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ABSTRACT 

The use of DNA typing and fingerprinting methods to identify and 

discriminate strains of bacteria, including Salmonella, has increased 

dramatically in recent years. Traditional typing methods, including 

serotyping and phage typing, have often not adequately discriminated 

strains, nor have they always identified virulent or antibiotic resistant 

strains. In a literature review, DNA-based methods, including plasmid 

analysis, restriction fragment length polymorphism (RFLP) analysis, and 

polymerase chain reaction (PGR) fingerprinting methods were evaluated. 

Plasmid analysis, including plasmid profiles and plasmid fingerprints have 

been shown to be useful primarily in short-term investigations of disease 

outbreak. However, plasmid profiles or possession of individual plasmids 

have generally not been good indicators of cell phenotypes overall. 

RFLP fingerprinting of Salmonella utilizing probes from ribosomal 

DNA, insertion sequence IS200, or random sequences has been reported. 

Ribotypes detected with ribosomal probes have generally been shared 

among different serotypes, whereas IS200 profiles have tended to be more 

serotype-specific. AP PGR and rep-PGR primers have been shown to 

discriminate Salmonella isolates, but fingerprints have been more difficult 

to reproduce and interpret than RFLP fingerprints. Several authors have 

reported bands of varying intensities, and some faint bands have not been 

reproducible. Improved methods of resolving and detecting PGR products 

are necessary. 

In a laboratory study, 85 environmental Salmonella isolates 

belonging to 22 serotypes were fingerprinted by 16S RFLP ribotj^ing, by 
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rep-PCR, using ERIC (enterobacterial repetitive intergenic consensus) 

primers, and by AP PGR. Ribotypes were shared by isolates from 

different serotypes. ERIC PCR and one AP PCR primer produced 

fingerprints that discriminated among the different isolates, but did not 

identify serotypes. Another AP PCR primer produced simple patterns 

that neither discriminated isolates, nor identified serotypes. In a second 

related laboratory study, computer-assisted matching of AP PCR 

fingerprints of several known isolates was evaluated. Aliquots of the 

PCR reaction were run in the same and different gels, and the fingerprints 

bands were scored by two technicians on a presence-absence basis, and 

matched by creating dendrograms. Although replicate fingerprints of an 

isolate appeared reproducible, they were not always scored identically. 

Thus, the computer was not always able to correctly match fingerprints. 



INTRODUCTION 

Problem DeHnition 

Bacteria of the genus Salmonella are important pathogens 

worldwide, and rapid and accurate identification of isolates is important in 

epidemiology. Traditional identification has been by serotyping and phage 

typing, but these methods have not always provided adequate 

discrimination of strains. Methods of DNA typing and fingerprinting 

have been developed to further subtype Salmonella serotypes and phage 

types. The primary methods are plasmid analysis, restriction fragment 

length polymorphism (RFLP) analysis, and polymerase chain reaction 

(PGR) fingerprinting. The main objective of this research is to evaluate 

the ability of different methods of DNA typing and fingerprinting to 

identify and discriminate Salmonella serotypes and phage types. 

Dissertation format 

This dissertation contains three manuscripts as appendices. 

Appendix 1 is a literamre review of DNA-based methods for typing and 

fingerprinting Salmonella isolates. Appendix 2 is a report of experimental 

work performed in our laboratory to evaluate RFLP and PGR 

fingerprinting methods for the identification and subtyping of Salmonella 

serotypes. Appendix 3 reports on variations observed in scoring the 

bands in replicate AP PGR fingerprints and their effect on computer 

matching of isolates. Differences in formattting of the individual 

manuscripts reflects the requirements of the different journals to which 

each is being submitted. 
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Each experiment has been primarily designed, implemented, and 

interpreted by the candidate. Dr. I. L. Pepper is co-author of the papers 

and served to advise, but not design, the candidate's research. Karen L. 

Josephson, an additional co-author of the manuscript in Appendix 2, 

modified and adapted protocols for sampling, isolation, and confirmation 

of Salmonella isolates, but did not contribute to the development or 

implementation of fingerprinting protocols used in this research. 

Each candidate for the advanced degree of Doctor of Philosophy in 

the Department of Soil, Water and Environmental Science is expected to 

submit his or her original research to peer-reviewed scientific journals for 

publication. By using this alternative format, these papers will be ready 

for publication. Preparation and submission of the manuscripts were 

undertaken by the candidate. Dr. I. L. Pepper edited the manuscripts. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in 

papers appended to this dissertation. The following is a summary of the 

most important findings. Appendix 1 is a literature review of DNA-based 

methods for typing and fingerprinting Salmonella isolates. These methods 

supplement traditional identification of serotypes and phage types and have 

been used in both epidemiology and phylogenetics. The methods reviewed 

include plasmid profiles and plasmid fingerprints, RPLP analysis, and 

PGR fingerprinting. Each method has been shown to be useful in certain 

circumstances, but there are disadvantages associated with each. Analysis 

of plasmids is relatively simple and has been used in epidemiology to trace 

routes of infection. Individual plasmids or plasmid profiles have not 

generally been good indicators of phenotypes, however, and plasmids 

may be gained or lost. RFLP fingerprinting is time-consuming, but 

fingerprints have been stable and easy to interpret. Discrimination has 

depended on the probe sequence. Probes made from the Salmonella-

specific insertion sequence IS200 have been more specific for serotypes 

than ribosomal DNA probes. PGR fingerprinting is a more recent 

technology than plasmid or RFLP analysis and few reports have been 

published to date. PGR fingerprinting is simple and rapid, but 

fingerprints have not been as easy to reproduce as RFLP fingerprints, and 

the significance of differences in fingerprints among isolates is not known. 

Appendix 2 is a report of experimental work performed in our 

laboratory to evaluate RFLP and PGR fingerprinting methods for the 
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identification and subtyping of Salmonella serotypes. Environmental 

Salmonella isolates belonging to 22 serotypes were fingerprinted by 

RFLP and PGR methods. The fingerprints were analyzed using computer 

imaging and matching software. Correlations between fingerprints and 

serotypes, and among the different methods, were examined. RFLP 

fingerprint patterns produced using a 16S ribosomal DNA probe were 

simple, and easy to interpret. Many bands were conserved among 

ribotypes, and ribotypes were shared among different serotypes. Thus, 

ribotyping was not specific for serotypes and did not discriminate isolates 

well. Arbitrarily-primed PCR (AP PGR) fingerprints were produced 

using two separate primers. One primer produced simple patterns shared 

by isolates of different serotypes, with some bands conserved among all 

isolates. The other primer produced fingerprints that did not have 

conserved bands, but discriminated isolates well. The fingerprints did 

not, however, identify serotypes. Repetitive sequence PCR (rep PGR) 

fingerprints were also obtained, using primers directed at enterobacterial 

repetitive intergenic consensus (ERIC) sequences. ERIC PGR produced 

complex fingerprints that discriminated among isolates well, but did not 

identify serotypes. Some bands were highly conserved among isolates. In 

general, none of DNA typing methods evaluated produced 

fingerprints that identified Salmonella serotypes. There were also 

differences in the grouping of isolates by the different methods. 

Appendix 3 reports on variations observed in scoring the bands in 

replicate AP PGR fingerprints and their effect on computer matching of 

isolates. AP PCR fingerprints have been shown to consist of intense and 
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faint bands, and the reproducibility of faint bands has been questioned. 

This study investigated differences in detection, scoring, and matching of 

replicate fingerprints. One E. coli strain and several Salmonella strains 

belonging to different serotypes were analyzed by AP PCR. Replicate 

aliquots of PCR products were analyzed in the same or different gels, and 

the images were scored on a presence-absence basis by two different 

people. In addition, each person scored the same image twice without 

being told it was a duplicate. Variations in scoring were observed at all 

levels. One person consistently scored more bands than the other person, 

and there were differences in how each person scored the duplicate image 

the second time compared to the first time. Neither person consistently 

scored PCR replicates and gel electrophoresis replicates in the same gel or 

different gels the same. As a result, different isolates were not always 

correctedly identified from their fingerprints. Dendrograms created from 

the data discriminated E. coli from Salmonella, but in general 

fingerprints of Salmonella serotypes could not be distinguished from each 

other. The results suggest that electrophoresis and detection of 

fingerprints must be improved before computer matching of AP PCR 

fingerprints becomes feasible. 
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I. Introduction 

The purpose of this review is twofold: 1) to evaluate different 

methods of DNA typing and fingerprinting of Salmonella strains, and 2) 

to report the most important epidemiological and phylogenetic discoveries 

that have been made using these methods. Bacteria of the genus Salmonella 

are major human and animal pathogens worldwide. All serotypes are 

potentially pathogenic, and no beneficial effect of Salmonella has ever 

been demonstrated (Guthrie, 1992). It is convenient to divide Salmonella 

into two groups: 1) S. typhi, the cause of typhoid fever, and 2) all other 

serotypes (>2000 worldwide), which may cause gastroenteritis or 

septicemia. While S. typhi infections in industrialized countries are rare 

(Rowe et al., 1993), infections from all other serot)^es may actually be 

increasing (Guthrie, 1992; Stanley et al., 1992c). ^on-typhi Salmonella 

is reportedly the leading cause of foodbome disease in the United States, 

and is responsible for about 3 million infections and 30 deaths annually 

(Todd, 1989). Worldwide, salmonellosis may kill as many as 3 million 

people annually (Thong et al., 1995). Modem large-scale food processing 

and multi-state or international distribution of foodstuffs create the 

potential for widespread dissemination of Salmonella, and outbreaks often 

mirror changes in market trends (Kapperud et al., 1989). Identification 

and typing of Salmonella has had two main purposes: 1) epidemiology, 

which attempts to detect virulent and antibiotic resistant strains and to 

trace routes of infection; and 2) phylogenetics or taxonomy, which attempt 

to clarify genetic relationships among serotypes, phage types, and strains. 
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Serotyping has historically been the standard for identifying 

members of the genus Salmonella (Kaufftnann, 1972; Ewing, 1986). It is 

based on the reaction of antisera with antigenic determinants in the strain 

being typed, primarily somatic (O) antigens, and flagellar (H) antigens. 

Each of the more than 2000 recognized serotypes has a unique antigenic 

formula consisting of combinations of O, H, and other antigens. While 

most authorities agree that the genus Salmonella contains only one or two 

true species (WHO Expert Committee, 1988), serotypes are accepted as 

pseudo species names, for example: S. typhimurium is correctly 

identified as S. enterica serovar typhimurium. Serotyping is performed 

by specialized laboratories. Identification of serotypes is important, but 

serotyping without further subtyping has had limited usefulness for 

epidemiology since just three serotypes (5". typhimurium, S. enteriditis, 

and S. heidelberg ) account for 50% of human infections worldwide 

(Schutze et al., 1995). 

Strains of several important Salmonella serotypes have been 

subtyped by determining their susceptibility to lysis by certain 

bacteriophages. A phage typing scheme for 5. enteriditis was described by 

Ward et al. (1987), using 10 typing phages to create 27 phage types, and 

has now been expanded using 15 phages to create more than 50 types 

(Stanley and Baquar, 1994). Anderson et al. (1977) updated a phage 

typing scheme for S. typhimurium that recognized over 200 phage 

types. Although a large number of phage types may have been identified 

worldwide, a single type may be predominant in a geographical area. 

For example, 84% of the S. enteriditis isolates from infected humans in 
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England and Wales in 1992 belonged to phage type 4 (PT4) (Threlfall et 

al., 1994b). Identification of phage types, while important, has not always 

permitted discrimination of outbreak from non-outbreak strains, 

identification of sources of infection, or evaluation of the virulence or 

antibiotic resistance of strains. For example, Poppe et al. (1993) found 

that an S. enteriditis PT 4 strain from Britain was more virulent to 

chickens than a PT 4 strain from Canada, and the difference could not be 

attributed to possession of a plasmid. Observations of this kind have 

motivated the search for more discriminating typing methods, and there 

has been great anticipation that DNA methods would fulfill an important 

need. 

