer for 5-10 min (TTBS, Tris-

buffered saline with Tween-20: 2.42 g Tris base, 8 g NaCl, 3.8 ml 1M Hydrochloric acid, 

dH2O to 1000 ml, adjusted to pH 7.6, with 0.1% Tween-20 added); 

 6) The membrane was incubated in Blotto blocking solution (5% non-fat milk 

powder in TTBS) with shaking for 1 hour; 

 7) The membrane was then incubated with primary antibody (Blotto blocking 

solution + primary antibody, 1:400 culture supernatent), with shaking, for 1 hour;  

 8) The membrane was washed in TTBS: 2 quick rinses followed by three 5 min- 

washes; 

 9) The membrane was then incubated with secondary antibody in Blotto blocking 

solution (1:1000 goat-anti mouse immunoglobulin, polyvalent, horseradish peroxidase-

conjugated, Fisher) for one hour; 

 10) The membrane was washed in TTBS: 2 quick rinses followed by three 5 min- 

washes;  
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 11) The membrane was 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, pH 7.5, and 

300 µl of 3% of H2O2 ) for 5 to 30 minutes, with a cover to avoid light until color was 

fully developed. 

 12) After color was developed, the membrane was rinsed and soaked in dH2O for 

5 minutes, dried in air, and kept in dark.  

 Positive colonies stained purple-blue in the immunoblot, while the negative ones 

were colorless.  

This method was used to study L. monocytogenes serotype 4b strains for 

phenotypic change of the teichoic acid-associated surface antigen expression, such as in 

mutant 27B6 or 2381∆p.  

   

2.2.2 Listeria phage infection   

 Listeria serotype 4b-sepcific phage 2671 (gift from J. Rocourt, Pasteur Institute, 

Paris, France), and Listeria genus-specific phage A511 (gifts from M. Loessner, 

Technical University of Munich, Munich, Germany) were purified from the propagated 

strain(4b1) and diluted in SM buffer (0.1 M NaCl, 0.015 M MgSO4, 0.01% gelatin, and 

0.05 M Tris-HCl, pH 7.5). Phage (100 µl) was mixed with the host bacteria (200 µl of an 

overnight culture in BHI) for 15 min. 5 ml of melted soft Modified LB agar (LB broth 

with the addition of 0.3% glucose, 0.075 mM CaCl2, 0.004 mM FeCl3, 2 mM MgSO4, 

with 0.7% agar) was added to the phage-bacteria mixture; briefly mixed and immediately 

poured over MLB agar plates (Modified LB broth with 1.2% agar). Plates were incubated 

at 35°C overnight or 30°C for two days. 
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 An easy way to test the sensitivity of L.monocytogenes strains, 3 µl of overnight 

grown culture were inoculated onto the agar plates, then air dried in the safety hood under 

ventilation. Then 3 µl of phage suspension with proper dilution was inoculated onto the 

same spots with inoculation of bacteria. Plates were air dried in the hood, then incubated 

at 20-25 °C for overnight. Strains that were sensitive to the phage would show no growth.  

 

2.3 DNA hybridization analysis 

2.3.1 Isolation of genomic DNA of Listeria  

 A single colony was grown in 10 ml BHI at 35oC overnight. The cells were 

collected by centrifugation in a 1.7 ml microfuge tube with a bench top centrifuge 

(Eppendorf) at maximal speed for 1 minute. By this method, a bacterial pellet was 

obtained from 4.5 ml of the overnight culture. The pellet was then washed one time with 

1 ml of 0.1X SSC (diluted from 20 x SSC. 20 x SSC: 3 M NaCl, 300 mM sodium citrate, 

pH 7.0) and collected by centrifugation. The bacterial cell walls were digested with 60 µl 

of lysozyme (Sigma) solution (2.5 mg/ml in solution I: 50mM glucose, 25 mM Tris-HCl, 

pH 8.0, 10 mM EDTA) at 35oC for at least one hour, followed by adding 500 µl of 

protease E (Sigma) solution (0.5 mg/ ml in solution II: 10 mM Tris-HCl, pH 8.0, 1% 

SDS, 1 mM EDTA), and incubating at 35oC overnight. 100 µl of 5 M NaCl and 80 µl of 

CTAB (Hexadecyltrimethyl-Amonium Bromide) (Sigma) were added into the tube and 

the tube was heated at 65oC for 10 minutes in a water-bath, followed by treatment with 

750 µl of phenol twice, phenol/chloroform (375 µl /375 µl) once, and 750 µl of 

chloroform once. The aqueous phase that contained DNA was separated from the phenol 

or chloroform by centrifugation at maximum speed, 5 minutes each time (at 14,000 rpm). 
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The supernatant was transferred into a new tube. The DNA was precipitated by adding 

0.1 volume of 3 M NaAc and 0.6 volume or more of cold isopropanol, and placed at -

70oC for over 1 hour. The DNA was collected by centrifugation at maximum speed. The 

visible DNA pellet was rinsed with 75% Ethanol and dried in a vacuum oven (40-50oC 

for about 10 minutes), dissolved in 40µl of dH2O. 

 

2.3.2 Digestion of DNA with restriction enzymes and agarose gel electrophoresis 

 The most frequently used enzymes in this study were EcoRI, HindIII, Sau3A, 

BamHI etc. (Promega or MBI-Fermentas, or Roche Molecular Inc). Digestion conditions 

were those suggested by the vendor. One unit of the enzyme was usually used for 

digestion of 1 µg of DNA for 1 hour, or less amount of the enzyme was used to digest 

DNA for an extended period of time. The effectiveness of digestion was evaluated by 

running a pilot gel  (electrophoresis) with a small amount of the digestion mixture. The 

agarose (Amresco) gel used was usually 0.8% in 1X TBE buffer (10X stock solution: 108 

g Tris base, 55 g Boric acid, 40 ml 0.5 M EDTA, pH 8.0, H2O to 1 liter), heated by using 

a microwave oven to completely melt agarose. 5 µl of ethidium bromide (10 mg/ml) was 

added into 50 ml of gel after melting. The completely digested DNA could be directly 

used for Southern hybridization analysis. However, it was necessary to further purify the 

digested DNA whenever further enzymatic digestion or ligation (for cloning or for 

performing inverse PCR) was needed. The basic procedure that was used for further 

purification of digested DNA was phenol and chloroform extraction, followed by 

precipitating the DNA with 0.1 volume of 3 M NaAc and 2.5 volume of ethanol, washing 

the pellet with 70% ethanol, drying, and dissolving in dH2O. 
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2.3.3 Southern blots 

  Genomic DNA was prepared, digested with restriction enzyme(s) as described 

above, and electrophoresed onto the agarose gel for DNA fragment separation. DNA 

probes were labeled with the non-radioactive Digoxigenin (DIG)-based Genius kit 

(Roche) following the instructions provided by the vendor. After electrophoresis, the gel 

was treated with 0.25 M HCl with shaking for no longer than 10 min (depurination), 

denatured by alkaline solution (0.5 N NaOH, 1.5 M NaCl) for 1 hour and neutralized with 

neutralization solution (1.0 M Tris-HCl, pH 8.0, 1.5 M NaCl) for 1 hour. The DNA was 

then transferred onto nylon membrane (MSI) in 20X SSC by capillary action, overnight. 

The fragmented DNA-bearing nylon membranes were treated with UV crosslinker to fix 

the DNAs on the membrane. The membranes then were prehybridized with the 

prehybridization solution (containing 5X SSC, 0.1% of N-lauroylsarcosine, 0.02% of 

SDS, 2% of blocking reagent, and 50% of formamide) (Roche) for 2 hours and 

hybridized with the DNA probe overnight. Both prehybridization and hybridization were 

performed at 42oC in a water bath with shaking under high stringency conditions. Before 

detection, the membranes were washed with 2X SSC (containing 0.1% SDS) twice and 

0.5X SSC (containing 0.1% SDS) twice at room temperature, were blocked with buffer 2 

(0.15 M NaCl, 0.1 M Tris-HCl, pH 7.5, 2% blocking reagent) for 0.5 hr, and incubated 

with anti-DIG-alkaline phosphatase (1:5,000-1:10,000, v:v, in buffer 2) for 0.5 hr. The 

membrane was washed with buffer 1 (0. 15M NaCl, 0.1 M Tris-HCl, pH 7.5) twice. 

CSPD (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 was exposed to the 
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chemiluminescent light resulting from hybridization of DNAs with the probe. The DNA 

on the nylon membrane can be reprobed at least 2-3 times with little loss of the 

hybridization signal. For reprobing, the stripping procedure was followed. The 

membranes were incubated in alkaline probe-stripping solution (0.2 N NaOH and 0.1% 

SDS) at 42oC for 30 min, and then washed thoroughly in dH2O. The membranes then 

were used in prehybridization and hybridization procedures as described above. After 

detection, the membranes were soaked in Genius buffer 4 (10 mM Tris-HCl, 1 mM 

EDTA, pH 8.0), sealed in a plastic bag and stored at 4oC. The digoxigenin-labeled DNA 

probes and the hybridization solutions were kept at -20oC. Such stored probes did not 

lose much activity for 2-3 months. Each 50 µl of labeled probe (Genius kit, Roche) could 

be enough to make at least three sets of hybridization solution, or part of it could serve as 

a back-up source to reinforce the old hybridization solution after several times of use.  

 

2.4 Molecular cloning 

2.4.1 Isolation of plasmid DNA with Wizard Miniprep Kit (Promega) 

 A single colony of E. coli, which harbored engineered plasmids, was grown in 10 

ml of LB broth with appropriate antibiotics overnight. The cell pellet from 3 to 5 ml of 

the culture was collected in a microfuge tube. The plasmid miniprep protocol for the kit 

provided by the vendor (Promega) was followed. Pellet was resuspended in 100 µl of 

ressuspension solution, then 100 µl of lysis solution and neutralization was added 

respectively. Mixed solution was centrifuged at maximum speed for 10 minutes. 

Supernatant was taken out and transferred into the syringe with exchange column. 

Plasmid DNA was purified by absorption by and resin and eluted with provided buffer. 
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The final volume of the plasmid obtained was 50 µl at a concentration of about 0.5-1 µg 

/µl (for high-copy number plasmids, e.g., pUC18) with consistently good quality for 

sequencing, cloning, restriction digestion, or other purposes. 

 For preparation of the vector for cloning, the plasmid was digested with the 

appropriate restriction enzyme. On certain occasions, the cloning vector was digested 

with two different restriction enzymes. 20 µl of miniprep-plasmid (about 20 µg) was 

digested with 10 U of a restriction enzyme in a final reaction volume of 50 µl or 100 µl 

using appropriate buffer at 37oC for at least two hours or overnight. After digestion, it 

was checked with gel electrophoresis to make sure that the vector was completely 

digested. The digestion mixture was extracted with an equal volume of phenol once and 

an equal volume of chloroform once. Then the mixture was precipitated by adding 0.1 

volume of 3 M NaAc and 2.5-3.0 volumes of ethanol at -70oC for half an hour. The DNA 

was pelleted by centrifugation at 14,000 rpm for 10 min, washed with 70% ethanol, dried 

in a vacuum oven, and dissolved in 44 µl dH2O. The digested and purified vector was 

then dephosphorylated by adding 5 µl 10X buffer and 1 µl phosphatase (calf intestine 

phosphatase, Promega), and incubated at 37oC for half an hour. The reaction volume was 

50 µl. The dephosphorylated vector was purified as described above to get rid of the salt 

and the enzyme. The digested, dephosphorylated, and purified vector was finally 

dissolved in 10 µl dH2O and used directly as cloning vector. A vector needing double 

digestion could be digested sequentially by two different enzymes. If the buffers were not 

totally interchangeable, or the multi-core buffer could not work well for either of them, 

the restriction enzyme with less efficiency was used first. After checking with gel 

electrophoresis and purification as described above, the second enzyme was used to 
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digest the linearized vector, followed by purification as described above. In this situation, 

there was no need for dephosphorylation of the 5'-ends of the vector, since the sticky 

ends generated by the two different enzymes were incompatible and thus would not self-

ligate during the ligation process.  

 

2.4.2 Inverse PCR and TA cloning  

 Inverse PCR was used to amplify DNA fragment flanking the transposon in 27B6. 

Chromosomal DNA was isolated, digested with HindIII, and purified as described above. 

Self-ligation was carried out using the digested and purified DNA with T4 DNA ligase at 

15oC, overnight. The DNA should be completely digested and well purified. The amount 

of the DNA was 2 to 4 µg in a 20 µl of ligation reaction. After ligation, 2 µl of such 

ligation mixture was used as DNA template in a PCR reaction of 50 µl. The primers were 

both specific, and were designed based on the sequence of transposon Tn916. Two pairs 

of primers were designed to amplify both side of DNA fragment flanking the transposon. 

Primers Tn7F (5’ AGT TTT TAT GCG GAT AAC TAG A 3’, 37-16 of Tn916) and 

Tn7R (5’ TTG ATG CAG GAA AAA CTA CCT 3’, 12157-12177 of Tn916) were used 

in one reaction. Primers Tn7L (5’ TTC TGT AAT CGC TCC ACT GT 3’, 12218-12199 

of Tn916) and OTL, were used in the other PCR reaction (Fig. 6). Primer OTL was 

designed with 8 artificial base pairs including one EcoRI site on the 5’-end (5’ CGG AAT 

TCC GTG AAG TAT CTT CCT ACA G 3’, 20 base pairs copied from Tn196 (17928-

17947). 

Regular PCR was performed, and PCR product was purified with Geneclean kit 

(Bio101) and cloned into the pCR2.1 vector (Invitrogen). 5 µl of the product was used in 
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10 µl of ligation reaction in which 0.5 µl of the pCR2.1 vector (Invitrogen) and 4 units of 

T4 DNA ligase were used. Ligation was incubated at 15 oC for overnight.  

 

2.4.3 Purification of DNA fragment with Geneclean kit (Bio101)  

For molecular cloning, it is most important that only a desired DNA fragment be 

cloned. Hence, it is essential that a pure DNA fragment sample be used in the cloning 

process. The most efficient and widely used method to isolate the desired DNA fragment 

and to subsequently recover is gel eletrophoresis. With Geneclean kit, a DNA fragment 

of interest was excised out of the gel with a sterile razor blade under a UV transluminator 

and placed in a 1.7 ml sterile microfuge tube, then purified following the protocol 

suggested by the vendor (Bio101).  

The excised gel piece was estimated for the volume, 3 volumes of NaI solution 

was added into the microfuge tube. This microfuge tube was then incubated in a 60oC 

water-bath until the agarose gel melted completely. 7 µl of GLASSMILK was added and 

mixed on the vortex, then the mixture was incubated in ice for 15 min. The mixed 

suspension was centrifuge at maximum speed for 30 seconds, the pellet was rinsed with 

NEW Wash three time. Pellet was resuspended in New Wash solution and centrifuged at 

maximum speed for 30 seconds. Finally, the pellet was resuspened in 25 µl dH2O, and 

centrifuged at maximum speed for 1 minute. Purified DNA was dissolved in the dH2O 

and transferred into a new microfuge tube. 

 

2.4.4 Mini-Gene library construction and PCR screening 
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After digestion with a proper restriction enzyme, fragmented DNA was separated 

on the agarose gel by eletrophoresis. The size of DNA fragments of interest could be 

estimated from the initial southern blot experiment and the size range was within 800bp.   

The DNA fragments within the desired size range were excised from the gel and purified 

with Gene Clean Kit (BIO 101), then cloned into pGEM4z (Promega), which was 

digested with the same enzyme and dephospharylated properly. The recombinant vector 

was transformed into E.coli DH5α.  

192 white colonies were picked and inoculated into two 96-well plates with 200 

µL of LB medium with 100 µg/mL ampicillin. After incubation at 37°C over night with 

shaking, 100 µL culture from each well was taken, samples from each 12-well were 

mixed resulting in 16 samples. Plasmid DNAs were extracted and purified with Wizard 

Mini-prep Kit (Promega), and were used as templates in PCR reactions. Primers used in 

the screening PCR were designed from partially available sequence of fragment within 

the desired cloned fragment. A positive control was included, using DNA fragment that 

had already been cloned in TA vector. Positive clone was determined from positive PCR 

amplification with fragment of the same size as that from positive control. 

For any positive clone that had been determined, referring to the code number of 

the mixture(s), 12 single clones were inoculated into test-tubes with 5 ml LB medium 

with 100 µg/mL ampicillin, then incubated at 37°C over night with shaking. Plasmid 

DNAs from each culture were extracted and purified with Wizard Mini-prep Kit 

(Promega). The same PCR reactions were carried out using purified plasmid DNAs as 

templates. A positive control was also included in this sub-screening approach. Any 

positive PCR amplification with fragment of desired size was determined to be actual 
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positive clone in this mini-gene library. The culture from the positive clone was streaked 

on the LB agar medium with 100 µg/mL ampicillin. A single colony was picked and 

confirmed for the correct cloned fragment. Automated sequencing was done for the 

positive clone. 

 

2.4.5 Preparation of competent cells  

1. Preparation of E. coli competent cells  

A single colony of strain DH5α  or S17-1 was grown in 10 ml LB broth at 37oC 

with shaking. 500 ml LB broth medium was inoculated with 5 ml of the overnight 

culture, and grown at 37oC with shaking (250 rpm) to early log phase (OD600 about 0.2, 

which took about 3 hours). The culture was centrifuged at 5oC at 5000 rpm for 10 min 

and the pellet was resuspended in 50 ml ice-cold 100 mM CaCl2 solution, placed on ice 

for 30 min, and centrifuged again at 5000 rpm for 10 min. This pellet was again 

resuspended in 5 ml ice-cold 100 mM CaCl2 with 10% of glycerol. 100 µl of the cells 

was then transferred into microfuge tubes and frozen at -70oC until later use. 

2. Transformation of E. coli competent cells 

For E. coli DH5α, one vial (about 100 µl) of competent cells was thawed on ice. 

DNA (1µl of plasmid miniprep or 10 µl of ligation mixture) was added into the vial and 

gently mixed with the cells by pipetting. The cells were allowed to stay on ice for 30 

minutes and then heat-shocked at 42oC for 2 minutes in a water bath, followed by chilling 

on ice for another 2 minutes. 1 ml of fresh LB broth was added and the cells were 

incubated at 37oC with shaking for 1 hour. 100 µl of the cells were then plated on a LB 

hard agar plate with appropriate antibiotic(s) for selection. For vectors that contains the 
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DNA sequence lacZ', coding for the amino terminal portion of β-galactosidase, 25 µl 

IPTG (25 mg/ml) and 50 µl X-gal (25 mg/ml) were spread on the plate 1 hour prior to the 

plating of the transformants. Generally speaking, clones harboring plasmid with insert 

form white colonies while those harboring plasmid without insert form blue colonies. The 

reason for this is that, in absence of insert, lacZ' expresses correctly and cooperates with 

the carboxyl portion of β-galactosidase encoded by the host cell to form an active 

enzyme. Thus, the screening was greatly facilitated by the colony colors. 

