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ABSTRACT 

This study evaluates the use of multiplex polymerase chain reaction 

(PCR) technology for detection of Salmonella species in pure cultures and also 

in environmental samples. Three sets of oligonucleotide primers were used in 

the PCR assay: PhoP primers specific to a 299 bp region in the phoP/phoQ loci 

of coliform pathogenic bacteria such as Salmonella, Shigella, E.coli and 

Citrobacter species, served as a presumptive indicator of enteric bacteria. 

Subsequently Hin and H-1 i primers, which targeted a 236 bp region of the 

hinlH2 gene, and a 173 bp region of the H-1-i flagellar gene in Salmonella 

typhimurium respectively, were used for specific detection of salmonellae. 

Specificity and sensitivity of PCR amplified products were evaluated by 

ethidium bromide (EtBr) staining or gene probe analysis. Under optimal PCR 

conditions described in this study, Salmonella species can be specifically 

detected by these 3 primer sets. The sensitivity of detection in terms of whole 

cells was a 10-6 dilution (approximately 103 cells) of boiled late log phase 

cultured cells (detection by EtBr) after 25 cycles of PCR and 10-8 dilution 

(approximately 10° cells) after a 50 cycle' double PCR' protocol. A similar level 

of sensitivity was observed using a gene probe analysis (32p end-labeling) to 

detect the PCR amplified products. 

The multiplex PCR products observed from known environmental isolates 

allowed identification of several isolates as Salmonella species. These results 

agreed with conventional analyses. 
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The efficacy of this peR technology for environmental applications was 

also evaluated by testing the primers on soil and well water samples. All 

unseeded soil samples showed no peR amplified products when detected by 

EtBr staining after 25 and 50 cycles peR. On the water samples tested, one 

sample resulted in a positive peR result. This sample was also positive when 

tested by conventional methodologies. Seeded soil and water samples all 

resulted in peR products being observed from 25 or 50 cycles. These results 

indicate that the primers have the potential to specifically detect Salmonella 

species in environmental samples. 
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INTRODUCTION 

The application of sewage sludges and effluents on agricultural lands 

throughout the United States has increased the potential for microbial 

contamination of field and groundwaters. In particular, enteric bacteria such as 

Salmonella species can be responsible for increased health hazards. Salmonella 

typhimurium is a facultative intracellular pathogen which causes salmonellosis 

of humans and animals, and is also the causative agent of human typhoid fever, 

a worldwide problem with over 30 million cases annually (Groisman et 

al.,1989a). Although many different conventional culture media and 

enrichment regimes have been proposed for isolating Salmonella from food or 

environmental samples (Alcaide et al.,1984; American Public Health 

Association, 1992; Hussong et al.,1984; Morinigo et al.,1986), these 

organisms are still difficult to culture, detect or enumerate from the complex 

microbial communities of natural ecosystems (Roszak and Colwell, 1987). The 

ability of Salmonella species to enter a viable but nonculturable state after 

lengthy exposure to soil or groundwater under ambient conditions of 

temperature and low nutrient concentration, may contribute to this difficulty 

(Kaper et al.,1977; Knight et a!., 1990). Due to limitations in the methodologies 

employed, precise detection of Salmonella species in environmental samples 

based on current enrichment techniques is difficult. In addition, conventional 

plate counting methods are tedious, time consuming, and usually underestimate 
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the numbers (Edel and Kampelmacher, 1973; Morinigo et al., 1986; Thomason 

et al., 1977). 

The development of new polymerase chain reaction (peR) technology has 

the potential to solve these problems. peR is a rapid in vitro procedure for 

enzymatic amplification of specific DNA sequences, which increases the 

number of copies of the target sequence. This allows increased sensitivity of 

detection of a DNA sequence present in trace amounts in mixed populations 

(Ou et aI., 1988; Saiki et aI., 1985; 1988; Scharf et aI., 1986). Recently, gene

specific probes have been used for monitoring Salmonella species in food 

samples (Fitts et aI., 1983; Gopo et aI., 1988). Although there are some reports 

on the detection of enteric pathogens in environmental samples using peR 

(Atlas and Bej ,1990; Bej et aI., 1990), there are no reports of primers which 

can detect Salmonella species specifically in soil or water environments. 

The overall objectives of this study were to: i) design primers which can 

specifically detect Salmonella species, ii) utilize properties of peR, including 

high specificity and sensitivity, to develop a simple and rapid procedure, and iii) 

show the efficacy of primers for multiplex peR detection of Salmonella species 

in environment samples. 
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LITERATURE REVIEW 

Characteristics of Salmonella species 

The genus Salmonella is named after D.E. Salmon (Guthrie 1992a). There 

are now over 2200 different serotypes or serovars of Salmonella recognized, 

based on the constitution of 67 known somatic (0) antigens and numerous 

flagella (H) antigens (Ewing 1986). In the U.S., microbiologists are most likely 

to classify the organisms into three species: Salmonella typhimurium, including 

1500 serovars; Salmonella enteritidis, with an unspecified number of serovars; 

and Salmonella choleraesuis, with only one serovar (Burrows, 1985). Currently, 

Salmonella are classified as Genus III within the Family Enterobacteriaceae. 

Salmonella are Gram negative straight rods, 0.7-1.5 x 2.0-5.0 pm in size, 

and are usually motile (peritrichous flagella). Salmonella can exist within a pH 

of 4 to 9, are sensitive to heat, do not form endospores or microcysts, and are 

facultatively anaerobic (Le Minor and Rohde, 1984). Gas and hydrogen sulfide 

are usually produced from growth on glucose (with the exception of S. typhl1 

and triple-sugar iron agar respectively. Salmonella is one of the genera which 

are able to utilize citrate as a sole carbon source (Guthrie 1992a). Since these 

characteristics are not always phenotypically expressed in microorganisms, the 

nomenclature and classification of isolates which are to be included within the 

genus Salmonella remain somewhat controversial. 



Disease Incidence Due to Salmonella species and 
Survival of Salmonellae in Host Cells 

Salmonellosis is often considered to be the most frequently occurring 

infectious disease resulting from contaminated food consumption (Todd, 1989). 

In the past, outbreaks of salmonellosis which attracted the most attention and 

trauma were typhoid fever, a worldwide problem with over 30 million cases 

annually (Groisman et al.,1989b) caused mostly by S. typhi and few by S. 

typhimurium. In recent years, the infection of greatest concern in the U.S. has 

been .!lalmonellosis caused by S. enteritidis (Guthrie, 1992b). Generally, human 

salmonellosis occurs in a wide variety of forms, and can be divided into four 

different clinical syndromes: i) Gastroenteritis: often following consumption of 

contaminated food. ii) Bacteremia with or without extra-intestinal localization. 

iii) Enteric fever (typhoid-like syndrome). and iv) The temporary or permanent 

carrier state which always occurred in patients infected with S. typhi (Black et 

aI., 1960). 

Facultative intracellular pathogens such as Salmonella typhimurium, are 

capable of surviving and replicating within host phagocytic cells through the 

use of different strategies (Mims, 1987). The molecular mechanism of these 

strategies, which. include inhibition of the fusion of Iysosomes with the 

phagocytic vacuole, and escape from or survival within the phagolysosome, still 

remain largely unknown (Groisman et al.,1989a). The characteristics of the 
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salmonellae which have the ability to survive under extreme environmental 

conditions and in host cells, has made control of the organism difficult. 

Phase Variation in Salmonella species 

Salmonellae are usually motile with peritrichous flagella. The flagella 

antigens are specified by two genes, 1-/1 and H2, located at different sites on 

the chromosome (Lederberg and Iino, 1956). H1 and H2 genes, which code for 

the filament protein flagellin, are highly homologous but not identical, which 

results in antigenically distinct products (Macnab, 1987). The expression of 

these genes is regulated such that only one gene activity, or phase, is 

expressed at a given time. 

Phase variation in Salmonella, which was discovered by Andrewes 70 

years ago (Andrewes, 1922), is controlled by a novel kind of regulatory unit in 

which a site-specific recombinational event regulates the H2 gene expression 

(Riley and Krawiec, 1990; Zieg et al., 1977b; 1978). Stocker (1949) indicated 

that the variation was the result of the ability of Salmonella strains to switch 

from one flagella antigen (phase) to another. Lederberg and lino (1956) 

investigated the nature of the switch by genetic techniques, and found that the 

alternative expression of the H1 and H2 genes was controlled by the state of 

a genetic element, which is now known as the hin inversion gene, linked to the 

H2 gene. Genetic experiments with various Salmonella strains also showed that 

the frequency of transition was mainly dependent on the specific strain that 
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FIG. 1. Molecular basis of phase variation. (a) With hin and the H2 promotor 
(PH2 ) in the rightward orientation, H2 and rH1 are expressed. The H2 product 
is H2 flagellin. The rh 1 product is a repressor that binds near the H1 promoter 
(PHI) and prevents expression of the H1 gene. (b) With the hin-H2 promoter 
segment inverted, H2 and rH1 cannot be expressed; thus, no H2 flagellin or H1 
repressor is made. With no repressor, the H1 gene is active, so H1 flagellin is 
made. The black boxes denote inverted repeats at the borders of the invertible 
segment. 

was examined (Stocker, 1949). The hin inversion gene, which encodes the hin 

protein, regulates the function of a promotor for the H2 gene and controls its 

expression. Figure 1 is the schematic diagram of phase variation in salmonellae: 

when hin is in one orientation (hin ~) the H2 gene is expressed, when hin is in 

the opposite orientation (+-' hin) the H2 gene is not expressed but the H1 gene 

is expressed (Weaver and Hedrick, 1989). However, some salmonellae showed 

very low rates of phase variation (Stocker, 1949), and some strains are 

monophasic, with only a phase-1 or phase-2 antigen (Lederberg and lino, 
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1956). This has resulted in certain strains that are antigenically only phase-2 

(with no H1 gene) or phase-1 (with no H2 gene). 

Traditional Detection of Salmonella species 

Conventional plate count methods, which use pre-enrichment media to 

encourage the growth of any strain of salmonellae, and are followed by 

selective enrichment media to inhibit the growth of any other organisms, have 

been used for the isolation and identification of salmonellae from food samples 

(Hussong et al.,1984; Andrews, 1985). Plate count techniques are based on 

the assumption that, when a dilute monodispersed cell suspension is spread on 

a suitable medium, each individual bacterium will grow and produce an isolated 

colony. The basic problems with this method are reproducibility due to 

unsuitable media, uneven distribution of bacterial cells in a suspension, clumps 

of cells forming one CFU (colony forming unit), long incubation time, and 

underestimation of the viable cell population. In addition, when viable cells are 

under ambient or stress conditions some of them may become viable but 

nonculturable, and may not form visible colonies on a given solid medium 

(Atlas, 1982; Ferguson et al., 1984; Roszak and Colwell., 1987). Escherichia 

coli, Salmonella typhimurium, and certain Vibrio species are bacteria which can 

become viable but nonculturable (Baker et al.,1983; Colwell et al.,1985; 

Roszak and Colwell, 1987). 
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The need to determine the viability of cells is important in many 

applications such as: detecting pathogenic bacteria present in the environment 

(Echeverria et al., 1982; 1985) or tracking genetically engineered organisms 

intentionally introduced into the environment (Levine et aI., 1986). Methods for 

differentiation between viable and nonviable bacterial cells have been reviewed 

by Roszak and Colwell (1987). Conventional methods for estimating viable cells 

are based on differential staining, microcolony slide culture, 

microautoradiography (Tabor and Neihof, 1982) or measurement of respiration 

(Zimmerman et aI., 1978). These methods can estimate viable cells precisely, 

but fail to detect cells which are in viable but nonculturable states. In addition, 

the complex laborious procedures and the large number of replicates that must 

be used, make these methods time consuming, expensive, and require 

considerable expertise in reading and interpretation of results. 

Several new methods for the detection of bacteria are being developed 

including: i) Gene probes (Fitts et aI., 1983; Miliotis et aI., 1989), ii) DNA colony 

hybridizations (Bialkowska-Hobrzanska, 1987; Izat et al.,1989; Olive et al., 

1988), and iii) Polymerase chain reaction (Bej et al.,1990; Ford and Olson, 

1988; Starnbach et aI., 1989). Detection of Salmonella by PCR was chosen in 

this study because it can detect the target organism specifically and sensitively. 

Culture procedures are not required for PCR, and thus avoids problems 

associated with enumeration or culturing of organisms. 
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peR Concept and Applications 

The polymerase chain reaction (PCR), which was developed by Kary 

Mullis (Mullis and Faloona, 1987, Mullis et aI., 1986) was originally utilized by 

a group in the Human Genetics Department at the Cetus Corporation to amplify 

human B-globin DNA for the prenatal diagnosis of sickle-cell anemia (Saiki et 

al., 1985). 

PCR is an in vitro method for the enzymatic synthesis of a segment of 

DNA that lies between two regions of known sequences. Two oligonucleotides 

are used as primers for a series of synthetic reactions that are catalyzed by a 

DNA polymerase. These oligonucleotides typically have different sequences and 

are complementary to sequences of the template DNA (Erlich, 1989). 

PCR is performed in a DNA thermocycler. Template DNA is first 

denatured by heating in a reaction mix, which contains reaction buffer solution 

with a suitable concentration of magnesium, a large molar excess of the two 

oligonucleotide primers, four deoxynucleotide triphosphates (dATP, dCTP, 

dGTP, DTTP), and DNA polymerase. The reaction mixture is then cooled to a 

temperature that allows the oligonucleotide primers to anneal to their target 

sequences, after which the annealed primers are extended via DNA polymerase 

and the dNTPs. The cycle of denaturation, annealing, and DNA synthesis is 

then repeated many times (Fig.2). Because the products of one round of 

amplification serve as templates for the next, each successive cycle essentially 

doubles the amount of the desired DNA product. Thus, 20 cycles of PCR yields 
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FIG. 2. Polymerase chain reaction process. (peR amplification uses two 
oligonucleotide primers that hybridize to opposite strands and flank the region 
of interest in the target DNA. A repetitive series of cycles involving template 
denaturation, primer annealing, and the extension of the annealed primers by 
Taq DNA polymerase results in the exponential accumulation of a specific 
fragment whose terminal are defined by the 5'-ends of t~e primer). 

about a millon-fold amplification (Erlich, 1989). 

peR can be successfully used to amplify sequences of DNA (Mullis and 

Faloona, 1987; Simonet et a/., 1991) and has been developed as a specific and 

sensitive diagnostic method for the direct detection of microorganisms in 

sediments (Tsai and Olsen, 1992), food or dairy products (Golsteyn Thomas, 

et aI., 1991), and clinical samples (Hartskeer et al., 1989; au et aI., 1988). 

Multiplex peR which involves the use of multiple sets of primers to 

produce a unique series of amplification products is another approach to gene 
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amplification. Chamberlain et aI., (1988) developed this procedure to detect 

human genes using multiple pairs of widely separated sequences as primers for 

simultaneous genomic DNA amplification. The number of primers used in 

multiplex PCR can be varied to achieve more specific amplification of target 

sequences (Steffan and Atlas, 1991). 

In addition, PCR has been used for a variety of purposes including 

directing cloning from genomic DNA or cDNA (Kovalic et aI., 1991, Marchuk 

et al., 1991), detecting microorganisms in environmental samples (Bej et al., 

1990, Josephson et aI., 1991; Steffan and Atlas, 1988), in vitro mutagenesis 

and engineering of DNA (Higuchi, 1989), genetic fingerprinting of forensic 

samples (Jeffreys et al.,1988), assays for the presence of infectious agents 

(Kwok and Sninsky, 1989), prenatal diagnosis of genetic diseases (Kazazian, 

1989; Embury et aI., 1987), analysis of allelic of a"elic sequence variations 

(Saiki et al.,1986), genomic amplification of an unknown DNA sequence 

(Ochman et aI., 1989), genomic footprinting (Mueller and Wold, 1989), directing 

nucleotide sequencing of genomic DNA and cDNA (Tung et al.,1989), and 

evolutionary analysis (Kocher and White, 1989). 