Typing methods for Salmonella were briefly reviewed by Threlfall 

and Frost (1990). More recently, Helmuth and Schroeter (1994) reviewed 

molecular typing methods for S. enteriditis. This paper reviews and 

evaluates the DNA-based methods currently used to identify, subtype, or 

fingerprint Salmonella serotypes, phage types, and strains. These include 

plasmid analysis (plasmid profiles and plasmid fingerprints), restriction 

fragment length polymorphism (RFLP) analysis, and polymerase chain 

reaction (PGR) fingerprinting, which was not covered in the previous 

reviews. Other methods not based on DNA content have been described 

or reviewed elsewhere, and have been used either in place of, or in 

conjunction with, DNA methods. These include antibiotic resistance 

(Rodrigue et al., 1992; Singer et al., 1992; Katouli et al., 1992a; Brown et 

al.,1991), biotyping (Katouli et al., 1992a; Katouli et al., 1992b; Klingler 

et al., 1992; Olsen et al., 1992; Anderson et al., 1978), multilocus enzyme 
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electrophoresis (Kapperud et al., 1989; Selander et al., 1986), outer 

membrane protein profiles (OMP) (Singer et al., 1992; Helmuth et al., 

1985), and lipopolysaccharide analysis (LPS) (Threlfall and Chart, 1993; 

Threlfall et al., 1993; Hitchcock and Brown, 1983). 

The ideal DNA fingerprinting protocol for Salmonella may not 

exist, but several criteria are important. Stanley et al. (1995) 

distinguished between typeability, the generation of reproducible, 

stable, unambiguous fingerprints, and discrimination, the detection of 

differences among isolates. For example, patterns or profiles containing 

both conserved specific bands and variable bands have the advantage of 

being able to identify a serotype or phage type and then discriminate 

isolates within it (Stanley et al., 1995). In contrast, sometimes several 

patterns or profiles have been found within a serotype or phage tj^e, but 

they have not been specific, since they have also been detected in other 

types. Methods reviewed in this paper have been evaluated for the ability 

to reproducibly and specifically distinguish among and within serotypes 

and phage types. The distribution of isolates among fingerprint types is 

also important. In some cases, although many fingerprint types have been 

identified, a large proportion of the isolates belong to a single type. 

Diversity of fingerprint patterns that reflects real and significant 

population diversity is the goal of fingerprinting. DNA elements or 

sequences giving rise to fingerprints must be stable during the time frame 

of investigation, yet they must be mobile enough to have created 

differences among isolates on an evolutionary time scale, either long or 

short term. Most important is the ability of typing methods to identify 
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functional and significant differences among isolates. Some methods 

have been shown to detect differences in the DNA of different isolates, 

but it has not always been demonstrated that these differences have been 

expressed phenotypically. 
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n. Plasmid analysis 

Theory. Plasmids are circular, double-stranded, self-replicating extra-

chromosomal DNA molecules present in the cells of bacterial species. 

They are mobile compared to chromosomal DNA, and can be transferred 

between cells of the same or different species or genera. While not 

essential for survival of the host, plasmids encode useful genes that 

enhance the cell's lifestyle (Lin, 1984). Plasmid analysis has been an 

important tool for subtyping Salmonella, primarily for epidemiology, and 

preceded the development RFLP and PCR methods. Plasmids have been 

analyzed directly using hybridization or sequencing to detect either 

specific genes or homology among plasmids of different serotypes. 

Indirect analysis has also been done by creating plasmid profiles and 

fingerprints, which are the focus of this section. Plasmid proHles are 

obtained by gel electrophoresis and staining of whole plasmids (Figure 1), 

whereas plasmid Ongerprints are produced by restriction digestion of 

plasmid DNA, followed by electrophoresis and staining of the restriction 

fragments (Wachsmuth et al., 1991; Piatt et al., 1986). In some cases, the 

function of the individual plasmids making up a profile has been 

investigated. Often, however, plasmids have been considered anonymous 

genetic markers usefiil for distinguishing different strains. 

The plasmid content of Salmonella and the genes encoded by them 

are diverse. Virulence and resistances to antibiotics and phage infections 

are important phenotypes associated with plasmids in Salmonella strains 

(Helmuth et al., 1993; Lax et al., 1993; Brown et al., 1991; Woodward et 
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Figure 1. The use of plasmid profiles to discriminate strains belonging 
to Salmonella typhimuriiim DT 193 resistance type ASSuT. A large 
plasmid (approx. 80 Mda) was common to all strains and hybridized to a 
virulence gene (arrows). (Adapted from Hampton et al., 1995, with 
permission from BlackweU Science, Oxford, England). 

al., 1989; Helmuth et al., 1985). It has been shown in studies using mice 

that strains of S. enteriditis, S. typhimurium, S. dublin, and S. 

choleraesuis require virulence plasmids in order to colonize organs 

beyond the intestinal tract. Furthermore, Salmonella isolates from 

human blood or organs almost always contain virulence plasmids, while 

environmental isolates are less likely to have them (Helmuth et al., 1993). 

The exact mechanisms of virulence are still not completely understood. 
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Plasmids are common but not universal in isolates of Salmonella 

serotypes. Browning et al. (1995) reported plasmids in all 65 S. 

dublin isolates in their collection from seven countries. Threlfall et al. 

(1994b) reported plasmids in 94% of 1089 S. enteriditis PT4 isolates, and 

Rankin et al. (1995) found plasmids in 91% of 434 S. enteriditis isolates 

from Scotland and the United States. Olsen et al. (1992) detected 

plasmids in 88% of 1284 S. berta strains. On the other hand, Stanley et 

al. (1995) found that only 15 of 30 strains of S. panama contained 

plasmids. Helmuth et al. (1985) found that S. infantis was generally 

plasmid-free. 

For plasmid profiles, crude plasmid extracts free of chromosomal 

DNA can be electrophoresed directly, using reference plasmids as 

molecular size markers to estimate the size, but not the copy number, of 

plasmids present in the cell (Baggesen et al., 1992 ). The plasmid 

extraction protocols of Kado and Liu (1981) and Bimboim and Doly 

(1979) have been conmionly cited. In the literature. Salmonella plasmid 

sizes have been given in units of molecular weight (megadaltons, MDa) or 

length (kilobase pairs, kbp) (1 kbp -1.5 MDa) (Brown et al., 1986). 

Different authors have reported slightly different sizes for the same 

plasmid type, and sizes have been estimated either for whole plasmids or 

by summation of restriction fragments following digestion. Plasmid size 

units used in this review are those of the respective authors. Plasmid 

profiles of Salmonella have conmionly consisted of one or more large 

plasmids (>30 MDa), some of which are serotype-specific plasmids (SSP), 

and some small plasmids (<10 MDa). Small plasmids have been diverse 
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and have often contributed to a large number of different profiles being 

observed within a population. Some authors have included the plasmid-

free state as a plasmid profile type (Threlfall et al., 1994b). 

For plasmid fingerprints, plasmid DNA has usually been purified 

to improve digestion with restriction enzymes, for example, by using 

phenol-chloroform extraction, isopropanol precipitation, RNase treatment, 

and ethanol precipitation (Browning et al., 1995). Piatt et al. (1986) 

described a plasmid fingerprinting protocol for enterobacteria, including 

Salmonella. They recommended screening enzymes and performing 

double digests, if necessary, in order in order to obtain an optimum 

number of fragments (about 6 to 20) for good discrimination. Strains 

found to contain only small plasmids were digested with frequent-cutting 

enzymes, e.g. HaeXSi, which has a four-base recognition site. Restriction 

digestions have been performed on total plasmid DNA containing multiple 

plasmid types (Dom et al., 1993), but this approach does not determine 

the plasmid from which particular fragments have originated. Browning 

et al. (1995) circumvented this dilemma by digesting total plasmid DNA 

of isolates in which the plasmid of interest was the sole plasmid. Olsen et 

al. (1992) electrophoresed total plasmid DNA, sliced individual bands 

from the gel, and digested each plasmid size separately. 

Several authors have warned that plasmid profiles and fingerprints 

must be interpreted with caution. Plasmids of the same apparent 

molecular weight may be different, while plasmids of different molecular 

weights may be closely related (Rankin et al., 1995). For example, 

Wachsmuth et al. (1991) found different HindlU fingerprints of two 36 
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MDa plasmids from S. enteriditis PT4 isolates. Conversely, three 

different size S. enteriditis plasmids (38, 45 and 59 MDa) have been 

found to share a 3.5 kbp HindHl fragment (Brown et al., 1993). Farrar 

(1983) considered plasmid analysis an indirect method for estimating 

relatedness of isolates, but was willing to accept that two plasmids were 

identical if they had the same restriction fingerprint using two separate 

enzymes. Plasmids have been considered less reliable than chromosomal 

markers for typing bacteria because they are unstable and not present in 

all isolates (Wachsmuth et al., 1991). Removal of selective pressure has 

caused the loss of resistance and virulence plasmids (Brown et al., 1991; 

Lin, 1984), but we are not aware of reports that plasmid profiles have 

changed during laboratory typing. 

Plasmid content of isolates has been considered a short-term genetic 

marker, primarily useful for epidemiological rather than phylogenetic 

investigations. Viewed another way, however, the instability of plasmids 

has been an advantage. It has increased genetic diversity, and permitted 

some subtyping of otherwise highly clonal serotypes (Threlfall et al., 

1994b). The rate at which plasmids are gained or lost is not always 

known. Olsen et al. (1992) speculated that all S. berta strains currently 

isolated in Denmark may be descendants of the well-smdied original strain 

detected there in 1984. If that is true, a lot of plasmid profile diversity, 

especially contributed by small plasmids, has been acquired in a short 

period time. 

Grouping of isolates by plasmid profiles may not agree with 

groupings by other methods. Identical plasmid profiles have been found in 
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divergent genomic lines of S. dublin (Olsen and Skov, 1994). Brown et 

al. (1986) believed that unrelated strains could acquire the same plasmid 

by chance. Despite its limitations, plasmid analysis remains a primary 

tool for subtyping Salmonella serotypes. Olsen and Skov (1994) 

considered it simple and cost efficient. Piatt et al. (1986) thought that a 

database of plasmid restriction fragments would be useful for 

epidemiological investigations. 

Case studies using plasmid analysis 

S. enteriditis. Infections from 5. enteriditis have increased dramatically 

in the past decade (Stanley et al., 1994). In 1988 it became the most 

isolated serotype in England and Wales (Stanley et al., 1991), and since 

1990 it has surpassed S. typhimurium in importance in the United States 

(Usera et al., 1994). Ward et al. (1987) described a phage typing scheme 

for subtyping S. enteriditis. Unfortunately, one phage type is often 

predominant in a geographical region, for example, PT 8 in North 

America and PT 4 in Britain (Usera et al., 1994; Stanley et al., 1992a). 

Plasmid profiles and plasmid fingerprints have been used to increase 

discrimination of 5. enteriditis strains, with mixed success. 

Serotype-specific virulence plasmids (SSP) have been identified in 

important serotypes including S. enteriditis (Helmuth et al., 1985). The 

S. enteriditis SSP (variously reported as 36, 38, or 40.3 MDa, or 54 

kbp) is common but not ubiquitous in S. enteriditis strains. Other large 

plasmids (45, 59, and 65 MDa) have been found in its place in some 

strains (Threlfall et al., 1989). Threlfall et al. (1989) investigated 

whether plasmid profiling provided as much discrimination among S. 
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enteriditis strains as phage typing. Plasmid profiles of 534 isolates 

belonging to 27 phage types were determined. All profiles except the 

plasmid-free type had one of three highly conserved SSP (38, 59, or 65 

MDa). There was some relation between SSP and phage type. Only the 

38 MDa plasmid was found in PT 4 and PT 8 strains, and only the 59 

MDa plasmid was found in PT 11 strains. Different isolates of some 

phage types, however, had more than one type of SSP. Other plasmids, 

many <10 kbp, contributed to the diversity of profiles and there were 23 

different profiles detected. However, the most common profile, the 38 

MDa plasmid alone, accounted for 72% of all isolates and was found in 

18 different phage types. It also accounted for 78% of PT 4 and 97% of 

PT 8 isolates. Therefore, plasmid profiles were not specific for phage 

types, nor did they discriminate well within the serotype. 