For E.coli S17-1, the transformation steps were almost the same as those for 

DH5α  except that neither IPTG nor X-Gal was added. Colonies were picked and 

identification of correct clone was by done PCR amplification or other molecular 

approaches. 

 

2.5 Genetic complementation 

2.5.1 PCR amplification and molecular cloning 

 Primers B27COM-F and B27COM-R (see Appendix 5)were designed based on 

the DNA sequence information, the fragment within these two primers included entire 

gene pgm and 200 bp upstream and downstream. The BamHI restriction site sequence 

was artificially put at 5’ end on each primer for cloning purposes. A regular PCR 

amplification was performed. PCR product was directly digested by BamHI and further 

purified using Geneclean kit (Bio101).  

Purified DNA fragment was ligated to BamHI digested and dephospharylated 

pCON1. The recombinant plasmid was transformed into E.coli S17-1, and positive clone 

was confirmed by restriction enzyme digestion. The recombinant plasmid carrying the 
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entire gene pgm was introduced into to 27B6, tranconjugants were picked from the BHI 

plates with 10 µg/mL of chloramphenicol and 600 µg/mL of streptomycin, and confirmed 

by colony immunoblot with monoclonal antibody C74.22. Transconjugants that were 

positive in colony immunoblot with C74.22 were possible complementation mutants. 

Further southern blot hybridization was carried out to confirm the complementation 

contruction. 

 

2.5.2 Bacterial conjugation 

Recombinant plasmid was introduced into L monocytogenes by bacterial 

conjugation. Donor was E.coli S17-1, ampicillin resistant and recipient was L. 

monocytogenes. L. monocytogenes strain was streptomycin resistant due to a spontaneous 

point mutant. Both donor and recipient were grown overnight. 200 µl of L. 

monocytogenes overnight culture was inoculated into 10 ml BHI with 600 µg/ml of 

streptomycin and grown at 30°C for 4 hours. 1ml of E.coli S17-1 overnight culture was 

inoculated into 10 ml BHI with 100µg/ml ampicillin and grown at 30°C for 4 hours. 

Then, 1.2 ml donor culture was transferred into microfuge tube and centrifuged for1 

min at maximum speed to pellet cells. The resulting pellet was resuspended in 1 ml BHI 

and washed. The culture was centrifuged for 1 min at maximum speed, the pellet was 

resuspended in 0.5 ml BHI. 0.2 ml recipient culture was transferred into the microfuge 

tubes that contained the donor culture and centrifuged. The pellet was resuspended in 

50µl BHI. 

50µl of the mixture was applied directly on a dry BHI plate, and incubated at 30°C 

for overnight. The agar plug with the bacteria was excised, rinsed in 1 ml BHI, and 50-
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100µl of the suspension was spread on BHI plates with 600 µg/ml streptomycin and 10 

µg/ml chloramphenicol. The plates were incubated at 30°C. Transconjugants were picked 

and were further characterized. 

 

2.6 In-frame deletion mutagenesis  

2.6.1 Overlap PCR 

 The theory for the overlap PCR was to construct a fragment joining two pieces of 

DNA of similar size (ca. 400bp). These two fragments were generated to be upstream and 

downstream of the target gene pgm respectively. The constructed fragment will have the 

same DNA sequence and orientation as its counterpart on the bacterial chromosome, with 

the target gene deleted. The fragment will be cloned into a cloning vector and introduced 

into wild type L. monocytogenes. With this construction, the wild type DNA fragment 

will be eventually substituted with the artificially constructed fragment being the deletion 

by double crossover. 

Two pairs of primers were designed based on the DNA sequence of the fragments 

flanking both sides of the target gene. For each pair, one longer primer (40pbs, ca. twice 

the size of a normal PCR primer) was designed to have half of the sequence (usually 20 

bps) same as that immediately before the start codon of the target gene, and the other half 

similar to that immediately after the stop codon. Normal PCR was carried out using 

chromosomal DNA as template. Two fragments were amplified, each of them shared 

extra 20 base pairs of sequence on one end. 

The initial PCR products were purified using PCR purification kit (Roche 

Molecular Inc). 1 µl of each product was mixed as both primers and template for the 
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following PCR. The other two normal primers from the initial PCR reaction were added 

in the reaction mixture as upstream and downstream primers respectively. Reaction 

buffer condition, as well as all other conditions was the same as for standard PCR. PCR 

product with the size of the sum of two initial products was presumably the overlap PCR 

product. This product was purified with PCR purification kit (Roche Molecular Inc) as a 

template in the following normal PCR using two normal primers mentioned above.  

 

2.6.2 Molecular cloning and sub-cloning 

 The overlap PCR product was purified by Geneclean Kit (Bio101) and then 

cloned into TA vector. Recombinant vector was transformed into E.coli DH5α for 

cloning purpose. Positive clones were picked and screened. The DNA sequence of the 

product was confirmed by the automated DNA sequencing (Biotechnology center in 

University of Hawaii).  

For sub-cloning, recombinant plasmid was extracted and purified by Wizard 

Mini-prep Kit (Promega). Purified plasmid was used as a template, two primers H27OV-

F and H27OV-R were designed with HindIII restriction sites on the 5’ end. PCR product 

from a standard PCR was directly digested with HindIII and cloned into HindIII digested 

and dephosphorylated vector pCON1. The recombinant plasmid was transformed into 

E.coli S17-1. The plasmid was then introduced into wild type L.monocygenes 2381L by 

conjugation as described above. 

 

2.6.3 Plasmid integration 
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 Double antibiotic resistant transconjugants were picked and confirmed by 

southern blot hybridization. pCON1 is a shuttle vector and when it replicates L. 

monocytogenes the chloramphenicol resistant gene is expressed. Therefore the 

transconjugants will be resistant to both chloramphenicol and streptomycin. Plasmid 

pCON1 is also temperature-sensitive and can not replicate in the host cell at 42°C. A 

single transconjugant was inoculated into BHI liquid with 10 µg/ml chloramphenicol and 

incubated at 42°C overnight. Culture was streaked on BHI plate with 10 µg/ml 

chloramphenicol, and incubated at 42°C overnight. This sub-culture was repeated for 

three more times (total 8-day incubation period). Incubation at 42°C in medium with 10 

µg/ml chloramphenicol facilitated integration of the plasmid onto the chromosome. 

Integration was guided by the cloned fragment, which harbored the sequences flanking 

the delete gene. Integration was confirmed by southern blot hybridization. 

 

2.6.4 Deletion construction by double crossover 

 Mutant with integration of recombinant plasmid was inoculated into BHI liquid 

without chloramphenicol and incubated at 30°C overnight. Culture was streaked on BHI 

plate without chloramphenicol, and incubated at 30°C overnight. This sub-culture was 

repeated for four more times (total 10-day incubation period). At last, one single colone 

was inoculated into BHI without chloramphenicol and incubate at 30°C overnight. Proper 

dilutions of liquid culture were spread on BHI agar plates. About 200 colonies were 

picked, inoculated into liquid BHI medium in 96-well plates, and incubated at 30°C 

overnight. The culture was stamped onto BHI agar plate with 10 µg/ml chloramphenicol. 
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Chloramphenicol. sensitive mutants were screened by PCR and southern blot 

hybridization. 

 

2.7 Invasion test 

Caco-2 cell (kindly provided by K.F. Chan) was used to evaluate invasion and 

intracellular survival of the mutants. For this study, cells were cultured in medium 

without antibiotics. Sodium Pyruvate was added at final concentration of 1 mM. 

 Semi-confluent monolayers (1x105 cells per dish) were rinsed once with MEM 

(Gibco) supplemented with 1% FBS (Gibco)(EMEM-1% FBS) and inoculated with 5x107 

CFU /ml of L. monocytogenes (grown in BHI overnight). The inoculated cell culture was 

incubated at 37°C for 1 hr. 

 For adhesion test, the medium was discarded and 1 ml of 0.01% Triton X-100 

solution (in dH2O) was added into the test petri dish to lyse the cells. 100 µl of serial 

dilutions were spread onto BHI agar plates in duplicated. Plates were incubated at 37°C 

overnight. 

To measure bacterial internalization, the infected monolayers were incubated for 

1 hr, rinsed three times with MEM-1% FBS and incubated for additional 3 h in MEM-1% 

FBS containing 10 µg/ml gentamicin (Sigma). The monolayers were rinsed three times 

with PBS, cells were lysed with a solution of 0.01% Triton X-100, and suspensions were 

diluted serially, and enumerated as above.  

 

2.8 DNA sequencing and analysis 

2.8.1 Automated sequencing 
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Automated sequencing (Biotechnology Core Facility, University of Hawaii) was 

used. Dye-labeled terminators were used to allow the machine to capture fluorescent light 

signals. Different colors represent termination of DNA synthesis at a different nucleotide. 

The order of the color peaks reflects the sequence of the template DNA.    

 

2.8.2 DNA and protein database searches and analyses 

The following softwares and web sites were used: 

 

1. WISCONSIN GCG PACKAGE (575 Science Drive, Madison, Wisconsin, USA 

    53711), version 10.1, including the databases: 

                GenBank                 Release 114.0 (10/1999) 

                   EMBL (Abridged)    Release 60.0 (09/1999) 

                  SWISS-PROT           Release 38.0 (07/1999) 

                   Restriction Enzymes (REBASE)   (10/1999) 

2. NCBI BLAST Search (http://www.ncbi.nlm.nih.gov/blast/)  

    (for protein sequence homology search) 

3. CLUSTALW Multiple Sequence Alignment (@BCM) 

(http://dot.imgen.bcm.tmc.edu:9331/multi-align/) 

4. BOXSHADE Server (http://www.ch.embnet.org/software/BOX_form.html) 

5. Kyoto Encyclopedia of Genes and Genomes (KEGG) ( for enzyme in biochemistry 

pathways)  (http://www.genome.ad.jp/kegg/) 
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Chapter 3 
 

Localization of gene that harbored transposon Tn916 
 
 
3. 1   Transposon mutant 27B6 and its background 
 
 
 Mutant 27B6 was generated from the L.monocytogenes epidemic strain 2381L, by 

transposon mutagenesis (Lei’s X-H, 1997). The mutant lacked reactivity with all three 

serotype 4b-specific MAbs (Fig 3), however genetic evidence suggested that it had intact 

genes in both loci characterized previously (Lei, X-H 1997). The chemical analysis of the 

composition of WTA, done by Dr. Franz Fiedler, a project collaborator in Germany, 

showed that both glucose and galactose were at markedly reduced levels compared with 

its wild type strain 2381L (data not shown). The overall data suggested that the 

transposon had inserted in a gene distinct from two loci characterized previously, and that 

this gene affected teichoic acid (TA) glycosylation, either directly or indirectly. 

 

 
 
 

 
 
 
Fig. 3 Colony immunoblot with serotype 4b-specific MAbs C74.22, C74.33, C74.180, 
and C74.191 for mutant 27B6. Strains 1, wild type strain 2381L; strain 2, mutant 27B6. 
All strains were inoculated in duplicate (top and bottom spots).  
 

 

C74.22,                         C74.33                          C74.180                             C74.191 

1,          2                       1,          2                        1,         2                          1,           2 
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3.2   Bacteriological features of 27B6 

As shown in Fig.3, mutant 27B6 did not react with any of the three MAbs C74.22, 

C74.33 and C74.180, which were specific for L.monocytogenes serotype 4b-4d-4e 

(Kathariou, et al 1994). It was positive with C74.191, which targeted flagellin. When 

observed under the phase contrast microscope, no apparent difference was found between 

the wild type strain and the mutant.  From previous study (Lei,  X-H 1997), no 

differences in growth between 27B6 and the parental strain were found at any tested 

incubation temperatures (4°C, 25°C 37°C). In this study, however, a delay in reaching the 

log phase was found for the mutant 27B6 (data not shown) when bacteria were grown at 

37°C. This could be due to the present of antibiotic (tetracycline) that inhibited protein 

synthesis in the early stages until the tetracycline resistant gene product reached sufficient 

concentration. Interestingly, mutant 27B6 was found to be resistant to the Listeria genus-

specific phage A511, which targeted peptidoglycan, but remain sensitive to serotype 4b-

specific phage 2671 (Fig 4). 

 

 

 

 

 

 

4A, with phage A511. 

27B6      2381L 27B6      2381L 

4B, with phage 2671. 

Fig. 4 Sensitivity tests with phages for mutant 27B6. 
Bacterial strains were inoculated in duplicate. Bottom 
dots were samples with phages. 
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3.3    Genetic characterization of 27B6 

The copy number of Tn916 in the mutant 27B6 had been documented by Xianhe Lei 

(Lei’s X-H, 1997), and was confirmed in this study by Southern blot hybridization with 

the Tn916-specific probe (pAM120) (Fig5). Chromosomal DNA of mutant 27B6 was 

extracted, digested with HindIII, and Southern blot hybridization was carried out using 

Genius kit-labeled pAM120 as probe. Two large bands (ca. 7.7 kb & 12.8 kb) were 

obtained indicating that there was single copy of Tn916 in the chromosomal DNA. When 

the DNA probe was derived from genes from either of the two loci characterized 

previously (Promadej, et al 1999, Lei, et al 2001), normal hybridization patterns were 

obtained with mutant 27B6 (data not shown). 

 

 

 

 

 

  

 

 

 

 

With these data, further genetic investigation of  mutant 27B6 was initiated with an 

inverse-PCR approach to obtain the sequence of the chromosomal region flanking the 

Tn916 in 27B6. 

Fig 5. Copy number confirmation of transposon in 27B6 by Southern blot 
hybridization with probe pAM120.  
Lane 1, HindIII-digested λ DNA; Lane 2, pAM120 digested with EcoRI; lane 3, 
HindIII-digested chromosomal DNA extracted from mutant 27B6.  

12.8kb 
7.7kb 

 1      2    3 
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3.4  Inverse-PCR approach 

In the initial Southern blot hybridization with pAM120 as a probe, two large bands 

(7.7kb & 12.8 kb) were obtained (Fig 5). The size of Tn916 was 18034 bp, thus it was 

inferred that the chromosomal region harboring Tn916, was flanked by two HindIII 

restriction sites and was about 2.5 kb long (7.7+12.8-18.0) (see illustration in Fig. 6). 

The sequence of Tn916 was available in the database (Accession number 

U09422), and one HindIII site was found within Tn916 dividing it into two pieces (12.2 

kb & 5.8 kb). Thus, the 2.5kb fragment that was flanked by two HindIII sites harbored 

the Tn916 resulting in two small flanking fragments of 1.8kb and 0.7 kb respectively 

(Fig. 6). Those are suitable sizes for inverse-PCR approach, which would allow 

successful self-ligation and  PCR amplification of the flanking fragments.  

 Two pairs of primers were designed based on the sequence of Tn916 (Fig. 6). 

27B6  chromosomal DNA was digested by HindIII, and self-ligated as a template for the 

inverse-PCR. Primers Tn7F and Tn7R (see Appendix 5) were used in one reaction, 

primers Tn7L and OTL (see Appendix 5), were used in the other PCR reaction (Fig. 6). 

inverse-PCR was performed as described in Materials and Methods. 

As shown in Fig.7, two fragments of 2.0 kb and 750 bp were amplified in the 

inverse-PCR reactions. Since the templates used in the PCR reaction was obtained from 

self-ligation of digested chromosomal DNA, PCR products were not as clean as in 

standard PCR. Therefore, both amplified fragments were purified by Gene Clean Kit (Bio 

101), and were used as templates in normal PCR using the same primers as those in the 



39 

initial inverse-PCR reaction. Two fragments of 2.0 kb and 750 bp were obtained, 

showing clean bands on the agarose gel by electrophoresis (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tn7R Tn7FTn7L OTL 

H H 

JL27R JL27L 

0.7 kb 1.8 kb 

12.1 kb 5.9 kb 

JL27L 
ca. 750 bp 

JL27R 
ca 2.0 kb 

Fig. 6. Primer design for inverse-PCR in getting sequence flanking Tn916 in 27B6.  
Tn7F& Tn7R were designed to amplify one flanking fragment, Tn7L & OTL were 
for the other side flanking fragment. 

Fig. 7. Inverse-PCR amplification of two fragments flanking Tn916 in 27B6. 
Two fragments of different sizes (2.0 kb & 750 bp) were obtained from the 
inverses-PCR. JL27L was the smaller fragment of 750 bp, JL27R was the 
large fragment of 2.0 kb  

Tn916 

H 
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The sizes of both inverse-PCR products (2.0kb & 750bp) were somehow larger than 

their actual chromosomal fragments. This was due to the primer design, which allowed 

amplification of the part of Tn916 terminal sequence. inverse-PCR using primers Tn7F 

and Tn7R introduced 58 extra bases, while inverse-PCR with another pair of primers 

(Tn7L & OTL) introduced about 140 bp extra bases. 

 

3.5 Confirmation of the inverse-PCR result 

Before further research was done with mutant 27B6, confirmation of the inverse-PCR 

was carried out with Southern blot hybridization. Two PCR-amplified fragments (JL27L 

and JL27R) were labeled with the DNA probe labeling kit (Roche Molecular Inc), and 

were used in Southern blot hybridization with chromosomal DNAs (Fig. 8). 

Chromosomal DNAs were extracted and digested with HindIII. In Fig. 8A. probe was 

JL27L and a 2.5-kb fragment was showed with two serotype 4b strains, 4b1 (sporadic 

strain) and 2381L (epidemic strain), while a larger band of ca 12.8 kb was obtained with 

27B6-digested chromosomal DNA. The same membrane was stripped and hybridized 

with probe JL27R (Fig. 8B). The same patterns of hybridization were seen, with both 

wild type strains (2.5 kb), a band of 7.7 kb was obtained with the mutant 27B6 DNA.  

This evidence confirmed that two inverse-PCR products were indeed fragments that 

flanked transposon Tn916. The larger bands for the mutant 27B6 were due to the 

integration of the Tn916. Compared with data in Fig. 5, the sizes of the these two bands 

were just about the same as those in the Southern blot hybridization with probe pAM120. 
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3.6 Cloning the PCR fragments into TA vector 

In order to get accurate sequence for both inverse-PCR products, fresh PCR products 

that were amplified by Tn7F & Tn7R and Tn7L & OTL were cloned into the TA vector 

using the Invitrogen TA clone Kit (Invitrogen), resulting in recombinants TAJL27L and 

TAJL27R (see Appendix 5). Plasmid DNAs were extracted and purified with the Wizard 

Mini-prep Kit (Promega), and digested with EcoRI. Interestingly, two fragments (1.7 kb 

& 0.3 kb) were found in the clone TAJL27R, which was confirmed by later evidence that 

one EcoRI restriction site was located in the inactivated gene (pgm). A cloned fragment 

of expected size (750bp) was confirmed with TAJL27L(see Fig. 9). A 3.9 kb fragment of 

linear vector pCR2.1 was shown in this figure as well (see Appendix 1). 