Primer Selection 

Primers are designed to allow amplification of specific DNA sequences 

which can be unique or highly conserved. Most primers are between 20 and 30 

nucleotides in length, since primers of greater length do not increase the 
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specificity significantly. Generally, an optimal primer set should be from within 

a random base distribution with a G + C content similar to the template 

fragment. Primers usually do not have significant secondary structure, 

stretches of polypurines, polypyrimidines, or other unusual sequences 

particularly at the 3'-end of the primer (Saiki and Gelfand, 1989). In addition, 

complimentarity of each primer with the template sequence at the 3'-end 

should be avoided since this will increase the incidence of "primer-dimers". 

Primer-dimers are the formation of nonspecific background bands with a length 

very close to the sum of the two primers due to mispriming or mis-extension 

of primers (Innis and Gelfand, 1990). Prime.r-dimers also appear to occur when 

one primer is extended by the polymerase over the other primer (Saiki and 

Gelfand, 1989). If dimers become an obstacle, they can be reduced by 

optimizing the concentration of MgCI2, primers, template and enzyme. 

Template for peR Reactions 

The template for PCR can be single- or double- stranded DNA, or RNA. 

Usually, double-stranded DNA templates are purified chromosomal DNA (i.e. 

total genomic DNA)(Shyamala and Ames, 1989) or plasmid DNA (Ho et aI., 

1989; Kadowaki et aI., 1989) extracted from pure cultures of bacterial cells, or 

DNA lysed within whole cells. If the starting sample is RNA, reverse 

transcriptase is used to prepare the first strand cDNA of template prior to 

conventional PCR. The main concerns regarding template are purity and 
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amount. Purification by various time consuming and laborious methods can be 

done to reduce the contaminants in DNA preparations and increase the 

efficiency of peR. However, it has been reported that the purification of the 

template is not necessary (Saris et aI., 1990). Amounts of templates especially 

in terms of the amount of target sequences versus nonspecific sequences, can 

have a major effect on the efficiency of amplification and the yield of 

nonspecific products. Typically, nanogram (ng) amounts of cloned template, up 

to microgram amounts of genomic DNA, or 20,000 target copies are chosen 

to start optimization trials (Williams, 1990). When a high template 

concentration is used, the factor which limits the efficiency of amplification, is 

the primer concentration or Taq DNA polymerase availability (Larzul et 

al.,1988). Efficiency of peR amplification in environmental samples can be 

enhanced by diluting the concentration of sample after the first cycle of peR 

(Mullis et al.,1986; Sauvargo et al.,1990) or after a complete peR reaction, 

performing an additional round of peR (Paul et al.,1990). This process may 

effectively dilute potential inhibitors to an acceptable level, allow for successful 

amplification, and reduce the formation of nonspecific products. 

Taq DNA Polymerase 

Taq DNA polymerase activity with a specific activity of 20,000 U/mg 

and an inferred molecular weight of 93,910 (- 941<Da) has been cloned and 

sequenced from gene sequence of Thermus aquaticus (Lawyer et al.,1989). 
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T. aquaticus (Taq) strain YT1 is gram-negative, thermophilic non-sporulating, 

non-motile rod bacterium. It was isolated from a hot spring in Yellow Stone 

National Park, and was first described twenty three years ago (Brock and 

Freeze, 1969). Purified Taq DNA polymerase has a DNA synthesis-dependent, 

strand replacement, 5' to 3'-exonuclease activity but no inherent 3' to 5'

exonuclease activity. Due to the lack of a 3' to 5' exonuclease activity, 

misincorporated bases cannot be proofread by DNA polymerase. Taq DNA 

polymerase is used in PCR since Thermus aquaticus is active at 70 to 75°C. 

This heat-resistant polymerase is relatively unaffected by the denaturation step 

in PCR, and it does not need to be replenished at each cycle. Therefore, this 

solves the problem caused when the klenow fragment of E. coli DNA 

polymerase was used in the original protocol of PCR (Saiki et aI., 1985; Mullis 

et al., 1986; Mullis and Faloona, 1987). The highest fidelity of the final PCR 

product can be obtained by a combination of high-temperature annealing and 

extension (> 55°C) and low, balanced dNTP concentrations (10-50 pM each), 

when the error rate is about 1 in 75,000 nucleotides (Williams, 1989). For DNA 

synthesis, depending on the DNA template, Taq DNA polymerase has an 

apparent high temperature optimum (Topt.l of 75 to 80°C with a specific activity 

approaching 150 nucleotides per second per enzyme molecule (Gelfand and 

White, 1990). In a PCR mix, Taq DNA polymerase activity is sensitive to the 

concentration of magnesium ion as well as to the nature and concentration of 

monovalent ions in buffer solutions (Gelfand, 1989). To reduce the mispriming 
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of primers, annealing and extension of oligonucleotides can be carried out at 

elevated (up to 95°C) temperatures (Gelfand, 1989). Using Taq DNA 

polymerase has not only simplified the procedure, making it amenable to 

automation, but it has also substantially improved the overall performance of 

the PCR reaction. In addition, specificity, yield, sensitivity and length of targets 

that can be amplified also has been increased (Saiki et aI., 1988). 

Detection of peR Amplified Products 

PCR products can be detected in different ways. Usually, gel 

electrophoresis with ethidium bromide staining is the method of choice. Gel 

electrophoresis is performed in a horizontal or vertical unit. When the gel is 

exposed to an electric field generated by an applied voltage, the DNA molecules 

migrate toward the anodes, thereby, allowing an effective separation of DNA 

fragment length mixtures by the gel electrophoresis. The migration rate of the 

DNA fragments through the gel matrices is proportional to their size (molecular 

weight) and conformation and reciprocally proportional to the voltage (Thorne, 

1967). Also migration rate is affected by several other parameters including 

agarose concentration, power voltage, electrophoresis buffers, concentrations 

of intercalating dye (ethidium bromide) and tracking dye. Ethidium bromide is 

commonly used for direct visualization of DNA in gels. It can be added to the 

gel and running buffer, prior to electrophoresis or after. The dye intercalates 

between the stacked bases of nucleic acids and fluoresces red-orange (560 nm) 
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when illuminated with UV light at 260 to 360 nm. This allows quantities of 

DNA less than 5 ng to be detected (Sharp et al.,1973). Ethidium bromide 

staining is often used for the detection of PCR products, when the size of the 

expected band is known (Crescenzi, 1990). However, hybridization with an 

internal or external labeled primer is also used for increasing the sensitivity, and 

to allow unambiguous identification of the specific band over background 

amplification products, without visualization by ethidium bromide staining 

(Crescenzi,1990). 

Specificity and Sensitivity of peR 

The specificity of PCR is to a large extent determined by the sequences 

of the oligonucleotides used to prime the reaction, and the occurrence of 

hybridization between two oligonucleotides and template DNA. For an individual 

set of primers, the specificity of PCR can be dramatically improved by 

optimizing primer concentration, annealing temperature, MgCI2 concentration 

in the PCR buffer, the ramp conditions such as extension step, and the quantity 

of enzyme used in the reaction (Gyllensten, 1989; Saiki et al., 1988). 

Generally, lower primer concentrations, higher annealing temperatures, 

and fewer cycles will increase the specificity of PCR. Adding Taq polymerase 

at an elevated temperature rather than having it present in the reaction prior to 

the first denaturation step can also improve specificity, a process known as 

• hot start'. Specificity is typically evaluated by the production of the target 



29 

fragment relative to other products, when visualized by gel electrophoresis. The 

yield of the amplified target fragment can be increased by reducing the 

competition of non-target products for enzyme and primers (Erlich, 1989). 

Sensitivity of peR amplification depends on the number of copies of 

target DNA extracted from pure culture, and can be evaluated by use of DNA 

directly lysed from whole cells (Debue et a/., 1990; Josephson et a/., 1991). 

peR significantly enhances the probability of detecting rare sequences in the 

heterologous mixtures of DNA, by exponentially amplifying a target sequence 

(Steffan and Atlas, 1991). Innis and Gelfand (1990) indicated that peR is so 

sensitive that a single DNA molecule can be amplified, and single-copy genes 

are routinely extracted out of complex mixtures of genomic sequences, and 

visualized as distinct bands on agarose gel. Because of its high sensitivity, the 

remnants of DNA from dead cells, can lead to a positive peR result and to a 

false -positive diagnosis regarding the presence of a particular viable pathogen 

(Wernars et aI., 1991). However, amplification of a target gene sequences by 

peR coupled to gene probes can achieve the very high sensitivity required for 

monitoring bacterial pathogens in environmental samples (Atlas and Bej, 1990). 

Efficacy of PCR in Environmental Applications 

The major limitations to research of bacterial diversity in the environment 

has been the inability to isolate and grow in culture the vast majority of bacteria 

found in soil, water or sediments. Many bacteria in soil are surrounded by soil 
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debris, or firmly attached to soil particles and are not readily distinguished 

microscopically, or extracted from soil (Balkwill et aI., 1975). Results of many 

studies indicated that cultured soil bacteria comprise only about 0.01-0.1 % 

with direct microscopic counts (Faegri et aI., 1977). Ferguson et al.,(1984) 

studied the effect of confinement on marine bacteria and found that more than 

99.9% of the bacteria present in the initial samples were nonculturable. Hoppe 

(1978) found that metabolically active microorganisms that did not form 

colonies on agar media represented the predominant marine flora and estimated 

that culturable bacteria represented only 0.01 to 12.5% of the viable bacterial 

population. 

Given the inability to obtain most environmental isolates in pure culture, 

a logical approach is to isolate and study the nucleic acids of microorganisms 

directly, without culturing the organisms. However, extraction and purification 

of nucleic acids from soil microorganisms appears not to be as easy as it might 

be with organisms from other environments (Ogram et al., 1987; Steffan et aI., 

1988). 
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MATERIALS AND METHODS 

laboratory Strains 

A total of 36 bacterial strains were used for testing the specificity and 

sensitivity of the designed primer sets by multiplex PCR. Thirty bacterial strains 

including 11 different Salmonella species were obtained from ATCC (American 

Type Culture Collection, Rockville, MD.), and 6 non-ATCC strains were 

provided by the Department of Microbiology and Immunology at the University 

of Arizona. The strains and sources are listed in Table 1. Most bacterial strains 

were cultivated to the late log phase, and maintained at 37°C in Nutrient Broth 

(Difco laboratories, Detroit, Mich.). Special media for certain bacterial strains 

are listed in Appendix A. 

Known Environmental Isolates 

Approximately 500 isolates, were originally obtained from the feed lots 

and sludge wastes collected from a domestic animal farm (dairy cattle, pigs and 

broilerchickens)(J. G. Songer, Personal Communication, University of Arizona). 

Fifteen isolates were randomly selected for testing the efficacy of the primer 

sets by multiplex PCR. Twelve isolates, were positively identified as Salmonella 

species by standard biochemical procedures, and 3 isolates were determined 

to be non-Salmonella species. The code number and the presumptive 

identification of the organisms are listed in Table 2. Environmental isolates were 

cultivated and maintained under the same conditions as laboratory cultures. 



Table 1: Bacterial strains utilized to evaluate the specificity of multiplex 
peR 

Strains 

Salmol/ella Iyphi 
Salmol/ella paratyphi-A 
Salmol/ella gallil/arum 
Salmol/ella ellIerilidis 
Salmol/ella choleraesuis 
Salmol/ella pullorum 
Salmol/ella sp. 
Salmol/ella arizol/ae 
Salmol/ella typhimurium 
Salmol/ella typhimurium 
Salmol/ella typhimurium 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Escherichia coli 
Citrobacter freul/dii 
Citrobacter diversus 
Citrobacter freul/dii 
Shigella boydii type 1 
Shigella flexl/eri type 2b 
Shigella sOl/l/ei 
Shigella sOlmei 
Bacillus sublilis 
EI/terobacfer cloacae 
EI/terobacter aerogel/es 
Klebsiella pl/eumol/iae 
Erwil/ia carotovora 
Proteus vulgaris 
Pseudomol/as aerugil/osa 
Rhizobium legumil/osarum 
bv. phaseoli 

Serratia marcescells 
Staphylococcus aureus 
Streptococcus pyogel/es 
Vibrio I/atriegel/s 

Sources 

ATCC 6539 
ATCC 9150 
ATCC 9184 
ATCC 13076 
ATCC 13312 
ATCC 19945 
ATCC 35664 
ATCC 13314 
ATCC 14028 
ATCC 19585 
ATCC 23564 
ATCC 8739 
ATCC 11303 
ATCC 13706 
ATCC 12435 
ATCC 15224 
ATCC 25922 
ATCC 8090 
ATCC 27028 
ATCC 43162 
ATCC 9207 
ATCC 12022 
ATCC 11060 
ATCC 25931 
ATCC 21332 
ATCC 13047 
University of Arizona" 
University of Arizona 
University of Arizona 
University of Arizona 
ATCC 9027 

University of Arizona 
University of Arizona 
ATCC 10832 
ATCC 19615 
ATCC 14048 

• Department of Microbiology and Immunology, University of Arizona. 
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Environmental isolates utilized to evaluate the specificity of 
multiplex PCR 

Isolate Numbers 

8-6601034 
8-7211645-10 
M-7011529-1 
M-6212478-1 
M-7008395-4 
MP5-5126-4 
0-7210564-2 
0-711484-3 
SDPHS 103-1 
SDPHS 107-1 
SDPHS 114-2 
SDPHS 117-2 
MP5-9959-1 
MP5-6120-2 
MP4-354-1 

Presumptive identification 

Salmonella heidelberg 
Salmonella heidelberg 
Salmonella poona 
Salmonella muenchen 
Salmonella pomona 
Salmonella dublin 
Salmonella california 
Salmonella lomita 
Salmonella typhimurium 
Salmonella typhimurium 
Salmonella typhimurium 
Salmonella typhimurium 
E.coli 0147:K:H7 
E.coli 05:K:H11 
E.coli 08:K:NM 

Soils and Environmental Water Samples 

Two soils and several water samples were used to test the efficacy of 

the primers. The soils were characterized as Brazito sandy loam (mixed, 

thermic, Typic Torrisamments) and Pima silty clay loam (fine-silty, mixed 

calcareous, thermic Typic Torrifluvents). These two soil types are commonly 

found in the Sonoran Desert of the Southwestern United States. Brazito sandy 

loam was collected at a site located 8 km from the University of Arizona 

campus, and the Pima silty clay loam collected at a site 6 km from the 

University campus. The soil samples were sieved « 2 mm), analyzed for 

selected chemical and physical properties, and stored in plastic water tight 

buckets at 4°C in a field moist condition. Table 3 shows the properties of the 

two soils. 



34 

Table 3: Properties of Soils 

Texture pH' EC2 Total-N P04-P Org.C Sand Silt Clay 

dSm"' % mg/l mg/kg % % % 

Brazito Sandy 8.2 0.33 0.01 1.03 0.21 81.0 9.8 9.1 
Loam 

Pima Silty 7.8 0.51 0.05 < 1 0.40 50.2 35.3 14.4 
Clay Loam 

, pH measured on a saturated paste. 
2 Electrical conductivity measured on a saturated paste. 

Environmental water samples included well water samples of ground 

water, and samples of water from wastewater stored in surface ponds. Well 

water was collected in August 1991 from various wells in southern Arizona 

using 4L sterilized Nalgene plastic bottles (Nalge Co. Rochester, NY.). 

Temperature of well water samples was approximately 21°C, and pH was 7.4. 

Pond water was collected from a community in Avra Valley, southern Arizona. 