Rodrigue et al. (1992) found that plasmid profiles distinguished 

most PT 8 isolates from PT 13a isolates, but did not discriminate well 

within either phage type. ThreLfall et al. (1994b) investigated the plasmid 

profile diversity within PT 4 strains isolated from humans, poultry, and 

eggs in Britain. Ninety-four percent of 1089 strains collected from 1988 

to 1992 had plasmids, and 25 different profiles were found. Eight had 

previously been detected in S. enteriditis strains of various phage types 

including PT 4. Although some profiles were source-specific, eight 

profiles were found in isolates from both humans and poultry. As 

expected, the dominant type was the 38 MDa plasmid alone, accounting 

for 70% of isolates from poultry and >90% of isolates from humans and 

eggs. Nevertheless, the authors concluded that for epidemiological 
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purposes plasmid profiles provided better discrimination of the highly 

clonal PT 4 than subtyping by chromosomal characteristics (See RFLP 

analysis below). 

The genetic diversity among S. enteriditis serotype-specific 

plasmids and their similarity to plasmids of other serotypes have been 

investigated by restriction analysis and hybridization. Rankin et al. 

(1995) commented that plasmids of the same apparent size may be 

different, while plasmids of different sizes may share homology. Singer 

et al. (1992) and Brown et al. (1993) found little variation in restriction 

digests of the 38 MDa plasmid obtained from different strains, and 

concluded that plasmid fingerprints did not extend the discrimination 

provided by plasmid profiles. In contrast, Rankin et al. (1995) found 

some variants in Smal and Pstl restriction fingerprints of the 54 kbp SSP 

(They did not use the designation SE 38) from a diverse set of 434 isolates 

of known and unknown phage types. Wachsmuth et al. (1991) were able 

to distinguish the S. enteriditis SSP (36 MDa) from another plasmid of 

approximately the same size by comparing HindlU fingerprints. The 

different fingerprints reflected differences in antibiotic resistance. Rankin 

et al. (1995) discovered that some Smal or Pstl fragments from the 38 

MDa SSP were shared by the S. typhimurium SSP, suggesting homology 

between the two plasmid types. Brown et al. (1993) found that Hindlll 

digests of the 38, 45, and 59 MDa plasmids, but not the 65 MDa plasmid, 

shared a 3.5 kbp fragment that hybridized to a virulence gene probe 

{spvC). 
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S. typhimurium, Helmuth et al. (1985) reported a serotype-specific 62 

MDa plasmid in 88% of S. typhimurium strains in their study. Its 

presence was associated with increased virulence, and it had homology to 

virulence plasmids of different sizes present in other serotypes. Piatt et 

al. (1988) reported that the 5. typhimurium SSP (designated pSLT) is 

common but not ubiquitous in isolates of most phage types. Restriction 

fingerprints of pSLT and SSPs from S. enteriditis and S. dublin shared 

some fragments. Plasmid fingerprints also detected variants of pSLT 

associated with some acquired antibiotic resistances. Sixty megadalton 

plasmids having restriction patterns indistinguishable from pSLT were 

found in 61% of Scottish S. typhimurium strains belonging to several 

phage types, and were more prevalent in isolates from animals than from 

humans (Brown et al., 1986). 

Baggesen et al (1992) detected 18 different plasmid profiles in 198 

strains of S. typhimurium isolated from poultry from a single farm. 

Eighty-seven percent of the strains belonged to phage type 110. A 94 kbp 

plasmid was common to most profiles. However, restriction digestion 

showed two variants of this plasmid, one equivalent to pSLT, the other 

different. The authors thought that pSLT was of little value in 

epidemiological studies because it was so common in 5. typhimurium 

isolates. Millemarm et al. (1995) found eight plasmid profiles in 56 S. 

typhimurium strains of undetermined phage types. All but one strain had 

a 90 kbp plasmid assumed to be the SSP. 

Several studies have used plasmid analysis to discriminate within 

imiponant S. typhimurium phage types. Hampton et al. (1995) 
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reported that >90% of more than 2000 S. typhimurium DT 193 isolates 

collected from humans over a two-year period were antibiotic resistant. 

The two most common resistance types were further subtyped first by 

plasmid profiles, and then by plasmid fingerprints. Thus, their work 

exhibited several levels of discrimination, from serotype to phage type, 

resistance type, plasmid profile, and finally plasmid fingerprint. Threlfall 

et al. (1990) produced plasmid profiles of 350 isolates of S. typhimurium 

PT49, the most common 5. typhimurium phage type isolated from 

humans in England and Wales from 1985 to 1990. All strains had 

plasmids, and a 62 MDa plasmid (presumably pSLT) was common to aU 

profiles. Smaller plasmids were responsible for the large number of 

profiles. The dominant profile was seen in two-thirds of the isolates 

from humans and half the isolates from animals. Wray et al. (1990) found 

eight different plasmid profiles in DT204c strains isolated from cattle, 

although a total of 33 profiles had previously been seen among isolates of 

this phage t3^e. Three of the profile types were used to track three 

separate outbreaks among calf dealers. 

Other serotypes. S. dublin is an important serotype with its primary 

reservoir in cattle. Woodward et al. (1989) reported a 50 MDa virulence 

plasmid in most isolates of S. dublin. Helmuth (1985) reported that 89% 

of S. dublin strains carried a 56 MDa plasmid (-84 kbp) described as the 

SSP. Olsen and Skov (1994 ) found 10 plasmid profiles in 35 isolates, 

mostly from Denmark, but an 83 kbp plasmid was observed in most 

profiles. Small plasmids contributed to the diversity of profiles. 

Browning et al. (1995) found 15 plasmid profiles in 65 S. dublin strains 
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from seven countries including Denmark, but profiles did not correlate 

with resistance to several antibiotics. A 72 kbp plasmid, described by the 

authors as a virulence-associated SSP, was common to nearly all the 

strains. No 83 kbp plasmid was reported. Again, small plasmids 

contributed to the diversity of profiles. Variants of the 72 kbp plasmid 

were detected by separate digestion with EcoRW, Smal, and Pstl. 

S. berta was discovered in Uruguay in 1936, but made its way to 

Denmark in 1984 where it is now the third most common serotjrpe 

isolated from humans (Olsen et al., 1992). In 238 strains isolated from 

humans and poultry, mostly in Denmark, Olsen et al. (1992) found 25 

different plasmid sizes (ranging from 100 to 2 kbp) which contributed to 

52 different profiles. Some profiles were found in both humans and 

poultry. Eleven profiles accounted for about half the poultry isolates 

and about 80% of the human isolates. The distribution of isolates among 

many profiles is in sharp contrast with the results from plasmid analysis 

of S. enteriditis, where a single profile (SE 38) has usually been found 

in about three quarters of the isolates studied. The original Danish S. 

berta isolate contained three plasmids (5.4, 3.3, 2.0 kbp). Interestingly, 

this profile was not observed in any of the isolates in this study, although 

each of the plasmid sizes appeared in other profiles. Nine plasmid sizes 

contributing to the most common plasmid profiles were subsequently 

digested with £coRI (large plasmids) or Alul (small plasmids). Results 

were mixed. Five fingerprints were seen in the 100 kb plasmids of 23 

isolates, but all 36 kbp plasmids from 8 isolates had identical fingerprints. 
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£coRI fingerprints of the 58 kbp plasmid distinguished U.S. isolates and 

Danish isolates. 

In summary, plasmid profiles and fingerprints have contributed to 

increased subtyping of some serotj^es, for example, S. berta (Olsen et 

al., 1992), but have been less usefiil for subtyping S. enteriditis (Brown et 

al., 1993). Several common serotypes have large plasmids often described 

as serotype-specific virulence plasmids (SSP) (Helmuth et al., 1985). 

There is homology among the SSP's of different serotypes, in particular, 

in a region coding for Salmonella plasmid virulence (spv) genes. Small 

cryptic plasmids have increased the diversity of plasmid profiles. 

Moderate discrimination of serotypes and phage types has been achieved, 

but strong correlations between plasmid content and virulence or 

antibiotic resistance have not always been demonstrated. The instability of 

plasmids has been a concern. 
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m. RFLP Analysis 

Theory. Restriction fragment length polymorphism (RFLP) 

fingerprinting has been widely used for subtyping Salmonella isolates. 

Chapters by Tenover and Unger (1993), Swaminathan and Matar (1993), 

Grimont and Grimont (1991), and Stahl and Amann (1991) cover RFLP 

theory in detail. Helmuth and Schroeter (1994) and Threlfall and Frost 

(1990) provided short reviews of Salmonella typing methods including 

RFLP analysis. Briefly, RFLP fingerprinting normally consists of cutting 

genomic DNA reproducibly at specific sites, separating the fragments by 

gel electrophoresis, and detecting a limited number of these fragments 

using a gene probe. 

RFLP fingerprinting utilizes restriction enzjones (endonucleases) to 

digest genomic DNA at specific recognition sites, which are inverted 

DNA sequence repeats of usually four or six base pairs (bp). A single 

base change (insertion, deletion, or substitution) can create or eliminate a 

site. Thus, the location of restriction sites varies among bacteria. 

Polymorphisms are differences in the lengths of restriction fragments 

among different isolates. Roberts (1979) listed the recognition sequences 

of known restriction enzymes, but enzyme selection for RFLP analysis is 

usually empirical rather than based on sequence information of the 

isolates being fingerprinted. Wilson (1994) and Johnson (1993) described 

protocols for purifying genomic DNA. Restriction digestion of a few 

micrograms of DNA is usually sufficient, following the manufacturer's 

recommendations or a standard protocol (Bloch, 1995). The restriction 
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fragments are resolved by gel electrophoresis, a basic technique of 

molecular biology that allows DNA fragments to be separated according 

to their length. Voytas (1988) and Southern (1979) provided gel 

electrophoresis protocols with commentary. 

A restriction digest of genomic bacterial DNA contains potentially 

hundreds of different size fragments. In some cases the gel is stained 

with ethidium bromide and photographed, and the observed pattem is the 

actual fingerprint. Usually, however, the large number of restriction 

fragments in a standard agarose gel can not be interpreted easily (Popovic 

et al., 1993; Hansen et al., 1993). To simplify the pattem, the DNA is 

transferred to a membrane, and only fragments that contain a specific 

sequence are detected using a gene probe. Transfers were originally 

performed by capillary action, but systems using vacuum or pressure are 

now available. Transfer of DNA to a positively charged nylon filter using 

an alkaline transfer buffer is a popular modem procedure because the 

DNA becomes covalently bound to the nylon (Brown, 1993a). Brown 

(1993a) and Reed and Mann (1985) discussed transfer conditions and 

membrane materials, and provided transfer protocols. 

Chapters by Stahl and Amann (1991) and Grimont emd Grimont 

(1991) are good introductions to gene probe technology. A gene probe 

is a labeled fragment of DNA of a specific sequence capable of binding to 

its complementary sequence in sample DNA fixed to a membrane. The 

label allows the position of hybridization to be detected. Either 

radioactively or non-radioactively labelled nucleotides can be 

incorporated into the probe, by primer extension, nick translation, end-
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labeling, or the polymerase chain reaction (PCR) (Stahl and Amann, 

1991). Hybridization is achieved by incubating the membrane in a 

buffered solution containing denatured probe DNA. The kinetics and 

thermodynamics of hybridization are regulated by several factors 

including the hybridization temperature, salt concentration, and probe 

concentration. Unbound or non-specific, weakly bound probe is removed 

by one or more post-hybridization washes. Optimum hybridization 

conditions can be estimated by formulas or determined experimentally 

(Brown, 1993b). Hybridization of radioactive probes is detected by 

exposure to X-ray film. Non-radioactive probes may be detected by 

chemiluminescence on X-ray film, or colorimetrically on the membrane 

itself. Ideal RFLP fingerprints are patterns of perhaps two to 15 

distinct bands with little background. Fingerprints can be compared 

visually or digitized and analyzed by computer. Each combination of 

restriction enzjone and probe sequence can generate a fingerprint (Figure 

2). Following detection, probes can be stripped from membranes and 

other probes hybridized to different fragments. Nylon membranes are 

very durable and can be probed eight or more times. 