 

 

Fig. 8. Southern blot hybridization with L.monocytogenes serotype 4b strains 
using inverse-PCR amplified fragments as probes. 
Lane 1,HindIII-digested λ DNA; lanes 2- 4 were 2381L, 4b1 and 27B6 

1       2    3    4 1      2     3    4 

7.7kb 
12.8kb 

A, probe was JL27L B, probe was JL27R 



42 

 

 

 

 

 

 

The two cloned fragments were sequenced by the automated sequencing facility in 

the Biotechnology Core Facility of the University of Hawaii. Sequencing for TAJL27L 

(750pb) was performed with Tn7F as primer, as well as with M13R primer sequence on 

the vector. Sequence of TAJL27R was on one strand using primer OTL, yielding 550 bp 

of nucleotide sequence. About a 100 bp was found identical to the published Tn916 

sequence. 

Another pair of primers Tn9F & Tn9R (see Appendix 5) was designed based on these 

sequence data, and used in following PCR reactions using chromosomal DNA of 2381L 

as a template. A fragment of 600 bp was obtained and directly cloned into a TA vector 

yielding the recombinant plasmid TA27-600 (see Appendix 6). Plasmid DNA was 

Fig 9. TA cloning of two inverse-PCR amplified fragments.  
Lane 1, HindIII-digested λ DNA; lane2, TAJL27L; lane 3, TAJL27R. 
Purified plasmid DNAs were digested with EcoRI. Interestingly, two 
bands were found with clone TAJL27R (1.7 kb and 750 bp). 

300 bp 

750 bp 

1.7 kb 

3.9kb 

1          2          3 
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extracted and labeled as a probe in Southern blot hybridization with chromosomal DNAs 

digested with HindIII. A similar figure as that in Fig. 5 was obtained (data not shown). A 

2.5-kb fragment was obtained with wild type strains (both epidemic and sporadic), while 

two larger bands (12.8 kb &7.7 kb) with mutant 27B6 DNA. 

GCG programs were run for the comparison among nucleotide sequences obtained by 

sequencing on TAJL27L, TAJL27R and TA27-600. High identity (over 97%) in 

nucleotide sequence was found between TAJL27L and TA27-600, as well as between 

TAJL27R and TA27-600. Interestingly, extra six nucleotides were found from clone 

TAJL27R, 5’-GTTTTA[GTATTA]ATAAAT-3’, extra nucleotides were in the bracket. 

This must be due to the insertion of Tn916, the sequence data was determined from clone 

TA27-600. 

 

3.7 Specificity of the targeted gene in Listeria strains 

Southern blot hybridization was performed to determine the specificity of this 

chromosomal region that harbored the transposon in mutant 27B6 (Fig. 10). 

Chromosomal DNAs were extracted and digested with HindIII. The probe was labeled 

TA27-600. A fragment of about 2.5 kb showed in Southern blot hybridization with all 

L.monocytogenes strains including serotype 4b, 1/2a and 1/2b (lane 2-13). However, no 

apparent hybridization was found with any other species (lane 14-19) (Fig. 10). In the 

mutant 27B6, two larger bands (12.8 kb and 7.7 kb) were also determined in this 

Southern blot hybridization, which was in agreement with earlier data (Fig.4). 

From these Southern blot hybridization data (Fig.10), we concluded that the 

chromosomal region in mutant 27B6 that harbored transposon Tn916 was not specific for 
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L.monocytogenes serotype 4b strains, although it may be essential for teichoic acid 

glycosylation in serotype 4b. However this region seemed to be missing, or highly 

divergent in all other Listeria species, since none of the species including L. innocua (6a1 

and 8735), L. seeligeri, L. welshimeri, L. ivanovii and L. grayi hybridized with probe 

TA27-600. L.innocua is the species genetically closest to L.monocytogenes, even though 

these two species differ markedly in pathogenicity, they share the same ecological niches 

in the environment ( Seeliger, H.P. 1981). This newly characterized locus III appears not 

to be present in L.innocua, or is highly divergent.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Southern blot hybridizations of Listeria strains with probe TA27-600. 
Chromosomal DNAs was extracted from of all strains and digested with 
HindIII. 
 Lane 1, HindIII-digested λ DNA; lanes 2-7, L.monocytogenes serotype 4b 
stains 2381L, 4b1, #20, #21, 27B6, 5B2; lanes 8-10, serotype 1/2b strains 
F4242, F4245, and F4260; lanes 11-13, serotype 1/2a strains Mack, G4599, 
and 10403s; lanes 14 and 15, L. innocua 6a1, 8735; lane 16-19, L. seeligeri 
L.welshimeri, L. invanovii, and L. grayi respectively. 

1     2      3      4      5      6     7      8      9     10    11   12    13   14   15   16   17   18   19 
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From the data presented here, the transposon has been localized in a HindIII fragment 

of ca 2.5 kb. Part of the nucleotide sequence of this region has also been determined. In 

order to characterize this genomic region further, the following approaches were carried 

out as described in chapters 4 and 5. 
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Chapter 4 

Molecular characterization 

 
4.1  Mini-gene library construction for further sequencing 
 

In Southern blot hybridization with probe TA27-600 (Fig 10), a 2.5 kb HindIII 

fragment was confirmed as a chromosomal region that harbored Tn916 in mutant 27B6. 

In order to obtain additional nucleotide sequence of this genomic region, a mini-gene 

library was constructed. Different from a general gene library construction, only the DNA 

fragment of desired sizes were cloned in the mini-gene library. Hence it reduced time and 

work that was involved in the screening. Mini-gene library screening was carried out by 

PCR, using primers Tn9F and Tn9R that were flanking the cloned fragment in TA27-600 

(3.6). 

Of 16 mixed samples (Fig. 11), one positive PCR amplification (No.5) was 

determined compared to the positive control, in which a 600-bp fragment was amplified. 

twelve single clones from this mixed sample were separately inoculated and then 

screened by the same PCR method. Of these 12 clones, one positive clone (No.4) was 

found (Fig.12). The positive clone was designated PG2.7. 
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4.2    Analysis of a 2.5 kb DNA fragment cloned in PG2.7 

Sequencing work was performed on the plasmid from PG2.7. Since pGEM-4z was 

derived from a traditional pUC vector, it has two universal sequencing primers M13 F 

(5’-GTT TTC CCA GTC ACG AC-3’), which was located on pGEM-4z: 2866-2702, and 

M13 R (5’-CAG GAA ACA GCT ATG AC-3’), located on pGEM-4z: 122-106. These 

two primers were used in the initial sequencing on both strands of the cloned fragment.  

No.5 
Positive control 

No.4 Positive control 

Fig. 12 Identification of positive clones PG2.7 from one positive 
mixed-pool by PCR. 12 single clones from the positive mixed sample 
(No.5) were inoculated separately screened by the same PCR method. 
Of these 12 clones, one positive clone (No.4) was found. 

Fig. 11 PCR screening of mixed plasmid pools from Mini-gene library 
in getting 2.5kb HindIII flanking fragment. 12 different cultures were 
mixed as one sample, plasmid DNAs were extracted and used as 
templates. The plasmid DNA extracted from TA27-600 was used as a 
template in the positive control reaction. Positive clone mixture (No.5) 
was identified. 
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A 100 bp region on one end and a 50 bp region on the other end had 100% identity to 

the nucleotide sequence of the vector pGEM-4z . In order to get the entire sequence of 

the clone, a series of sequencing primers were designed (Fig. 13) and primer-walking 

carried out to complete the sequencing of both strands. 

 

 

 

 

 

 

 

 

 

 

 

This 2.5 kb genomic region was analyzed using the GCG package software. Two 

incomplete open reading frames were identified, one of which harbored the transposon. 

The sequences of the DNA fragment flanking the transposon were confirmed to be the 

same as those obtained from TA27-600. Six extra nucleotides obtained from TAJL27R 

were determined to be coupling sequence after transposon integrated into the 

chromosome. 

One EcoRI restriction site was found within this 2.5-kb region, dividing this fragment 

into two pieces with sizes of 1.8 kb and 0.7 kb. This information was in agreement with 

H 

H 

M13R 
Tn9F 

JL27R-1 
JL27R-2 

JL27R-3 

JY27P-2 
JY27P-3 

JY27P-4 

M13F 
JY27P-1 

Fig. 13 Primer design in sequencing for 2.5 kb fragment in clonePG2.7 by 
primer walking. 
The fragment was flanked by two HindIII sites, M13F and M13R were used 
initially to get the nucleotide sequence. A series of primers were designed 
for both strands, and sequencing was performed by primer walking. 
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the data obtained earlier (Fig. 9), when both flanking fragment JL27L and JL27R were 

cloned in TA vectors.  

 

4.3  Mini-gene library setting up for another fragment (5.0kb) flanked by two EcoRI sites 

The combined information from Southern blots and nucleotide sequence data from 

clone PG2.7, resulted in a rough graph of this genomic region was showed in Fig. 14. A 

6.6 kb fragment harbored three EcoRI restrict sites and two HindIII sites. The fragment 

flanked by the two HindIII sites was about 2.5 kb in length, and harbored the transposon 

Tn916 integration, resulting in altered phenotypes in the mutant 27B6. 

 

Fig. 14  Location of Tn916 located in locus III in the chromosome of
L.monocytogenes. Tn, transposon Tn916; E, EcoRI site; H, HindIII site;
L, one end of the Tn where OTL primer located; R, the other end of Tn.

   L 5.9 kb 12.1 kb R

H

H H EE 1.5 kb
0.7kb 0.6kb3.5kb

2.5kb

6.6kb

5.3kb

TnE
0.3kb

 

 

To obtain additional sequence information of this genomic region, another mini-gene 

library was set up following the procedure described earlier, except that chromosomal 

DNA from the wild type strain 2381L was extracted and digested with EcoRI. Larger 
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fragment, in range of 4.7-5.5 kb were excised, purified and cloned into the pGEM-4z 

vector. Primers JL27R-1 and JY27P-2 (see Appendix 5) were used in the PCR screening 

approach. The plasmid DNA from PG2.7 was used as a template in the positive control 

reaction with a PCR amplified fragment of 450bp expected with this plasmid.  

One positive clone out of 192 clones was identified and named PG5.2 (data not 

shown). Primers M13F and M13R were also used in this initial sequencing study for 

clone PG5.2.  

Clone PG5.2 was sequenced using primer M13F. About 600 bp of clean nucleotide 

sequence was analyzed using FASTA. Ninety six percent identity was found to one 

genomic region in the database (accession number AF009622) obtained from 

L.monocytogenes EGD. The region corresponded to an ORF upstream of the transposon 

insertion in mutant 27B6. The sequence deposited (2.5 kb) was flanked by two restriction 

sites (EcoRI and MluI), and included one incomplete open reading frame, trxB, the entire 

coding sequence of thioredoxin reductase, and 5’ portion of the putative galE (Fig. 18). 

The sequencing using primer M13R was successful as well, and was continued using 

a series of primers (Appendix 5). The nucleotide sequence data obtained from clone 

PG5.2 were confirmed by sequencing on both strands. FASTA was run for the putative 

open reading frame that harbored Tn916 in 27B6. Sixty point one percent identity over 

1724 nucleotides to pgm of Streptococcus pneumoniae, encoding phosphoglucomutase. 

Thus this open reading frame in L.monocytogenes was named pgm. 

 

4.4 Inverse-PCR and sequencing of the small fragment flanked by EcoRI sites 
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Although the mini-gene library approach was tried out for the smaller fragment 

that was flanked by two EcoRI sites (1.6-kb, see Fig. 14), it was proved unsuccessful. 

Even though about 500 clones were screened with the PCR approach, no positive clone 

was found. One possibility was that DNA fragment might encode a product toxic to the 

cloning host, resulting in either modification of the fragment or failure of the recombinant 

to survive. In this situation, aninverse-PCR approach was carried out, similar to that used 

in the initialinverse-PCR to obtain sequences flanking the Tn916. For the newinverse-

PCR, the chromosomal DNA extracted from 2381L was digested with EcoRI, primers 

Tn9F-I and Tn9F (see Appendix 5) were used resulting in amplification of a fragment of 

ca 1.3kb (Fig 15). 

In order to get a clean PCR product, theinverse-PCR product was purified with 

the PCR purification kit (Roche Molecular Inc), and was used as a template in a normal 

PCR reaction using primers Tn9F and Tn9F-I. The fresh PCR product was directly 

cloned into TA vector for sequencing. However, when PCR confirmation for cloning was 

performed using primers Tn9F and Tn9F-I , a smaller DNA fragment (800bp) was 

amplified (Fig.16). In fact, no positive clone was found harboring aninverse-PCR 

fragment of 1.3kb. 

This finding again suggested that the gene product from the ORF downstream of 

pgm (Fig 18) might be toxic E. coli. The sequencing had to be done on the 

purifiedinverse-PCR product directly. Fortunately, clean nucleotide sequences (ca 1.3 kb) 

were obtained and further confirmed from sequencing on both strands using primers 

Tn9F, Tn9F-I, IV-F and IV-2 (see Appendix 5). 
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800bp 
1.3 kb 

Fig. 16. Failure to clone 1.3 kbinverse-PCR fragment into TA vector. 
PCR reaction was performed using Tn9F and Tn9F-I as primers. Lane 
2,3,4 templates were from purifiedinverse-PCR product; lane 5, 
template was plasmid DNA extracted from the “positive” clone. A 
smaller fragment (800bp) was amplified with plasmid DNA, showing 
possible deletion of the clonedinverse-PCR fragment in E.coli. 

1.0kb 
H E E 

0.6kb 

Tn9F-I Tn9F 

E H 

Tn9F-I Tn9F 

0.6kb 0.6kb 0.1kb 

Fig. 15. Inverse-PCR strategy to amplify the EcoRI flanking fragment (1.6 
kb) downstream of pgm. E: EcoRI, H: HindIII. Chromosomal DNA 
extracted from 2381L was digested with EcoRI and self-ligated as a 
template. Primers Tn9F and Tn9F-I were used in theinverse-PCR reaction. 
1.3kb fragment was amplified and named IV1.7 

pgm 

1 2 3 4  5 
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4.5 DNA sequence analysis 

Combining sequence from the initial clone PG2.7, from the clone PG5.2, and from 

theinverse-PCR product IV1.7, a genomic region of 6.6 kb was identified as a newly 

characterized locus (locus III). 2.5-kb upstream sequence deposited by Borovok et al, 

AF009622, was incorporated. The sequences were analyzed by using GCG software. This 

genomic region in locus III includes two incomplete open reading frames (orf 1 and orf 

2) and trxB, galE, galM and pgm. 

 

 
GAATTCTATTCTTATAAAAAAGAAATTAACCGTTATTTAGCAGAAGAAGATAGTGCATCT  60 
 E  F  Y  S  Y  K  K  E  I  N  R  Y  L  A  E  E  D  S  A  S   - 
 
GCTTGCGATATTTTAAGAAAAGTCATTGATGAAAAACCGAATTTTTGGCCTGCTTATAAT  120 
 A  C  D  I  L  R  K  V  I  D  E  K  P  N  F  W  P  A  Y  N   - 
 
CAACTCGCTTCGCTTTATTTTGAGCAACTGAAAGAAGAAGAGGGAGTCAGAGTTTTAAGT  180 
 Q  L  A  S  L  Y  F  E  Q  L  K  E  E  E  G  V  R  V  L  S   - 
 
GATTTATTATCGAGAAATCCGGGGAATCTCTTGGGTATTTGTGATTTATTTATTTATCAC  240 
 D  L  L  S  R  N  P  G  N  L  L  G  I  C  D  L  F  I  Y  H   - 
 
TTTTATAAAGGGAACCGTAAAGAGGCTGATGAGCTTTATCTTGAACTTCGGGATGTCCTA  300 
 F  Y  K  G  N  R  K  E  A  D  E  L  Y  L  E  L  R  D  V  L   - 
 
CCGGTTCTAGCGCATCATAAAGAGAAGCTTGGTCTGATTCATGCGATGATGGGTGAATAC  360 
 P  V  L  A  H  H  K  E  K  L  G  L  I  H  A  M  M  G  E  Y   - 
 
GAGGAAGCGGATGATTTGCTTGAACAAGTGGCCGACTTGGAAGTGACTGAGCGTAGTAAA  420 
 E  E  A  D  D  L  L  E  Q  V  A  D  L  E  V  T  E  R  S  K   - 
 
TATTATTATTTCCGTGCGAAATCTTCCTACTATTTAGGTGATGTTGAAGGGGCCAAAATG  480 
 Y  Y  Y  F  R  A  K  S  S  Y  Y  L  G  D  V  E  G  A  K  M   - 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17. Nucleotide and derived amino acid sequences of locus III  
Start and stop codons are in bold; putative ribosomal binding sites (RBS) 
are underlined. The putative stem-loop structures are in bold and 
underlined 

orf 1 
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TTTTGGCATTCTTTTTTAGAGTGTGATTTGTATGAGGATGTTAGGTTTCCGTGGGAGCAA  540 
 F  W  H  S  F  L  E  C  D  L  Y  E  D  V  R  F  P  W  E  Q   - 
 
GAGCCCGATTTAACGAATGACACGCGACTTGTGCTTGAGATGCTTCAAGAGGAAGACGAT  600 
 E  P  D  L  T  N  D  T  R  L  V  L  E  M  L  Q  E  E  D  D   - 
 
TTGACTCATATGCTAGGTGTTTATGCATTGACTATTTCTGGAAATCGTCCGGAGTTAGTA  660 
 L  T  H  M  L  G  V  Y  A  L  T  I  S  G  N  R  P  E  L  V   - 
 
TTATTCCATCCATTACTTGATATGAGCGATTGGTCTTACATGGAGCATTTAATGTTTACT720 
 L  F  H  P  L  L  D  M  S  D  W  S  Y  M  E  H  L  M  F  T   - 
 
AATTTTGATTATTTTCCGGATGGGGCTATTGAACAAAATGGTTATCTGATTGCAAAAGCG  780 
 N  F  D  Y  F  P  D  G  A  I  E  Q  N  G  Y  L  I  A  K  A   - 
 
ATGATTATTTTAAAAGAAAATGGTATTTTGTTAAATGAAGAATATATGGCCTTATATAAG  840 
 M  I  I  L  K  E  N  G  I  L  L  N  E  E  Y  M  A  L  Y  K   - 
 
CAGATGTTTTCGTTAGTTTTAATAGATGCTGGGAAAGATTTAATACTTGGTCGTTATACG  900 
 Q  M  F  S  L  V  L  I  D  A  G  K  D  L  I  L  G  R  Y  T   - 
 