Temperature of pond water samples was approximately 15°C, and pH was 

6.78. Samples were placed on ice and processed within 4 hours. 

Primer Design 

PhoP primers 

PhoP primers 337-L and 338-R were chosen from the 2298 bp 

phoP/phoQ regulon of Salmonella typhimurium # M24424 (The' #' indicates 

EMBL/ Genebank accession number)(Miller et aI., 1989) (Appendix C). Primers 

were synthesized using a 380A Applied Biosystems DNA synthesizer (Foster 
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City, CA.) and purified by polyacrylamide gel electrophoresis. PhoPwas chosen 

because of its the requirement for virulence of salmonellae, and due to a special 

anionic region within phoP/phoQ. This region has a remarkable sequence that 

codes for 20 aminoacids 10 of which are negatively charged, and 4 of which 

are positively charged. This region may be involved in the recognition of 

intracellular signals (defensin, cations, low pH. etc.) required for survival within 

the phagolysosome in host cells. However, phoP homologs were also detected 

in Escherichia coli, Shigella flexneri, Citrobacter freundii, and other 

Enterobacteriaceae. Thus, under low annealing temperatures (55°C), phoP 

primers are able to amplify the DNA of Salmonella, Escherichia coli, Shigella and 

Citrobacter. 

Hin primers 

The Hin primer set was selected from hin and H2 gene sequences of 

Salmonella typhimurium # 01369 (Zieg and Simon, 1980) (Appendix C), using 

the GCG and CLUSTAL computer programs. 

GCG package (The Sequence Analysis Software Package by Genetics 

Computer Groups, Inc.), is a gene sequences analysis program for biologists 

and molecular researchers (Smithies et aI., 1981). Utilizing • Stringsearch', 

'Fetch' and' Type' from the GeneEMBL bacterial library, the hin and H2 gene 

and the complete inversion gene sequences of Salmonella typhimurium # 

V01369 were selected for the design of primers. 



36 

The CLUSTAL package (Higgins et al., 1989; 1988) is a multiple 

alignment package consisting of four main programs. In order to amplify a 

target gene specifically 'from genes in genetically similar strains, a unique primer 

is necessary. CLUST AL is a powerful tool for checking the similarity matrix and 

contains values for each possible pairwise comparison of sequences which are 

categorized by the same or related name, but in different strains. In E.coli # 

J03245 (Johnson et al.,1988), the Hin recombinational enhancer binding 

protein encoded by the Fis gene was chosen to test the alignment with hin and 

H2 gene sequences in Salmonella typhimurium # V01369. Two oligonucleotide 

sequences (i) and (ii), each with 21 bp, were selected from nucleotide 169 to 

189 

i) ------- 5,-10DCTA GTG CAA ATT GTG ACC GCA 189_3'_······ 

and nucleotide 384 to 404 

iii .------ 5' _3D4GAT ACC AGT AGe GCG ATG GGG404·3' •••• ---. 

These two sequences are the least aligned sequences from S. typhimurium # 

V01369 (Appendix D) based on comparison with E.coli # J03245 sequences. 

Selected oligonucleotide sequences were double checked by the GCG 

program to confirm their uniqueness by using the • Findpatterns' function. 

Setting the allowed mismatch in each sequence at 0 base pairs, only two genes 

were found out of total of 60,558 gene sequences from GeneEMBL bacterial 

sequences bank. No homo logs were found in any other member of the 

Enterobacteriaceae including E. coli. Final confirmation was made by setting the 
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allowed mismatch in each sequence at 3 base pairs. Nine gene sequences 

Include 4 reverse sequences of the second sequence, were found. However, 

all the sequences were found out from the same Salmonella typhimurium strain 

but were coded with different EMBL/Genebank accession numbers for 

specifying the particular parts of the hin and H2 genes sequences. For example, 

Salmonella typhimurium # V01369 has 1064 bp with the complete hin and H2 

gene sequences, S. typhimurium # M12292 (Simon et aI., 1980) only lists the 

692 bp hin gene sequences, and S.typhimurium # J01801 (Zieg and Simon, 

1980) has 1094 bp hin and H2 sequences including the complete inversion 

region. Therefore, oligonucleotide sequence (I) was named as I Hin primer 1750-

L' and the complimentary sequences of oligonucleotide sequence (Ii) was 

named as I Hin primer 1751-R'. They were synthesized and purified as for the 

phoP primers. 

Theoretically, Hin primers should successfully detect all salmonellas, 

since most Salmonella species show the phenomenon of phase variation. 

However, some Salmonella species, including Salmonella sp. ATCC 35664, are 

monophasic, containing no H2 antigen, and some species, including S. 

gallinarum A TCC 9184 and S. pullorum A TCC 19945, are non-motile, 

containing no flagellar antigens, and would not be amplified by the Hin primers. 

Thus, primers specifically for phase-1 only Salmonella species are also 

necessary. 
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H-1i primers 

H-1 i primers were chosen from the 1485 bp H-1-i gene sequences of 

Salmonella typhimurium # M11332 (Joys, 1985) by the same procedures for 

Hin primers described above. Gene sequences of S. typhimurium # M11332 

were compared with E. coli # M 14358 using the CLUSTAL program, and the 

uniqueness was double checked at the same setting of 0 and 3 mismatches. 

Two oligonucleotide sequences (iii) and (iv), each with 20 bp were selected i.e. 

nucleotide 624 to 643 

iii) -------5'-624AGC CTC GGC TAC TGG TCT TG043_3' ______ _ 

and nucleotide 777 to 796 

iv) -------5'-777GGC GTC GTT CTC AGT GGA GT706-3'-------. 

Again, these two sequences are the least aligned sequences in S. typhimurium 

# M 11332 (Appendix E). Oligonucleotide sequence (iii) was named as I H-1 i 

primer 1788-L' and the complimentary sequences of oligonucleotide sequence 

(iv) was named as I H-1 i primer 1789-R'. Table 4 shows the oligonucleotides 

sequences of all 3 primer sets, the size of each primer, and the amplification 

fragment obtained, and the melting temperature (T m DC). 

Sequence Variation in Different H-1 Genes 

H-1 genes in various serotypes of salmonellae are different. In order to 

understand the relationship of H-1 genes among these strains, sequence 

variation of phase-1 flagellin genes among different Salmonella strains were 

examined by the CLUSTAL program as described above (Appendix F). The H-1-i 
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Table 4: Primer sets and probes for amplification of Salmonella species by 
classical and multiplex PCR 

Position and Amplification 
Length orientation on region 

Oligonucleotide sequences (hp) DNA sequences (hp) Tm(OC) References 

Pllop sequences 
337-L 5 '-ATOCAAAGCCCGACCATGACG-3 , 21 1052-1072' 299 67.4 Miller et al., 1989. 
338-R 5 '-GTATCGACCACCACGATGGTT-3 , 21 1331 ... 1351 67.4 

Hln sequences 
17S0-L S'-CT AGTGCAAATTGTGACCGCA-3' 21 169 - 189 236 66.8 Zicg & Simon, 1980. 
17S1-R S'-CCCCATCGCGCT ACTGGTATC-3' 21 384 ... 404 66.7 

H-li sequences 
1788-L 5'-AGCCTCGGCT ACTGGTCTTG-3' 20 624- 643 173 65.8 Joys, T.M. 1985. 
1789-R S'-CCGCAGCAAGAGTCACCTCA-3 ' 20 777 .... 796 65.8 

plloP internal fragment used as n probe 
896-1 5 '-CCTGCCACGGCGCGGATGCCG-3 , 21 1307- 1327 77.5 Miller et at. ,1989 

phoP external primer used 88 8 probe 
338-R 5 '-GTATCGACCACCACGATGGTT-3 , 21 1331 ... 1351 61.4 Millet et 81.,1989 

• Arrows indicate orientation of the oligonucleotides. 

gene in S.typhimurium # M11332 (Joys, 1985) was compared with selected 

H-1 genes including: the H-1-a gene in a 1497 bp sequences of S.paratyphi-A 

# X03393 (Wei and Joys, 1985), the H-1-c gene in a 1482 bp sequences of 

S.choleraesuis # X03394 (Wei and Joys, 1985), the H-1-d gene in a 228 bp 

sequences of S. typhi # X16406 (Frankel et al.,1989), and the 1530 bp 

sequences of S. muenchen # X03395 (Wei and Joys, 1985). 

PCR Amplification Conditions 

PCR amplification of the target sequence was performed using the 

GeneAmp kit with Taq DNA polymerase in a Perkin-Elmer Cetus thermal cycler 

(Perkin-Elmer Cetus Corp., Norwalk, Conn.). The reaction mix for 50 pi PCR and 
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Table 5: Optimized amplification reactions of classical and multiplex PCR 

Reagents 

10 x amplification buffer 
Mixture of four dNTPs, each 
at a concentration of 1.25 
mM 
PhoP primerll 337-L 

primer 338-L 
Hin primer!! 1 750-L 

primer 1751-R 
H-1 i primerll 1788-L 

primer 1789-R 
Template DNA 
Taq DNA polymerase 1.25 
Units (in 2.5 pi H20 ) 
Sterile pure water 

Classical PCR 
Volume (p1)/50pl 

Reaction 
5.0 
8.0 

1.0 
1.0 

20.0 
2.5 

Up to 50 

II Primer concentration is 0.1 pM per pl. 

Multiplex PCR 
Volume(pI)/50pl 

Reaction 
5.0 
8.0 

0.5 
0.5 
1.0 
1.0 
1.0 
1.0 

20.0 
2.5 

Up to 50 

multiplex PCR reactions are listed in Table 5. Twenty pi of template DNA of 

bacterial strains were obtained by direct lysis whole cells as follows. Ten pi of 

late log phase bacteria with approximately 108 cells/ml, and 10 pi of double 

distilled water were pi petted separately into a 0.5-ml microcentrifuge tube and 

boiled at 98°C for 10 minute to a final concentration of 106 celis/mi. Template 

DNA of bacteria from within well water samples was prepared either by 

extraction and purification of DNA within a Sterivex-GS filter housing, or by 

direct lysis by boiling cells obtained by filtration and concentration from a 

polycarbonate membrane. For soil samples, template DNA was obtained from 

direct lysis and purification of total community DNA from within soils. PCR 



41 

samples were layered with 100 pi of mineral oil to avoid evaporation and 

subjected to 30 cycles of PCR. Aamp conditions of PCA amplification are listed 

in Table 6. After the last cycle, samples were maintained at 72°C for 7 

minutes to complete synthesis of all strands. 

Detection of peR Amplified Products 

PCA products were analyzed by agarose gel electrophoresis or by gene 

probe (32p end-labeling) analysis. 

Agarose gel electrophoresis 

Optimal resolution was obtained by electrophoresing 15 pi of each 

sample with 5 pi of endo stop solution (Appendix B) and 1 5 pi of 123 bp DNA 

Ladder marker (Gibco BAL, Gaithersburg, MD.) through a 1.6% electrophoresis

grade agarose gel (Sigma Chemical Co., St. Louis, MO.). The concentration of 

agarose was selected based on the size of target DNA fragments to be 

separated as listed in Table 7 (Ausubel et al., 1987). The gel was run in 1 x 

TBE buffer (Appendix B) in a Max Horizontal Agarose Unit HE99 (Hoefer 

Scientific Instruments., San Francisco, CA.) with 900 ml of 1 X TBE buffer at 

80 V/25 cm (3.2 V/cm) for 2 hours. The gel was then stained with 1 pg/ml 

ethidium bromide (EtBr) (Appendix B) solution for 15 minutes and destained in 

distilled water for 15 minutes. PCR amplification bands were visualized by a UV 

transilluminator (UVP Inc., San Gabriel, CA.) and photographed using 
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Tsble 6: Ramp conditions of classical and multiplex PCR 

Cycle Denaturation Annealing Polymerization 
(extension) 

First cycle 94°C, 37°C, 72°C, 
1 minute 30 seconds 1 minute 1 minute 30 seconds 

Classical Subsequent 94°C, 70°C, 72°C, 
PCR 25 cycles 1 minute 30 seconds 1 minute 1 minute 30 seconds 

Last cycle 72°C, 7 minutes 

First cycle 94°C, 
2 minutes 

Multiplex Subsequent 94°C 62°C, 72°C, 
PCR 30 cycles 1 minute 30 sec 30 seconds 1 minute 30 seconds 

Last cycle 72°C, 7 minutes 

Polaroid type 52 (ASA 400) or 57 (ASA 3000) film in a Polaroid MP-4 Land 

camera (Polaroid, Cambridge, MA.). 

Gene probe (32p end-labeling) analysis 

i) DNA transfer: The DNA was denatured by incubation of the gel in 200 

ml 0.4 N NaOH-0.6 M NaCI denaturization solution for 30 minutes at room 

temperature with gentle agitation. The gel was then neutralized in 1.5 M NaCI-

0.5 M Tris-HCI, pH 7.5 neutralization solution for a further 30 minutes under 

the same incubation conditions. The DNAs were then transferred to a 

GeneScreenPlus hybridization membrane (Du Pont, Boston, MA.) with 10 X 

SSC (Appendix B) solution in a TE 80 TransVac unit (Hoefer Scientific 
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Instruments, San Francisco, CA.) under 46 mm Hg vacuum (Millipore, Bedford, 

MA.) for 25 minutes. The membrane was then air dried at room temperature. 

Table 7: Appropriate agarose concentrations for separating DNA fragments 
of variable size 

Agarose (%) 

0.5 
0.7 
1.0 
1.2 
1.5 
1.6 

Effective range of resolution of 
linear DNA fragments (kb) 

30 to 1 
12 to 0.8 
10 to 0.5 
7 to 0.4 
3 to 0.2 

below 0.2 

ii) Prehybridization at 50°C: Prehybridization was performed by soaking 

the membrane with 10 ml of the prehybridization solution (Appendix B) in a 50-

ml Falcon 2070 plastic tube (Becton Dickinson Labware, Lincoln Park, NJ.). The 

tube was incubated within a screw-capped glass tube with a balance tube in 

Robbins Model 310 hybridization incubator (Robbins Scientific Co, Sunnyvale 

CA.) at constant rotation for 6-24 hours at 50°C. 

iii) Probe labeling and purification: Gene probes specific for phoP 

sequences were generated by the forwarding reaction of T4 polynucleotide 

kinase (Ausubel et a/., 1987). Template DNA was a 21 base phoP 896-1 

internal fragment or a 21 base phoP 338-R external fragment from the phoP 

sequence. Sequences and properties of probes are listed in Table 4. Two til (or 

200 ng) template DNA, 5 til 10 X kinase buffer (Appendix B), 5 til 'T-ATP( - 300 



44 

pCi), and 2 pi T4 kinase enzyme (Promega, Madison, WI.) were added to a 0.5-

ml PCR tube (Robbins Scientific Co. Sunnyvale, CAl. Thirty six pi HPLC H20 

was added to a final volume of 50 pI. The mixture was mixed gently with a 

pipet tip and incubated at 37°C for 45 to 60 minutes. To stop the reaction, 1 

pi of 0.5 M EDTA was added and heated at 50°C for 5 min. The probe was 

purified by separating radioactively labeled DNA from unincorporated dNTP 

precursors using a Sephadex G-50 (Pharmacia LKB Biotechnology Inc., 

Piscataway, N.J.) spun column. The 32p end-labeled probe was diluted with TE 

buffer (Appendix B) to a final volume of 100 pi and loaded on top of the 

column. The syringe containing the loaded column was placed into a 

polypropylene tube, and centrifuged in a desktop centrifuge for 5 min at 1675 

rpm. The probe, at the bottom of the tube, containing the labeled DNA was 

saved. The specific activity of the probe was 1 x 106 cpm/pg, which was 

measured by pipetting 5 pi of purified probe and 5 ml of scintillation cocktail 

solution into a scintillation vile in a Beckman LS 1800 Scintillation Counter 

(Beckman Instrument Inc., Fullerton, CA.). 

iv) Hybridization at 50°C: Hybridization was carried out in the same tube 

by discarding the prehybridization solution and adding 10 ml fresh hybridization 

solution (Appendix B), 50 pi of denatured Salmon sperm DNA, and 95 pi probe. 