Probe sequences for Salmonella, Multiple-copy sequences have 

been selected as probes because they produce complex fingerprints having 

the potential to differentiate bacteria. Salmonella isolates have been 

fingerprinted using probes from insertion sequence IS200 (Threlfall et 

al., 1994a; Baquar et al., 1994; Stanley et al., 1992b), ribosomal DNA 

(rDNA) (Altwegg et al., 1989; Millemann et al., 1995; Christensen et al., 

1993), or random sequences (Tompkins et al.,1986; Hansen et al., 1993). 
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Insertion sequences are genetic elements that can insert copies of 

themselves into different sites in a bacterial genome. The 708 bp IS200 

has been detected in most serotypes of Salmonella, but only in a few 

other genera of enteric bacteria (Lam and Roth, 1983). Lam and 

Roth (1983) listed IS200 copy numbers in various Salmonella serotypes, 

ranging from none in S. arizonae to more than 18 in 5. typhi. They 

found six to ten copies in S. typhimurium, seven in 5". heidelberg, and one 

copy in S. dublin, S. pullorum, and S. gallinarium. Stanley et al. (1991) 

found two copies of IS200 in S. enteriditis. Ezquerra et al. (1993) 

reported six to seven copies in S. paratyphi B and five to eleven copies in 

S. Java. A restriction map of IS200 was constructed by Baquar et al. 

(1993). Stanley et al. (1991) believed that IS200 profiles allowed 

discrimination of clonal lines of recent evolutionary origin. Stanley et 

al. (1992b) considered IS200 an intermediate-term genetic marker, 

stable enough to be reliable, yet mobile enough to have generated 

polymorphisms. It was interesting that Stanley et al. (1993) attributed an 

observed higher IS200 copy number in clinical strains than in reference 

strains to the larger number of generations in the clinical strains 

compared to the reference strains which are stored under conditions of 

low metabolism. Baquar et al. (1994) reported that IS200 fingerprints 

were stable despite multiple subculturing in their laboratory over the 

course of a year. Threlfall et al. (1994a) thought transpositions of 

IS200 in the laboratory were rare. Hybridization studies failed to detect 

copies of IS200 on plasmids in isolates of S. typhimurium (Baquar et al., 

1993; Baquar et al., 1994) or S. heidelberg (Stanley et al., 1992b), 
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although Threlfall et al. (1994a) found the sequence on a plasmid in one S. 

typhi isolate. Stanley et al. (1991) detected a faint hybridization signal 

from plasmids in S. enteriditis isolates, but claimed they could 

distinguish it from the more intense bands from hybridization to genomic 

IS200 copies. The absence of IS200 in plasmids of S. heidelberg 

reassured Stanley et al. (1992b) that the sequence was a stable 

chromosomal marker. 

In Salmonella there are seven copies of the ribosomal DNA 

(rDNA) operon (rm operon) that codes for 16S-23S-5S ribosomal RNA 

and some intervening transfer RNAs (tRNAs) (Lehner et al., 1984). 

When a probe is made from all or part of the rm operon (usually the 16S 

portion), the fingerprint has been called a ribotype (Figure 2). However, 

"ribotyping" also refers to other typing based on differences in rDNA 

sequences (Schmidt, 1994). Grimont and Grimont (1986) are credited 

with obtaining the first ribosomal RFLPs of bacterial species. Popovic et 

al. (1993) provided a step-by-step ribotyping protocol. While IS200 is 

specific for Salmonella, 16S rDNA sequences are universal in 

prokaryotes, and a probe made from DNA of one species may be used to 

fingerprint strains of other genera. In fact, Altwegg et al. (1989) used 

E.coli rDNA to probe S. typhi strains, and Olsen et al. (1992) used 

Legionella pneumophila rDNA to probe S. berta strains. Baquar et al. 

(1994) thought that a probe amplified from a 16S rDNA sequence using 

PGR was better defined genetically than probes made from either the 

entire operon (16S-23S-5S) or from total rRNA. 



Figure 2. RFLP fingerprints (ribotypes) of Salmonella isolates using a 
16S rDNA probe. Top, digestion with Nco l-Pst I. Bottom, digestion 
with Nco l-Pvu n. Band size markers at right (kbp). Arrows at left 
indicate conserved bands. Lanes 1, 4, and 7, S. amager. Lane 2, S. 
typhimurium. Lane 3, S. ohio. Lane 5, S. agona. Lane 6, S. montevideo. 
Lane 8, S. give. Lanes 9-11, unknown Salmonella serotypes. 

A variety of enzymes has been used in conjunction with both 16S 

rDNA and IS200 probes. PvuIL has been commonly used for ribotyping, 

and Pstl has produced good IS200 fingerprints. Often several enzymes 

have been screened and the best ones used for final fingerprinting. 

Generally, enzymes have been used that did not cut the probe sequence. 

However, Stanley et al. (1995) used Pstl and PvwII, which do not cut 

IS200 internally, and fcoRI and EcoRV, which do, to create IS200 

fingerprints of S. panama strains. The latter pair of enzymes produced 
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more bands but not necessarily more distinct patterns. Soria et al. (1994) 

used the same strategy in fingerprinting S. typhimurium. 

PFGE. Pulsed-field gel electrophoresis (PFGE) was first described by 

Schwartz and Cantor (1984). Hood (1995), Maslow et al. (1993), and 

Finney (1992) described detailed PFGE protocols. PFGE is technically 

a variant of RFLP analysis because it literally detects polymorphisms 

using restriction enzymes. However, PFGE anaysis differs from the 

typical RFLP analysis in four important respects. First, there is normally 

no transfer of DNA to a membrane and no detection of specific fragments 

using a gene probe. The restriction digest is separated by gel 

electrophoresis and the image of the stained gel becomes the fingerprint. 

Fragments are detected regardless of DNA sequence or homology to one 

another. Second, PFGE detects higher molecular weight fragments than 

RFLP, generally >40 kbp. Often, rare-cutting restriction enzymes (e.g., 

Notl) are used generate these larger fragments (Bautsch, 1993). Maslow 

et al. (1993) listed enzymes useful in PFGE analysis of several bacterial 

species. Third, the large fragments detected in PFGE are resolved by a 

special gel electrophoresis system that combines sieving by the agarose 

matrix with additional separation achieved by reversing the direction of 

the electric field at specified angles and intervals (pulses). And fourth, 

cell lysis, DNA purification, and restriction digestion occur in plugs made 

from broth bacterial cultures and molten agarose. This approach reduces 

shearing of the DNA. The plugs are melted into wells in the gel before 

electrophoresis (Maslow et al., 1993). 
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Case studies using RFLP analysis 

S. enteriditis. The increasing epidemiological prevalence and genetic 

homogeneity of S. enteriditis make meaningful fingerprinting of this 

serotype both important and difficult. Ward et al. (1987) described a 

phage typing scheme for subtyping 5. enteriditis. Unfortunately, a few 

dominate phage types prevail in most geographical regions, for example, 

PT 8 in North America and PT 4 in the United Kingdom (Usera et al., 

1994; Stanley et al., 1992a). 

In recent years RFLP fingerprinting has been widely used to 

subtype S. enteriditis strains belonging to known and unknown phage 

types. Tompkins et al. (1986) were unable to discriminate 14 S. 

enteriditis isolates belonging to unknown phage types using three separate 

restriction enzymes and a probe made from two random S. enteriditis 

sequences. Six bands were also shared by S. typhimurium and S. dublin 

isolates, but all three serotypes had specific bands, suggesting that random 

fingerprints have the potential for identifying Salmonella serotypes. 

Usually, however, isolates have already been serotyped and the 

focus has been on discriminating among and within S. enteriditis phage 

types. IS200 has been a commonly used probe sequence, often in 

conjunction with the restriction enzyme Pst\. Stanley et al. (1991) 

produced Pjfl-ISZOO fingerprints of 27 type strains of S. enteriditis phage 

types. One unstable phage type (PT16) had a unique profile consisting of 

at least 12 bands. The other 26 phage types belonged to one of three 

IS200 profiles (designated S. enteridis clonal lines SECL I, 11, and EQ). 

Each profile consisted of one conserved band (4.5 kbp) and one variable 
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band (5.2, 7, and 3.9 kbp in types SECL I, 11 and HI, respectively). The 

authors presumed that the 4.5 kbp fragment represented the original 

insertion of IS200 into an ancestral genome, followed by divergence of 

the three clonal lines, insertion of a second copy, and finally, divergence 

of phage tj^es. A significant result was that aU isolates of a single 

phage type always had the same IS200 profile. Overall, phage typing (27 

types) was more discriminating than IS200 fingerprinting (three types). 

In a further study supporting these findings, Stanley et al. (1992a) 

produced P5rI-IS200 fingerprints of strains belonging to the 

epidemiologically important phage types PT 4, 8, 11, 13a, and 15. No 

subtyping of phage types was observed. PT 4 isolates belonged to SECLl, 

PT 8 and 13A isolates to ^fCLII, and PT 11 and 15 isolates to 5£CLIII. 

Millemann et al. (1995) found a three-band IS200 pattern (^ECLIV) in 

14 5. enteriditis isolates of undetermined phage types. It consisted of the 

two bands seen in ^ECLI (5.2 and 4.5 kbp) plus an additional 1 kbp band. 

While earlier smdies may have suggested that S, enteriditis IS200 profiles 

(including 5£CL I, II, and III) were serotype-specific, Stanley et al. 

(1994) found IS200 profiles identical to SECL I in isolates belonging to 

four other serotypes (S. blegdam, S. moscow, S. antarctica, and S. 

pullorum). They also found the SECL HI pattern in isolates of S. dublin 

and S. rostock. 

Thong et al. (1995) compared the ability of PFGE and ribotyping to 

discriminate Malaysian and Swiss isolates of S. enteriditis belonging to 

several phage types. Twenty-nine isolates having an identical PFGE 
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pattern were divided among four ribotjfpes that correlated with phage 

types. But again, phage typing was ultimately the most discriminating. 

Citing the failure of plasmid and IS200 profiles to further subtype 

S. enteriditis PT4 strains, Powell et al. (1994) produced nine X^al-PFGE 

patterns from 39 PT4 strains collected in the UK between 1967 and 1992. 

Thirty of the strains shared the same PFGE pattern, however. The 

authors used plasmid DNA as probes to detect bands in the PFGE 

fingerprint that were contributed by plasmid DNA. They concluded that 

PFGE has a greater potential than IS200 or ribosomal probes to detect 

minor genetic heterogeneity. Bautsch (1993) used PFGE with the rare 

cutting enzyme Notl to fingerprint 25 S. enteriditis PT4 isolates obtained 

over a two-year period from hospital patients in Hanover, Germany. 

Although no contact between patients could be documented, all isolates 

produced identical PFGE fingerprints that were different, however, from 

control strains of other phage types. Apparendy, no PT4 isolates from 

other regions or non-outbreak sources were analyzed. 

Usera et al. (1994) tackled the problem of subtyping strains of S. 

enteriditis PT8, prevalent in North America and elsewhere. Although 

they did not mention IS200 fingerprinting- as an option, they were 

probably aware that PT8 isolates had previously been shown to belong to 

a single IS200 type, ^ECLII (Stanley et al., 1992a). Instead, they 

produced ribosomal DNA fingerprints (16S-23S) of AccI or Smal digests 

of DNA from 30 S. enteriditis strains from U. S. and Swiss outbreak 

and non-outbreak sources. Although six Accl and four Smal ribotypes 

were observed, 76% of the isolates belonged to one Accl type and 90% 
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belonged to one Smal type. Thus, most S. enteriditis PT8 isolates were 

not further discriminated by ribotyping. 

S. typhimurium. The epidemiological importance of S. typhimurium is 

probably second only to that of S. enteriditis among non-typhi serotypes 

(Ferris and Thomas, 1993). Phage typing is the primary method of 

subtyping and at least 200 phage tj^es have been identified (Anderson et 

al., 1977). S. typhimurium strains may be more heterogeneous than 

strains from other serotypes, especially S. enteriditis (Nastasi et al., 1993) 

Ribosomal, IS200, and random probes have all been used to fingerprint S. 

typhimurium strains. Both epidemiological and phylogenetic studies have 

been undertaken. In different instances, RPLP fingerprinting has been 

used to 1) differentiate S. typhimurium from other serotypes (Esteban 

et al., 1993; Tompkins et al., 1986), 2) differentiate among 5. 

typhimurium isolates of unknown phage types (Nastasi et al., 1993; 

Millemann et al., 1995), 3) differentiate S. typhimurium phage types 

from one another (Stanley et al., 1993), or 4) to differentiate among 

isolates of a single phage type (Baquar et al., 1993; Baquar et al., 1994). 