ATAGAAACTGTGGCTAGTGCAATTGCTAAGCTGTTTTTACCTCATTTGAAGCTTCAATTA  960 
 I  E  T  V  A  S  A  I  A  K  L  F  L  P  H  L  K  L  Q  L   - 
 
GTAGAAGAATTTGAATGTAGTAAATGTGCGCGAGATATTGAGCGAGTCCTGAGCAGATAA  1020 
 V  E  E  F  E  C  S  K  C  A  R  D  I  E  R  V  L  S  R  *   - 
 
ATAGACCTTTTTGCTATTCCGTATTAGGATTAATTTAGGCTAACTATTGTATACACATAA  1080 
 
ACGAGGAGGGCAAAAAGAATGGCTAGTGAAGAAAAAATTTATGATGTGATTATTATTGGG  1140 
                  trxB 
 
                   M  A  S  E  E  K  I  Y  D  V  I  I  I  G   - 
 
GCGGGGCCTGCTGGAATGACAGCAGCTTTATATACTTCCCGTGCAGATTTAGATACGTTA  1200 
 A  G  P  A  G  M  T  A  A  L  Y  T  S  R  A  D  L  D  T  L   - 
 
ATGATTGAACGCGGTGTACCCGGTGGACAAATGGTTAACACAGCTGAGGTAGAAAATTAC  1260 
 M  I  E  R  G  V  P  G  G  Q  M  V  N  T  A  E  V  E  N  Y   - 
 
CCAGGATTTGATAGCATTTTAGGACCAGATTTGTCCGACAAGATGCTTAGTGGTGCGAAA  1320 
 P  G  F  D  S  I  L  G  P  D  L  S  D  K  M  L  S  G  A  K   - 
 
CAATTTGGAGCTGAGTATGCTTATGGTGATATTAAAGAAGTTGTTGACGGTAAAGAATTT  1380 
 Q  F  G  A  E  Y  A  Y  G  D  I  K  E  V  V  D  G  K  E  F   - 
 
AAAACAGTAACAGCTGGGTCGAAAACCTACAAGGCTCGGGCAATTATTATTGCGACTGGA  1440 
 K  T  V  T  A  G  S  K  T  Y  K  A  R  A  I  I  I  A  T  G   - 
 
 
 
 
 
 
 
 
 

Fig. 17. Continued 
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GCTGAACACCGTAAACTTGGCGCGGCTGGTGAAGAAGAACTTAGTGGACGTGGTGTTTCT  1500 
 A  E  H  R  K  L  G  A  A  G  E  E  E  L  S  G  R  G  V  S   - 
 
TACTGCGCAGTCTGTGACGGAGCATTCTTCAAAAATCGCGAATTAATTGTGGTTGGCGGC  1560 
 Y  C  A  V  C  D  G  A  F  F  K  N  R  E  L  I  V  V  G  G   - 
 
GGAGACTCTGCAGTGGAAGAAGGAACCTACTTGACTCGTTATGCAGATAAAGTAACCATT  1620 
 G  D  S  A  V  E  E  G  T  Y  L  T  R  Y  A  D  K  V  T  I   - 
 
GTACACCGTCGTGATAAATTGCGAGCACAACAAATTTTACAAGATCGTGCTTTTAAAGAT  1680 
 V  H  R  R  D  K  L  R  A  Q  Q  I  L  Q  D  R  A  F  K  D   - 
 
GAAAAAGTTGATTTCATTTGGAATAGTACAGTAGAAGAAATTGTTGGCGATGGTAAAAAA  1740 
 E  K  V  D  F  I  W  N  S  T  V  E  E  I  V  G  D  G  K  K   - 
 
GTAACAGGAGCAAAACTTGTTTCTACTGTGGATGGCTCCGAATCGATTATGCCAGTAGAT  1800 
 V  T  G  A  K  L  V  S  T  V  D  G  S  E  S  I  M  P  V  D   - 
 
GGCGTTTTCATCTATGTTGGACTTGTTCCACTTACGAAAGCATTCTTAAATTTAGGTATT  1860 
 G  V  F  I  Y  V  G  L  V  P  L  T  K  A  F  L  N  L  G  I   - 
 
ACAGATGATGAAGGATACATCGTAACGGACGAAGAAATGCGTACAAATCTTCCTGGTATT  1920 
 T  D  D  E  G  Y  I  V  T  D  E  E  M  R  T  N  L  P  G  I   - 
 
TTTGCAGCAGGTGATGTTCGTGCGAAAAGCTTACGCCAAATTGTAACAGCTACAGGCGAC  1980 
 F  A  A  G  D  V  R  A  K  S  L  R  Q  I  V  T  A  T  G  D   - 
 
GGCGGACTTGCTGGACAAAATGCTCAAAAATATGTAGAAGAATTAAAAGAGTCGCTAGAA  2040 
 G  G  L  A  G  Q  N  A  Q  K  Y  V  E  E  L  K  E  S  L  E   - 
 
GCTGAGGCGGCTAAATAATAGTAAAGAAAACTCGAATGGGTCTGAGATTATTTATCTTAG  2100 
 A  E  A  A  K  *                                             - 
 
ACCCATTTTTGCGTGACTATATAGACCAGAGTAGTGTAAAATGAAATACAAAGACAAGCG  2160 
 
TTAGGAGAGATAAGTAATGGGTATTGCTGTACTTGGTGGCGCTGGCTATATCGGTTCACA  2220 
     RBS        galE 
 
                M  G  I  A  V  L  G  G  A  G  Y  I  G  S  H  - 
 
TGCAGTAAATGAGTTAATTACTCGCGGATATGAAGTAGTAGTTATTGATAATTTAAGAAC  2280 
 A  V  N  E  L  I  T  R  G  Y  E  V  V  V  I  D  N  L  R  T  - 
 
AGGGCATAGGGAATCCATTCATAAAAAGGCAAAATTTTATGAAGGAGATATTCGTGATAA  2340 
 G  H  R  E  S  I  H  K  K  A  K  F  Y  E  G  D  I  R  D  K  - 
 
AGCATTTTTAAGTTCAGTTTTTGAAAAAGAAAAAGTAGATGGTGTGATTCATTTTGCTGC  2400 
 A  F  L  S  S  V  F  E  K  E  K  V  D  G  V  I  H  F  A  A  - 
 
 
 
 
 
 
 
 
 

Fig. 17. Continued 
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TAGTTCACTTGTAGGAGAATCGATGGAAGTACCGCTGGATTATTTAAATAATAATGTCTA  2460 
 S  S  L  V  G  E  S  M  E  V  P  L  D  Y  L  N  N  N  V  Y  - 
 
TGGTACGCAAATCGTTTTAGAAGTGATGGAGGAATTTGATGTGAAGCATATCGTCTTTTC  2520 
 G  T  Q  I  V  L  E  V  M  E  E  F  D  V  K  H  I  V  F  S  - 
 
TTCCAGTGCGGCTACATACGGTGAACCAGAACGCGTACCGATTACGGAAGATATGCCAAC  2580 
 S  S  A  A  T  Y  G  E  P  E  R  V  P  I  T  E  D  M  P  T  - 
 
AAATCCGGAAAGTACTTACGGCGAAACGAAGCTAATCATGGAAAAAATGATGAAATGGTG  2640 
 N  P  E  S  T  Y  G  E  T  K  L  I  M  E  K  M  M  K  W  C  - 
 
CGATAAAGCGTATGATATGAAATATGTTGCACTCCGGTATTTTAATGTTGCTGGCGCCAA  2700 
 D  K  A  Y  D  M  K  Y  V  A  L  R  Y  F  N  V  A  G  A  K  - 
 
AGCGGATGGTTCAATTGGGGAAGATCACAAACCAGAATCACACTTAGTCCCAATTATTTT  2760 
 A  D  G  S  I  G  E  D  H  K  P  E  S  H  L  V  P  I  I  L  - 
 
ACAAGTTGCGCTTGGTCAACGAGAAAAATTAGCGATTTACGGTGACGACTACAATACGCC  2820 
 Q  V  A  L  G  Q  R  E  K  L  A  I  Y  G  D  D  Y  N  T  P  - 
 
TGATGGTACTTGTATTCGTGATTATGTACAAGTAGAAGATTTAATTGACGCGCATATTAA  2880 
 D  G  T  C  I  R  D  Y  V  Q  V  E  D  L  I  D  A  H  I  K  - 
 
AGCGCTAGAATACTTGAAAAATGGCGGGGAAAGTAATATTTTCAACCTTGGTAGCAGTAA  2940 
 A  L  E  Y  L  K  N  G  G  E  S  N  I  F  N  L  G  S  S  N  - 
 
CGGTTTTTCAGTGAAAGAAATGCTTGAAGCAGCTCGTACTGTAACAGGTAAAGAAATTCC  3000 
 G  F  S  V  K  E  M  L  E  A  A  R  T  V  T  G  K  E  I  P  - 
 
AGCTGAAGTTGTACCACGCCGTGCAGGAGATCCAGGAACGTTAATTGCTTCAAGTGATAA  3060 
 A  E  V  V  P  R  R  A  G  D  P  G  T  L  I  A  S  S  D  K  - 
 
AGCGCGTGAAATTCTTGGTTGGGAGCCAACTTATACAGACGTAAAAGATATTATCGCCAC  3120 
 A  R  E  I  L  G  W  E  P  T  Y  T  D  V  K  D  I  I  A  T  - 
 
TGCTTGGAAATGGCACGTATCTCATCCAAATGGCTATTAATAACTTATGAAGGAATGTGA  3180 
 A  W  K  W  H  V  S  H  P  N  G  Y  *  *         RBS        - 
 
TTTTTATCGAAGTAATGAAGGAGCGATTTGGGGAGTTTGAGGGAGAAACTGTTTGGAAGT  3240 
             galM 
 
              M  K  E  R  F  G  E  F  E  G  E  T  V  W  K  W - 
  
GGACGATGGTAAATGATCATGGTATGCGCATGAGTGTTTTAAATTACGGAGCGATTGTTA  3300 
 T  M  V  N  D  H  G  M  R  M  S  V  L  N  Y  G  A  I  V  T - 
  
 
 
 
 
 
 
 
 
 
 

Fig. 17. Continued 
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CTTCCCTTGAAACAAAAGATAAATTTGGTGATTTTGCGAATATTAGTCTTGGTTTTACAA  3360 
 S  L  E  T  K  D  K  F  G  D  F  A  N  I  S  L  G  F  T  N - 
  
ATTTAGATGATTATTTGGCACACTCCCCATACTTCGGCGCGACACTTGGCCCTGTTGCTG  3420 
 L  D  D  Y  L  A  H  S  P  Y  F  G  A  T  L  G  P  V  A  G - 
  
GACGCATTACAAATGGGCAATTTAGTTTGGACGGTAAACAATTTCAACTGATTCAAAATG  3480 
 R  I  T  N  G  Q  F  S  L  D  G  K  Q  F  Q  L  I  Q  N  E - 
  
AAGGAGCTAACCATCGTCACGGTGGGAAATTCAATTTTAGTAAGAAGCTTTGGGATGTTT  3540 
 G  A  N  H  R  H  G  G  K  F  N  F  S  K  K  L  W  D  V  S - 
  
CAGTAGAAAAAAGTCTTGATCAAATTGTGATGACTTTTGAATACTGCTGGGCGGATGGAG  3600 
 V  E  K  S  L  D  Q  I  V  M  T  F  E  Y  C  W  A  D  G  E - 
  
AAAATGGCTATCCAGGAAATATTGATGCAAAAATGACATATACGTTAAATAATAAAAATG  3660 
 N  G  Y  P  G  N  I  D  A  K  M  T  Y  T  L  N  N  K  N  E - 
  
AATGGCTGCTTGATTATGAAGCGAAAAGCGATCAGCCGACTATATATAACCCGAGCAATC  3720 
 W  L  L  D  Y  E  A  K  S  D  Q  P  T  I  Y  N  P  S  N  H - 
  
ATATTTATTTTAATCTAAGCGGAGAAGCTGGTTCAACGGTTTTACAACATCAGCTTTGGG  3780 
 I  Y  F  N  L  S  G  E  A  G  S  T  V  L  Q  H  Q  L  W  V - 
  
TTAATAGTGACAGCTTCCTACCAATTGATGAAGAGTTTCTCCCAATTGGGGAAAAGCGGT  3840 
 N  S  D  S  F  L  P  I  D  E  E  F  L  P  I  G  E  K  R  L - 
  
TAGCGGAAAATACTATCTTTGATTTGCGTGCAGGTCGTGAAGTAGCGGAGATTACACAAA  3900 
 A  E  N  T  I  F  D  L  R  A  G  R  E  V  A  E  I  T  Q  S - 
  
GTCAGGACCAGCAAGTAAAATTAGTTGGTGCGGGGCTGGATCATGCACTCATTTTAAAAC  3960 
 Q  D  Q  Q  V  K  L  V  G  A  G  L  D  H  A  L  I  L  K  H - 
  
ATGAAAATAGTCGTCCAGATGCAGTTTTGTTTGATCCAAAGTCAGGACGGCGCTTGGAAA  4020 
 E  N  S  R  P  D  A  V  L  F  D  P  K  S  G  R  R  L  E  M - 
  
TGGAAACCAAAGCTGACTCGGTATTAATTTATACGGCGAATAGTTTGGATGGCTCTTTTG  4080 
 E  T  K  A  D  S  V  L  I  Y  T  A  N  S  L  D  G  S  F  E - 
  
AGATTGGCGAGCGAACTGTGCCAAAATATGCTGGCATAACAATGGAAACACAGGGCTTAG  4140 
 I  G  E  R  T  V  P  K  Y  A  G  I  T  M  E  T  Q  G  L  V - 
  
TAGATGCGATTAACCATGACGGATTTGGTGATATTGTACTTCGACCAGAAAAACCTTTTA  4200 
 D  A  I  N  H  D  G  F  G  D  I  V  L  R  P  E  K  P  F  T - 
  
CATCTAGAACAGCTTTTCGTTTCACAGTGGAGAGCTGATAAATTTTAATTAAAGAGTTCT  4260 
 S  R  T  A  F  R  F  T  V  E  S  *                         - 
  
 
 
 
 
 
 
 
 
 

Fig. 17. Continued 
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AAATGAAGGAGTGTAGAGAATGAATTGGCAAGAAGAATATCAAAAATGGGTTGCTAATGA  4320 
      RBS 
                  pgm 
 
                   M  N  W  Q  E  E  Y  Q  K  W  V  A  N  D  - 
 
CAAATTAGATAGCACATTAAGAAAACAATTAACGAATATGGAAGCAAATGAAAAAGAACT  4380 
 K  L  D  S  T  L  R  K  Q  L  T  N  M  E  A  N  E  K  E  L  - 
 
TGAGGATAGTTTTTATCGTAATATGGAATTTGGAACGGCTGGGATGCGTGGTGTACTAGG  4440 
 E  D  S  F  Y  R  N  M  E  F  G  T  A  G  M  R  G  V  L  G  - 
 
CGCTGGAACAAACCGCATGAATATCTATACTATTCGTAAGGCTTCTCTAGGTTTGGCGCA  4500 
 A  G  T  N  R  M  N  I  Y  T  I  R  K  A  S  L  G  L  A  Q  - 
 
ATTTGTGGCGGAGAACGGGGAAGAGGCTAAAAAACGTGGGATAGTTATTGCGTATGATCC  4560 
 F  V  A  E  N  G  E  E  A  K  K  R  G  I  V  I  A  Y  D  P  - 
 
TCGTCATATGTCGCGTGAATTTGCTTTTGAATCGGCGGCGGTATTAGGGCATCATGGTGT  4620 
 R  H  M  S  R  E  F  A  F  E  S  A  A  V  L  G  H  H  G  V  - 
 
GAAAAGCTATGTTTTTGATGCGCTTCGACCAACACCCGAACTTTCCTTTGCAGTACGTCA  4680 
 K  S  Y  V  F  D  A  L  R  P  T  P  E  L  S  F  A  V  R  H  - 
 
TTTAAATGCGTTTGGTGGGATTGTTATTACAGCTAGCCATAACCCACCAGAATACAATGG  4740 
 L  N  A  F  G  G  I  V  I  T  A  S  H  N  P  P  E  Y  N  G  - 
 
CTACAAGATTTATGGTGAAGATGGCGGACAAATGCCTCCAACAGGGGCAAGTGCTGTAAT  4800 
 Y  K  I  Y  G  E  D  G  G  Q  M  P  P  T  G  A  S  A  V  I  - 
 
TGAATACATAAACGCGGTAGAGGATATTTTTTCTGTAGAAGTAGCGAACCAAGAGCTATT  4860 
 E  Y  I  N  A  V  E  D  I  F  S  V  E  V  A  N  Q  E  L  L  - 
 
AATTGAAAATGGTTTACTTGAGGTAATCAGTGAAAAAGTAGACCGTCCATATTTGGAAAA  4920 
 I  E  N  G  L  L  E  V  I  S  E  K  V  D  R  P  Y  L  E  K  - 
 
ATTAAAAGAGGTTATTGTCAATAAAGAGCTTGTTCAAGAACGAGGGGAGGATTTGAAAAT  4980 
 L  K  E  V  I  V  N  K  E  L  V  Q  E  R  G  E  D  L  K  I  - 
| 
TGTTTTCACGCCCCTTCATGGTACTGGCGGAATTCTTGGCGTTCCTGCGCTTGAAAGTGT  5040 
 V  F  T  P  L  H  G  T  G  G  I  L  G  V  P  A  L  E  S  V  - 
 
TGGCTTTACGAATATTGTTAAGGTTGACGAGCAATTTGTGAATGATCCCGATTTTGGAAC  5100 
 G  F  T  N  I  V  K  V  D  E  Q  F  V  N  D  P  D  F  G  T  - 
 
GGTAAAATCGCCTAACCCGGAAAACCGCGAAGCCTTTTTACTTGCGATTGAATATGGTAA  5160 
 V  K  S  P  N  P  E  N  R  E  A  F  L  L  A  I  E  Y  G  K  - 
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GAAGTTTGGTGGCGACATTTTAGTCGGAACAGATCCGGATGCTGACCGTTTAGGCGTGGC  5220 
 K  F  G  G  D  I  L  V  G  T  D  P  D  A  D  R  L  G  V  A  - 
 
AGTTCGTAATCTTGACGGCGAATATGAAGTGTTATCTGGAAACCAAATTGGCGCGATTAT  5280 
 V  R  N  L  D  G  E  Y  E  V  L  S  G  N  Q  I  G  A  I  I  - 
 
TTTACATTATTTATTAAAACAAAAGAAAGCGCAAAATGAATTGCCAGCTAATGCAGCGGT  5340 
 L  H  Y  L  L  K  Q  K  K  A  Q  N  E  L  P  A  N  A  A  V  - 
 