The tube was sealed with teflon tape placed in a screw-capped glass tube, and 

incubated in a Robbins Model 310 hybridization incubator at constant rotation 

for 6-24 hours at 50°C. 
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v) Washes and X-ray autoradiography: The membrane was removed from 

the hybridization solution and washed as follows: 2 washes with 50 ml of 2 x 

SSC (Appendix B) solutions, and 1 wash with 50 ml of 2 x SSC and 1.0% 

sodium dodecyl sulfate (SDS) solutions. Each wash was for 5 minutes at room 

temperature with constant agitation. After washing, the membrane with the 

DNA face up was placed on a sheet of filter paper and air-dried at room 

temperature. The dried membrane was wrapped with Saran Wrap, placed in a 

Fisher film holder (Fisher Scientifics, Pittsburgh, PA.) with a Du Pont Cronex 

Lightening Plus intensifying sheet (Du Pont, Boston, MA.) on top of a sheet of 

Kodak X-ray diagnosis film (Eastman Kodak Co. Rochester,N.Y.) to increase the 

sensitivity. The film was exposed in a -70°C freezer for 4 to 24 hours. X-ray 

autoradiography was processed in a Konica OX 130A Plus developing machine 

(Konica, Japan). 

Specificity and Sensitivity of Primer sets 

Specificity 

Specificity of all primer sets was evaluated by multiplex PCR using a total 

of 36 bacterial strains (Table 1). The efficacy of the primers was also 

evaluated by multiplex PCR on 1 5 environmental isolates which had been 

obtained from animal feed lot wastes or sludge and previously characterized by 

use of conventional techniques. In addition, well water samples from wells in 

southern Arizona, and soil samples which were collected from two sites near 
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the campus of the University of Arizona were also analyzed. Specificity of the 

amplification was detected by EtBr staining or gene probe (32P_end labeling) 

analysis. 

Sensitivity 

Sensitivity of PCR amplification was determined by the use of serially 

diluted genomic preparation of pure DNA extracted from the bacterial cells or 

directly lysed DNA from within whole cells. Pure DNA of Salmonella 

typhimurium ATCC 14028 was extracted from 5 ml of late log phase cultures 

with approximately 108 cells/ml. Extraction was by the method of Maniatis et 

a!. (1982). Whole cell lysed DNA was processed as follows. One ml of bacterial 

culture was centrifuged at 14,000 g for 10 minutes, the pellet was washed in 

0.1 % peptone water, and resuspended in 100 pi of double distilled water. Cell 

suspensions were directly lysed by boiling at 98°C for 10 min. Lysed bacterial 

cells were serially diluted in double distilled water. Aliquots were assayed for 

PCR amplifications using phDP, Hin and H-1 i primer sets ind ividually, under 

reaction conditions of multiplex PCR as described in Table 6. Sensitivity with 

phDP primers were also detected by 32p end-labeling with probes prepared from 

phDP 896-1 internal fragment and phoP 338-R external primer. 

Efficacy of Primer Sets in Environmental Samples 

Experiments were performed to test the efficacy of detection of 

salmonellae in the environmental samples via phDP, Hin and H-1 i amplification. 
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Known environmental isolates 

Environmental isolates previously identified as Salmonella and non

Salmonella strains via conventional methods were cultured and maintained in 

Nutrient Broth at 37°C and subjected to multiplex PCR amplification as 

described before. 

Soil community DNA 

Soil community DNA was obtained by the protocol of Tiedje et al. (1991) 

as follows: 

i) Direct lysis of total bacterial DNA from soil: Ten g of Brazito sandy 

loam or Pima clay loam were lysed in 20 ml of 1.0 mM sodium phosphate (pH 

7.0) buffer containing 0.25 g SDS. Suspensions were incubated at 70°C for 

30 minutes. Five g of large (1 mm) and 5 g of small (0.2 - 0.3 mm) beads were 

added and mixtures were shaken for 30 minutes on a reciprocal platform shaker 

at room temperature. Suspensions were centrifugated at 10,000 rpm for 10 

minutes at 10°C to remove soils and cell debris. The supernatant was 

transferred to a clean Oak Ridge tube, and was incubated on ice for 30 min at 

4°C to precipitate the SDS. The lysate mixture was centrifuged as above and 

again transferred to a clean tube. 

ii) Cesium chloride-ethidium bromide (CsCI-EtBr) equilibrium density 

centrifugation: the supernatant volume was adjusted to 15.5 ml and 14.5 g of 

finely ground cesium chloride was added. The protein was precipitated by 
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incubating the tube with totally dissolved cesium chloride. After incubation for 

1-3 hours, the lysate mixture was centrifuged at 8,000 rpm for 10 minutes at 

10°C to remove the precipitated protein. The centrifugation step was repeated, 

and the supernatant was transferred to an ultracentrifuge tube (Sorvall 

Instruments, Du Pont, Willington, DE.) containing 0.65 ml of 10 rng/ml ethidium 

bromide and mixed by gentle inversion. Tubes were filled with CsCI-EtBr 

balance solution (Rf = 1.386 ..... 1.3875), balanced, and crimp-sealed. The DNA 

was banded by centrifugation in a Sorvall TV865B rotor (Du Pont, Boston, MA.) 

at 52,000 rpm at 18°C for 17 hours. 

iii) Extraction, purification, concentration and quantitation of DNA: The 

DNA bands were fractionated using a 5-ml syringe and 18 gauge needle under 

a UV light. Two or three ml of the DNA band fraction were transferred to clean 

6.0-ml Falcon tubes and extracted with an equal volume (2 ..... 3 ml) of 

isopropanol saturated with 5 M NaCI. The solution was mixed by gentle 

inversion and allowed to settle until the two phases were separated. The 

pinkish top layer containing isopropanol and ethidium bromide was aspirated 

using a Pasteur pipet and discarded. The extraction steps were repeated 2 to 

4 times until all the pink color was removed, and then done one more time. The 

liquid (about 3 ml) was transferred to a labeled Corex tube (Corning, New York, 

NY.). Two volumes of dH20 (6 ml) and then 2 volumes (18 ml) of ice cold (-

20°C) 100 % ethanol were added, mixed and incubated overnight at -20°C to 

precipitate DNA. The precipitated DNA was collected by centrifugation at 
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7,500 rpm at 4°C for 1 hour. The pellet was saved, and dried under vacuum. 

The DNA was resuspended by adding 400 pi of sterile dH20, and purified by 

adding 40 pi of 3 M sodium acetate and reprecipitated with 880 pi ice cold, 

100 % ethanol overnight. The purified DNA was collected by centrifugation in 

the microfuge for 15 minutes at 4°C. The supernatant was discarded and the 

DNA pellet was dried under vacuum and resuspended. The DNA concentration 

was determined and the extent of protein contamination by measuring 

absorbance at 260/280 nm in a Hitachi U-2000 Double-Beam UV/VIS 

Spectrophotometer (Hitachi, Tokyo, Japan). 

Positive controls were included to confirm that soil impurities, organic 

materials and chemicals did not interfere with the PCR amplification. Ten g of 

sterile Brazito sandy loam and Pima clay loam soil were seeded with 10 ml (1 0 

8 cells per ml) of Salmonella typhimurium ATCC 14028 and E.coli ATCC 

15224. The DNA from the seeded soil samples was recovered by the same 

protocol as described previously. 

Well water samples 

Microorganisms in well water were collected and concentrated via one 

of the following filtration methodologies: 

i) Water sample concentrated by polycarbonate (PC) membrane filtration 

and subsequent cell lysis: A one liter well water sample was aspectically 

pumped though a 13 mm 0.22 p polycarbonate (PC) membrane using a syringe 
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with an attached Swinnex filter holder at a pressure of 38 to 50 cm Hg. The 

total filter time was approximately 1 hour but varied depending on the chemical 

quality of water samples. The filter membrane was trimmed, and trapped cells 

were placed in a 1.5 ml polypropylene tube with 600 pi of dH20. The filter was 

heated at 65°C for 1 hour. The tube was vigorously vortexed for 1 minute and 

the membrane removed. The cell suspension was microcentrifuged at 14,000 

g for 10 minutes. The liquid was discarded and the cell pellet was resuspended 

in 20 pi of dH20. This cell suspension was transferred into a 0.5"ml PCR 

microfuge tube containing the PCR reaction mix minus enzyme and the cells 

were lysed by boiling at 98°C for 10 minutes, then cooled to room 

temperature, prior to the addition of enzyme and subsequent PCR analysis. 

ii) Water sample concentrated within a Sterivex"GS 0.22 filter unit 

followed by nucleic acid extraction: One liter of the same well water was 

aspectically pumped through a Sterivex"GS 0.22 filter (Millipore corp. Bedford, 

MA.)(Fig. 3) using a peristaltic pump at a rate of approximately 100 ml/min 

(Somerville et al.,1989). Sterivex"GS 0.22 filter is a self"venting unit 

incorporating a 0.22 pm mixed cellulose ester membrane, hydrophobic 

fluoropore and mitex (PTEE) membrane vent with a polyvinyl chloride housing 

and core. Diameter of the filter is 0.67" (1.7 cm), length is 2.7" (6.9 cm), total 

filter area is 1.55 in2 (10 cm2
). Maximum pressure is 70 psi (5 bar), and the 

flow rate is 100 ml/min at 15 psi (1 bar).After filtration the cartridge was 

washed with 10 ml of sterile SET buffer (Appendix B). Excess buffer was 
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FIG 3. Cutaway cross-section of Sterivex-GS 0.22 pm filter unit. 

forced off the filter by using an air-filled 5-ml syringe, the inlet and outlet were 

capped with modified caps from a 1-ml syringe. Nucleic acids were extracted 

essentially by the standard methods (Maniatis et al.,19.B2). To prevent any 

RNase activity in the solutions, reagents or buffers used in the extraction, it 

was necessary to use disposable plasticware during all extraction processes. 

Nucleic acid extraction was started by the addition of 1.B ml of SET 

buffer into the inlet of the filter unit, with an 1B-gauge 1.5 inch needle. With 

the ends capped, the filter was gently shaken for 30 seconds, then 250 pi of 

fresh made lysozyme solution (B mg/ml)(Appendix B) was added by 

micropipettor. The inlet was recapped and the contents mixed by inversion. 

Filter units were incubated on ice for 10 minutes, 50 pi of 10 % SDS was 
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added, and the filters Incubated on ice for another 10 min. Following by the 

addition of 29 pi of freshly prepared proteinase K (1 mg/ml), the filter units 

were incubated at 50°C in a constant rotating Robbins Model 310 hybridization 

Incubator for at least 3 hours. To remove the crude lysate from the filter unit, 

a 3-ml syringe was attached to the inlet, and the lysate was drawn into the 

syringe. The remaining lysate was washed by adding 1 ml of SET buffer to the 

filter unit, and placed in the incubator for 5 minutes to wash the filter. Nucleic 

acids extracted within the filter cartridge were purified and concentrated from 

the crude Iysates by phenol-chloroform extraction followed by ammonium 

acetate treatment and ethanol precipitation as described by Maniatis et al. 

(1982). After ethanol precipitation, the DNA was spooled out, resuspended in 

500 pi sterile double distilled water and the 260/280 ratio determined via a 

Beckman DU-5 Spectrophotometer (Beckman Instrument Inc., Fullerton, CA.). 

Twenty pi of the DNA solution was transferred to a PCR tube as template for 

PCR amplifications as described previously . After the first 25 cycles, 10 pi of 

the resulting product was used as template in a second 25 cycle run under the 

cycling conditions. Thus the total 50 cycle PCR run was a · double PCR' (Pillai 

et al., 1991). 

A positive control was performed with both methodologies to confirm 

that chemicals and particulates from the well water did not interfere with PCR 

amplification. One liter of filtered well water was inoculated with Salmonella 
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typhi ATCC 6539 late log phase culture at approximately 5 x 106 cells, and 

concentrated by both filtration methods as described previously. 
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RESULTS AND DISCUSSION 

Salmonella typhimurium causes infections in humans that are manifested 

by typhoid fever, septicemia and gastroenteritis. The traditional methods which 

have been used to detect salmonellae in food or environmental samples, rely 

on viable cells which can be cultured by pre-enrichment and selective media. 

Data have shown that Salmonella typhimurium, E. coli, and certain Vibrio strains 

can be viable but nonculturable (Baker et al., 1983; Colwell et aJ., 1985). Such 

cells can be injured, but maintain the ability to survival and reproduce (Roszak 

and Colwell, 1987). The limitations of media and the inability to detect the vast 

majority of organisms, have made plate count techniques laborious, insensitive 

or nonspecific and usually such methods underestimate the true viable 

populations . Recently, the development of molecular techniques, including gene 

probes and nucleic acid hybridization have overcome the disadvantages of 

monitoring microorganisms by traditional methods (Slayer and Layton, 1990). 

Pathogens including salmonellae can be detected in environmental samples by 

the direct application of specific gene probes. However, the achievable 

sensitivity is about 104 cells (Jain et aJ.,1988). This is several orders of 

magnitude less sensitive than what it required for environmental monitoring 

purposes (Atlas and Bej, 1990). Enhanced sensitivity is needed to detect 

organisms present at low concentrations, such as in water, or present only as 

a small percentage of the microbial community. The application of polymerase 

chain reaction (PCR) protocols to detect target organisms in environmental 
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samples is a new breakthrough in methodology. The ability of amplifying 

unique, small amount, or rare gene sequences into a detectable amount, makes 

peR techniques highly specific and sensitive. peR obviates the time consuming 

culture procedures, and also eliminates the inadequacy caused by the limitation 

of specific media. 

Optimization of Amplification Conditions of Multiplex PCR 

Variables that influence the amplification of peR include the 

concentrations of primers, Taq DNA polymerase, magnesium ion, and template 

as well as the annealing, extension and denaturing temperatures, cycle length 

and number. Generally, a primer concentration between 0.05 to 0.5 pM is 

optimal. Higher primer concentrations may promote mispriming and 

accumulation of nonspecific product and may increase the probability of 

generating • Primer-dimer·. The concentrations of phoP, Hin and H-1 i primer 

sets used in this multiplex peR are based on a series of experiments, because 

the competition between the 3 sets of primers for magnesium ions, dNTPs and 

Taq DNA polymerase in multiplex peR were originally unknown. When 

equimolar quantities of the 3 primer sets were added together, the amplification 

bands in agarose gel resulting from the phoP/phoQ sequence was greater than 

those from hin and H-1-i targets in Salmonella species. Thus, the concentration 

of phoP primers was red uced to half the Hin and H-1 i primer sets, in order to 

obtain equally intense amplified DNA bands in agarose gel from the 3 target 
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genes. The concentration of magnesium Ions, dNTPs and Taq DNA polymerase 

were those values as recommended by Perkin Elmer-Cetus Company as 

described in Table 5. The annealing temperature of primer, which controls the 

specificity of the PCR amplification, is one of the most important factors that 

needed to be optimized. It has been reported that the amplification is more 

efficient when primers annealed at 37-50 oC (Innis and Gelfand, 1990). 

However, in this study, when multiplex PCR was performed at 55°C for 1 

minute, there were some large non specific DNA fragments which resulted from 

mispriming with the non-target gene sequences. Figure 4 shows there were 

several nonspecific bands above the phop, Hin and H-1 i amplification products 

of Salmonella enteritidis ATCC 13076 (lane 5), Salmonella arizonae ATCC 

13314 (lane 10), and Citrobacter freundii ATCC B090 (lane 14) . Usually, the 

suitable temperature for annealing is 5°C below the Tm of each primer set. 

According to the G + C contents of each primer, the Tm is 67.4, 66.B and 

65.BoC for the phoP, hin and H-1i primer sets respectively. Therefore, after a 

series of trials, the temperature chosen for annealing to the target DNA was 

62°C. Figure 5 shows that the specificity was improved when the annealing 

temperature was increased from 55 to 62°C. Figure 5 also shows the 

sensitivity of Hin primer is slightly decreased. The necessary number of cycles 

of PCR is determined by the concentration of template DNA. Usually, 25 cycles 

is optimal for template DNA obtained from pure cultures, whereas, 30 cycles 
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Lane 1: 123 bp DNA ladder as a size standard; 2: S. typhi 6539; 3: S. 
paratyphi-A 9150; 4: S. gallinarum 9184; 5: S. enteritidis 13076; 6: S. 
choleraesuis 13312; 7: S. pul/orum 19945; 8: Salmonella sp. 35664; 9: 
Salmonella sp.; 10: S. arizonae 13314; 11: S. typhimurium 14028; 12: S. 
typhimurium 19585; 13: E.coli 12435; 14: Citrobacter freundii 43162; 15: 
Shigella sonnei 25931 . 
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FIG. 4. Multiplex PCR of phoP, Hin and H-1 i primer sets on bacteria ATCC 
strains at annealing temperature of 55°C. 