Esteban et al. (1993) determined JEcoRI ribotypes of 56 S. 

typhimurium, 20 S. senftenberg, and 45 S. reading isolates from 

geographically diverse avian sources. The fingerprints failed to 

discriminate or identify serotypes in two respects. First, although six 

ribotypes were observed, two types (A and B) accounted for 11% and 

18%, respectively, of all isolates. Second, these two conmion ribotypes 

were found in all three serotypes. 
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Tompkins et al. (1986) pooled two random sequences cloned from 

S. enteriditis DNA to probe HindlR digests of DNA from 17 S. 

typhmurium strains obtained from 11 outbreaks. Phage lysis patterns 

were reported, but phage types were not. Six major patterns and two 

minor variants of one pattern were detected. Six bands from an 11-band 

reference pattern were also found in strains of S. enteriditis and S. 

dublin. Three bands, however, were unique to S. typhimurium strains. 

Thus, the method distinguished serotypes. The authors reported that their 

random fingerprints correlated with previously determined 

epidemiological and phenotypic characteristics of the strains, and 

recommended the method for strains that could not be typed or 

discriminated by other methods. 

In contrast with the results of Esteban et al. (1993) (described 

above), Nastasi et al. (1993) found more diversity and a more even 

distribution of isolates among fingerprint types when they determined 

HincU ribotypes of 457 S. typhimurium isolates from human and animal 

sources in Italy. Forty-five ribotypes were observed, belonging to nine 

major clusters. Ninety-six isolates belonged to the most common 

ribotype, but 13 ribotypes were each found in 10 or more isolates. Some 

clusters and ribotypes were predominant in isolates from certain sources 

(man, poultry, cattle, cats/dogs, etc.) but overall, ribotypes did not 

identify sources. It was not determined, however, whether these ribotypes 

were unique to S. typhimurium, and phage types were not reported. 

Millemann et al. (1995) used both ribotyping and IS200 profiles to 

type 56 S. typhimurium isolates from different geographical regions and 
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different poultry flocks. Phage types were not reported. By pooling the 

patterns from separate digestion with four restriction enzymes {HindUl, 

BgJH, PvuH, and Smal), the authors were able to detect nine different 

aggregate ribotypes. Their approach demonstrated that profiles may often 

be composited until a desired level of discrimination is achieved. 

Individually, Smal and PvuH each produced six different patterns. 

However, 26 isolates with the same PvuH ribotype were further divided 

into three Smal groups, while 15 isolates with the same Smal ribotype 

were further divided into two PvuQ. groups. Here composite ribotyping 

produced both greater discrimination and a more even distribution of 

isolates among fingerprint types compared to the study by Esteban et al. 

(1993) (described above). The same 56 isolates produced seven different 

Pjrt-IS200 profiles in which six bands were conserved. Combinations of 

five variable bands accounted for the different types. IS200 type 1 was 

shared by isolates of five different composite ribot5T)es, while each of six 

ribotypes could be further divided into two IS200 types. Thus, each 

probe was capable of subtyping groups formed by the other. When 

composite ribotypes were combined with IS200 profiles, 15 different 

"clonal lineages" were defined. This heterogeneity among S. typhimurium 

strains is in contrast with the finding that 14 5". enteriditis strains in the 

same study had identical composite ribotypes and IS200 profiles. 

Hansen et al. (1993) pooled two random sequences to probe EcoRl 

digests of DNA from 21 5". typhimurium strains. Phage types were not 

determined. Four fingerprint types were found, but 16 isolates belonged 

to one type. Some faint bands in the fingerprints were attributed to poor 



homology between the probe and sample DNA. In contrast, there is 

complete homology between IS200 probes and sample DNA because the 

sequence is conserved. The homology between ribosomal probes and 

sample DNA depends on the source of the probe, e.g.. Salmonella DNA 

versus some other genus. The authors reported that their random 

fingerprints were able to distinquish outbreak from non-outbreak strains, 

and discriminated better than ribotyping. 

Stanley et al. (1993) detected eight P5rf-IS200 profiles but only one 

fvuII-lGS rm pattern in nine clinical isolates from different S. 

typhimurium phage types. The profiles were related, however, allowing 

phylogenies to be inferred. The authors concluded that IS200 

fingerprinting had the potential to identify strains and could be adapted to 

a computer band-matching database. Their study was limited to single 

isolates of a few phage types; thus, they could not predict how multiple 

isolates of the over 200 S. typhimurium phage types would be 

discriminated by IS200 fingerprinting. The same research group did, 

however, use ^5^-^200 fingerprints to subtype isolates belonging to two 

important phage types, DT ("definitive phage type") 204c (Baquar et al., 

1993) and DT 193 (Baquar et al., 1994). In the first study, three Pstl-

IS200 profiles sharing six bands were found 13 DT 204c strains. The 

authors reported that three of these bands were not found in strains of 

about 30 other common serotypes and probably identified S. 

typhimurium specifically. These were the same three bands that Stanley 

et al. (1993) had observed in fingerprints of 25 isolates belonging to at 

least 10 phage types. 
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Baquar et al. (1994) expected heterogeneous fingerprints among 

isolates of 5. typhimurium DT 193 because other phage types can 

convert to DT 193. However, results from ribotyping the strains did not 

detect this heteorgeneity. Eight of nine DT 193 isolates had the same 

PvMn-16S ribotype, one that had been predominant among various S. 

typhimurium phage types in the earlier study by Stanley et al. (1993), 

and was also found in the closely related serotype S. Stanleyville. 

Therefore, ribotyping was neither serotype- nor phage type-specific, nor 

did it discriminate well within DT 193. In contrast, six related PjfI-IS200 

profiles were detected in the same nine DT 193 isolates. The profiles 

shared three bands previously described as serotype-specific (Stanley et 

al., 1993). Thus, IS200 patterns identified the serotype, and discriminated 

within the phage type but did not identify it. Futhermore, a serotyping 

error was revealed when one isolate produced an IS200 pattern that did 

not contain the S. typhimurium-s^QciRc bands. 

S. typhi, Altwegg et al. (1989) thought that phage typing of the Vi 

antigen was the method of choice for subtyping S. typhi isolates but noted 

that few laboratories have complete Vi phage typing capability. Also, a 

single phage type has usually been dominant in a geographical region, for 

example, type El in the United States and type A in Africa. The authors 

had previously found that 26 strains from diverse sources had identical 

mutilocus enyzme electrophoresis (MLEE) profiles for all 24 enyzmes 

tested. However, when 20 strains from eight phage types were ribotyped 

using Pstl, 16 patterns were observed, an example of excellent 

discrimination. Phage types El and A were fairly well subtyped by Pstl 
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ribotyping. £coRI and Smal, however, had each failed to produce more 

than a few ribotypes. 

In contrast with S. enteriditis, S. typhi has a high IS200 copy 

number. Threlfall et al. (1994a) produced P5fI-IS200 profiles from type 

strains of 49 Vi phage types. Fourteen different patterns were detected, 

each with from 11 to 15 bands. Only a few bands were polymorphic, 

however. Most bands were highly conserved. Two previously identified 

patterns. Sty 1 and Sty 2, were most common and were shared by isolates 

of different Vi phage types. For example. Sty 1 was shared by 27 Vi 

phage types, including A and El. Patterns Sty 4 through 15 were each 

found in a single Vi phage type. 

Other serotypes. Tompkins et al. (1986) used random probes to detect 

six Hindlll patterns in 24 S. dublin strains. The two most common 

patterns were detected in ten isolates each. The most interesting result was 

the identification of four bands that distinguished S. dublin fi-om S. 

typhimurium and S. enteriditis. The results reported by Olsen and Skov 

(1994) were particularly useful because the authors were able to compare 

PFGE, IS200, ribosomal, and random RFLP fingerprints of 35 S. dublin 

isolates from Denmark, Britain, Sweden, France, and Tanzania. All 35 

isolates had identical IS200 patterns from separate Pstl and PvuH digests, 

but the IS200 copy number was only two, compared to six or more in S. 

typhimurium. The P5rf-IS200 pattern in these isolates was identical to one 

previously seen in S. enteriditis PT 11 {SE CLIII) and in S. rostock and 

is not, therefore, serotype-specific (Stanley et al., 1994). The random 

probe, made from five random fragments, also failed to discriminate 
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among these isolates. All but one isolate had the same pattern. In this 

case, both ribotyping and PFGE did a better job of discriminating the 

isolates. Eight Smal-ribotj^es were observed, but 20 isolates had the most 

conmion pattern. Seven ATofl-PFGE patterns were detected, but the most 

common was again shared by 20 isolates. These were not the same 20 

isolates in both cases, however. The most common ribotype was divided 

into four groups by PFGE, and the most common PFGE group was 

divided into four groups by ribotyping. 

Stanley et al. (1992b) emphasized the need for a genomic 

fingerprinting method like IS200 profiling for 5". heidelberg because it 

is an important pathogen for which no phage typing scheme exists. Seven 

related /'5rI-IS200 patterns were found in 30 strains, but 15 strains all had 

the most common pattern. One band was conserved in all 30 strains but 

absent from about 20 other common serotypes and was considered 

serotype-specific. The authors thought that the seven patterns 

corresponded to seven clonal lines. They also listed several other 

serotypes lacking phage typing schemes as candidates for IS200 profiling. 

One of those serotypes mentioned was S. panama, and Stanley et al. 

(1995) went on to devise a subtyping scheme for this O antigen group Di 

pathogen. They reported, interestingly, that PFGE was inappropriate for 

subtyping S. panama because the DNA became degraded within the 

agarose plugs. The authors produced composite 16S rDNA and IS200 

fingerprints for 30 strains using four different restriction enzymes. 

Ribotypes were highly conserved. Although nine patterns were detected, 

21 strains including eight reference strains from different phage types had 
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the same composite ribotype. The additional enzymes provided little extra 

discrimination beyond that achieved using PvuW by itself. IS200 

fingerprints discriminated the strains a little better. Twelve patterns were 

detected, although 13 isolates had the same pattern. Patterns did not 

identify phage tj^es. The authors used two enz)mies that did not cut 

IS200 internally and two enzymes that cut the sequence one time each. 

The latter approach produced more bands but not necessarily more 

patterns. In fact, digestion with Pstl alone discriminated as well as using 

all four enzymes. This contrasts with the results of Millemann et al. 

(1995) who found that composite profiles improved discrimination of S. 

typhimurium strains. Four P5rt-IS200 bands were conserved among all 

S. panama strains, and the authors believed that IS200 profiles had the 

potential for both identifying and subtyping serotypes. 

More evidence that some P5rI-IS200 bands are conserved within a 

serotype or among closely related serotypes came from Ezquerra et al. 

(1993). Twenty-one S. paratyphi strains had identical /'jfI-IS200 

profiles which distinguished them from three patterns seen in 11 strains of 

the closely related serotype S. Java. Three bands in the /'jrt-IS200 profiles 

were highly conserved in S. paratyphi and S. Java strains but not found 

in strains of S. typhimurium, S. typhi, S. enteriditis, S. heidelberg, S. 

panama or 20 other serotypes tested. In contrast, ribotypes were shared 

by the two serotypes. Twenty of the S. paratyphi strains had the same 

PVMII-16S fingerprint as nine of the S. Java strains. It was not reported 

whether this pattern had been observed in other serotypes as well. The 

authors concluded that 16S rDNA profiles can differ within a serotype. 
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while a single profile can be found in isolates of different serotypes. They 

considered ribotypes as randomly-selected traits not very useful for 

epidemiological studies. 

Studies including those by Esteban et al. (1993) and Ezquerra et al. 

(1993) showed that ribot5^es are often shared among different serotypes. 

It was surprising, therefore, that Christensen et al. (1993) were able to 

distinguish two closely related serotypes, S. gallinarium and S. pullorum, 

by ribotyping. EcoRl did not discriminate well within the serotypes, but 

distinguished the two serotypes completely. HindUl, on the otiier hand, 

discriminated within serotypes much better, but two patterns were found 

in both serotypes. Ribotypes produced using either Smal or EcoRl failed 

to discriminate S. berta isolates (Olsen et al., 1992). More than 90% of 

isolates had the same ribotype with each enzyme. IS200 fingerprinting 

was not mentioned in either of these two studies. 