ATTAAAATCTATTGTAACAAGTAATCTTGGAACAGAAATCGCGAAACATTACGGTGCGGA  5400 
 L  K  S  I  V  T  S  N  L  G  T  E  I  A  K  H  Y  G  A  E  - 
 
AATGATTGAAGTATTAACTGGTTTCAAATTTATTGCAGAACAAATTAAGCACTTTGAAGA  5460 
 M  I  E  V  L  T  G  F  K  F  I  A  E  Q  I  K  H  F  E  E  - 
 
AACTGGCAAGCATACGTTTGAATTTGGTTATGAAGAAAGTAATGGTTATATGGTTAAGCC  5520 
 T  G  K  H  T  F  E  F  G  Y  E  E  S  N  G  Y  M  V  K  P  - 
 
GTTTACGCGTGATAAAGATGCGATTCAAGCGGTGCTTGCGATTGCGGAAGTGGCGCTCGT  5580 
 F  T  R  D  K  D  A  I  Q  A  V  L  A  I  A  E  V  A  L  V  - 
 
TAGCAAAGTAGAAGGTGGAAGTTTACTAGAAGATTTAGAGCAAATTTATGCTGAGTTTGG  5640 
 S  K  V  E  G  G  S  L  L  E  D  L  E  Q  I  Y  A  E  F  G  - 
 
CTATTACAAAGAAGATCTAGTTTCCTTAACTTTAAGCGGTAAGGATGGTTCTCGGCGCAT  5700 
 Y  Y  K  E  D  L  V  S  L  T  L  S  G  K  D  G  S  R  R  I  - 
 
CAAAGAAATTACAAGTAATTTTCGCGAGCAACTACCAACAAGTATGGGTGGATTCCCCGT  5760 
 K  E  I  T  S  N  F  R  E  Q  L  P  T  S  M  G  G  F  P  V  - 
 
GGAACGTGCGGAAGATTATTTAAGAAGCGAAACAACTTGGATTGCTACCGGAAAAACGGA  5820 
 E  R  A  E  D  Y  L  R  S  E  T  T  W  I  A  T  G  K  T  E  - 
 
AGCGATTCATTTGCCAACAGCAGATGTCATTAAATGTTATTTTGAAGATGGTTCATGGTT  5880 
 A  I  H  L  P  T  A  D  V  I  K  C  Y  F  E  D  G  S  W  F  - 
 
CTGTTTACGTCCATCCGGCACAGAACCGAAAATCAAATTCTACTTTAGTATTCGTGGTGA  5940 
 C  L  R  P  S  G  T  E  P  K  I  K  F  Y  F  S  I  R  G  E  - 
 
AAGTAAAGAAGAAAGTGCAACAAAATTAGAAAAAGTGAAAGCTGATTTGATGCAACATAT  6000 
 S  K  E  E  S  A  T  K  L  E  K  V  K  A  D  L  M  Q  H  I  - 
 
CGAAGCTTAAAAAGAAAAATCCCGGAAACTCGCTTTAGAGACTTTTCCGGGATTTTCTAG  6060 
 E  A  *                  Stem-loop                     - 
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TGAGAAGTGTGCTAAAATGGAAGATAGATATTATTTGTGCGAAAGGATGAGGCAGATATG  6120 
                                                RBS       
                                                       orf2 
 
                                                          M   - 
 
GCTTCTAAACAATTAAAATTAGTAATCATTACTGGGATGTCTGGAGCAGGAAAAACAGTC  6180 
 A  S  K  Q  L  K  L  V  I  I  T  G  M  S  G  A  G  K  T  V   - 
 
GCAATGCAGTCTTTAGAAGATCTCGGTTATTTTTGTGTAGATAATTTACCGCCAAGTTTA  6240 
 A  M  Q  S  L  E  D  L  G  Y  F  C  V  D  N  L  P  P  S  L   - 
 
CTTCCAAAGTTCTGGGAGCTAATGAAAGAAAGCGATAAAATGGATAAAATCGCGCTCGTA  6300 
 L  P  K  F  W  E  L  M  K  E  S  D  K  M  D  K  I  A  L  V   - 
 
ATGGATCTTCGCGGCCGTGAGTTTTTCGATTCCATTGAACCAGCGCTAGATGAGCTAGAT  6360 
 M  D  L  R  G  R  E  F  F  D  S  I  E  P  A  L  D  E  L  D   - 
 
AATACCAATTTTATAACAACGAAAATCCTCTTTTTAGAGGCTGATGATAAGGTACTTGTT  6420 
 N  T  N  F  I  T  T  K  I  L  F  L  E  A  D  D  K  V  L  V   - 
 
TCGCGTTATAAAGAAACGCGCCGCCACCATCCACTGGAGCCTAATGGGTCTGTGCTAGAC  6480 
 S  R  Y  K  E  T  R  R  H  H  P  L  E  P  N  G  S  V  L  D   - 
 
GGGATTAATGCAGAGCGCGAACTGCTTAGTGATTTAAAAGGCCGTTCGCAGTTAGTTATT  6540 
 G  I  N  A  E  R  E  L  L  S  D  L  K  G  R  S  Q  L  V  I   - 
 
AATACATCGAATATGGCGCCACGTGAGTTACGCGAGCGAATTAACAATGAATTC  6594 
 N  T  S  N  M  A  P  R  E  L  R  E  R  I  N  N  E  F   - 

 

 

 

4.6  Gene organization in locus III 

The gene organization is locus III is shown in Fig.17. The 6.6 kb EcoRI fragment 

region contained an internal EcoRI site in the middle of pgm (5009-5015), splitting this 

region into two fragment with sizes of 5012 bp and 1579 bp. This result was in agreement 

with data from Southern blot hybridization. (data not shown). Two HindIII sites were 

located in the middle of this region, which were taken advantage in the initialinverse-

PCR reaction. The 2.5 kb upstream fragment, which was deposited by Brovoke, et al, was 

indicated by accession number AF009622 (Fig. 18) 
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4.7 Open reading frame (ORF) analysis 

Four complete and two incomplete ORFs were identified in this region (Fig. 18). The 

complete ORFs were the putative trxB, galE, galM and pgm genes of L.monocytogenes, 

and described as follows: 

4.7.1 trxB (nt, sequence: 1099-2058 (960 bp); 319 a.a.)  

The sequence of trxB was deposited by Borovok, et al in 1997 (accession number 

AF009622). The sequence was obtained from L.monocytogenes EGD (1/2a). The entire 

encoding sequence was found homologous (66.5% identity) to Bacillus subtilis gene trxB 

(accession number Z94043) encoding thioredoxin reductase, and had 50.3% identity to 

gene trxB of Streptomycyces clavuligerus (Q05741). trxB was also used as a name for 

this open reading frame in L.monocytogenes.  

 

4.7.2 galE (nt, sequence: 2177-3158 (981 bp); 327 a.a.) 

E 

trxB galE galM pgm orf2 orf1 

E 
E

H H 

1.5 kb 3.5 kb 0.6 kb 1.0 kb 

Fig. 18. Gene arrangement within 6.6 kb genomic region in locus III. 
Four complete coding sequences were given the same names as their 
homologous counterparts from other bacteria. Tn916 was inserted in pgm in 
mutant 27B6, shown as an inverted triangle. A putative stem-loop structure 
was determined using GCG software. 

AF009622 
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119 nt downstream of trxB and 37 nt upstream of galM, galE was found, encoding 

UDP-galactose-4-epimerase. A putative ribosome binding sequence (RBS) was identified 

(GGAGAG, nt, 2164-2169) about 7 nucleotides upstream of the start codon ATG. Highly 

homologous sequences were found in several other bacteria. The putative galE had 

67.3% identity over 961 nucleotides with the Lactococcus lactis galE ( U60828), 

encoding UDP-galactose-4-epimerase. Other homologous sequences were found in 

Lactobacillus casei (AE000844), Streptococcus thermophilus (M38175), and among 

gram-negative bacteria such as Yersinia enterocolitica (U43708) and Campylobacter 

jejuni (Y11648).  

The derived GalE amino acid sequence was aligned with those from four other 

gram-positive bacteria (Fig. 19). The apparent strong conservation suggested that this 

coding sequence may function as UDP-galacose-4-epimerase in L.monocytogenes. 

 

4.7.3 galM (nt, 3195-4235 (1041 bp); 347 a.a.) 

galM was identified 37 nt downstream of galE and 36nt upstream of pgm. A 

putative ribosome binding sequence ( nt:3169-3175) was also identified about 15 bases 

upstream of the start codon. Two highly homologous nucleotide sequences were found in 

Streptococcus thermophilus galM AF152357, encoding galactose mutarotase (GalM) and 

in galM of Lactococcus lactis,U60828, located in the galactose-lactose operon  

Nucleotides sequence with galM in both bacteria had 54.9% and 54.3% identity 

respectively. 
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The derived amino acid sequence of galM had similarities with aldose 1-

epimerase from several bacteria including Bacillus halodurans, Strptomyces coelicolor 

and Thermotoga maritima. (Fig 20). 

 

4.7.4 pgm (nt, 4271-6010 (1740 bp); 576 a.a.) 

36nt downstream of putative galM and 107nt upstream of orf2 was the 

phosphomannomutase encoding gene (pgm). It was the gene in L.monocytogenes 

serotype 4b mutant strain 27B6 that had been inactivated by integration of transposon 

Tn916. The name pgm was adopted from its homologous counterpart in Streptococcus 

pneumoniae (AF165218).  

The (1740 bp) opening reading frame that harbored the transposon had 60.1% identity 

over 1724 nucleotides to pgm of Streptococcus pneumoniae. The gene also had 61.8% 

identity over 1245 nt with cap3A of Streptococcus pneumoniae, a gene implicated in 

capsule biosynthesis. It had 57.0% identity over 998 nt to yhxB of Bacillus subtilis 

(Z99109), encoding a hypothetical protein. Coincidently, this was the first highest 

homologous sequence  found, when the database was searched for sequence homologues 

of the 500 bp initial inverse-PCR product.  

A putative ribosome binding sequence (GAAGAG, nt 4265-4270) was identified 8 

bases upstream from the start codon. The stop codon for pgm was found immediately 

after the HindIII restriction site (nt, 6003-6008), actually one nucleotide ‘T’ was used as 

part of the stop codon ‘TAA’. When terminator sequence was searched, one putative 

terminator sequence (nt, 6016-6056, ∆G of-15 kcal/mol) was found five bases 

downstream from the stop codon. From its sequence, this could be a factor-independent 
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terminator. The derived amino acid sequence was aligned with several other similar 

sequences (Fig 21). Examination of the alignment suggested strong conservation among 

these proteins.  

 

4.7.5 orf 1 (nt, 1-1020; 340 a.a. incomplete) and orf 2 (nt, 6118-6594; 165 a.a. 

incomplete) 

Two incomplete open reading frames were found on each end of this region. No 

significant homologues were found to orf1, 78nt upstream of trxB. The derived protein 

(partial) sequence, however, had 28% identity with a hypothetical protein YvcD, encoded 

by Bacillus subtilis (z94043). 

In contrast, orf2, 107nt downstream of pgm, was found to be homologous to several 

sequences in the database. It had 63.3% identity over 482 nt with a gene from the 

Bacillus subtilis complete genome sequence (U99121) encoding a hypothetical protein. 

An identity of over 63.4% 396 nt was also found to flpA gene of Lactococcus lactis 

(AJ006749), encoding FNR-like protein. The hypothetical orf2 gene product appears to 

be toxic to the gram-negative cloning host E.coli.  
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Lactococcus       1 MTVLVLGGAGYVGSHAVDMLLKRG-YDVAVVDNLVTGHRESVPANVRFYEGDVRDHAFLA 
Staphylococcus    1 MSVLVLGGAGYIGSHAADQLIEQG-YDVAVVDNLGTGHRQAVPETARFYEGDIRDKAFLN 
Listeria          1 ---------------------------------------------------DIRDKAFLS 
Lactobacillus     1 MTIAVLGGAGYIGSHTVKQLLAAG-EDVVVLDNLITGHRKAVDPRARFYQGDIRDYHFLS 
Streptococcus     1 MAILVLGGAGYIGSHMVDRLVEKGQEKVVVVDSLVTGHRAAVHPDAIFYQGDLSDQDFMR 
 
 
Lactococcus      60 SVFEKE-NIEGIMHFCAYSLVGESMQKPLMYFNNNVGGAQVILETMEEFGVKHIVFSSTA 
Staphylococcus   60 HVFEQE-NVEGVFHFCAYSLVGESVEKPLEYFNNNVYGMQVLLEVMKAHDVNEIIFSSTA 
Listeria         10 SVFEKE-KVDGVIHFAASSLVGESMEVPLDYLNNNVYGTQIVLEVMEEFDVKHIVFSSSA 
Lactobacillus    60 QVFSQE-KIDGIVHFAAFSIVPESMKDPLKYFDNNTGGMITLLEAMNQFGIKKIVFSSTA 
Streptococcus    61 KVFKENPDVDAVIHFAAYSLVGESMEKPLKYFDNNTAGMVKLLEVMNECGVKYIVFSSTA 
 
 
Lactococcus     119 ATFGIPEKSPISEKTPQKPINPYGESKLIMEKMMKWQSQATDMTYVALRYFNVAGAKDDG 
Staphylococcus  119 AVYGEPEIIPIQEDAPKAPTNPYGESKLMMEKMMHWCHNAYGVNYAALRYFNVAGAKEDG 
Listeria         69 ATYGEPERVPITEDMPTNPESTYGETKLIMEKMMKWCDKAYDMKYVALRYFNVAGAKADG 
Lactobacillus   119 ATYGEPKQVPIKETDPQVPTNPYGESKLAMEKIMHWADVAYGLKFVALRYFNVAGAMPDG 
Streptococcus   121 ATYGIPEEIPILETTPQNPINPYGESKLMMETIMKWSDQAYGIKYVPLRYFNVAGANLMV 
 
 
Lactococcus     179 SIGEAHKNETHLIPIILQTALGQREFITIYGDDYHTPDGTCIRDYIDMEDLIEAHIKALE 
Staphylococcus  179 SIGEDHNPETHLIPIVLQAALGQRDAITIFGTDYDTEDGSCVRDYLHVTDLIAAHILAYQ 
Listeria        129 SIGEDHKPESHLVPIILQVALGQREKLAIYGDDYNTPDGTCIRDYVQVEDLIDAHIKALE 
Lactobacillus   179 SIGEDHHPETHIVPIILQVAAGTRTGLQIYGDDYPTKDGTNVRDYVHVVDLADAHILALK 
Streptococcus   181 RLVRTR-SETHLLPIILQVAQGVREKIMIFGDDYNTPDGTNVRDYVHPFDLADAHLLAVE 
 
 
Lactococcus     239 YLKAGGQSDQFNLGSSKGYSNLEVLETARKVTGKEIPSQMGERRAGDPDELVADSTKAGE 
Staphylococcus  239 YLKDGGESGAFNLGSSQGYSVIEIVEAARKATGIDIKAEIGERRAGDPSKLVASSDKAQR 
Listeria        189 YLKNGGESNIFNLGSSNGFSVKEMLEAARTVTGKEIPAEVVPRRAGDPGTLIASSDKARE 
Lactobacillus   239 YLDAGNKSSAFNIGSAHGFSNLEILNAARKVTGQEIPATMGPRRAGDPSTLIASSEKARD 
Streptococcus   240 YLRKGNESTAFNLGSSTGFSNLQILEAARKVTGKEIPAEKADRRPGDPDILIASSEKART 
 
 
Lactococcus     299 ILGWKAQN-DLEHIITNAWKWHQSHPKGY---- 
Staphylococcus  299 VLGWKPKHDDIHEIIETAWNWHQSHPNGYSN-- 
Listeria        249 ILGWEPTYTDVKDIIATAWKWHVSHPNGY---- 
Lactobacillus   299 ILGWKPNYDDIDKIIETAWNWHENHPEGFGDRN 
Streptococcus   300 VLGWKPQFDNIEKIIASAWAWHSSHPKGYDDRG 
 
 
 
Fig 19 Amino acid sequence alignment of GalE from different bacteria with in the order, from top to 
bottom, Lactococcus lactis, Staphylococcus carnosus, Listeria monocytogenes serotype 4b, Lactobacillus 
casei and Streptococcus thermophilus.  
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L-monocytogenes     1 DKFGDFANISLGFTNLDDYLAHSPYFGATLGPVAGRITNGQFSLDGKQFQLIQNEGANHR 
B-halodurans        1 DRHGNLENIVLGFDRMDDYEKHSQYFGAVIGRVAGRIANGEFMLDNQSYTLANNEGENHL 
Strep-coelicolor    1 DRRGRYANVSLGFDNLDDYVARSPHFGALIGRYGNRIAKGRFTLDGKEYQLSVNDGENSL 
thermo-maritima     1 DRRGRYANVSLGFDNLDDYVARSPHFGALIGRYGNRIAKGRFTLDGKEYQLSVNDGENSL 
 
 
L-monocytogenes    61 HGGKFNFSKKLWDVSVEKSLDQIVMTFEYCWADGENGYPGNIDAKMTYTLNNKNEWLLDY 
B-halodurans       61 HGGEKGFDKVVWKGETIDSQDEVGVEFSYISRDGEEGYPGTLSMSVRYILNNDNELKVMY 
Strep-coelicolor   61 HGGALGFDYRVWDVEPFTHGSDTGLVLHYTSVDGEMGYPGTLRAKVTYTLTRRGDWRIDY 
thermo-maritima    61 HGGALGFDYRVWDVEPFTHGSDTGLVLHYTSVDGEMGYPGTLRAKVTYTLTRRGDWRIDY 
 
 
L-monocytogenes   121 EAKSDQPTIYNPSNHIYFNLSGEAGSTVLQHQLWVNSDSFLPIDEEFLPIGEKRLAENTI 
B-halodurans      121 SGKADQKTLVNVTNHSYFNLSGNLKRDILEHELTLKSSQFLQLNDQLLPTGTVLDVVDTP 
Strep-coelicolor  121 EATTDKATVVNLTSHVYWNLAGEGSGTIEDHELSIAASRFTPTDAGLIPTGELARVSGTP 
thermo-maritima   121 EATTDKATVVNLTSHVYWNLAGEGSGTIEDHELSIAASRFTPTDAGLIPTGELARVSGTP 
 
 
L-monocytogenes   181 FDLRAGREVAEITQSQDQQVKLVGAGLDHALILKHENS-RPD--AVLFDPKSGRRLEMET 
B-halodurans      181 FDFRNGRKIIDGTKATYEQNVIVGNGYDHPFKLDT-NL-QQE--IRLVDEESGRCLEMET 
Strep-coelicolor  181 FDFRRAKPIGRDIRDAHPQ-LVTAKGFDHNWVLDKGITDRPEHIATLRENASGRTLRIAT 
thermo-maritima   181 FDFRRAKPIGRDIRDAHPQ-LVTAKGFDHNWVLDKGITDRPEHIATLRENASGRTLRIAT 
 