2~~-1 
2JG-~E 

173J 

I 1 2 4 6 7 .. ,;, ...... ~;.~ 

Lane 1: 123 bp DNA ladder as a size standard; 2: negative control (no DNA); 
3:S. typhi 6539; 4: S. paratyphi-A; 9150: 5:S. enteritidis 13076; 6:S. 
choleraesuis 13312; 7:S. arizonae 13314; 8:S. typhimurium 14028; 9:S. 
typhimurium 19585; 10:S. typhimurium 23564; 11: Salmonella sp. 35664. 

FIG. 5. Multiplex PCR results of phoP, Hin and H-1 i primer sets on Salmonella 
typhimurium ATCC strains at annealing temperature of 62°C. 
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was chosen for environmental samples because the presence of DNA from 

other sources can decrease the efficiency of amplification of target DNA. 

Specificity of PhoP, Hin and H-1i Primer Sets Detected in Bacterial 
Strains Using Multiplex peR and Agarose Gel Electrophoresis 

The specificity of PCR is mostly determined by the sequences of the 

oligonucleotides used to conduct the reaction, the annealing temperature, and 

the sequence flanking the target DNA. For multiplex PCR, 20 .... 21 base 

oligonucleotide primers (PhoP, Hin and H-111 were synthesized to correspond 

to the target 299, 236 and 173 bp DNA fragments respectively. Multiplex peR 

was performed by adding the above sets of primers in the same reaction as 

described previously to determine the amplification of Salmonella specific DNA, 

and discriminate against non-target DNA. 

PhoP primers 

The initial set of primers was chosen from the phosphorous regulation 

gene of Salmonella typhimurium. PhoP/phoQ loci are part of the phosphorous 

regulon which regulates the expression of genes involved in virulence and 

macrophage survival of salmonellae (Miller, et aI., 1989). Strains carrying phoP 

mutations are avirulent, unable to survive in macrophage, and are extremely 

sensitive to peptides having antimicrobial activity such as the host derived 

defensins (Groisman et aI., 1989a). The survival and growth of salmonellae 

within the macrophage phagolysosome is felt to be essential for typhoid 
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pathogenesis (Carter and Collins, 1974; Hook and Guerrant, 1980). PhoP was 

chosen due to a special anionic region within the phoP/phoQ loci. This region 

has a remarkable stretch of 20 aminoacids that contains 10 negatively charged 

amino acids and only 4 positively charged residues, which may be involved in 

the recognition of intracellular signals (defensin, cations, low pH. etc.) required 

for survival within the phagolysosome in host cells. 

Theoretically, for specific detection of salmonellae by PCR amplification, 

a 299 bp region of the unique regulatory gene phoP/phoQ was an appropriate 

selection for the target organism. Figure 6 shows that phoP primers were 

specific to Salmonella species including S. typhi ATCC 6539, S. paratyphi-A 

ATCC 9150, S. gallinarum ATCC 9184, and Salmonella sp. ATCC 35664. PhoP 

did not amplify DNA from other bacterial strains such as: E. coli strain (as the 

negative control), Pseudomonas aeruginosa ATCC 9027, Staphylococcus 

aureus ATCC 10832, Vibrio natriegens ATCC 14048, and Streptococcus 

pyogenes A TCC 19615. This E. coli strain was generously provided by the 

Department of Microbiology and Immunology at the University of Arizona. 

When the specificity was evaluated with phoP primers using genomic DNA 

extracted from this E.coli strain as template, with primer annealing at 65°C for 

1 minute, and a primer concentration at 0.02 pM, no amplified product was 

observed. Thus, it was used as a negative control when PCR was performed 

with Salmonella strains. 

However, when the phoP primer was retested with other E. coli ATCC 
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Lane 1: Hindlll digested A DNA as a size standard; 2: 500 ied 
product as positive control (from reaction kit); 3: S. typhimurium 14028 as 
positive control (for primers); 4: negative control (pure DNA extracted from 
E.com; 5: S. typhi ATCC 6539; 6: S. paratyphi-A 9150; 7: S. gallinarum 9184; 
8: Pseudomonas aeruginosa 9027; 9: Staphylococcus aureus 10832; 10: 
Vibrio natriegens 14048; 11: Salmonella sp. 35664; 12: Streptococcus 
pyogenes 19615. 
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FIG. 6. Specificity of bacterial ATCC strains detected with phoP primers. 
(Ethidium bromide-stained 1.6% agarose gel electrophoresis (top) and 
autoradiography of the hybridization of amplified products with the 32P-labeled 
phoP internal fragment 896-1 probe (bottom)). 

strains, Shigella, and Citrobacter strains under the same reaction conditions, 

PCR amplified products from all E.coli ATCC strains, Shigella, and Citrobacter 

strains were detected by EtBr staining. Groisman et al. (1989b) has reported 

that phoP/phoQ homologous DNA sequences are present in other organisms 

including Shigella, E.coliand Citrobacter species. Although the PhoPsequences 

in different genera are not homologous to each other, they are similar. Thus 

amplification products from non-salmonellae DNA are likely due to mispriming. 
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Table 8. Summary of the multiplex PCR results of bacterial strains and the 
flagellar antigens, phase characteristics of Salmonella ATCC 
strains 

Strains 

Salmollella typhi 6539 
Salmollella paratyphi-A 9150 
Salmollella gallillarum 9184 
Salmo1lella ellleritidis 13076 
Salmollella choleraesuis 13312 
Salmollella pullorum 19945 
Salmollella sp. 35664 
Salmo1lella arizo1lae 13314 
Salmollella typhimurium 14028 
Salmollella typhimurillm 19585 
Salmollella typhimllrillfll 23564 
Escherichia coli 8739 
Escherichia coli 11303 
Escherichia coli 12435 
Escherichia coli 13706 
Escherichia coli 15224 
Escherichia coli 25922 
Citrobacter frelllldii 8090 
Citrobacter diverslls 27028 
Citrobacter freulldii 43162 
Shigella boydii type 1 9207 
Shigellaflex1leri 12022 
Shigella sOllIlei 11060 
Shigella sOlmei 25931 
Bacillus subtilis 21332 
Elllerobacter cloacae 13047 
EflIerobacter aerogelles 
Klebsiella pllellmolliae 
Envillia carotovora 
Protells vuLgaris 
Pseudomollas aerugillosa 9027 
Rhizobillm legumillosarum bv. 
phaseoli 
Serratia marcescells 
StaphyLococcus aureus 10832 
Streptococcus pyogelles 19615 
Vibrio IIatriegells 14048 

Flagellar 
antigens 

9,12:[Vi]:d:
l,2,12:a:[1,5] 
1,9,12:-:-
1,9, 12:g,m:[1, 7] 
6,7:[c]:1,5 
1,9,12:-:-

1,2: 1,2,5 
1,4, 12:i: 1,2 
1,4, 12:i: 1,2 
1,4,12:i:l,2 

Phase" 

1 
1&2 

nm 
1 

1&2 
nm 

2 
2 

1&2 
1&2 
1&2 

Amplification results 

phoP Hin H-ti 
+ + + 
+ + + 
+ 
+ + 
+ + + 
+ 
+ + 
+ + + 
+ + + 
+ + + 
+ + + 

+/_0 
+/-
+/-
+/+ 
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-

• l'Iuiae in Salmonella:opply only 10 the ontigenic propertico of the H componcnta of the flagellated bacteria and their corrcaponding DSSlutino 
b nm: non-motile 
• There is no amplification with phoP primer under stringent reaction conditiolls. 



62 

Therefore, phoP primers are not suitable for specific detection of Salmonella 

species. Since phoP has the ability to detect enteric pathogens, they were used 

in this study only as a presumptive indicator to initially screen on low 

concentration of contaminated environmental samples for possible salmonellae 

and/or other enteric pathogens. 

As indicated in Table 8, all coliform pathogenic bacteria and Shigella, 

Citrobacter species showed a positive 299 bp phoP/phoQ amplification. But, 

Table 8 also shows the PCR results when run with phoP primers under more 

stringent reaction conditions with the annealing temperature increased from 70 

to 75°C and dNTPs concentration decreased from 100 mM to 50 mM per 50 

pi reaction. Results (Table 8) showed that all tested Salmonella strains were still 

detected, but no PCR product was observed with Shigella species, Citrobacter 

species and all but one E.coli strains. Specifically, E.coli ATCC 13706 strain 

still gave an amplification product. Despite the fact that only one E.coli strain 

gave an amplification product, since the detection of Salmonella is critical, then 

the use of phoP alone cannot be used to detect salmonellae even under 

stringent conditions. 

Hin and H-1i primers 

PhoP primers were selected from sequences which were specific and 

necessary for the virulence of Salmonella strains. E.coliand S. typhimurium are 

genetic similar species. Figure 7 shows the majority of the two genetic maps 
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FIG. 7. Schematic representation of the relationship between E.coli and 
Salmonella typhimurium genetic maps. (The aligned portions of the two maps 
are represented as a single large circle. Excess map distances are represented 
as small circles extruded from the large circle, with those for E.coli on the 
outside and those for S. typhimurium on the inside of the imaginary 
heteroduplex). 

are aligned with only slight differences. To confirm the presence of salmonellae, 

primers should be selected from the dissimilar region i.e. those regions which 

are unique to Salmonella species. Flagella phase variation in salmonellae, which 

is one of the phenotypic characteristics that distinguish Salmonella typhimurium 

from E.coli, only occurs in salmonellae and not in E.coli. Specifically, sequences 

for the flagellar antigens H1 and H2 are unique to salmonellae (Macnab, 1987). 

Thus, the hin inversion system genes and the H2 gene were chosen for the 

design of primers. 
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Lane 1:123 bp DNA ladder; 2.Negative control (no DNA); 3: positive control 
(Salmonella typhimurium 14028); 4:E. coli 8739; 5:E. coli 11303; 6:E. coli 
12435; 7:E. coli 13706; 8:E. coli 15224; 9:E. coli 25922. 

FIG. 8. Multiplex PCR results of phoP, Hin and H-l i primer sets on E. coli ATCC 
strains at annealing temperature of 62°C. 

The Hin and the H-li primer sets were both selected from the hin/H2 

region and the H-1-i gene of Salmonella typhimurium. Table 8 shows the hin/H2 

and H-1 i gene amplification results, and indicate that the Hin and H-l i primer 

sets were specific for salmonellae. No other bacterial strains including Eeoli 

were amplified by these primer sets (Fig.8). However, since Hin and H-li primer 

sets select for Salmonella strains with flagellar antigens, non-motile Salmonella 

strains such as S. gallinarum ATCC 9184 and S. pullorum ATCC 19945, which 

contain no flagellar antigens, give no amplification with Hin or H-l i primers. 
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Ideally, the Hin primer set should amplify the Hin and H2 gene in any 

Salmonella phase 2 and phase-1 ... phase-2 inversion species, based on the 

primer sequences and mechanism of the phase variation in salmonellae. But, 

Figure 5, lane 5 shows Salmonella enteritidis ATCC 13076 (phase 1 only) is the 

only strain that has no hin 236 bp amplification. This may be explained by the 

fact: i) that when the inversion region was fixed in some Salmonella strains, the 

copy number of the hin/H2 gene in phase 1 only strain was too low to be 

amplified (Stocker, 1949), or ii) the H2 gene was deleted or mutated during 

evolution. A similar explanation may account the fact that Salmonella sp. 

35664 (phase 2 only) has no H-1-i 173 bp amplification product showing in 

Figure 5, lane 11. Note however, that both ATCC 13076 and 35664 strains 

with only two bands would still be identified as Salmonella species due to the 

presence of the other two amplification products. Other strains tested: Bacillus 

subtilis, Enterobacter cloacae, Enterobacter aerogenes, Erwinia carotovora, 

Klebsiella pneumoniae, Proteus vulgaris, Pseudomonas aeruginosa, Rhizobium 

leguminosarum bv. phaseoli, Serratia marcescens, Staphylococcus aureus, 

Streptococcus pyogenes, and Vibrio natriegens gave no amplification products 

with these 3 sets of primers using multiplex PCR. These results are also listed 

in Table 8. 
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Sequence Variation in the H-1 Genes From Different Salmonella species 

The 173 bp H-1 i amplification product resulting from S. paratyphi-A 

ATCC 9150 (Figure 5, lane 4) and products from some presumptive Salmonella 

environmental isolates: Salmonella muenchen (# M-6212478-1, Figure 11, lane 

7) and Salmonella lomita (# 0-711484-3, Figure 11, lane 11) electrophored at 

different rates in the agarose gel. The reason for the different positions is due 

to the fact that amplified products are slightly different in size because of slight 

difference in H-1 gene sequences in different strain of Salmonella. Flagellar 

antigens in Salmonella species are very complex. Phase-1 flagellar genes of 

different salmonellae were determined into H-1-a, H-1-c, H-1-d, and H-1-i by 

Wei and Joys (1985) based on the differences found in these H1 genes. The 

results obtained from the homology comparison among H1 gene sequences by 

CLUST AL program in this study, showed an interesting homology tendency 

(Appendix F). At both end regions of the H-i-a gene in S. paratyphi-A # 

X03393, H-1-c gene in S. choleraesuis # X03394, H-1-d gene in S. muenchen 

# X03395, and H-1-i gene in S. typhimurium, an approximately 400 bp region 

of the 5'-end and an approximately 300 bp region of the 3'-ends were 99% 

identical. Decreasing homology towards the middle portion were also shown 

(Appendix F). These results were in agreement with the genetic experiment 

done by Joys (1985) and Wei and Joys (1985; 1986). Although the 

homologies are high, even the same H-1-d gene in S. typhi and S. muenchen 

were not serologically identical (Kauffmann, 1951). Thus, since the H1-i primer 
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set was selected from the H-1-i gene of Salmonella typhimurium, the slightly 

different products resulting from H-Ti primers (Figure 5, lane 12,13,14) can be 

explained. 

Salmonella are usually motile with flagella. Non-motile strains are rare. 

Based on the Table of I Antigenic schema for Salmonella' (Ewing, 1986), S. 

gallinarum and S. pullorum are the only two non-motile Salmonella strains. In 

addition, these two strains usually result in poultry salmonellosis but not human 

salmonellosis. If a phoP amplified product shows on the agarose gel, with no 

amplification products from Hin and H-1 i primers, the sample can be retested 

and distinguished by use of IamB as supplemental primers to distinguish non-

motile salmonellae from other enteric pathogens. LamB primers, designed for 

detection of coliforms in environmental samples, are specific to E.coli and 

Shigella species (Josephson et a/., 1991). Overall, the use of the multiplex PCR 

analysis allowed specific detection of different species of Salmonella. 

Sensitivity of PhoP, Hin and H-1i Primer Sets Detected in Salmonella 
typhimurium Using peR, Agarose Gel Electrophoresis and Gene Probes 

PCR amplification allows very sensitive detection of specific DNA 

sequences. Sensitivity of amplification was dependent on the number of copies 

of target DNA. Thus, it can be evaluated by using DNA resulting form the direct 

lysis of whole cells, or by using the DNA extracted and purified from pure 

culture (i.e. pure genomic DNA). 
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Sensitivity was detected in terms of pure genomic DNA 

Pure genomic DNA was extracted and purified from 5 ml of late log 

Salmonella typhimurium ATCC 14028 cells at approximately 108 celis/mi. 

Figure 9 shows the sensitivity of detection in serial dilutions of pure DNA from 

10·' dilution (2.46 x 104 pg) to 10.8 dilution (2.46 x 10.3 pg) with phoP primers. 