In summary, RFLP fingerprinting has been useful in both the 

phylogenetics and epidemiology of Salmonella. In contrast with plasmid 

analysis, RFLP detects differences in chromosomal characteristics and has 

been considered both more stable and more reliable, especially for 

phylogenetics. IS200 profiles have tended to be serotype-specific, but 

ribotypes have not. Random probes and PFGE may have the potential to 

identify differences among Salmonella strains not detected by IS200 or 

ribosomal probes. 
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IV. PCR Fingerprinting 

Theory. DNA fingerprints have also been produced from bacterial 

DNA using the polymerase chain reaction (PCR). PCR causes certain 

DNA sequences to be selectively copied or "amplified" in vitro. Chapters 

by Pepper and Pillai (1994), Persing (1993a), Persing (1993b), and 

Giovannoni (1991) are good introductions to PCR. The most common 

use of PCR is to amplify a single fragment using specific primers. PCR 

fingerprints, however, are patterns of multiple anonymous fragments of 

unpredicted length (Towner and Cockayne, 1993; Swaminathan and 

Matar, 1993). The primary PCR fingerprinting methods are arbitrarily 

primed PCR CAP PCR), earlier known as randomly amplified 

polymorphic DNA (RAPD PCR) (Welsh and McClelland, 1993; Welsh 

and McClelland, 1990; Williams et al.,1990), and repetitive sequence PCR 

(Rep PCR) (de Bruijn, 1992). In addition, fingerprints have been 

produced by specific PCR of 16S rDNA followed by restriction digestion 

of the products (Jayarao et al., 1992; Navarro et al., 1992), or by 

amplification of the variable intergenic spacer between the 16S and 23 S 

rDNA sequences (Van Lith and Aarts, 1994; Jensen et al., 1993). These 

two approaches, both of which have been called PCR-ribotyping, detect 

polymorphisms in ribosomal DNA and have been compared to RFLP 

ribotyping (Schmidt, 1994). 

AP PCR has been used to fingerprint both eukaryotes (including 

humans, other mammals, and higher plants) and prokaryotes. Berg et al. 

(1994) reviewed its specific use for fingerprinting microbial genomes. 
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and Welsh and McClelland (1993) provided a detailed AP PGR protocol 

with useful comments. Woods et al. (1994) discussed AP PGR theory and 

practice for fingerprinting bacterial pathogens. AP PGR primers are 

random sequences, often about 10 nucleotides long. Usually a single 

primer is used in a reaction, serving as both the forward and reverse 

primers. Annealing temperatures are generally 10 to 20 degrees G lower 

than for regular PGR, i.e., <45 G. AP PGR has been called low 

stringency PGR (Brikun et al., 1994). One advantage of AP PGR is that it 

requires no sequence information, and most AP PGR primers amplify 

sequences in most genomes (Welsh and McGlelland, 1990). Primer 

binding sites have been described as fortuitous matches or near matches to 

the primer sequence (Woods et al., 1994). Amplification of PGR 

fragments is the result of the primer annealing at two sites that are within 

a few kbp of each other and in the proper orientation. McGlelland and 

Welsh (1990) originally used one primer from a pair of specific 20-mer 

primers, and suggested that a standard primer set be adopted for AP PGR 

work. However, it is common practice for laboratories to screen a number 

of random oligonucleotides to determine useful primer sequences for the 

species being fingerprinted. 

Repetitive DNA sequences in certain bacterial genomes provide 

another way to obtain fingerprints using PGR. A thorough discussion of 

repetitive sequence PGR (rep PGR) and a laboratory protocol were 

provided by Versalovic et al., 1994). Rep PGR targets repetitive (rep) 

sequences, which include REP (repetitive extragenic palindromic 

elements) , ERIG (enterobacterial repetitive intergenic consensus), or 



5 5  

BOX sequences (Versalovic et al., 1994; Louws et al., 1994). These rep 

sequences are short (160 bp or shorter) inverted repeats dispersed 

throughout the bacterial genome, presumably in non-coding regions. 

Their purpose is unclear, but some role in organizing the bacterial 

genome has been suggested (de Bruijn, 1992; Martin et al., 1992; Sharpies 

and Lloyd, 1990). REP and ERIC sequences were the first rep sequences 

recognized, initially in enteric bacteria including Salmonella and E. coli 

(de Bruijn, 1992; Versalovic et al., 1991; Sharpies and Lloyd, 1990). 

The REP consensus sequence, also referred to as a palindromic unit (PU), 

is a 38-bp inverted repeat. The ERIC sequence, also called an intergenic 

repeat unit (LRU), is 126 bp long and includes a highly conserved 44-bp 

central inverted repeat (Sharpies and Lloyd, 1990). Martin et al. (1992) 

reported 500 to 1000 copies of REP and 150 copies of ERIC in S. 

typhimurium. More recendy, the 154 bp BOX sequence was identified in 

Streptococcus pneumoniae, and appears to be present in gram positive 

species only (Martin et al., 1992). 

REP, ERIC, and BOX sequences are unrelated to each other, but 

they have a common use as targets for PCR fingerprinting because of their 

high copy number and variable spacing in the genome. Versalovic et al. 

(1994) reported sequences for REP, ERIC, and BOX primers. Primers 

have been designed to face outward from the rep sequence, and amplify 

between adjacent rep sites, rather than amplify the site itself. When sites 

are within a few kbp of each other, ft-agments useful for fingerprinting 

may be amplified (Figure 3). Amplification of PCR products using rep 

primers has been reported in so many diverse bacterial genomes that it 
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has been suggested that the primers may in some cases be acting as random 

primers and binding to other sites besides rep sequences (P.M. Sharp, 

personal communication). Usually only one kind of rep primer has been 

used in a reaction, but Versalovic et al. (1994) suggested that multiplex 

rep PGR may produce more complex fingerprints. 

PGR fingerprinting is simple and rapid compared to RFLP 

fingerprinting. Either crude cell lysates (Woods et al., 1993) or purified 

genomic DNA have been used as template (Fadl et al., 1995). Versalovic 

et al. (1994) found crude cell lysates acceptable for rep PGR, but thought 

that purified genomic DNA produced more complex and reproducible 

fingerprints. Gibson and McKee (1993) discovered that a thermostable 

endonuclease degrades PGR products amplified from crude cell lysates of 

Salmonella, and reconmiended either using purified genomic DNA as 

template or freezing PGR products at -20 G until they can be analyzed by 

gel electrophoresis. 

Reproducibility of PGR fingerprints has been a concern. The 

number of bands observed in AP PGR and rep PGR has ranged from a 

few to many and both intense and faint bands have been observed 

(Killgore and Kato, 1994; Mazurier et al., 1992; Van Lith and Aarts, 

1994). Versalovic et al. (1994) attributed differences in band intensity 

observed in rep PGR to variations in the efficiency of amplifying different 

fragments. Ellsworth et al. (1993) distinguished between specific, 

reproducible bands and artifactual, non-reproducible bands by varying 

reaction conditions and noting which bands were consistendy amplified. 

Welsh and McGlelland (1990) and Berg et al. (1994) thought that 
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reproducible AP PCR fingerprints could be obtained by optimizing and 

standardizing reaction conditions. In addition. Berg et al. (1994) thought 

that stronger binding primers, in which modified bases replace cytidine 

and adenosine, might enhance reproducibility. 

Jutras et al. (1995) and Graser et al. (1993) described optimization 

experiments for AP PCR, and Versalovic et al. (1994) discussed 

optimization of rep PCR. Berg et al. (1994) found that cycle temperatures 

and times, and concentrations of magnesium, primer, Taq polymerase, and 

template were critical for reproducible AP PCR fingerprints. Makino 

et al. (1994) reported that the AP PCR fingerprint of Yersinia 

pseudotuberculosis was stable following 200 generations of subculturing 

in the lab. Berg et al. (1994) reported consistent AP PCR fingerprints on 

a day-to-day basis, but found differences in fingerprints obtained several 

months apart. Fadl et al. (1995) described replicate AP PCR fingerprints 

obtained on different days as "similar". 

The ability to match PCR fingerprints of different isolates is related 

to reproducibility. If there are doubts about whether fingerprints are 

reproducible, matches can not be made with certainty (Berg et al., 1994). 

Two approaches to matching fingerprints have been taken. Woods et al. 

(1994) favored a conservative approach in which AP PCR fingerprints 

were compared visually in the same gel, and questionable matches were 

confirmed by repeating the PCR and electrophoresis. In contrast, 

Versalovic et al. (1994) believed that rep PCR products in different gels 

could be matched by computer software after the bands were scored on a 

presence-absence basis. Questions about reproducibility and interpretation 
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of both AP PGR and rep PGR fmgerprints persist, and we are not aware 

of data demonstrating that one PGR method is more reliable than the 

other. 

Gase studies using PGR Hngerprinting 

Despite the interest in PGR fingerprinting in bacteriology in 

general, and the identification of repetitive sequences (REP and ERIC) in 

Salmonella, there have been few reports of PGR fingerprinting of 

Salmonella isolates. Lin and Goldsby (1994) used monoclonal 

antibodies to specifically identify colonies of S. enteriditis which were 

subsequently differentiated by AP PGR. They did not suggest that AP 

PGR could also identify the serotype. Fadl et al. (1995) screened four 

random primers before using one of them to fingerprint 32 S. enteriditis 

isolates from infected humans and unrelated avian sources, and including 

three phage types. Fingerprints contained from three to seven bands and 

seven distinct patterns were detected. Gommon patterns were found in 

both human and avian isolates, and in different phage types. Thus, 

fingerprint types did not identify phage types or sources. They did, 

however, discriminate within a phage type. Two fragments were 

conserved among all isolates of S. enteriditis and single isolates of 5". 

typhi, S. typhimurium, and S. pullorum. 

Van Lith and Aarts (1994) amplified the intergenic spacer between 

the 16S and 23S rDNA sequences of 77 isolates belonging to 61 

Salmonella serotypes and detected between one and eight fragments. Two 

fragments were conserved among all isolates. The fingerprints were 

described as generally serotype-specific with a few exceptions. Isolates 
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belonging to the same S. enteriditis or S. typhimurium phage type had 

identical fingerprints, but the fingerprints were not phage type-specific. 

Sixty-five of the isolates were also analyzed by ERIC PGR, which 

produced more complex fingerprints than the 16S-23S intergenic 

fingerprints. The authors believed that each serotype had a unique ERIC 

PCR profile and concluded that ERIC PCR is serotype-specific for 

Salmonella. However, 46 of the 49 serotypes tested by ERIC PCR were 

represented by only one isolate. 

The results of Burr et al. (1996) contradict the finding by Van Lith 

and Aarts (1994) that ERIC PCR fingerprints of Salmonella are serotype-

specific. Their ERIC PCR fingerprints of 89 isolates from 22 serotypes 

(excluding S. enteriditis) were complex and discriminated nearly every 

isolate from the others (Figure 3). Many bands were highly 

conserved among different serotypes, however, and fingerprints derived 

from the same serotype were not necessarily more similar than 

fingerprints from different serotypes. Their results suggests that ERIC 

PCR discriminates among isolates, but does not identify serotypes. The 

authors also produced two sets of AP PCR fingerprints for the same 

isolates using two different random primers. One primer produced 

simple patterns, many of which were shared by isolates of different 

serotypes. Two bands were conserved among all isolates. The other 

primer produced more complex patterns without conserved bands. Neither 

primer produced AP PCR fingerprints that identified serotypes. 
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Figure 3. ERIC PGR fingerprints of E. coli (lane 2), and Salmonella 
isolates belonging to different serot3^es (lanes 3-9). Lane 3, S. tennessee. 
Lanes 4, and 7-9, S. montevideo. Lanes 5 and 6, S. derby. Lane 1, 123 
bp size marker. 

In summary, PGR fingerprinting, especially AP PGR, has become 

very popular for fingerprinting bacterial strains firom diverse genera. Its 

use for subtyping Salmonella isolates has been minimal, however. In 

general, PGR appears to have the potential to discriminate, but not 

identify, Salmonella serotypes and subtypes. PGR fingerprinting is 

simpler and more rapid than RFLP fingerprinting, but may not be as 

reproducible. 
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V. Summary and Conclusions 

Identification and tj^ing of Salmonella isolates has been important 

in epidemiology and phylogenetics. Serotyping and phage typing have 

traditionally been the basis of identification, but have not provided enough 

discrimination in many cases. There has been great interest in subtyping 

methods based on indirect detection of differences in DNA sequences 

among isolates, i.e., DNA typing and fingerprinting. DNA-based 

methods currently in use for subtyping and fingerprinting Salmonella 

isolates were reviewed in this paper, including plasmid analysis, RFLP 

fingerprinting, and PGR fingerprinting. Plasmids profiles and 

fingerprints have been useful short-term genetic markers, but have been 

poorly correlated with phenotypes. The usefulness of RPLP fingerprints 

has depended in part on the probe sequences utilized. IS200 fingerprints 

have generally consisted of both conserved serotype-specific bands and 

variable bands. RFLP patterns produced with ribosomal probes, on the 

o±er hand, were often shared by isolates of different serot)^es. Both 

rep-PCR and AP PGR fingerprints have been shown to differentiate 

Salmonella strains, but the reproducibility of these fingerprints is 

questionable. 