 
L-monocytogenes   238 KADSVLIYTANSLDGSFE-IGERTVPKYAGITMETQGLVDAINHDGFGDIVLRPEKPFTS 
B-halodurans      237 TEPCVVLYTGNALQEGVP-IRGVRSRKYLALCLETQGFPDAIHHPDLPSIVLEEGEEYLS 
Strep-coelicolor  240 DQPGLQFYSGNFLDGTLTGTGGSLYRQGDALCLETQHFPDSPNQPSFPSTVLRPGETYRT 
thermo-maritima   240 DQPGLQFYSGNFLDGTLTGTGGSLYRQGDALCLETQHFPDSPNQPSFPSTVLRPGETYRT 
 
 
L-monocytogenes   297 RTAFRFTVES 
B-halodurans      296 TTTYRFRTV- 
Strep-coelicolor  300 STVHSFDA-- 
thermo-maritima   300 STVHSFDA-- 
 
 
Fig 20 Amino acid sequence alignment of GalM from different bacteria with in the order, from top to bottom, 
Listeria moncytogenes  serotype 4b, Bacillushalodurans, Streptococcus coelicolor and 
Thermotoga maritima. 
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Strep-thermo    1 MSYTENYQKWLDFAELPAYLRDELVSMDEKTK--EDAFYTNLEFGTAGMRGLIGAGTNRI 
Strep-pneum     1 MSYQENYQKWVDFVELPDYLRQDLENMDEKTK--EDAFYTNLEFGTAGMRGLVGAGTNRI 
Lister-mono     1 MNWQEEYQKWVANDKLDSTLRKQLTNMEANEKELEDSFYRNMEFGTAGMRGVLGAGTNRM 
Baci-sub        1 MTWRKSYERWKQTEHLDLELKERLIELEGDEQALEDCFYKDLEFGTGGMRGEIGAGTNRM 
 
 
Strep-thermo   59 NIYVVRQATEGLAQLIDSKGEEAKKRGVAIAYDSRHFSPEFAFESAQVLAAHGIKSYVFE 
Strep-pneum    59 NIYVVRQATEGLARLIESKGGNEKERGVAIAYDSRHFSPEFAFESAAVLAKHGIKSYVFE 
Lister-mono    61 NIYTIRKASLGLAQFVAENGEEAKKRGIVIAYDPRHMSREFAFESAAVLGHHGVKSYVFD 
Baci-sub       61 NIYTVRKASAGFAAYISKQGEEAKKRGVVIAYDSRHKSPEFAMEAAKTLATQGIQTYVFD 
 
 
Strep-thermo  119 SLRPTPELSFAVRHLHTFAGIMITASHNPAPFNGYKVYGEDGGQMPPADADALTDYIRAI 
Strep-pneum   119 SLRPTPELSFAVRHLNCFAGIMVTASHNPAPFNGYKVYGEDGGQMPPHDADALTTYIRAI 
Lister-mono   121 ALRPTPELSFAVRHLNAFGGIVITASHNPPEYNGYKIYGEDGGQMPPTGASAVIEYINAV 
Baci-sub      121 ELRPTPELSFAVRQLNAYGGVVVTASHNPPEYNGYKVYGDDGGQLPPKEADIVIEQVNAI 
 
 
Strep-thermo  179 DNPFTVKLADLEDSKASGLIEIIGENVDAEYLKEVKDVNINQDLINEYGRDMKIVYTSLH 
Strep-pneum   179 ENPFAVEVADVETEKASGLIEVIGEAVDVEYLKEVKDVNINPALIEEFGKDMKIVYTPLH 
Lister-mono   181 EDIFSVEVANQELLIENGLLEVISEKVDRPYLEKLKEVIVNKELVQERGEDLKIVFTPLH 
Baci-sub      181 ENELTITVVRY----------------DKVYTEKLTSISVHPELSEEV--DVKVVFTPLH 
 
 
Strep-thermo  239 GTGEMLVRRALAQAGFDAVQVVEAQAVPHADFLTVKSPNPENQDAFALAEELGRNVDADV 
Strep-pneum   239 GTGEMLARRALAQAGFDSVQVVEAQATADPDFSTVTSPNPESQAAFALAEELGRQVGADV 
Lister-mono   241 GTGGILGVPALESVGFTNIVKVDEQFVNDPDFGTVKSPNPENREAFLLAIEYGKKFGGDI 
Baci-sub      223 GTANKPVRRGLEALGYKNVTVVKEQELPDSNFSTVTSPNPEEHAAFEYAIKLGEEQNADI 
 
 
Strep-thermo  299 LVATDPDADRLGVEIRQPDGSYLNLSGNQIGAIIAKYILEAHKTAGTLPANAALCKSIVS 
Strep-pneum   299 LVATDPDADRVGVEVLQKDGSYLNLSGNQIGAIMAKYILEAHKNAGTLPENAALCKSIVS 
Lister-mono   301 LVGTDPDADRLGVAVRNLDGEYEVLSGNQIGAIILHYLLKQKKAQNELPANAAVLKSIVT 
Baci-sub      283 LIATDPDADRLGIAVKNDQGKYTVLTGNQTGALLLHYLLSEKKKQGILPDNGVVLKTIVT 
 
 
Strep-thermo  359 TELVTKIAESYGATMFNVLTGFKFIGEKIHEFETQHNYTYMFGFEESFGYLIKPFVRDKD 
Strep-pneum   359 TDLVTKIAESYGATMFNVLTGFKFIAEKIQEFEEKHNHTYMMGFEESFGYLIKPFVRDKD 
Lister-mono   361 SNLGTEIAKHYGAEMIEVLTGFKFIAEQIKHFEETGKHTFEFGYEESNGYMVKPFTRDKD 
Baci-sub      343 SEIGRAVASSFGLDTIDTLTGFKFIGEKIKEYEASGQYTFQFGYEESYGYLIGDFARDKD 
 
 
Strep-thermo  419 AIQAVLIVAEIAAYYRSRGMTLADGIEEIYKQYGYFSEKTISVTLSGVDGAAEIKKIMDK 
Strep-pneum   419 AIQAVLVVAELAAYYRSRGLTLADGIEEIYKEYGYYAEKTISVTLSGVDGAEQIKAIMAK 
Lister-mono   421 AIQAVLAIAEVALVSKVEGGSLLEDLEQIYAEFGYYKEDLVSLTLSGKDGSRRIKEITSN 
Baci-sub      403 AIQAALLAVEVCAFYKKQGMSLYEALINLFNEYGFYREGLKSLTLKGKQGAEQIEAILAS 
 
 
Strep-thermo  479 FRRNAPKQFNNTDIAKTEDFL-EQTATTADG-VEKLTTPPSNVLKYILADDSWFAVRPSG 
Strep-pneum   479 FRNNAPKEWNETAITVVEDFK-AQTATVADGTVTNLTTPPSDVLKYTLADSSWIAVRPSG 
Lister-mono   481 FREQLPTSMGGFPVERAEDYLRSETTWIATGKTEAIHLPTADVIKCYFEDGSWFCLRPSG 
Baci-sub      463 FRQNPPQKMAGKQVVTAEDYAVSKRTLLTESKEEAIDLPKSNVLKYFLEDGSWFCLRPSG 
 
 
Strep-thermo  537 TEPKIKFYIATVGETEADAKEKIANIEAEINAFVGE------- 
Strep-pneum   538 TEPKIKFYIAVVGETNEESQAKIANIEAEINAFVK-------- 
Lister-mono   541 TEPKIKFYFSIRGESKEESATKLEKVKADLMQHIEA------- 
Baci-sub      523 TEPKVKFYFAVKGSSLEDSEKRLAVLSEDVMKTVDEIVESTAK 
 
 
Fig. 21 Amino acid sequence alignment of PGM from different bacteria in the order, from top to bottom, 
Streptococcus thermophilus, Streptococcus pneumoniae, Listeria monocytogenes serotype 4b, and Bacillus 
subtilis.  
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Chapter 5 

In-frame deletion construction and genetic complementation  

in trans of functional study 

5.1 Unsuccessful approaches in transduction and insertion mutagenesis 

Having the sequence data for the 6.6-kb genomic region, transduction and insertion 

inactivation approaches were carried out for initial functional studies of the candidate 

gene pgm. The phage LUMP4b6N1 was used in transducing gene fragments from the 

mutant 27B6 to its parental strain 2381L. However, no transductant was obtained in this 

experiment. Although phage LUMP4b6N1 was reported to be successful in transducting 

DNA molecule in infected L.monocytogenes, the transduction efficiency is fairly low in 

this approach. 

Another approach involving insertion mutagenesis was also pursued. First, the 600-

bp internal fragment of pgm was excised from the plasmid TA27-600 by digestion with 

EcoRI, then ligated into an EcoRI digested and dephosphorylated vector pCON1. Efforts 

were made to introduce the recombinant plasmid into the parental strain L.monocytogenes 

2381L by bacterial conjugation. No transconjugants were obtained by this approach. 

Another cloning vector pMUTIN (Appendix 5) was also used in this approach. The same 

600-bp fragment was excised from the recombinant plasmid TA27-600 and subcloned 

into the pMUTIN. Since the pMUTIN was a suicide vector, it could not replicate L. 

monocytogenes, unless it integrated into the chromosome guided by the recombinant 

homologous fragment. No colonies appeared on media with 0.1 µg/ml or 0.3 µg/ml 

erythromycin.  
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5.2 In-frame deletion construction 

One common way in inactivating gene function is deletion of the gene of interest. 

Deleting part or the entire active gene, given that the gene is not essential for survival 

would result in altered phenotype(s), which would be expected to be the same as those 

obtained by the insertion mutagenesis approach. The in-frame deletion mutagenesis has 

the advantage of avoiding possible polar effects associated with the insertion. Even 

though a putative transcription terminator is located downstream of pgm, normal 

transcription structure could still possibly be destroyed due to the frameshift mutation 

induced by the insertion of foreign DNA fragment. To rule out this possibility, in-frame 

deletion of pgm was performed in this study. 

 

5.2.1 Overlap PCR strategy in cloning fragment construction 

Deletion mutagenesis, which was a main strategy in this study, relies on a double 

crossover between two homologous fragments. The fragments chosen here were those 

flanking the target gene pgm, which is designed to be deleted. In this study, an approach 

called overlap PCR was proved efficient. 

 

5.2.1.1 Primer designing 

In order to join the two flanking fragments and clone into the cloning vector, two 

pairs of primers were designed as following (see Fig22). 
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For the fragment located upstream of the target gene pgm, the primer 27OV1-F 

(see Appendix 5) was designed normally based on the sequence of this region. However 

primer 27OV1-R that would pair with 27OV1-F was designed in a special way. One part 

of it (nts 21-40, 5’-3’) corresponded to the chromosomal region immediately upstream of 

the start codon (nts 4279-4260), and would pair with 27OV1-F in first step PCR reaction 

(5.2.1.2); the other part (nts 1-20, 5’-3’) corresponded to the chromosomal region 

immediately downstream of the stop codon (nts 6028-6009), it would be in the second 

step PCR reaction (5.2.1.2) to pair with 27OV2-R. The same strategy was followed in 

designing primers (27OV2-F and 27OV2-R) that would be used to amplify the fragment 

located downstream of pgm. 

For the purpose of screening in-frame deletion mutants, a 1.2 kb internal fragment 

was amplified by JY27P-2 and Tn9F (see Appendix 5) and named pgm-IN (Fig. 23). It 

was labeled as a probe in Southern blot hybridizations (Fig34A). One EcoRI site was 

pgm galM orf 2 

27OV1-F 

27OV2-F 

27OV1-R 

27OV2-R 

Fig. 22  Primer design in Overlap PCR for joining homologous fragments 
in In-frame deletion construction. 
Primers 27OV1-R and 27OV2-F were specially designed to have two 
parts, each corresponding to one region flanking pgm (see explanation in 
text) 
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located in the middle of the newly amplified fragment, and in a Southern blot with this 

probe, we expected two fragments (5.0 kb & 1.6 kb). 

 

 

 

 

 

 

 

 

 

 

5.2.1.2 Overlap PCR reaction  

Having primers designed, two PCR reactions were carried out as follows (Fig. 

24). In the first step, normal PCR conditions were chosen. Two separate reactions were 

performed with each pair of primers (27OV1-F & 27OV1-R and 27OV2-F & 27OV2-R) 

respectively, using chromosomal DNA of 2381L as templates. A fragment of 734 bp was 

amplified with primers 27OV1-F & 27OV1-R (lane 2-4 in Fig 26), and a fragment of 597 

bp was amplified with primers 27OV2-F & 27OV2 (lane 6-8 in Fig 27). 

Two initial PCR products were purified with the PCR purification kit (Roche 

Molecular Inc). Equal amounts of each product ( 1µl) were mixed as a template, and two 

primers 27OV1-F and 27OV2-R were used for subsequent PCR amplification. Normal 

PCR conditions were used for the second-step PCR reaction. A larger fragment of 1.3 kb 

orf2 
galM 

pgm 

Tn9F JY27P-2 

pgm-IN, 1.2kb 

Fig. 23 Probe pgm-IN generation 
A 1.2kb internal fragment of pgm was generated by PCR amplification using 
primers JY27P-2 and Tn9F. The fragment was named pgm-IN, and labeled 
as probe for Southern blot hybridizations. 

EcoRI 
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was amplified (see Fig 26). The newly amplified DNA fragment was directly cloned into 

TA vector for sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pgm galM orf 2 

27OV1-F 27OV1-R 

27OV2-R 27OV2-F 

First step PCR 

27OV1-F 27OV2-R 

galM orf 2 

Second step PCR 

27OV, 1291bp 

734bp 
597bp 

Fig. 24 Two-step PCR illustration in the Overlap PCR approach 
 As illustrated in the figure, Two flanking regions (part of galM and part of 
orf2) were joined together, resulting in a fragment of 1291kb named 27OV. 

Fig. 25 Two fragments amplified from first step PCR reaction respectively. 
Normal PCR reactions were chosen for two separate PCR reactions. Lane1, 
HindIII-digested λ marker; lanes 2-4 , fragments (734 bp) were amplified with 
primers 27OV1-F &27OV1-R; lanes 6-8, fragments (597 bp) were amplified 
with primers 27OV2-F &27OV2-R 

734 bp 597 bp 

1     2    3    4   5    6    7    8 
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The recombinant plasmid was transformed into the E.coli DH5α. Positive clones 

were confirmed by a PCR reaction using 27OV1-F & 27OV2-R as primers yielding a 

1.3kb PCR amplified fragment (Fig. 27). One such positive clone was named TA27OV. 

Nucleotide sequence confirmed the in-frame deletion and joining of the two fragments 

flanking the pgm. 

 

 

 

 

 

Fig. 26 Two fragments joined together (27OV) in second step PCR. 
Lane 1, HindIII-digested λ DNA marker; lane 2,3 were duplicate samples from 
the second-step PCR, a template was the mixture of two first step PCR 
product. Primers were 27OV1-F &27OV2-R; lane 4 the PCR product 
amplified in the first step PCR reaction with primers 27OV1-F &27OV1-R; 
lane 5, the PCR product amplified in the first step PCR reaction with primers 
27OV2-F &27OV2-R 

734 bp 

597 bp 

1291 bp 

1      2       3      4       5 
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5.2.2 Subcloning 27OV into pCON1 

Since the cloning vector pCON1 had been chosen for introducing the cloned 

fragment into L.monocytogenes, the fragment 27OV needed to be sub-cloned into the 

vector pCON1. In order to avoid difficulty in interpreting in-frame deletion construction, 

another two primers, H27OV-F and H27OV-R (see Appendix 5) were designed based on 

the sequence of 27OV. A HindIII site was added on the 5’-end of each primer. A normal 

PCR reaction was performed with these two primers using the plasmid DNA from 

TA27OV as a template and a fragment of the correct size was amplified (data not shown). 

The PCR product was directly digested with HindIII, purified, then cloned into a HindIII 

digested and dephosphorylated pCON1. The recombinant plasmid was transformed into 

E.coli S17-1, positive clone, pC27OV, was confirmed by both the PCR (Fig. 28) 

amplification and restriction enzyme digestion (Fig. 29). 

Fig. 27 Confirmation of the clone TA27OV construction by PCR. 
The plasmid DNA was purified and used as a template; primers 
27OV1-F and 27OV2-R were used. A 1.3 kb fragment (lane 2) 
product confirmed the successful cloning. 

ca. 1.3kb 

1          2 
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5.2.3 Introducing pC27OV into L.monocytogenes serotype 4b strain 2381L through 

bacterial conjugation 

 

Fig. 28 Confirmation of the subclone pC27OV by PCR 
Plasmid DNAs were extracted from pC27OV (lane 2-9) and used as 
templates, primers H27OV-F and H27OV-R were used in the PCR 
reaction. Lane 1, HindIII-digested λ DNA; lane 2, positive clone 
pC27OV; lane 2-9, negative clones; lane 10, positive control, 
plasmid DNA was extracted from TA27OV. 

Fig. 29. Confirmation of the subclone pC27OV by restriction 
enzyme digestion  
Two positive clones were confirmed by digestion with restriction 
enzyme HindIII, yielding the pCON1 cloning vectors (7.6kb), and 
the cloned 1.3kb fragment 27OV. 

1.3 kb 

7.6 kb 

1     2  3  4  5  6  7  8  9  10 

1        2          3 
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Conjugation was performed between a positive clone E.coli S17-1 (pC27OV) and 

L. monocytogenes 2381L. In order to have a higher chance to get the expected 

transconjugant, the double antibiotic selection method was used. The L. monocytogenes 

strain 2381L was a spontaneous streptomycin-resistant mutant from the epidemic strain 

F2381. Two antibiotics were added into the selection medium at the following 

concentrations: 10µg/ml of chloramphenicol and 600 µg/ml of streptomycin.  

The selective agar plates were incubated at 30°C, 10-50 colonies showed on the 

double-antibiotic medium. The efficiency of the conjugation was about 10-4.Two to five 

colonies were sub-cultured on a fresh agar plate with double antibiotics at same 

concentrations, and incubate at 30°C overnight. Transconjugants were named 2381L-OV. 

Four colonies were picked from the sub-culture agar plates, and confirmed to harbor 

recombinant plasmid pC27OV (8.9 kb) by Southern blot hybridization (Fig. 30).  

 

 

 

 

 

 

Fig. 30 Confirmation of transconjugant 2381L-OV by Southern blots. 
Chromosomal DNAs were extracted from four transconjugants and 
digested with EcoRI. Lane 1, HindIII-digested λ DNA, lane 2-5: 2381L-
OV 1-4). The probe was the labeled-pCON1 vector. 