After 25 cycles, the 10.6 dilution (2.46 pg) could be detected with EtBr staining 

(Figure 9, top, lane 8). Note that there was no PCR amplified band at the 10·' 

dilution (2.46 x 104 pg), only a smear of DNA showed on the gel. The DNA 

concentration at this dilution may be too high for PCR amplification (Ausubel 

et al.,1987). Sensitivity of the amplification can be improved by the use of 

gene probes accompanied with dot-blot hybridization or Southern-blot 

hybridization. However, using a 32p end-labeled phoP 896-1 specific probe, 

these sensitivity values did not increase and the 10.6 dilutions after 25 cycles 

PCR (Figure 9 bottom, lane 8) was the lowest dilution showing a positive 

amplification. 

Sensitivity was detected in terms of whole cells 

Salmonella typhimurium A TCC 14028 cells were collected from 1 ml of 

late log phase cultures at approximately 108 cells/ml. After centrifugation for 

10 minutes at 14,000 g, pellets were washed, resuspended, and directly lysed 

by boiling at 98°C for 10 minutes. Lysed bacterial cells were serially diluted 

from 10·' to 10.8 dilutions. Twenty pi aliquots of each dilution were assayed for 
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sensitivity using phoP, Hin and H-1 i primer sets individually, and also in a 

multiplex system. Figures 10A, 10B and 10C show the PCR amplification of 

Salmonella typhimurium phoP/phoQ, hin and H-1-i target DNA derived from 

whole cells and visualized by EtBr staining respectively. Dilutions of the boiled 

cells up to 10-6 (approximately 102 cells) only showed detection by EtBr 

staining with phoP primers (Figure 10A, lane 6) . However, for the Hin and H-1 i 

primers, dilutions up to 10-6 (approximately 102 cells) were discernible (Figure 

10B and 10C, lane 6). Similar results also occurred with the multiplex system 

(data not shown). In addition to specific gene probes, sensitivity of the 

amplification also can be improved by the use of • double PCR·. Double PCR 

was performed by adding 10 pi of PCR products from the first 25 cycles to a 

fresh reaction mix, then running another 25 cycles of PCR. The results showed 

that for all primers, after 50 cycles, that dilutions of the boiled cells up to 10-8 

(approximately 100 cells) could be detected via EtBr staining (data not shown). 

Since sensitivity is highly dependent on: i) the method of analysis, ego cells, cell 

Iysates or extracted pure DNA, and ii) the age of culture used, data on 

sensitivity may vary under different cultural conditions 

and sample processing methodologies. 

Efficacy of Primers For Detection of Known Environmental Isolates 

The efficacy of primers for monitoring environmental samples was 

evaluated by testing 1 5 environmental isolates that had previously been 
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Lane 1: S. typhimurium ATCC 14028 100 CFU as positive control; 2: negative 
control (no DNA); 3 and 4: 2.46 x 104 pg/pl (10" dilution); 5: 2.46 x 103 pg/pl 
(10.2 dilution); 6: 2.46 x 102 pglpl (10.3 dilution); 7: 2.46 x 10 pglpl (10.4 

dilution); 8: 2.46 pglpl (10.6 dilution); 9: 2.46 x 10" pglpl (10.0 dilution); 10: 
2.46 x 10.2 pglpl (10.7 dilution); 11: 2.46 x 10.3 pglpl (10.6 dilution). 
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FIG. 9. Sensitivity of Salmonella tvphimurium ATCC 14028 detected in serial 
dilutions of pure genomic DNA with phoP primers. (Ethidium bromide-stained 
1.6% agarose gel electrophoresis (top) and autoradiography of the hybridization 
of amplified products with the 32P-labeled phoP 896-1 probe (bottom)). 

identified by conventional analyses. Twelve presumptive Salmonella isolates 

previously isolated from animal feed lots and waste sludges, and confirmed to 

be Salmonella species by conventional cultural methods were tested as well as 

isolates previously confirmed to be E. coli. Table 9 and Figure 11 (A, B) show 

a positive 299 bp phoP/phoQ bands for all environmental isolates. Most 

multiplex PCR results of environmental isolates are in agreement with the phase 

characteristics, which are based on the antigenic flagellar state of each isolate 



A B c 
I 2 ] 4 567 H I 234 5 6 7 H 1234567 H 

Lane 1: 123 bp DNA ladder as a size standard; 2: 6 x 100 cells/ml (10-2 

dilutions); 3: 6 x 106 cells/ml (10-3 dilutions); 4: 6 x 104 cells/ml (10-4 dilutions); 
5: 6 x 103 cells/ml (10-6 dilutions); 6: 6 x 102 cells/ml (10-0 dilutions); 7: 6 x 
101 cells/ml (10-7 dilutions); and 8: 6 x 10° cells/ml (10-0 dilutions). 
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FIG. 10. Sensitivity of Salmonella typhimurium ATCC 14028 detected in serial 
dilutions of boiled cells with: (A) phop primers; (8) Hin primers; and (C) H-1i 
primers. 

(Ewing, 1986), as listed in Table 9. However, two Salmonella heidelberg 

environmental isolates were tested with their antigenic formula indicating that 

they were phase-1 eo phase-2 inversion species. These strains did not show the 

expected PCR products detected by Et8r staining. In Figure 11 A, lane 4, one 

S. heidelberg isolate (# 8-6601034) shows all three amplification bands, 

whereas, in the same figure lane 5, the other S. heidelberg isolate (# 8-

7211645-10) showed only the phoP/phoQ and hin bands. Again note that the 

presence of 2 bands did identify the isolate as a Salmonella species. Also, 
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Figure 118 shows correctly that no amplification resulted from the three non-

Salmonella isolates (E. coli strains) with Hin and H-1i primers. Thus, the 

multiplex PCR analysis was effective in identifying and confirming presumptive 

salmonellae obtained by traditional cultural methods of environmental origi,ns. 

Evaluation of PCR Technology for Detection of 
Salmonella species in Soil Community DNA 

Primers were also evaluated for their ability to detect salmonellae in soil 

and water samples using the same PCR protocols described previously. 

8razito sandy loam and Pima silty clay loam were chosen for this study 

because they are soil types commonly found in the Sonoran Desert of the 

southwestern United States. The physical and chemical properties of these two 

soils are quite different, especially in the silt and clay content (Table 3), Pima 

silty clay loam has 50 % silt and clay compared to the 20 % of the 8razito 

sandy loam. Early methods for the extraction of bacteria from soil were based 

on culturing (Stevenson, 1958), or shaking with a mechanical shaker, or 

ultrasonication (Ramsay, 1984). Many bacteria in soil are surrounded by soil 

debris, colloids of organic matters, and are not readily distinguished 

microscopically, or extractable from soil (8alkwill et al., 1975). The efficiency 

of extraction is low, and may cause damage to the cells during sample 

processing. The extraction methodology used in this study, allowed the 

recovery of microbial DNA from soil samples, by lysis of the cells directly in the 

presence of the soil itself, followed by cesium chloride-ethidium bromide 
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Table 9. Summary of the multiplex peR results of known environmental 
isolates and the flagellar antigens, phase characteristics of 
presumptive Salmonella isolates. 

Strains Flagellar Phase" Amplification results 
antigens 

pllOP Hin H-1i 
Salmol/ella heidelberg 1,4,5,12:r:l,2 1&2 + + + 
Salmol/ella heidelberg 1,4,5,12:r: 1,2 1&2 + + +I_b 

Salmonella pool/a !,13,22:z:1,6 1&2 + + 
Salmol/ella muenchel/ 6,8:d: 1,2 1&2 + + + 
Salmol/ella pomol/a 28:y:l,7 1&2 + + + 
Salmol/ella dublil/ 1,9,12:[Vi):g,p:- 1 + + 
Salmol/ella califort/ia 4,5,12:m,t,:- 1 +I_b + + 
Salmol/ella lomita 6,7:e,h:l,5 1&2 + + + 
Salmol/ella typhimurium 1,4,12:i: 1,2 1&2 + + + 
Salmol/ella typhimurium 1,4,12:i:l,2 1&2 + + + 
Salmol/ella typhimurium l,4,12:i: 1,2 1&2 + + + 
Salmol/ella typhimurium 1,4,12:i:l,2 1&2 + + + 
Escherichia coli + 
Escherichia coli + 
Escherichia coli + 

• Ph .. e in Salmonella:apply only 10 Ibe IlIltJsenlc propemea of Ibe H componen .. of Ibe nDsellakd bDcteria and Ibeir correapondins ftgSlutlns 
b faint amplificatJon band Ihowl in 8g8role gel 

equibrium density centrifugation purification. Advantages of this protocol are 

that it is rapid, allowing greater numbers of samples to be processed, and that 

it may isolate DNA from bacteria that are not readily detached from soil 

particles. 

Both unseeded soils gave no amplification after 30 or 50 cycles of 

multiplex peR. The average amount of recovered DNA from seeded Brazito 

sandy loam was about 1 .6 times more than the DNA recovered from Pima silty 

clay loam, most likely, due to sorption of DNA on soil colloids in the clay loam 

(Ogram et aI., 1988). Equal amounts of DNA extracted from two soils were 

used as a template for multiplex peR. Figure 12 shows the peR amplification 
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(A) Lane 1: 123 bp DNA ladder as a size standard; 2: negative control 
(no cells or DNA); 3: S. typllimurium ATCC 14028 as positive control; 4: B-
6601034 (S. heidelberg); 5: B-7211645-10 (S. heidelberg); 6: M-7011529-1 
(S. poona); 7: M-6212478-1 (S. muenchen); 8: M-7008395-4 (S. pomona); 9: 
MP5-5126-4 (S. dublin); 10: 0-7210564-2 (S. california); 11: 0-711484-3 (S. 
lomita); 12: SDPHS 103-1 (S. typhimurium); 13: SDPHS 107-1 (S. 
typhimurium); 14: SDPHS 114-2 (S. typhimurium). 

(B) Lane 1: 123 bp DNA ladder; 2: MP5-9959-1 (E. com; 3: MP5-6120-
2 (Escherichia coli) ; 4: MP4-354-1 (E. com ; 5: positive control (S. 
typhimurium ATCC 14028). 
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FIG. 11. Multiplex PCR results of phoP, Hin and H-1i primers on presumptive 
(A) Salmonella and (B) E. coli strains. 

products detected by EtBr staining. Lanes 5,6,7 (Figure 12) show smears of 

all the 3 replications of Brazito sandy loam, lane 8 shows the amplification of 

DNA recovered from Pima silty clay loam. The 236 bp Hin amplification product 

is hardly discernable, perhaps because the sensitivity of the Hin primer is less 

than the other two primer sets. This indicates that the seeded Salmonella cells 

may be adsorbed by clay particles, and that the extraction of DNA is more 
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Lane 1: 123 DNA Ladder as a size standard; 2: negative control; 3: S. 
typhirnuriurn ATCC 14028 as positive control; 4: E.coli ATCC 12435 as 
positive control; lanes 5-7: DNA's recovered from Brazito sandy loam; lane 8: 
DNA recovered from Pima silty clay loam. 
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FIG. 12. multiplex PCR results of Brazito sandy loam and Pima silty clay loam 
seeded with S. tvphimurium ATCC 14028 and E.coli 15224 strains. 

difficult from the clay loam soil than from the sandy loam. Thus, increased clay 

contents of soils may result in limited detection of Salmonella species using this 

PCR technology. Soils with high concentrations of clay or organic matter 

(humic acid) limit the amount of seeded cells that can be extracted by the 

protocol. However, clay and humic material can be dispersed or eliminated prior 

to the process of DNA extraction, by passage through Sephadex. (Straub, T. 

personal communication, University of Arizona). 



Evaluation of PCR Technology for Detection of Salmonella in 
Seeded Well Water Samples, and Environmental Water Samples 
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Conventional cultural methods for isolation of microorganisms from 

environmental samples is inadequate. Instead the isolation of nucleic acids of 

microbial origin directly without culturing the organisms is desirable. However, 

the isolation of nucleic acids first requires that the bacterial cells must be 

harvested from the environment. Filtration is one approach for harvesting cells 

from water samples. 

Seeded well water samples 

Two methodologies for concentrating cells were evaluated. In one 

method: seeded well water and distilled water were filtered through a PC 0.22 

pm membrane and subsequently cell were lysed. A second approach involved 

the use of a Sterivex-GS filter followed by the extraction of DNA from within 

the filter. Cell concentrates from both methods were PCR amplified and DNAs 

detected by EtBr staining. Results indicates that cell concentrates from the PC 

membrane filtration followed by cell lysis, showed no amplification after the 

first 25 cycles of PCR (Fig 13). This may be due to the fact that cells were 

trapped within the membrane, with DNA from these trapped cells being more 

difficult to PCR amplify. However, after 50 cycles, PCR amplified products 

were detected by EtBr staining. Sterivex-GS filter has a much higher filtration 

capacity than other membrane filters of similar pore size and surface (Somerville 

et al., 1989). This procedure utilizing direct lysis of 5 x 106 cells within a 
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Lane 1: Salmonella typhimurium ATCC 14028 (positive control); 2: Sterivex 
filter after 25 cycles of PCR; 3: Sterivex filter after 50 cycles of PCR; 4: PC 
filter membrane after 25 cycles; 5: PC filter membrane after 50 cycles of PCR. 
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FIG. 13. PCR results with phD? primer detected on well water samples seeded 
with S. tvphimurium ATCC 14028, on PC 0.22 pm filter membrane and 
Sterivex-GS 0.22 pm filter unit. (Ethidium bromide-stained 1.6% agarose gel 
electrophoresis (top) and autoradiography of the hybridization of amplified 
products with the 32P-labeled phDP 896-1 probe (bottom)). 

Sterivex filter yielded an average of 10.8 ng of purified, high-molecular-weight 

DNA. When analyzed with PCR, 1.08 x 102 pg of purified DNA was used as 

template DNA. After 25 cycles PCR with phD? primers, a PCR amplification 

product was detected by EtBr staining (Fig. 13). In addition, nucleic acids can 

be extracted and purified within the filter making the method easier, less 

expensive, avoiding the loss of cells during transfer, and decreasing the 

chances of nuclease contamination, when compared to the traditional 

extraction procedures or extractions from PC flat membranes. 
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Environmental water samples 

peR technology were also evaluated by detecting Salmonella species in 

4 well water and pond water samples. All well water samples tested negative 

after 25 and 50 cycles of peR regardless of which method was used. Due to 

the turbidity of the surface pond water, both filters were totally clogged after 

few mililiters of pond water were filtered. Pretreatment of environmental water 

sample by passage through Sephadex to eliminate particulates, clay or humic 

material is necessary prior to the process of DNA extraction. Several 

presumptive Salmonella isolates were isolated from the pond water using 

Bismuth Sulfide selective medium. One isolate showed a positive amplification 

product by EtBr staining after 25 cycles of peR with phoP primers. This isolate 

also showed positive peR amplified products by multiplex peR technology with 

3 primers (data not shown). 