New or alternative methods of detection of PGR fingerprint 

products may replace the rather crude agarose gels stained with ethidium 

bromide. For example, separation and detection of both PGR products 

and restriction fragments by high performance liquid chromatography 

(HPLG) and capillary electrophoresis (GE) have been reported (Rhigetti 
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and Gelfi, 1996; Marino et al., 1994; Baba et al., 1993). DNA fragments 

have been simultaneously separated and detected in thin columns or 

capillaries filled with various matrices. Baba et al. (1993) found 

comparable resolution by HPLC and CE of DNA fragments less than 

1000 bp in length, but CE was better at resolving longer fragments. 

Marino et al. (1994) resolved restriction fragments in the range of about 

20 to 750 bp using CE, and were able to differentiate 413 and 417 bp 

fragments. HPLC and CE chromatographs of bacterial fingerprints are 

potentially suitable for matching isolates and entry into databases. 

While improved detection and interpretation of fingerprints 

generated by existing methods is needed, novel fingerprinting methods 

may also prove valuable for subtyping Salmonella. AFLP fingerprinting 

(Huys et al., 1996; Vos et al., 1995) uses PCR to selectively amplify a 

subset of restriction fragments. Vos et al. (1995) considered the previous 

acronym "amplification fragment length polymorphism" inaccurate and 

referred to the method simply as AFLP. Genomic DNA is digested with 

restriction enzymes, and the fragments are ligated to double-stranded 

DNA oligonucleotide adapters. After ligation, PCR reactions are 

performed using primers consisting of (from 5' to 3') the complement 

of the core sequence, the complement of the restriction enzyme 

recognition site, and one or more "selective bases". Thus, the primers 

anneal to only a subset of all restriction fragments, i.e., those having 

complements of the selective bases adjacent to the enzyme cut site. 

Typically, only one primer is labeled and the products are detected in a 

denaturing gel. AFLP analysis appears to generate complex fingerprints 
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consisting of bands of approximately equal intensity, in constrast to 

methods of PGR fingerprinting. Transfer and hybridization steps 

required by RFT^P fingerprinting are eliminated in APLP. Huys et al. 

(1996) generated 40 to 60 reproducible bands per AFLP fingerprint of 

Aeromonas spp., compared to a maximum of 15 per RFLP ribotype. 

Within the same gel, similarities among replicates were >95%. The 

authors believed that AFLP had the potential for producing high-quality 

fingerprints suitable for databases for microbial identification. 

Cleavase® fragment length polymorphism (CFLPTM) is a recent 

fingerprinting method which takes advantage of the ability of the 

endonuclease Cleavase I to cut denatured PGR products adjacent to 

reproducible haiqjins that are specific and sequence-dependent. Thus, the 

method can detect sequence differences in PGR products amplified ft-om 

different genomes by the same pair of primers. For example, Kozyavkin 

and Olive (1996) amplified 350 bp fi^agments of 16S rDNA from strains 

of several species including E. coli, S. typhi. Campylobacteur jejuni, and 

Staphylococcus aureus. Subsequent treatment with Gleavase® 

discriminated species and detected differences among four strains of E. 

coli including E. coli 0157:H7. 

With the possible exception of IS200 typing, DNA fingerprints of 

Salmonella isolates have not identified serotypes, and it may have been 

unreasonable to expect them to. In fact, individual bands are often 

anonymous fragments and banding patterns usually can not be attributed 

to any genotypic or phenotypic characteristic. In light of these findings, 

it might be advisable to use DNA fingerprinting only for discrimination of 
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strains, and to identify serotypes and important phenotypes using specific 

DNA-based methods. For example, serotypes might be identified, in 

principle at least, from gene sequences that code for the antigens that 

determine the serotj^es. These sequences could be detected by gene 

probes or PGR. Perry (1993) detected different lipopolysaccharide (LPS) 

structures in S, livingstone and S. ohio, two serotypes with identical O 

antigen formulas. Corresponding serotype-specific DNA sequence 

differences must exist, but may be difficult to identify. 

Specific identification of important Salmonella phenotypes by 

DNA-based methods is in contrast with DNA fingerprinting methods that 

detect random or unidentifiable sequence differences among isolates. 

Pathogenicity and virulence of Salmonella isolates are important 

characteristics in epidemiology, and may be amenable to specific detection 

by DNA methods. For example, type 1 fimbriae of both S. typhi and S. 

typhimurium apparently have a role in pathogenicity by mediating 

adhesion to epithelial cells of host tissue (Satta et al., 1993; Curtiss et al., 

1993). Identification of gene sequences coding for these and other 

factors of pathogenicity and virulence may provide a means of evaluating 

the epidemiological importance of Salmonella strains. 

Liu et al. (1993) provided a linkage map of Salmonella 

typhimurium which included 680 genes. Sequencing of bacterial 

genomes including Salmonella is accelerating, and sequence information 

from other genomes might be used to detect homologous genes in 

Salmonella. For example, Fleischmann et al. (1995) reported the 

complete sequence of the Haemophilus influenzae Rd (laboratory strain) 
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genome and the complete sequence of E. coli was expected soon 

thereafter. Eight genes involved in adhesion in the pathogenic H. 

influenzae wild type were absent in the non-pathogenic laboratory strain. 

Similar differences might be expected between highly virulent and less 

virulent Salmonella strains and could be detected by gene probes or PGR. 

When a virulence gene in H. influenzae is identified, the existence of a 

similar sequence in Salmonella can be confirmed by rapid searches of 

gene sequence databases or by hybridization studies. 

To date, generation and comparison of DNA fingerprints of 

Salmonella isolates has been limited to individual laboratories. With a 

few exceptions, fingerprints produced by different scientists in different 

laboratories have not been compared. Strict standardization of 

fingerprinting protocols, exchange of standard sample isolates, and 

creation of databases have not been commonplace, but are worthwhile 

goals. 
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ABSTRACT 

Reproducible DNA fingerprints of 89 Salmonella isolates belonging 

to 22 serotypes were obtained in order to evaluate the ability of different 

fingerprinting methods to differentiate or identify serotypes and subtypes. 

Fingerprints were produced by two polymerase chain reaction (PGR) 

methods [enterobacterial repetitive intergenic consensus (ERIC) PCR and 

arbitrarily primed PCR (AP PCR)], and also by restriction fragment 

length polymorphism (RFLP) analysis using a 16S ribosomal DNA 

(rDNA) probe. Gels were scanned by densitometry, and computer 

software was used to assign bands on a presence-absence basis from 

computer images of the gels. Band sizes were estimated, and matches 

were determined visually or from dendrograms, depending on the 

complexity of the fingerprints. ERIC PCR produced a complex unique 

fingerprint for almost every isolate, but these fingerprints could not, 

however, be used to identify serotypes. One AP PCR primer also 

produced complex fingerprints that discriminated among isolates, but 

again did not identify serotypes. Another AP PCR primer produced 

simple patterns consisting of both conserved and variable bands, with 

the most common pattern being shared by 35 isolates belonging to 12 

different serotypes. RFLP fingerprinting produced a few simple patterns 

that did not correlate with serotypes. Matching either ERIC PCR or AP 

PCR fingerprints from different gels by computer was difficult, since 

similarities were based on both intense and faint bands. Overall these data 

indicate that DNA fingerprints were capable of distinguishing Salmonella 
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isolates. They were not, however, correlated with serotypes and 

similarities of isolates based on dendrograms are tenuous. 
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INTRODUCTION 

Bacteria of the genus Salmonella are important pathogens 

worldwide, and identification of isolates is important in epidemiology and 

taxonomy. Serotyping (15) and phage typing (3, 23) have traditionally 

been the means of investigating isolates associated with outbreaks of 

salmonellosis. Increasingly, however, a single serotype and phage type 

(PT) predominate in a geographical area, for example, S. enteriditis PT4 

in England and Wales (17). Thus, further subtyping is required to 

differentiate outbreak from background strains belonging to the same 

serotype and phage type. 

In recent years, there has been increasing interest in methods of 

DNA fingerprinting for subtyping Salmonella. Restriction fragment 

length polymorphism (RFLP) analysis has been used with Salmonella, 

especially in conjunction with gene probe sequences from the Salmonella-

specific insertion sequence IS200 (5) or the ribosomal DNA (rm) operon 

(11,16). In addition, random sequences have been used as gene probes 

for Salmonella (12,18), and fingerprints have been obtained using pulsed-

field gel electrophoresis without a probe (6). More recently, fingerprints 

have also been produced using the pol3mierase chain reaction (PGR), with 

arbitrary primers (AP PGR) (8,25,26,27), with primers directed at 

repeated sequences (rep-PGR) (7,20,21,22), or with paired 16S-forward 

and 23S-reverse primers to detect polymorphisms in ribosomal intergenic 

spacer regions (13,20). 
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Despite the popularity of DNA fingerprinting, little is yet known 

about the level of discrimination and specificity of the different methods. 

While it has been shown that certain methods can discriminate among 

isolates of a known serotype and phage type, it is unclear whether 

significant fimctional differences are being detected. To date, little data 

has been compiled to determine whether entire Salmonella fingerprint 

patterns or individual bands are conserved at the genus, serotype, phage 

type, or strain level. In the present study, 89 Salmonella isolates 

belonging to 22 different serotypes were fingerprinted by 16S ribotyping 

and/or two PGR methods, AP PGR and ERIG PGR. The objective was to 

evaluate the ability of these fingerprinting methods to discriminate 

Salmonella serotypes and subtypes. 
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Isolation of Salmonella.  Salmonella was isolated from 

enviromnental water samples collected at several sites around Honolulu, 

Hawaii, including marine and fresh waters, and sewage. Sampling was 

done periodically over a 12-month period beginning in November 1993. 

Salmonella isolates were obtained by membrane filtration using a 

modification of a technique by Alonso et al. (1). Membranes containing 

the captured bacteria were added directly to RV selective enrichment 

broth (Difco, Detroit MI) and incubated for 48 h at 42 C. A loop of the 

enrichment broth was then used to streak Hektoen Enteric Agar (Difco) 

plates. Following incubation at 35 C for 24 to 48 h, plates were 

examined for presumptive Salmonella colonies. Isolates were confirmed 

using the Biolog™ identification system (Biolog, Inc., Hay ward CA) 

and/or Oxoid Salmonella Rapid Latex Kit™ (Unipath, Ltd., Hampshire, 

England), following the manufacturers' recommended procedures. In 

addition, Salmonella-s^Qcific PCR was performed on individual isolates 

using the multiplex system developed in our laboratory (24). Serotyping 

was kindly performed by C. E. Benson (University of Pennsylvania, 

School of Veterinary Medicine, Kennett Square PA) using standard 

methods (15). Eighty-five isolates and four ATCC S. typhimurium 

control strains (American Type Culture Collection, Rockville MD) were 

selected for fingerprinting. 

Preparation of DNA. Preparation of PCR template from whole 

cell lysates was essentially as described by Versalovic et al. (21). 
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Briefly, cells were grown to an optical density of about -0.6 (590 nm), 

pelleted, washed in 1 M NaCl, resuspended in sterile water, and lysed at 

98 C for 10 min on a DNA Thermal Cycler (Perkin Elmer, Foster City 

CA). Template DNA was quantitated by plate counts of the cultures. Since 

pure culture isolates were being fingerprinted, sensitivity was not an issue 

in this study. The same template was used for ERIC and A? PCR 

amplifications. For RFLP fingerprinting, genomic DNA was prepared as 

described by Wilson (28) with minor modifications. The DNA 

concentration and integrity were determined by running an aliquot on a 

0.8% agarose gel prestained with EtBr. Tj'pical working concentrations 

of 200 to 500 ng/uL of intact high molecular weight DNA were achieved. 