8.9kb 

1    2    3    4    5 1    2     3     4    5 
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5.2.4 Integration of the recombinant plasmid  

After the confirmation of the recombinant plasmid, five transconjugants were 

inoculated into the liquid medium with 10µg/ml of chloramphenicol, and incubated at 

42°C overnight to select mutants with the plasmid integrated into chromosome (see 

2.6.3). After 8-day subculture at 42°C, five single colonies were picked. Chromosomal 

DNAs were extracted from overnight cultures and digested with EcoRI. Southern blot 

hybridization was performed using pgm-IN as a probe (Fig. 23). Since the potential 

integration mutants were grown at 42°C, a non-favorable condition for the plasmid 

replication, a name 2381L-OVT was given to the mutant. 

In Fig 31, two normal fragments (5.0 kb and 1.6 kb) showed in the hybridization 

with the wild type strain 2381L (lane7), mutants 2381L-OVT 1-5 (lane 2-6) showed two 

larger bands of 5.0 kb and 8.4 kb (Fig. 31 A-B). This was due to the integration of 

recombinant plasmid pC27OV into the chromosome, guided by the cloned DNA 

fragment, which was homologous to the region downstream of pgm (see Fig. 37 ).  

The same membrane was stripped with the alkaline solution (see Methods and 

Materials), and hybridized with the labeled pCON1. As expected, no hybridization was 

found with wild type strain 2381L (Fig 31C), and two bands (1.4 kb,8.4kb) were obtained 

with all five mutants (Fig 31C. lane 2-6). 

Concentrations of the EcoRI-digested DNAs of mutant 2381L-OVT 1-2 ( Fig 

31A, lane 2-3) were lower than the other three (Fig 31A, lane 4-6). When the Southern 

blot hybridization was performed with the probe pCON1, much weaker signals were 

found, because only a 100 bp homologous fragment in the 1.4 kb fragment could 
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hybridized with the pCON1 probe (Fig.37). The data confirmed the integration of the 

recombinant plasmid in the first crossover. 

 

 

 

 

 

 

 

 

Fig 31. Confirmation of recombinant plasmid in first crossover by Southern blots. 
Chromosomal DNAs extracted from five mutants, as well as wild type strain 
2381L. 

Fig 31B.  The probe was pgm-IN (Fig. 
23). 

Fig 31C.  The probe was labeled 
pCON1 plasmid. 

1    2    3    4    5    6   7    8 
1     2     3     4     5    6    7      8 

Fig 31A. Gel electrophoresis.  
Lane 1, HindIII-digested λ DNA; lane 2-6, 
2381L-OVT1, 2381L-OVT2, 2381L-OVT3, 
2381L-OVT4, and 2381L-OVT5 ; lane 7, 

1     2     3     4     5    6    7      8 
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5.2.5 Loss of integrated vector by second crossover 

5.2.5.1 Chloramphenicol sensitive mutant screening 

The mutant 2381L-OVT was confirmed by the Southern blot hybridization 

(5.2.4).The next step was loss of the plasmid by a second crossover guided by the other 

part of the cloned fragment, which was homologous to the region upstream of pgm (see 

Fig 37), resulting in the deletion of the gene pgm in the wild type strain 2381L. 

To achieve this goal, the mutant 2381L-OVT was grown in BHI medium at 30°C 

overnight without chloramphenicol. The culture was transferred for 10 days between the 

liquid and the agar medium (see Materials and Method). Out of 96 colonies, three 

chloramphenicol-sensitive cultures were found in the screening (Fig 32). One possible 

mutant was named 2381∆P. 

5.2.5.2 Confirmation of deletion by PCR and Southern blots 

Although a deletion mutant construction was expected resulting from the second-

step crossover, which was guided with the cloned region homologous to the region 

upstream of the gene pgm (see Fig 37), this crossover could also occur between the 

fragment which was homologous to downstream region of the gene pgm, resulting in 

reversion to wild type. In fact, as expected, two out of the three chloramphenicol-

sensitive mutants were found to have wild type style gene arrangements on the 

chromosomes (Fig 33 and Fig 34). 

To confirm the deletion construction, chromosomal DNAs obtained from all three 

mutants 2381∆P-1, 2381∆P-2 and 2381∆P-3 by boiling culture at 95°C, supernatants 

from each culture were used as templates in PCR. Primers were H27OV-F and H27OV-

R. 
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Fig 33A. Confirmation of deletion of pgm by PCR (Gel electrophoresis). 
Primers were H27OV-F and H27OV-R.  Lane 1, HindIII-digested λ 
DNA; lane2, wild type strain 2381L; lane 3, plasmid DNA from 
pC27OV; lane 4-6, cm-sensitive mutant 2381∆P-1, 2381∆P-2, 2381∆P-3. 

1.3kb 

3.0kb 

No. 2-b 

No 1-c 

No. 10-h 

Fig 32. Screen of 
chloramphenicol sensitive 
mutants due to loss of 
recombinant plasmid. 
Three Cm-sensitive mutants 
were found on the medium 
with 10 µg/ml of 
chloramphenicol (No 1-c, 2-b 
and 10-h). 

1   2   3   4  5   6 
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In Fig. 33A, a normal fragment (3.0kb) was amplified with the wild type strain 

2381L, and a smaller fragment (1.3kb) was amplified with the plasmid DNA extracted 

from the pC27OV. Out of three mutants, a small fragment of same size as the positive 

control was amplified with 2381∆P-1, no PCR products were amplified with the other 

two mutants. It could due to the concentration of PCR product, since boiled cultures were 

used instead of purified DNA as templates in the PCR. These two mutants were identified 

as reversion of wild type in the following Southern blot (Fig. 34). 

To ensure that the fragments amplified were from region in locus III,  DNA 

molecules were transferred onto a nylon membrane, a Southern blot hybridization was 

performed with TA27OV as a probe (Fig 33B) 

 

 

 

 

The hybridization band obtained with wild type strain 2381L was about 3.0 kb. A 

1.3 kb band was obtained with 2381∆P-1, same size of that with TA27OV, which 

harbored PCR fragment 27OV. For the other two mutants, 2381∆P-2 and 2381∆P-3, even 

Fig 33B Confirmation of deletion of pgm by PCR (Southern blot with 
probe TA27OV). 
DNA molecules were transferred from the gel (Fig 33A), probe was  
TA27OV. 

1    2    3    4     5     6 
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though no fragment was detected in gel electrophoresis (Fig 33A), a larger band of 3.0 kb 

and a smaller band of 1.3 kb were obtained. Mutants 2381∆P-2 and 2381∆P-3 were not 

further investigated in this study. 

A Southern blot hybridization was also performed with probe pgm-IN (Fig 34 A). 

Chromosomal  DNAs were extracted from all strains and digested with EcoRI. Due to the 

deletion of gene pgm, mutant 2381∆P-1 (lane3) did not show hybridization, however the 

other two mutants, 2381∆P-2 and 2381∆P-3 (lane 4 & 5), showed the same hybridization 

patterns as the wild type strain 2381L (lane 2). 

The membrane was stripped with alkaline solution, and hybridized with probe 

TA27OV (Fig. 34B). This recombined plasmid carried the joined fragments flanking the 

gene pgm, thus the DNA extracted from the deletion mutant 2381∆P-1 should hybridize 

with this probe. Due to the deletion of the gene pgm (1.7 kb), one EcoRI site was lost 

resulting in a 4.9 kb fragment. The deletion mutant 2381∆P-1 hybridized with this probe 

giving a signal about 4.9 kb (6.6-1.7 kb) (Fig 37 ). It was hard to differentiate a 5.0 kb 

band from a 4.9 kb band . However, the smaller band (1.6kb) was not obtained, 

suggesting the deletion of the gene pgm. 
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Fig 34 Confirmation of deletion of pgm by Southern blots.  
Lane 1, HindIII-digested λ DNA, lane 2-5, 2381, 2381∆P-1, 2381∆P-2, 2381∆P-3.  

MAb C74.22  MAb C74.33 

Fig. 35 Colony immunoblot of deletion mutants with MAbs C74.22 and C74.33  
For each blot, cultures were applied in duplicate dots.  

A, probe was pgm-IN B, probe was TA27OV 

1      2      3       4      5 1      2      3       4      5 

2381L, 27B6, 2381∆P-1, 2381∆P-2, 2381∆P-3 2381L, 27B6, 2381∆P-1, 2381∆P-2, 2381∆P-3 
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5.2.6 Phenotypic characterization of deletion mutant 2381∆P 

Colony immunoblot and phage sensitivity tests were performed with the mutant 

2381∆P (Fig 35 & 36).  

 

 

 

 

 

The data (Fig 35 and Fig 36), showed that the deletion mutant had the same 

phenotypes as mutants 27B6, in regard to reaction with the serotype 4b specific MAbs, as 

well as in phage sensitivity tests with A511 and 2671. Deletion mutant 2381∆P became 

resistant to phage A511, while was still sensitive to phage 2671. 

 

5.2.7 Graphical illustration of in-frame deletion 

The whole process of generating in-frame deletion of the gene pgm in 

L.monocytogenes  2381L was illustrated in Fig 37. 

 

 

 

 

 

Fig. 36 Phage sensitivity tests of mutants with A511 and 2761 
On each plate, cultures were applied in duplicate dots. Bottom lanes were with 
applied of phage suspension A511 and 2671 respectively. 

Phage sensitivity test with A511 Phage sensitivity test with 2671 

2381L,   27B6,  27COM#8, 27COM#9,2381∆P 2381L,   27B6,  27COM#8, 27COM#9,2381∆P 
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pCON1 
7.6kb 27OV, 1.3kb 

galM     orf2 

pC27OV 
8.9 kb 

E 

E 
galM        pgm      orf2 

E 
5.0 kb 1.6 kb 

E 

E 

27OV, 1.3kb 

galM   orf2 

galM       pgm     orf2 E E E 1.4 kb 8.4 kb 
5.0 kb 

galM   orf2 
E E 

Subcloning 

conjugation 

integration 

deletion 

Fig. 37 Illustration of whole process of in-frame deletion 
Four steps were listed:  (1) cloning construction, (2) conjugation, (3) integration of 
recombinant plasmid, (4) loss of plasmid resulting in in-frame deletion. 

4.9 kb 
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5.3 Genetic complementation in trans 

Genetic complementation approach was performed with mutant 27B6, and was 

successful. 

5.3.1 Cloning the entire gene pgm  

5.3.1.1 Primer design 

One pair of primers was designed according to the sequence data (Fig 17). Primer 

B27COM-F was located 123bp upstream from the start codon of pgm, and primer 

B27COM-R was located 139 bp downstream of the stop codon of pgm. The genomic 

region flanked by these two primers was 2012 bp long. One BamHI site was added to 5’-

end of each primer for the cloning purpose.  

 

5.3.1.2 Cloning of amplified fragment 

A ca 2.0-kb fragment was amplified in the PCR reaction, using primers 

B27COM-F and B27COM-R. The PCR product was directly digested with BamHI and 

ligated into a BamHI digested and dephosphorylated pCON1 by incubation at 15°C 

overnight. 

The recombinant plasmid was transformed into the E.coli S17-1. Since no alpha-

complementation was involved, colonies were picked and grew on the LB agar medium 

with 100µg/ml ampicillin. The plasmid DNA was purified and used as a template in the 

PCR confirmation of cloning. Two positive clones were found, and a 2.0-kb fragment 

was amplified with the DNA from each clone( Fig 38). The clone was named pC27COM 

(see Appendix 6). 

 



87 

 

 

 

 

 

 

 

 

5.3.1.3 Introducing into mutant 27B6 

Conjugation was performed to introduce pC27COM into the mutant 27B6. 

Transconjugants were screened with the colony immunoblot, using monoclonal antibody 

C74.22.  Out of 80 clones, 11 possible transconjugants were found (Fig 39), pointed by 

arrows. Two of the eleven possible transconjugants were confirmed with further colony 

immunoblots (data not shown). These transconjugants were named 27COM, #8 and #9.  

 

 

 

 

Fig 38 Confirmation of the pC27COM construction by 
PCR. 
PCR reactions were performed using B27COM-F and 
B27COM-R as primers. Plasmid DNAs were purified 
from each clone. Out of eight colonies, two positive 
clones were found (lane5 &6), in which fragments of ca 
2.0 kb were amplified. 

Fig 39 Screening of transconjugants with colony immunoblot 
with monoclonal antibody C74.22  
11 transconjugants were found positive with C74.22 and 
were further characterized. 

1,2,3,4,5,6,7,8,9 
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5.3.2 Southern blot confirmation of the complementation mutant construction 

The transconjugants 27COM#8 and 27COM#9 were confirmed by Southern blot 

hybridization using pgm-IN (Fig. 23) as a probe. Chromosomal DNAs were extracted and 

digested with EcoRI, and the Southern blot hybridization results are showed in Fig. 40. 

The wild type L.monocytogenes 2381 showed two normal bands (5.0 kb & 1.6 kb) (lane 

2); the mutant 27B6 gave one normal band (5.0 kb) and one shift-up band (20 kb) due to 

the insertion of the transposon (lane 3); the two transconjugants showed multiple bands 

due to the homologous fragment on the plasmid as well as on the parental mutant 27B6 

chromosome.  

 

 

 

 

 

 

5.3.3 Phenotypic characterization of complementation mutants 

Fig 40 Confirmation of the complementation mutant construction 
by Southern blots. 
Chromosomal DNAs were extracted and digested with EcoRI. 
Lane 1, HindIII-digest λ DNA; lane 2-6, 2381L, 27B6, 
27COM#8, 27COM#9, a EcoRI digested pCON1 vector. The 
probe used was pgm-IN (see Fig. 23). 

1   2   3    4    5    6 1   2  3   4   5   6 
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Both transconjugants 27COM#8 and 27COM#9 successfully complemented the 

transposon mutant 27B6 in regard to colony immunoblot reaction and phage sensitivity. 

They became sensitive to phage A511 again, similar to the wild type stain 2381L, while 

remaining sensitive to phage 2671(Fig 36). 

The transconjugants were positive with C74.191, which targeted the flagellin, as 

well as with C74.22 and C74.33 (Fig 41). 

 

 

 

 

 

 

 

 

 

5.4 Invasion test 

Adhesion and intracellular survival with Caco-2 were performed with 

L.monocytogenes strains 2381, 27B6, 2381∆P 27COM#8 and 27COM#9. The data are in 

C74.191 

C74.33C74.22

Fig 41 Confirmation of the complementation mutant construction by 
Colony immunoblot for with MAbs, C74.22, C74.33, and C74.191. 

2381L, 27B6, 27COM#8, 27COM#9  

2381L, 27B6, 27COM#8, 27COM#9  

2381L, 27B6, 27COM#8, 27COM#9  
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Table 3 and Fig. 42. From the test data, no significant difference was found among 

different strains.  

 

Table 3. Invasion test with human cell line Caco-2 

Log concentration (cfu/ml) Strain 
Initial 
concentration  

Counts after 
one hour 
adhesion 

Counts after 
two hours of 
intracellular 
growth  

Counts after six 
hours of 
intracellular 
growth  

2381 9.8921 5.7024 5.2405 5.9917 
27B6 9.6435 5.5250 4.2878 4.6053 
2381∆P 9.9494 5.4362 4.9759 5.4150 
27COM#8 9.7782 5.6064 4.3874 4.8222 
27COM#9 9.8129 5.5729 4.4362 4.7868 
X±SD 9.8274±0.1170 5.5775±0.0985 4.8321±0.4182 5.1242±0.5726 
 
 
 

Fig. 42. Adhesion and intra-cellular survival of L.monocytogenes serotype 4b strains in 
human cell line Caco-2. 
Standard plate counting was performed at four stages: stage1, initial concentration; stage 
2, after one hour adhesion; stage 3, after two hours intracellular growth; stage 4, after six 
hours intracellular growth. 
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Discussion and conclusions  

 

Transposon mutagenesis is a genetic approach, in which a gene of interest is 

inactivated through the integration of a transposon. It has been extensively used in studies 

for virulence genes of L. monocytogenes (e.g. Kathariou et al., 1987; Portnoy et al., 

1988). Tn916, a self-mobilizing tetracycline resistance transposon, as well as its 

derivative Tn916∆E have been successfully used in generating mutants of 

L.monocytogenes in this laboratory. From mutant pools, mutants that have impaired 

phenotypes in immunological reactions with L. monocytogenes-specific MAbs have been 

screened and characterized (Lei. et al, 2001, Promadej, et al 1997). Two chromosomal 

loci (locus I & locus II) have been found to be essential in L.monocytogenes serotype 4b-

specific surface antigen expression.  

One mutant, 27B6, which was generated earlier from the L.monocytogenes 

serotype 4b epidemic strain 2381L, was determined to harbor a single copy of transposon 

Tn916. This mutant was negative in colony immunoblots with all three serotype 4b-

specific MAbs, C74.22, C74.33 and C74.180, while it was positive with monoclonal 

antibody C74.191, which targeted Listeria flagellin. However, genetic analysis showed 

an intact gene in both locus I and II. On the contrary, the transposon was located in one 

open reading frame which was homologous to the pgm gene of Streptococcus 

pneumoniae (accession number AF165218). The name pgm was then given to this open 

reading frame. 

The transposon-targeted sequence was found to be 5’-

TTTTG[TTTTAA]TAAAT-3’ (sequence 5304-5289), within the potential coding 
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sequence of the gene pgm. The orientation of Tn916 was determined to be opposite to the 

transcription direction of pgm.  In one earlier study with locus II, it was found that 

Tn916∆E tended to target a sequence similar to 5’-TTTT[AATTTT]AAAA-3’ (Lei, et al 

2001), similar sequences were also found to be targeted by Tn916 in locus I (Promadej et 

al 1999). The targeted sequence in the new genomic region was very similar to those 

reported earlier. 

Both transposon insertion and in-frame deletion of pgm from the wild type strain 

chromosome suggested that the putative pgm gene was essential for teichoic acid 

glycosylation, reactivity with serotype specific MAbs, and infection by phage A511. The 

phenotypes of the transposon mutant were restored by the wild type pgm in trans, 

suggesting that they were due to the insertion inactivation of pgm itself, but not possible 

polar effect of the transposon insertion on downstream genes.  

The newly characterized locus III seems to include genes involved in the sugar 

metabolism, specifically the putative galE, galM and pgm genes of L.monocytogenes.  