Polymerase chain reaction is a method which has the capacity to amplify 

specific sequence of DNA in vitro without the need to culture organisms. A 

primary requirement of the peR reaction is that the peR must not be inhibited 

by contaminants in the DNA preparation. The methodology of filtration within 

a filter coupled to peR amplification could obviate the need for enterotube or 

antigen typing, and allow one to use purified DNA to identify, classify, and 

measure the abundance of microbes that can not now be studied in any other 

way. 
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SUMMARY AND CONCLUSIONS 

peR is a newly developed method which has the ability to amplify a 

unique, small amount of DNA or RNA to a detectable amount under optimal 

reaction conditions. In addition to other important factors, the use of 

appropriate primers is the key factor that allows the successful use of the 

reaction. Three sets of primers were used in a multiplex peR reaction in order 

to specifically detect Salmonella species. PhoP primers were chosen because 

of their necessity for virulence of salmonellae, and due to the special anionic 

region in the phoP/phoQ regulation gene, that is required for survival within the 

phagolysosomes in host cells. Hin and H-1 i primers were selected based on the 

phase variation that only occurs in Salmonella species but not in E. coli. After 

analysis of test results obtained for bacterial strains in pure culture and 

environmental isolates from soil and water samples, it is concluded that motile 

Salmonella species can be distinguished from other enteric bacteria including 

E. coli by using multiplex peR with phoP, Hin and H-1 i primers. Although peR 

technology does have limitations for detection of bacterial pathogens in soil 

samples, amplification would be improved by different sample processing, or 

by increasing the efficiency of peR amplification. Overall, as a basic research 

tool, multiplex peR technology is sensitive, rapid, relatively simple and does 

allow detection of environmental isolates of Salmonella species. 
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A future and potentially major application of this multiplex peR 

technology would be the direct testing of the genetic complexity of a microbial 

community in environmental samples such as groundwater and sludge-amended 

field samples, for the presence of pathogenic microorganisms without prior 

cultural techniques, or it could be used to confirm presumptive Salmonella 

isolates obtained by traditional cultural methods. 
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APPENDIX A: 

BACTERIOLOGICAL CULTURE MEDIA 



Nutrient Broth(DIFCO 0001) 

Bacto Beef Extract 
Bacto Peptone 
Distilled Water 
pH 

3.0 9 
5.0 9 
1.0 L 
6.8+0.2 

Tryptone With NaCI (ATCC Media Formulation8 #294: 
(for E.coiI12435) 

Tryptone 
NaCI 
Distilled Water 

8.0 9 
0.5 9 
1.0 L 

Nutrient Agar With 0.5% NaCI (ATCC Media Formulation #129) 
(for Salmonella typhimurium 19585) 

Bacto Beef Extract 
Bacto Peptone 
NaCI 
Distilled Water 
pH 

3.0 9 
5.0 9 
0.5 % 
1.0 L 
6.8+0.2 

Trypticase Soy Agar (ATCC Media Formulation #18) 
(for Salmonella sp. 35664) 

Trypticase Soy Broth 
Agar 
Distilled Water 

30.0 9 
15.0 9 
1.0 L 
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Nutrient Agar With 1,5% NaCI (ATCC Media Formulation #105) 
(for Vibrio natriegens 14048) 

Bacto Beef Extract 
Bacto Peptone 
NaCI 
Distilled Water 
pH 

3,0 g 
5,0 g 
1,5 % 
1,0 L 
6,8+0,2 

Trypticase Soy Agar(BBL 11043) With 5% Defibrinated Sheep Blood 
(ATCC Media Formulation #260, for Streptococcus pyogenes 19615) 
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II: ATCC Media Formulation: Information on microbiological media components, 
their interchangeability, function and design can be found in Methods in 
Microbiology (Bridson and Brecker, 1970) and CRC Handbook Series in 
Nutrition and Food, Section G, Vol,1II 
(Bridson, 1978), 
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APPENDIX B: 

BUFFERS, SOLUTIONS AND DNA MARKERS 



lOx PCR Amplification buffer 

500 mM KCI 
100 mM Tris'CI pH 8.4 at room temperature 
15 mM MgCI2 
0.01 % w/v gelatin 

TBE buffer (Tris-borate) 

0.089 M Tris-borate 
0.089 M Boric acid 
0.002 M EDTA pH 8.0 
pH adjusted to 8.2 ..... 8.3 with conc. HCI 

Endo stop solution pH 8.0 

0.01 % Bromphenol Blue 
70.0 % Glycerol 
0.1 M EDTA, pH 8.0 

123 bp DNA Ladder 
DNA (0.882 pg/pl) 100 pi 
H20 500 pi 
loading dye (Endo stop solution) 

250 pi 

Ethidium bromide solution 10mg/ml 

EtBr 
dH20 
protect from light 

1 9 
100 ml 
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20x SSC (10x SSC, 2x SSC: Dilute from 20X SSC) 

NaCI 175,3 9 
Sodium citrate 88,2 9 
ddH20 1,0 L 
pH adjusted to 7.0 with cone. HCI 

Pre hybridization and hybridization solution 
for 10 ml solution 

10 % SDS 1 ml 
1 M NaCI 0,598 9 

50 % Dextran sulfate 2 ml 
10 mg/ml Salmon sperm DNA 10 pi 
ddH20 up to 10 ml 

10x T4 kinase buffer 

G-50 Sephadex 

0.5 M Tris· CI, pH 7.5 
0.1 M MgCI2 

50 mM DTT 
0.5 mg/ml BSA or gelatin 

G-50 Sephadex 30 g 
TE buffer, pH 7.5 300 ml 
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autoclave for 15 min. or heat at 60°C for several hours. 

SET buffer Sucrose 
EDTA 
Tris-HCI (pH = 7.6) 

20 % 
50 mM 
50 mM 



IE buffer 
Iris-HCI (pH = 7.5, 8.0) 
EDIA (pH=8.0) 

Lysozyme solution (ml) 
Lysozyme 
Glucose 
EDIA 
Tris-CI pH = 8.0 

10 mM 
1 mM 

8 mg 
50mM 
10 mM 
25 mM 
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APPENDIX C: 

GENE SEQUENCES AND REFERENCES OF PhoP/PhoQ of SALMONELLA 
# M24424 AND THE LOCATIONS OF PhoP PRIMERS 
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M24424.Gb_Ba 
LOCUS 
DEFINITION 

ACCESSION 
KEYWORDS 
SOURCE 

ORGANISM 

REFERENCE 
AUTHORS 
TITLE 

JOURNAL 
STANDARD 

COMMENT 

FEATURES 
CDS 

CDS 

BASE COUNT 
ORIGIN 

STYPHOPQ 2190 bp ds-DNA BCT 15-MAR-1990 
S. typhimurium phoP protein and membrane protein phoQ genes, 
complete cds. 
M24424 
membrane protein; phoP protein; phoQ protein. 
S.typhimurium (strain LT2) DNA. 
Salmonella typhimurium 
Prokaryota; Gram-negative facultatively anaerobic rods; 
Enterobacteriaceae. 
1 (bases 1 to 2190) 
Miller, S.I., Kukral, A.M. and Mekalanos, 1.1. 
A two component regulatory system (phoP-phoQ) controls 
S.typhimurium virulence 
Proc. Natl. Acad. Sci. U.S.A. 86, 5054-5058 (1989) 
full staft entry 
Draft entry and printed copy of sequence for [1] kindly provided by 
S.l. Miller, 01-MAY-1989. 
LocationlQualifiers 

141. .815 
Inote= "phoP protein" 
leodon_start= 1 

815 .. 2170 
Inote= "membrane protein phoQ" 
leadon_start= 1 

552 a 546 e 560 g 532 t 

M24424 Length: 2190 December 6, 1992 12:36 Type: N Check: 1233 .. 

1 TCGACGAACT TAAATAATGC CTGCCTCACC CTCTTTTCTT CAGAAAGAGG 

51 GTGACTATTT GTCTGGTTTA TTAACTGTTT ATCCCCAAAG CACCATAATC 

101 AACGCTAGAC TGTTCTTATT GTTAACACAA GGGAGAAGAG ATGATGCGCG 

151 TACTGGTTGT AGAGGATAAT GCATTATTAC GCCACCACCT GAAGGTTCAG 

201 CTCCAGGATT CAGGTCACCA GGTCGATGCC GCAGAAGATG CCAGGGAAGC 

251 TGATTACTAC CTTAATGAAC ACCTTCCGGA TATCGCTATT GTCGATTTAG 

301 GTCTGCCGGA TGAAGACGGC CTTTCCTTAA TACGCCGCTG GCGCAGCAGT 

351 GATGTITCAC TGCCGGTTCT GGTGTTAACC GCGCGCGAAG GCTGGCAGGA 

401 TAAAGTCGAG GTTCTCAGCT CCGGGGCCGA TGACTACGTG ACGAAGCCAT 

451 TCCACATCGA AGAGGTAATG GCGCGTATGC AGGCGTTAAT GCGCCGTAAT 
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501 AGCGGTCTGG CCTCCCAGGT GATCAACATC CCGCCGTTCC AGGTGGATCT 

551 CTCACGCCGG GAATTATCCG TCAATGAAGA GGTCATCAAA CTCACGGCGT 

601 TCGAATACAC CATTATGGAA ACGCTTATCC GTAACAACGG TAAAGTGGTC 

651 AGCAAAGATT CGCTGATGCT TCAGCTGTAT CCGGATGCGG AACTGCGGGA 

701 AAGTCATACC ATTGATGTTC TCATGGGGCG TCTGCGGAAA AAAATACAGG 

751 CCCAGTATCC GCACGATGTC ATTACCACCG TACGCGGACA AGGATATCTT 

801 TTTGAATTGC GCTAATGAAT AAATTTGCTC GCCATTTTCT GCCGCTGTCG 

851 CTGCGGGTTC G I I I I I !GCT GGCGACAGCC GGCGTCGTGC TGGTGCTTTC 

901 TTTGGCATAT GGCATAGTGG CGCTGGTCGG CTATAGCGTA AGTTTTGATA 

951 AAACCACCTT TCGTTTGCTG CGCGGCGAAA GCAACCTGTT TTATACCCTC 

1001 GCCAAATGGG AAAATAATAA AATCAGCGTT GAGCTGCCTG AAAATCTGGA 

1051 CATGCAACGC AACATTCCCT GGCTGATTAA AAGCATTCAA CCGGAATGGT 

1101 TAAAAACGAA CGGCTTCCAT GAAATTGAAA CCAACGTAGA CGCCACCAGC 

1151 ACGCTGTTGA GCGAAGACCA TTCCGCGCAG GAAAAACTCA AAGAAGTACG 

1201 TGAAGATGAC GATGATGCCG AGATGACCCA CTCGGTAGCG GTAAATATTT 

1251 ATCCTGCCAC GGCGCGGATG CCGCAGTTAA CCATCGTGGT GGTCGATACC 

1301 ATTCCGATAG AACTAAAACG CTCCTATATG GTGTGGAGCT GGTTCGTATA 

1351 CGTGCTGGCC GCCAATTTAC TGTTAGTCAT TCCTTTACTG TGGATCGCCG 

1401 CCTGGTGGAG CTTACGCCCT ATCGAGGCGC TGGCGCGGGA AGTCCGCGAG 

1451 CTTGAAGATC ATCACCGCGA AATGCTCAAT CCGGAGACGA CGCGTGAGCT 

1501 GACCAGCCTT GTGCGCAACC TTAATCAACT GCTCAAAAGC GAGCGTGAAC 

1551 GTTATAACAA ATACCGCACG ACCCTGACCG ACCTGACGCA CAGTTTAAAA 

1601 ACGCCGCTCG CGGTTTTGCA GAGTACGTTA CGCTCTTTAC GCAACGAAAA 

1651 GATGAGCGTC AGCAAAGCTG AACCGGTGAT GCTGGAACAG ATCAGCCGGA 

1701 TTTCCCAGCA GATCGGCTAT TATCTGCATC GCGCCAGTAT GCGCGGTAGC 
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1751 GGCGTGTTGT T AAGCCGCGA ACTGCATCCC GTCGCGCCGT TGTT AGAT AA 

1801 CCTGATTTCT GCGCTAAATA AAGTTTATCA GCGTAAAGGG GTGAATATCA 

1851 GTATGGATAT TTCACCAGAA ATCAGTTTTG TCGGCGAGCA AAACGACTTT 

1901 GTCGAAGTGA TGGGCAACGT ACTGGACAAC GCTTGTAAAT ATTGTCTGGA 

1951 GTTTGTCGAG ATTTCGGCTC GCCAGACCGA CGATCATTTG CATATTTTCG 

2001 TCGAAGATGA CGGCCCAGGC ATTCCCCACA GCAAACGTTC CCTGGTGTTT 

2051 GATCGCGGTC AGCGCGCCGA TACCCTACGA CCACAGATCA TTGCCAGCGA 

2101 CAGTCTGCTC GGTGGCGCCC GTATGGAGGT CGTITTTGGC CGACAGCATC 

2151 CCACACAGAA AGAGGAATAA ACATTTCTGT GCGTTCTTCC 

PhoP 337-L 5'·A1'G'OMAGt:;ttG~(X:·A'lC~tG-3' 

PhoP 338-R 5':(ttA l'tCAttA(.tAtcA1C~C'tt-3' 
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II< The shaded area are the two oligo sequences selected for phoP primers. Some gene sequences 
were missing. 



APPENDIX D: 

GENE SEQUENCES AND REFERENCES OF HinlH2 OF SALMONELLA 
# V01369 AND THE LOCATION OF Hin PRIMERS 
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VOI369.gb_ba 
LOCUS 
DEFINITION 
ACCESSION 
SOURCE 
ORGANISM 

FEATURES 

CDS 

CDS 

STYHINX 1064 ds-DNA BCT 26-MAY-1991 
HIN and H2 genes of S.typhimurium. 
V01369 
Salmollella typhimurium DNA 
Salmollella typhimurium 
Prokaryota; Bacteria; Gracilicutes; Scotobacteria 
Facultatively anaerobic rods; Enterobacteriaceae. 
From EMBL entry STHINX; dated 06-JUL-1989 

Location/Qualifiers 
mise-feature 22 .. 1017 

/note= "invertible sequence" 
99 .• 668 
/note= "reading frame (HIN)" 
1035 .. > 1064 
/note= "reading frame (H2)" 

BASE COUNT 365 a 205 c 228 g 266 t 
ORIGIN 

V01369 Length: 1064 

1 CGATTTATTG GTTCTTGAAA ACCAAGGTTT TTGATAAAGC AATCCTCCAT 

51 GAGAAAAGCG ACTAAAATTC TTCCTI'ATCT GATGTAAAGG AGAAAATCAT 

101 GGCTACTATT GGGTATATTC GGGTGTCAAC AATTGACCAA AATATCGATT 

151 TACAGCGTAA TGCGCTT ACT AG~1TC't'()A.t'CGtA T TTTTGAAGAC 

201 CGTATCAGTG GCAAGATTGC AAACCGCCCC GGCCTGAAAC GGGCGTTAAA 

251 GTATGTAAAT AAAGGCGATA CTCTI'GTCGT CTGGAAATTA GACAGACTGG 

301 GCCGTAGCGT GAAAAATCTG GTGGCGTTAA TATCAGAATT ACATGAACGT 

351 GGAGCTCACT TCCATTCTTT AACCGATAGT ATTGA"rAtcA GrA~l' 

401 ~CGATTC 'I I I I I ICATG TAATGTCAGC ACTGGCCGAG ATGGAGCGAG 

451 AATTAATCGT CGAGCGAACC CTTGCCGGAC TGGCTGCCGC CAGAGCGCAA 

501 GGACGACTGG GAGGGCGCCC TCGGGCGATC AACAAACATG AACAGGAACA 

551 GATTAGTCGG CTATTAGAGA AAGGCCATCC TCGGCAGCAA TTAGCTATTA 

601 TTTTTGGTAT TGGCGTATCC ACCTI'ATACA GATACTTTCC GGCAAGCAGT 

651 ATAAAAAAAC GAATGAATTA AAATAAAAAT CACAACAGGA TGGATATAAC 

701 ATTTTTGTAA TACAGGCGTA TGGCATAAAT AAACCGAAAG GGTATACAAA 
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751 AAAGACAGCA TCTAATTAAA AAGAGAAAAA ATTCAACGTA TTAACATATA 

801 TAGTGTAACG CGCTCACGAT AAGGCCTATG TTACATCCAG CTATAGACGA 

851 CATCGCTCAA AACACTACCA GACACAGTAT TCACCTGGAA AGGCTTTTTA 

901 ATCAAAATGT TAGATGTAAG CAATTACGGA CAGAAAAAAT AGTAAAGTTT 

951 ATGCCTCAAG TGTCGATAAC CTGGATGACA CAGGTAAGCC TGGCATAACA 

1001 TIGGTTATCA AAAACCTTCC AAAAGGAAAA TTTTATGGCA CAAGTAATCA 

1051 ACACTAACAG TCTG 

... The shaded area are the two oligo sequences selected for Hi" primers 
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APPENDIX E: 

GENE SEQUENCES AND REFERENCES OF H-1-i OF SALMONELLA 
# M 11332 AND THE LOCATIONS OF H-1; PRIMERS 
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M11332.gb_ba 
LOCUS 
DEFINITION 

ACCESSION 
KEYWORDS 
SOURCE 

ORGANISM 

STYFLGHlI 1485 bp 
Salmol/ella typhimurium H-l-i gene encoding phase 
protein (flagellin), complete cds. 
M11332 
flagellin. 
S. typhimurillm SL 877 DNA 
Salmol/ella typhimurium 

96 

1 flagellar filament 

Prokaryota; Bacteria; Gracilicutes; Scotobacteria; Facultatively anaerobic rods; 
Enterobacteriaceae. 

REFERENCE 
AUTHORS 
TITLE 

JOURNAL 
COMMENT 

FEATURES 
CDS 

BASE COUNT 
ORIGIN 

M11332 

1 (bases 1 to 1485) 
Joys, T.M. 
The covalent structure of the phase-l flagellar filament protein of Salmol/ella 
typhimllrium and its comparison with other flagellins. 
J. BioI. Chern. 260:15758-15761 (1985) 
Individual Salmol/ella serotypes usually alternate between the production of two 
antigenic forms of flagella, termed phase-l and phase-2, each specified by 
separate structural genes. Both ends of the flagellin gene act in the regulation of 
flagellin synthesis. 

Location/Qualifiers 
13 .. 1485 
/note= "phase-l flagellar filament protein" 
/codon start = 1 

427 A 375 C 354 G 329 T 
98 bp upstream of TaqI site. 

Length: 1485 

1 AAGGAAAAGA TCATGGCACA AGTCA TT AA T ACAAACAGCC TGTCGCTGTT 

51 GACCCAGAAT AACCTGAACA AATCCCAGTC CGCTCTGGGC ACCGCTATCG 

101 AGCGTCTGTC TTCCGGTCTG CGTATCAACA GCGCGAAAGA CGATGCGGCA 

151 GGTCAGGCGA TTGCTAACCG TTTTACCGCG AACATCAAAG GTCTGACTCA 

201 GGCTTCCCGT AACGCTAACG ACGGTATCTC CATTGCGCAG ACCACTGAAG 

251 GCGCGCTGAA CGAAATCAAC AACAACCTGC AGCGTGTGCG TGAACTGGCG 

301 GTTCAGTCTG CTAACAGCAC CAACTCCCAG TCTGACCTCG ACTCCATCCA 

351 GGCTGAAATC ACCCAGCGTC TGAACGAAAT CGACCGTGTA AATGGCCAGA 

401 CTCAGTTCAG CGGCGTGAAA GTCCTGGCGC AGGACAACAC CCTGACCATC 

451 CAGGTTGGTG CCAACGACGG TGAAACTATC GATATCGATC TGAAGCAGAT 

501 CAACTCTCAG ACCCTGGGTC TGGATACGCT GAATGTGCAA CAAAAATATA 



551 AGGTCAGCGA TACGGCTGCA ACTGTTACAG GATATGCCGA TACTACGATT 

601 GCTTTAGACA ATAGTACTTT TAM.~m~A~lTGGTGGTAC 

651 TGACGAGAAA ATTGATGGCG ATTTAAAATT TGATGATACG ACTGGAAAAT 

701 ATTACGCCAA AGTTACCGTT ACGGGGGGAA CTGGTAAAGA TGGCTATTAT 

751 GAAGTTTCCG TTGATAAGAC GAACG~G~aa,.o ~TCAC 

801 TCCCGCTACA GTGACTACTG CGACAGCACT GAGTGGAAAA ATGTACAGTG 

851 CAAATCCTGA TTCTGACATA GCTAAAGCCG CA TTGACAGC AGCAGGTGTT 

901 ACCGGCACAG CATCTGTTGT TAAGATGTCT TATACTGATA ATAACGGTAA 

951 AACTATTGAT GGTGGTTTAG CAGTTAAGGT AGGCGATGAT TACTATTCTG 

1001 CAACTCAAGA TAAAGATGGT TCCATAAGTA TTGATACTAC GAAATACACT 

10.51 GCAGATAACG GTACATCCAA AACTGCACTA AACAAACTGG GTGGCGCAGA 

1101 CGGCAAAACC GAAGTCGTTA CTATCGACGG TAAAACCTAC AATGCCAGCA 

1151 AAGCCGCTGG TCATGATTTC AAAGCAGAAC CAGAGCTGGC GGAACAAGCC 

1201 GCTAAAACCA CCGAAAACCC GCTGCAGAAA ATTGATGCTG CTTTGGCACA 

1251 GGTTGACACG TTACGTTCTG ACCTGGGTGC GGTACAGAAC CGTTTCAACT 

1301 CCGCTATTAC CAACCTGGGC AACACCGTAA ACAACCTGTC TTCTGCCCGT 

1351 AGCCGTATCG AAGATTCCGA CTACGCGACC GAAGTCTCCA ACATGTCTCG 

1401 CGCGCAGATT CTGCAGCAGG CCGGTACCTC CGTTCTGGCG CAGGCGAACC 

1451 AGGTTCCGCA AAACGTCCTC TCTTTACTGC GTTAA 

If< The shaded area are the two oligo sequences selected for Hi" primers 
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APPENDIX F: 

SEQUENCE VARIATION IN COMPARISON OF H-1i (M11332) WITH 
H-1a (X03393) AND H-1d (X03395) 
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M11332 (S.typhimurluml B-li) <--> 103395 (S.muenchent B-ld) 
Gap fixed. 10 Gap vary.. 10 

H11332 
X03395 

Hl1332 
X03395 

Hl1332 
X03395 

Hl1332 
X03395 

Hl1332 
X03395 

Ml1332 
X03395 

H11332 
X03395 

Hl1332 
X03395 

Ml1332 
X03395 

Hl1332 
X03395 

Ml1332 
X03395 

Ml1332 
X03395 

M11332 
X03395 

Ml1332 
X03395 

Hl1332 

AAGGAAAAGATCATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAAT 
AAGGAAAAGATCATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAAT 
************************************************************ 

AACCTGAACAAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTG 
AACCTGAACAAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTG 
************************************************************ 

CGTATCAACAGCGCGAAAGACGATGCGGCAGGTCAGGCGAT~GCTAACCGTTTTACCGCG 
CGTATCAACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTCACCGCG 
.*~.** ••••••••••••••••• ***.* •• * •• **.*****.**.* •••• *.* ** ••• * 

AACATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAG 
AACATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAG 
************************************************************ 

ACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAACTGGCG 
ACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAACTGGCG 
************************************************************ 

GTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGGCTGAAATC 
GTTCAGTCTGCTAACGGTACTAACTCCCAGTCTGACCTTGACTCTATCCAGGCTGAAATC 
*************** * ** ***************** ***** *************** 

ACCCAGCGTCTGAACGAAATCGACCGTGTAAATGGCCAGACTCAGTTCAGCGGCGTGAAA 
ACCCAGCGTCTGAACGAAATCGACCGTGTATCCGGTCAGACTCAGTTCAACGGCGTGAAA 

GTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAACGACGGTGAAACTATC 
GTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAACGACGGTGAAACTATT 
*********************************************************** 

GATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCTGGATACGCTGAATGTGCAA 
GATATTGATTTAAAAGAAATTAGCTCTAAAACACTGGGACTTGATAAGCTTAATGTCCAG 
***** *** * ** * ** * **** * ** ***** ** **** *** ***** ** 

CAAAAATATAAGGTCAGCGATACGGCTGCAACTGTT-ACAGGA-----TATGCCGATACT 
GATGCCTACACCCCGAAAGAAACTGCTGTAACCGTTGATAAAACTACCTATAAAAATGGT 

* ** * *** ** * 

ACGATTGCTTT---AGACAATAGTACTTTTAAAGCCTCGGCTACTGGTCTTGGTGGTACT 
ACAGATACTATTACAGCCCAGAGCAATACTGATATCCAAACTGCAATTGGCGGTGGTGCA 
** * 
GACGAGAAAATTGATGGCGATTTAAAATTTGATGATACGACTGGAAAATATT-ACGCCAA 
ACGGGGGTTACTGGGGCTGATATCAAATTTAAAGATG-GTCAATACTATTTAGATGTTAA 

* * 
AGTTACCGTTACGGGGGGAACTGGTAAAGATGGCTATTATGAAGTTTCCGTTGATAAGAC 
AGGCGGTGCTTCTGCTGGTGTTTATAAAGCCACTTATGATGAAA---CTACAAAGAAAGT 

GAACGGTGAGGTGACTCTTGCTGCGGTCACTCCCGCTACAGTGACTACTGCGACAGCACT 
TAATATTGATACGAC---TGATAAAACTCCGTTAGCAACTGCGGAAGCTACAGCTATTCG 

* 
GAGTGGAAAAATGTACAGTGCAAATCCTGATT-CTGACATAGCTAAAGCCG-CATTGACA 
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X03395 

H1l332 
X03395 

H1l332 
X03395 

GGGAACGGCCAC-TATAACCCACAACCAAATTGCTGAAGTAACAAAAGAGGGTGTTGATA 
* ** * ** * ** *** **** ** * **** * 11*** * 

GCAGCAGGTGTTACCGGCACAGCAT-CTGTTGTTAAGATGTCTTATACTGATAATAACGG 
-CGACCACAGTTGC-GGCTCAACTTGCTGCTGCAGGGGTTACTGGTGCCGATAAGGACAA 
* * *** * *** ** * * *** ** * * ** * * ***** ** 

TAAAACTATTGATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTG 
TA---CTAGCCTTGTAAAACTATCGTTTGAGGATAAAAACGGTAAGGTTATTG 
** 11** ** ** * ** *** * * * * * ** 

100 



H11332 <--> X03393 

Gap fixed. 10 Gap vary. a 10 

H11332 
X03J93 

H11332 
X03393 

H11332 
X03393 

Hl1332 
X03J93 

Hl133:.! 
X03393 

Ml1332 
X0339J 

Hl1332 
X03393 

Hl1332 
X03393 

H11332 
X03393 

Hl1332 
X03393 

H113J2 
X03393 

Hl1332 
X03393 

Hl1332 
X03393 

H1l332 
X03393 

AGGTCAGCGATACGGCTGCAACTGTTACAGGATATGCCGATACTACGATTGCTTTAGACA 
ATGTGAAGAGCGAAGTCACGCCTTC----GGCTACATTAA-GC-ACTACTGCACTTGATG 
'" 'II'" * '" * *'" "''II 'II'll * '" 'II'll * "''II'" * 'II'll 

ATAGTACTTTTAAAGCCTCGGCTACTGGTCTTGGTGGTACTGACGAGAAAATTGATGGCG 
GTGCTGGCCTCAAAACCGGAACCGGTTCTACAACTGATACTGGTTCAATTAAGGATGGTA 

'" '" * "''''''' "'''' * '" * "'''' "'*"''''* * '" **"'** 

ATTTAAAATTTGATGATACGACTGGAAAATATTACGCCAAAGT------TACCGTTACGG 
AGGTTTACTATAACAGCACCTCTAAAAATTATTATGTTGAAGTAGAATTTACCGATGCGA 

'" '" '" '" '" '" "'''' 'II'" "''''''' "''II'"'''''' '" "''II'"'''''' * "''II 

GGGG---AACTGGTAAAGATGGCTATTATGAAGTTTCCGTTGATAAGACGAACGGTGAGG 
CCGATCAAACCAACAAAGGCGGATTCTATAAAGTTAATGTTGCT--GATGA-TGGTGCAG 

'" "''II'll "'''''''''' "'''' '" "''''''' *"'*** "''II'll'" * "'''' "''II "''II'''''' * 
TGACTCTTGCTGCGGTCACTCCCGCTACAGTGACTACTGCGACAGCACTGAGTGGAAAAA 
TCACAATGACTGCGGCTACCACCAAAGAGGCTACAACTCCTACAGGTATTACTGAAGTTA 

'" "'''' '" ***"''''''' "'''' "'''' '" "'''' "''''''' '" "'''''''''' '" '" "'''' * 
TGTACAGTGCAAAT-CCTGATTCTGACATAGCTA------AAGCCGCATTGACAGCAGCA 
CTCA-AGTCCAAAAACCTGTGGCTGCTCCAGCTGCTATCCAGGCTCAGTTGACTGCTGCC 

'" "''''''' 'II"''''", ",,,,'II'" "''II'" **"'* * "'''' ",'II"''''''' "''II 'II'll 

GGTGTTACCGGCACAGCATCTGTTG------TTAAGATGTCTTATACTGATAATAACGGT 
CATGTGACCGGCGCTGATACTGCTGAAATGGTTAAGATGTCTTATACGGATAAAAACGGT 

"''II", "'****'" '" '" "''II", "'''' "'''''''''''''''''''*''''''''''''*''''''''' ","''''''''II ",,,,"''II'll'" 

AAAACTATTGATGG'I'GGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAA 
AAGACTATTGATGGCGGTTTCGGTGTTAAAGTTGGGGCTGATATTTATGCTGCAACAAAA 
"'''' *"''''''''''''''''*''''''* "''II'"'''''' '" "''II'll'''''' "'''' "''II '" "''II'''''' 'II"'''' "'''''II'''''''''''' 'II'" 

GATAAAGATGGTTCCATAAG'l'ATTGATACTACGAAATACACTGCAGA'l'AACGGTACATCC 
AATAAAGATGGATCGTTCAGCATTAACACCACTGAATATACCGATAAAGACGGCAACACT 

'" "'''''''''' * '" 
AAAACTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTCGTTACTATCGAC 
AAAACTGCACTAAACCAACTGGGTGGCGCAGACGGTAAAACTGAAGTTGTTTCTATCGAC 
"''''''''''''''''''''''''''''''''''''''''''' "'''''''''''''''''''''''''*''''''''''''''''''''''''''' ",,,,"''II'" "''''*'''* 'II"'''' "'''''''''''''''''''''' 

GGTAAAACCTACAATGCCAGCAAAGCCGCTGGTCATGATTTCAAAGCAGAACCAGAGCTG 
GGTAAAACCTACAATGCCAGCAAAGCCGCTGGTCACAACTTTAAAGCACAGCCAGAGCTG 
"'*"''''''''''''''''''''''*'''''''''''''''*'''*'''''''''**''''''''''''''''''''''''''''''* '" "'''' "''''''''''*''' '" *"'''''''''''''*'''''' 

GCGGAACAAGCCGCTAAAACCACCGAAAACCCGCTGCAGAAAATTGATGCTGCTTTGGCA 
GCTGAAGCGGCTGCTGCAACCACCGAAAACCCGCTGGCTAAAATTGATGCCGCGCTGGCG 
"'''' "'''''II 'II'll "''''''' "'****"'''''''******'''**'''''' "'''''''''''''**'''*'''''' "'''' "'''''''''' 

CAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCAACTCCGCTATT 
CAGGTTGATGCCGTGCGTTCTGACTTGGGTGCGGTTCAGAACCGTTTCAACTCCGCTATC 
*"''''*'''**''' '" * **"'*"'**** "'****"''''*'''* "''''*'''******'''''''''****'''''''''**''' 

ACCAACCTGGGCAACACCGTAAACAACCTGTCTTCTGCCCGTAGCCGTATCGAAGATTCC 
ACCAACCTGGGCAATACCGTAAATAACCTGTCTTCTGCCCGTAGCCGTATCGAAGATTCC 
"'**"'****"'**"'** *"'**"'**'" *"''''*''''''**''''''*'''*'''*********''''''*****'''**'''** 
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H11332 
X03393 

GACTACGCGACCGAAGTCTCCAACATGTCTCGCGCGCAGATTCTGCAGCAGGCCGGTACC 
GACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATCCTGCAGCAGGCCGGTACC 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTCCTCTCTTTACTGCGTTAA 
TCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTCCTCTCTTTACTGCGTTAA 
••••••••••••••••••••••••••••• *.*.******.***** •• *.******** 
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