The gene product encoded by galE is classified as an isomerase that could convert 

sugars and act on the carbohydrate and its derivatives in the sugar metabolism pathway. It 

was found in the E.coli gal operon, which includes genes such as galK, galU and galT, 

and which is induced when galactose is the sole carbohydrate source. Both the UDP-

galactose-4-epimerase and the UDP-glucose-4-epimerase have same enzyme EC codes: 

the first converts the UDPgalactose to the UPDglucose and the second catalyzes the same 

reaction in the opposite direction. The gal operon is also found in Lactococcus lactis, 

where it plays a vital role in galactose metabolism as well as in nucleotide sugar 

metabolism. 
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galE is a very important gene in galactose metabolism, catalyzing convert from 

UDPgalactose to UDPglucose or the opposite direction. It was published that the galE is 

essential in the capsule biosynthesis (Kolkman, et al 1997), and also involved in the 

lipopolysacchride synthesis and virulence in Campylobacter jejuni ( Benjamin, et al 

2000). 

Downstream of the gene galE, the galM encodes an aldose 1-epimerase (E.C. 

5.1.3.3) in Bacillus halodurans, Streptomyces coelicolor, and other bacteria. This is  an 

enzyme that catalyzes the mutarotation of a α-D-glucose to a β-D-glucose. The substrate 

could be other hexoses such as galactose. 

The last open reading frame in this locus before the putative transcription 

terminator was determined to be homologous to pgm, encoding phosphoglucomutase 

(E.C. 5.4.2.2). This open reading frame in L.monocytogenes was designated a name pgm 

in this study. Interestingly, amino acid sequence of pgm also had a 51% in identity to 

phosphomannomutase (PMM) of Bacillus halodurans. 

 Phosphoglucomutase is a member in the phosphomutase family, which was found 

to catalyze an apparent intramolecular phosphate transfer, i.e. between 1 and 6 positions 

of glucose or the 2 and 3 positions of glyceric acid in the mid-30s (Coris and Colowick 

1937). Phosphoglucomutase could catalyze three different reactions in transferring 

phosphate: from alpha-D-Glucose 1-phosphate to alpha-D-Glucose 6-phosphate; from 

alpha-D-Hexose 1-phosphate to alpha-D-Hexose 6-phosphate; and from alpha-D-Ribose 

1-phosphate to alpha-D-Ribose 5-phosphate. 

 Biochemical studies of this enzyme was initially done with rabbit muscles, but 

enzymes with similar function was also found in bacterial carbohydrate metabolism  
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(Joshi and Handler 1964, Adhua, and Schwartz 1971, Lu, et al 1994). Recent research 

showed that phosphoglucomutase is involved in capsule biosynthesis in Streptococcus 

pneumoniae (Hardy, et al 2000). Another group published that the pgmG gene in 

Sphingomonas paucimobilis encoded a bifunctional protein with both 

phosphoglucomutase and phosphomannomutase activities. This is of interest in light of 

the homology of pgm gene in L.monocytogenes to both pgm and pmm. It might have 

bifunction in both sugar metabolisms in L.monocytogenes as well. 

The putative terminator structure that is located downstream of pgm has a typical 

structure of factor-independent transcription terminators. Transcribed RNA will form a 

secondary structure (hairpin), which could destroy the RNA-DNA hybrid in the 

transcription bubble, giving rise to termination of the transcription. It seems that genes 

upstream of this terminator structure are essential in sugar metabolism. The terminator 

could end transcription of RNA from the entire operon, however, further evidence is still 

needed for this speculation. This could even possibly be involved in the regulation of this 

sugar-metabolism associated operon in L.monocytogenes. 

It is possible that the integration of transposon inactivated pgm, resulting in 

reduction of both serotype-specific sugars (galactose and glucose) on the teichoic acid. 

pgm is not specific to serotype 4b, and the gene function could be universal in sugar 

metabolism within L.monocytogenes. However in serotype 4b, the gene may play 

essential roles in serotype-specific glycosylation of teichoic acid. Further investigation of 

the function of pgm in other serotypes may provide additional information about this 

locus. 
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Two loci have been studied previously in this laboratory. Locus I was found to be 

essential in teichoic acid glycosylation of L.monocytogenes serotype 4b. One gene gtcA 

in this locus had sequences homologues in all serogroup 4 isolates by not in strains of any 

other serotypes (Promadej, et al 1999). However, similar genes composition were found 

in L.innocua F8596. Over 438 nt, 94.5% identity was found to a gene of L.innocua 

F8596. Genes upstream and downstream of gtcA also had highly identity (84.6% & 

99.2%) to their counterparts in L.innocua F8596 as well (Lan, et al 2000).  

Impairment of the gene gtcA in locus I resulted in loss of galactose and reduced 

level of glucose. The gtcA mutants became negative in immunoblot with the monoclonal 

antibody C74.22, however, they were still positive for C74.33 (although reduced positive 

signal was determined); interestingly, the reactivity with C74.180 was increased 

(Promadej, et al 1999). 

 GltA and gltB were determined to be located in locus II and were specific for 

serotype 4b-4d-4e. Mutants in gltA or gltB lacked glucose only, while galactose on 

teichoic acid was not affected. These mutants were negative with all three MAbs (Lei’ et 

al 2001). From this evidence, it was concluded that the monoclonal antibody C74.22 

might recognize an epitope consisting of both glucose and galactose, while the 

monoclonal antibody C74.33 recognizes an epitope consisting of glucose.  

 In this study, both sugars were found at markedly reduced levels compared with 

those of the wild type strain, and pgm mutants were negative to all three MAbs 

simultaneously. Data from other studies in this laboratory provided strong evidence that 

the galactose on the cell wall teichoic acid backbone was associated with 4b-specific 

phage adsorption and invasion in mammalian cells (Promadej, 1997). Other researchers 
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have also shown that certain components of WTA were responsible for phage adsorption 

(Wendlinger, et al 1996, Tran, et al 1999). 

Both mutant 27B6 (integration of pgm) and 2381∆P (complete deletion of pgm), 

became resistant to the Listeria-specific phage A511, while remaining sensitive to the 

serotype 4b-specific phage 2671. It is possible that the reduction of both sugar 

substituents changes the conformation of the overall cell wall structure, resulting in the 

altered structure of peptidoglycan, which was determined to be the receptor for A511. 

However, even at the reduced level, galactose could still be used as a receptor for the 

serotype 4b-specific phage 2671. This might also be the reason that no apparent 

impairment was observed with regard to adhesion and intracellular survival in the human 

cell line Caco-2. It is possible that galactose at reduced level still provides L 

monocytogenes with ability for adhesion as well as intracellular survival. 

As mentioned earlier in the chapter 1, serotype 4b strains are responsible for a 

large fraction of sporadic cases and most epidemic listeriosis, but their incidence in food 

and in the environment is frequently not high. One special feature that differentiates 

serotype 4b from other is its unique WTA structure. It contains two substituents, glucose 

and galactose, on N-acetylglucosamine-ribitol-phosphate teichoic acid. The two 

substituents appear to be unique structurally (Fiedler, 1988; Uchikawa et al., 1986) and 

genetically (the genes in locus I & II necessary for the glycosylations but not exist in 

other serotypes).  

Serotype 4b strains are mostly isolated from clinical samples, possibly due to 

unique virulence mechanisms. Although a protective immunity against L. monocytogenes 

is mainly mediated by Listeria-specific T cells and activated macrophages, serum factors 
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including the complement system may play an important role in the early stages of 

listeriosis (Croize et al., 1993).  

Studies showed that the same macrophage was found, in which the intracellular 

killing of L.monocytogenes mostly occurred (Drevet et al 1992, 1993). The complement 

receptor through which the phagocytosis of L.monocytogenes occurred was type 3 (CR3) 

(De Chastellier and Berche, 1994). It is not clear yet how the phagocytosis via the CR3 

receptor mediates the killing of Listeria. Evidence showed that certain Listeria cell wall 

components could activate the human complement alternative pathway (AP) (Croize et 

al, 1993), although it was not clear what component is actually involved. Thus, the 

unique cell wall structure, i.e. the two sugar substituents glucose and galactose on the 

teichoic acid backbone, could render L. monocytogenes serotype 4b stains unique in the 

interactions between host and bacterium.  

It is possible that this unique WTA structure may mediate phagocytosis of 

serotype 4b through receptor other than CR3. Alternatively, although CR3 could still be 

the receptor for phagocytosis, serotype 4b strains may recognize this special receptor and 

tend to avoid phagocytosis through CR3 by receptor competing. Taking all these 

together, serotype 4b may have a greater chance to escape from death through 

phagocytosis. 

The hypothesis still needs to be proven as to what extent the actual cell wall 

structure is involved in immune interaction between host and bacterium. Detailed cellular 

illustration of the mechanism for intracellular interaction between host immune system 

and bacterial unique surface antigen, as well as the exact structure of the surface antigen 

serve as epitopes for monoclonal antibodies, is also needed. Mutation in locus III that 
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resulted in reduced level of sugar substituents does not affect the actual mechanism in 

that normal ability in adhesion and intracellular survival was determined from the 

invasion test in vitro.  

As documented, L.innocua is the species genetically closest to L.monocytogenes. 

Even though these two species differ markedly in pathogenicity, they share similar 

ecological niches in the environment (Seeliger, H.P. 1981). The newly characterized gene 

pgm in locus III seems not present or highly divergent L.innocua. This is of interest and 

important, because this difference could be associated with L.monocytogenes unique 

feature in pathogenicity, since L.innocua is notably nonpathogenic to humans and other 

animals. Further investigation could illustrate potential mechanism of L.monocytogenes 

determinants, leading to detail relation between L.monocytogenes unique cell wall 

structure and pathogenic determinants. 

 

Summary 

 

 Together with trxB, galE, and galM located in a newly characterized locus in 

L.monocytogenes serotype 4b, pgm is one of the genes that function in sugar metabolism 

pathways. Although pgm is not serotype 4b-specific, the inactivation of pgm by 

integration of the transposon Tn916 resulted in markedly reduced level of two important 

sugars (galactose and glucose) on the teichoic acid. The serotype-specific surface 

antigens also changed, resulting in altered immunoblot reactions with all three serotype 

specific MAbs (C74.22, C74.33 and C74.180). The mutant with reduced sugar 

substituents on the teichoic acid become resistant to Listeria specific phage A511, a 
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phage targeting peptidoglycan in the cell wall structure. However, the changes of the cell 

wall structure did not affect the receptor for serotype 4b-specific phage 2671, and might 

not affect adhesion and intracellular survival of bacteria in Caco-2 cells. 
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Appendix 1 Physical Map of TA cloning vector (Invitrogen) 
 
 
The pCRTM2.1 Vector                                                                                 . 
 
Map of pCRTM2.1  The map of the linearized vector, pCRTM2.1 is shown below. The sequence of the 
                                      Multiple cloning site is shown with a PCR product inserted by TA Cloning®. The 
                                      Arrow indicateds the start of transcription for the T7 RNA polymerase. 
 
 

 
 
                                                 Note: The vector is modified at the unique EcoRI site during 
                                                  preparation of pCRTM2.1. The inserted PCR product is flanked  
                                                  on each side by EcoRI sites. 
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Appendix 2 Physical map of cloning vector pGEM®-4z (Promega) 
 
 
 
 
 
 

 
 
Note: The pGEM®-4Z Vector is intended for use as a standard cloning vector, as well as for the highly 
efficient synthesis of RNA in vitro. The vector carries the lacZ alpha-peptide and multiple cloning region 
arrangement from pUC18 (showed in the rectangle on the right). Two RNA plolymerase promoters SP6 
and T7 are flanking the multiple cloning region. This arrangement gives rise to a functional alpha-peptide 
that is capable of complementing the product of the lacZDeltaM15 gene to produce functional beta-
galactosidase. Cells with the genotype lacZDeltaM15 (E.coli DH5α in this research), containing the 
pGEM®-4Z Vector, will be blue in color when plated on indicator media containing IPTG and X-Gal, 
because of the active beta-galactosidase 
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Appendix 3 Physical map of cloning vector pCON-1 
 
 
 

 
 
Note: Cloning vector pCON-1 could replicate in both E.coli and L.monocytogenes. One important feature is 
that it could manage mob gene in host bacterium (E.coli S17 in this study), to guide the conjugation into 
recipient cell. So that it is used to introduce gene fragment from E.coli to L.monocytogenes  in this study. 
Restriction sites: H, HindIII; Sp, SphI; P. PstI; S, SalI; X, XbaI; B, BamHI; Sm, SmaI; K, KpnI; Ss, SstI; E, 
EcoRI; are located in the multiple cloning region (underlined) as well as Pv, PvuII; N, NcoI located other 
region on the vector. The location and orientation of relevant plasmid-encoded genes are indicated by 
arrows: bla, the β-lactamase gene from pUC18; cat, the chloramphenicol acetyltransferase gene from 
pC194; α, lac alpha-complementing gene fragment from pUC18. ColE1, origin of replication, allowing 
replication in E.coli and other gram negative bacteria. pE194ts, origin of replication, having temperature-
sensitive function and allowing replication if gram-positive bacteria such as B. subtilis, L. monocytogenes 
etc.  
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Appendix 4 Physical map of cloning vector pMUTIN 

 

 
 
 
 
Note: this vector was generated by Vagner, et al (Vagner, et al 1998). Multiple cloning sites are listed for 
the MCS region. White boxes are for genes expressed in B. subtilis (EmR, lacI, lacZ) and black box is for 
the ApR gene expressed in E.coli. The black arrow represents sequences used for replication in E.coli 
(ColE1). The black arrow indicates the direction of transcription of the Pspac promoter. Ter stands for 
terminator. The plasmid could replicate in E.coli, but not in gram-positive bacterial hosts. In  E.coli, 100 
µg/ml of ampicillin is added. It could not replicate unless it gets into the host chromosome, in B.subtilis 0.3 
µg/ml of erythromycin is used for selection. Hence tis plasmid can be used as a suiside vector for insertion 
mutagenesis purposes. One unique feature of this vector is the Terminator site, to avoid undesired polar 
effects for the downstream genes. 
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Appendix 5. Working primers used in this study. 
 
 
 
Primer name Oligo sequence: 5’—3’ Position on 6.9kb 

chromosomal region 
27OV1-F TTG TGA TGA CTT TTG AAT AC 3565—3584 (upstream) 
27OV1-R TTT CCG GGA TTT TTC TTT TT 

T CTC TAC ACT CCT TCA TTT A 
6028—6009 (after TAA ) 
4279—4260 (before ATG) 

27OV2-F TAA ATG AAG GAG TAT AGA GA 
A AAA AGA AAA ATC CCG GAA A 

4260—4279 (before ATG) 
6009—6028 (after TAA) 

27OV2-R TGT TAA TTC GCT CGC GTA ACT 6586—6566 (downstream ) 
27RIV-F ACT TGA GGT AAT CAG TGA AAA AGT 4876—4899  
27RIV-R TTC ATA ATC AAG CAG CCA TTC A 3680—3659  
B27COM-F TCC GGA TCC ATG ACG GAT TTG GTG 

ATA TTG 
4156—4176  

B27COM-R TCC GGA TCC TGC TCC AGA CAT CCC 
AGT AAT 

6168—6148  

H27OV-F ACC AAG CTT GAT TAT GAA GCG AAA 
AGC GAT 

3672—3692  

H27OV-R ACC AAG CTT AAT TCG CTC GCG TAA 
CTC ACG T 

6582—6561  

JL27R-1 ACT GAT TAC CTC AAG TAA ACC A 4891—4870  
JL27R-2 TTG CCA ATT CAT TCT CTA CAC T 4291—4270  
JL27R-3 TGC ATC TGG ACG ACT ATT TT 3983—3964  
JY27P-1 TAG TCG TCC AGA TGC AGT TT 3968—3987  
JY27P-2 ACC GCA TGA ATA TCT ATA CTA 4452—4472  
JY27P-3 TGT CAA TAA AGA GCT TGT TCA 4936—4956  
JY27P-4 TTA AGC CGT TTA CGC GTG AT 5514—5533  
IV17-2 ACT TGT TTC GCG TTA TAA AGA A 6414—6435  
IV17-F ACC ATA TTC AAT CGC AAG GAA 5158—5138  
M13F GTT TTC CCA GTC ACG AC On pGEM-4z: 2866—2702  
M13R CAG GAA ACA GCT ATG AC On pGEM-4z: 122—106  
OTL CGG AAT TCC GTG AAG TAT CTT CCT 

ACA 
On Tn916: 17928—17947  

PG52F-2 TAC GTC TGT ATA AGT TGG CT 3103—3084  
PG52F-3 TAT GCT TCA CAC CAA ATT GCT 2510—2490  
PG52F-R TAC GCA AAT TGT CTT AGA AGT 2464—2484b 
PG52R-2 TCC GTG CGA AAT CTT CCT ATT 431—451  
Tn7F AGT TTT TAT GCG GAT AAC TAG A On Tn916: 37—16  
Tn7L TTC TGT AAT CGC TCC ACT GT On Tn916: 12218—12199  
Tn7R TTG ATG CAG GAA AAA CTA CCT On Tn916: 1257—1277  
Tn8F TTA CCG CTT AAA GTT AAG GA 5682—5663  
Tn8R AAA GTG TTG CCT TTT AGA AT 5034—5053  
Tn9F AAT AGC CAA ACT CAG CAT AAA 5645—5625  
Tn9F-I ATC AAA TTC TAC TTT AGT ATT CGT 5935—5912  
Tn9R ACG AGC AAT TTG TGA ATG AT 5066—5086  
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Appendix 6. Clones and mutants constructed in this study 
 
 
 
Clones 
 
    name               primers                 size of fragment     cloning vector     cloning host     antibiotic resistance 
 
TAJL27L         Tn7F &Tn7R                    750bp                 pCRTM2.1       E.coli DH5α        ampicillin 

TAJL27R         Tn7L &OTL                      2.0kb                 pCRTM2.1       E.coli DH5α        ampicillin 

TA27-600        Tn9F &Tn9R                    600bp                 pCRTM2.1       E.coli DH5α        ampicillin 

pM27-600        Tn9F &Tn9R                   600bp                 pMUTIN         E.coli DH5α        ampicillin 

PG2.7                      ND                            2.5kb                  pGEM-4z        E.coli DH5α        ampicillin 

PG5.2                      ND                            5.0kb                  pGEM-4z        E.coli DH5α        ampicillin  

TA27OV      27OV1-F &27OV2-R       1291bp                 pCRTM2.1        E.coli DH5α        ampicillin 

pC27OV       H27OV-F &H27OV-R       1.3kb                 pCON-1            E.coli S17             ampicillin 

pC27COM B27COM-F &B27COM-R    2.0kb                 pCON-1           E.coli S17             ampicillin 

 
 
Mutants 
 
name               plasmid carried               plasmid location                      antibiotic resistance 
 
2381L-OV         pC27OV                         free                                      streptomycin, chloramphenicol 

2381L-OVT       pC27OV                        integrated                             streptomycin,  chloramphenicol 

2381∆P                 no                                    ND                                               streptomycin  

27COM#8          pC27COM                         free                     streptomycin, tetracycline ,chloramphenicol  

27COM#9          pC27COM                         free                     streptomycin, tetracycline, chloramphenicol 

 
 
 