ERIC PCR. All ERIC and AP PCR amplifications were done 

using a DNA Thermal Cycler. All primers were synthesized by 

Integrated DNA Technologies, Inc. (Coralville lA). ERIC PCR was 

performed as described by Versalovic et al. (21) with minor 

modifications, using primers ERIC IR and ERIC 2 (7). A 25 uL ERIC 

PCR reaction consisted of 5 uL modified 5X Gitshier buffer (83 mM 

(NH4)2S04, 335 mM Tris HCl, pH 8.8, 33.5 mM MgCh, 33.5 uM 

EDTA), 5 uL of a 1:10 dilution of the bacterial cell lysate (approximately 

5 X 106 CFU), 4 uL of BSA (bovine serum albumin, 1 ug/uL), 1 uL each 

primer (0.37 ug/uL, approximately 60 pmol per reaction), 2.5 uL 100% 

DMSO, 2.5 uL dNTP mix (12.5 mM), 0.5 uL AmpliTaq® DNA 

polymerase (Roche Molecular Systems, Branchburg NJ) (5U/uL), and 3.5 

uL sterile deionized water. A "hot start" protocol was used, followed by 

35 cycles of denaturation at 94 C for one minute, primer armealing at 52 
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C for one minute, and extension at 65 C for eight minutes. Finally one 16-

minute cycle at 65 C was conducted to complete amplification of all 

strands. 

AP PCR. A? PGR was performed with minor modifications of 

conditions optimized in our laboratory (14). In two separate PCR 

reactions, two 10-mer random primer sequences were utilized (one 

primer per reaction) (primer 640, 5' CGT-GGG-GCC-T 3' and primer 

650, 5' AGT-ATG-CAG-C 3'). A 50 uL AP PCR reaction consisted of 5 

uL bacterial cell lysate (approximately 5 x 10^ CFU), 5 uL of Gene 

Amp® lOX Buffer n (Roche Molecular Systems, Inc.) (500 mM KCl, 100 

mM Tris-HCl, pH 8.3), 6 uL of 25 mM MgCl2, 5 uL of dNTP mix (2.5 

mM), 1 uL of 40 uM primer stock, 0. 5 uL AmpliTaq® DNA 

polymerase (5 U/uL), and 27.5 uL sterile deionized water. Following a 

"hot start", there were 40 cycles of amplification consisting of 

denaturation at 94 C for one minute, primer annealing at 40 C for 1 

minute, and product extension at 72 C for two minutes. Contents of 

reaction tubes were electrophoresed immediately after amplification or 

frozen at -20 C to prevent degradation of the PCR products (10). Both 

ERIC PCR and AP PCR products were separated on 1.6% agarose gels, 

stained with ethidium bromide (100 ng/mL), visualized on a 

transilluminator, and digitally scanned using The Imager™ 

(Oncor/Appligene, Gaithersburg MD). 

RFLP fingerprinting. Following screening of several restriction 

enzymes, two pairs of enyzmes (Ncol-Pstl and Ncol-Pvull) (Stratagene, 

La Jolla CA) were selected for fingerprinting samples. Approximately 2 
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to 3 ug DNA was digested according to the enzyme supplier's 

recommendations and run on a 1% agarose gel in circulating TBE buffer. 

Gels were stained with ethidium bromide and visualized on a 

transilluminator to confirm complete digestion. Gels were then exposed 

to radiation in a UV Stratalinker 2400 (Stratagene) to nick the DNA and 

facilitate transfer of the high molecular weight fi-action. 

The DNA was denatured for 30 min in 0.4 N NaOH and transferred 

in the same solution to a Pall Biodyne B transfer membrane (Pall Bio 

Support, East Hills NY) using a vacuum blotter (TransVac TE 80, Hoefer 

Scientific, San Francisco CA). The membrane was rinsed in distilled 

water to remove excess NaOH and the DNA was fixed by UV crosslinking 

in the UV Stratalinker 2400. The membrane was then air dried and stored 

until hybridization. 

A 465 bp fragment of 16S rDNA of an American Type Culture 

Collection Salmonella strain (ATCC 23593 S. choleraesuis subsp. 

choleraesuis serotype typhimurium) was amplified by PCR using universal 

16S rDNA primers (DZ03 5' CCG-CAC-AAG-CGG-TGG-AGC-AT 3', 

DZ04 5' GTA-CAA-GGC-CCG-GGA-ACG-TA 3'), purified using the 

QIAquick-spin PCR Purification Kit (QIAGEN, Inc., Chatsworth CA), 

concentrated on a vacuum dryer, and assayed on a 1.6% agarose gel with 

123 bp size markers and Lambda/Zfrndlll as a concentration standard. The 

DNA concentration was estimated at about 15 ng/uL. Approximately 75 

ng of purified 16S rDNA PCR product (5 uL) was added as template in a 

labeling reaction with alpha 32p-dATP (ICN Pharmaceuticals, Inc., Irvine 

CA) using the Prime-It™ II Random Primer Kit (Stratagene). The 
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labeled probe was assayed on a scintillation counter. About 25 ng DNA 

was labeled, with a specific activity of about 5 x 10^ cpm/ng. 

Three membranes from each digestion were inserted together into a 

glass hybridization tube. The membranes were prehybridized at 65 C for 

approximately 4 h in 20 mL of hybridization buffer (5X SSC, 0.1 % 

sarcosine, 0.02 % SDS, and 1% blocking solution) (20X SSC is 3 M NaCl 

and 0.3 M sodium citrate.). A 10 % blocking solution stock was made by 

dissolving 10 g Blocking Reagent (Genius™ EE Non-radioactive Labeling 

BCit, Boehringer Mannheim, Indianapolis IN) in 180 mL buffer (0.1 M 

maleic acid, 0.15 M NaCl). 

The 16S rDNA probe was denatured by boiling for 10 min and 45 

uL was added directly to the prehybridization solution in the hybridization 

tubes. Hybridization was conducted overnight at 65 C in a rotisserie-style 

hybridization oven (AutoBlot™' Bellco Biotechnology, Vineland NJ). 

Membranes were washed twice at room temperature for 15 min in 2X 

SSC and 0.1% SDS, then twice or more at 65 C in O.IX SSC and 0.1% 

SDS. Complete removal of unbound probe was verified using a Geiger 

counter. The membranes were exposed to X-ray film (Kodak X-OMAT-

AR, Eastman Kodak, Rochester NY) for 25 h at -80 C in cassettes 

containing an intensifying screen (Fisher Biotech, Pittsburgh PA), and 

developed in a Konica QX-130APlus Medical Film Processor (Konica 

Medical Corp., Wayne NJ). The exposed X-ray film was scanned direcdy 

into the Bio Image Whole Band Analyzer™ (Bio Image, Inc., Ann Arbor 

MI). 
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Interpretation of PCR and RFLP fingerprint images. 

Three PCR data sets containing 89 fingerprints each and two RPLP data 

sets containing 44 isolates each were analyzed. Thus, for each data set, 

comparison of fingerprints from different membranes or gels was 

required. Reproducibility of PCR and RFLP fingerprints was confirmed 

by replicate samples amplified or digested and probed on different days. 

In addition, fingerprints of one isolate were reproduced in each batch of 

PCR or RFLP reactions and run in each gel as a positive control. 

Scanned images were analyzed using the Bio Image Whole Band 

Analyzer™ software. Bands were assigned on a presence-absence basis 

regardless of intensity, using the cursor to mark the location. The 

computer software estimated the band sizes for all five data sets. RFLP 

patterns were matched visually because the patterns were relatively 

simple and several patterns were highly conserved. One AP PCR data 

set (primer 640) also consisted of simple patterns and was matched 

visually. The other AP PCR data set (primer 650) and the ERIC PCR 

data set were more complex and were analyzed primarily using the 

matching option of Bio Image™. Pairwise similarities were estimated 

between isolates using a simple similarity index, i.e., the number of bands 

shared by two fingerprints divided by the total number of unshared bands. 

Isolates were clustered using average linkage (UPGMA, unweighted 

group pair method with arithmetic averages)(4) and displayed in 

dendrogram form. For all data sets, matches were verified visually and 

groupings were inspected for correlations with serotyping. 
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Salmonella serotypes isolated. Eighty-five isolates belonging 

to 22 serotypes were isolated from sewage effluent and surface water 

samples in Honolulu, Hawaii, during regular sampling over a 12-month 

period. The distribution of serotypes by source is reported in Table 1. 

Four common serotypes in this study, S. typhimurium, S. agona, S. 

montevideo, and S. senftenberg, are among the ten most common 

serotypes from all sources of Salmonella as reported by Ferris and 

Thomas (9). 

In general, there was little correlation between serotypes and the 

collection date or location. However, all isolates of S. anatum, S. 

montevideo, S. corvallis, and six of eight S. senftenberg isolates came 

from sewage effluent, while all S. gaminara isolates came from a 

freshwater canal. Some other serotypes represented by only a few 

isolates also came from a single source. In some cases, all isolates of a 

single serotype had been recovered from the same location on the same 

sampling date. . . 

ERIC PGR. Eighty-nine ERIC PCR fingerprints.. (85 

environmental and 4 ATCC isolates) in seven gels were compared. The 

patterns were more complex than those generated by any other 

method studied (Fig. 1). Many bands were larger than about 2.0 kbp 

and were difficult to resolve. Bands between about 0.2 and 1.5 kbp were 

less numerous, better resolved, and therefore more useful for matching 
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TABLE 1. The distribution of serotypes by sample location. Listed are 
the number of isolates by serotype and source. 

Serotype Sewage Canal Stream Offshore Total by 
Serotype 

S.typhimurium 6 3 1 10 
S. senftenberg 6 2 8 
S. anatum 8 8 
S. newport 1 3 2 2 8 
S. agona 4 2 1 7 
S. gaminara 5 5 
S. montevideo 5 5 
S. corvallis 4 4 
S. amager 3 I 4 
S. weltevrden 2 1 3 
S. ohio 3 3 
S. Java 3 3 
S. give 3 3 
S. thompson 2 2 
S. derby 2 2 
S. albany 2 2 
S. tennessee 2 2 
S. newington 2 2 
S. meunster 1 1 
S. mbandaka 1 1 
S. brandenburg 1 1 
S. oslo 1 1 

Total by Source 61 18 4 2 85 

fingerprints. Several bands were highly conserved among isolates of all 

serotypes, and fingerprints of isolates from different serotypes were 

generally as similar as fingerprints of isolates from the same serot3T)e. 

The dendrogram in Figure 2 illustrates this result. Another 

dendrogram of all 89 isolates (not shown) presented graphical evidence 
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FIG 1. Representative ERIC PGR fingerprints scored using Bio Image™. 
White lines indicate locations of bands determined visually. Lane 1, 123 
bp ladder (one band from bottom of ladder not shown). Lane 2, E. coli 
control. Lane 3, S. tennessee. Lanes 4, and 7-9, S. montevideo. Lanes 5 
and 6, S. derby. 

that although several bands were highly conserved, nearly every isolate 

had a unique fingerprint, and serotypes were not grouped together on 

major branches. Thus, serotypes were not identified by ERIC PCR. In 

most cases where two or more fingerprints were determined to be 

identical, the isolates were from the same sample date and location, and 

were run together in the same gel. 

AP PCR. Two separate abitrary primers were used to generate AP 

PCR fingerprints. Eighty-nine fingerprints in seven gels were obtained 

using primer 640. This primer produced simple patterns, several of 

which were shared by isolates belonging to different serotypes. Two 

bands were conserved in fingerprints of aU isolates (Fig. 3), although their 
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FIG 2. Dendrogram (UPGMA) and fingerprint profiles showing that 
ERIC PGR fingerprints of different S. typhimurium (TM) isolates are no 
more similar to each other than to fingerprints of other serotypes (**), 
including S. give (GV), S. gaminara (GM), S. agona (AG), S. montevideo 
(MO), S. senftenberg (SF), and S. Java (JV). Designations are ERIC gel 
numberrlane number:serotype abbreviation. The top profile is 123bp 
ladder. The scale at the bottom shows the percent similarity among 
fingerprints. 
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FIG 3. Representative AP PGR fingerprints obtained usiag primer 640. 
White lines indicate locations of bands determined visually. The top and 
bottom bands in Lane 1 were conserved among all isolates. Four common 
patterns, designated lA, IB, 2A, and 2B, and two other undesignated 
patterns were observed in this gel. Lane 1, S. senftenberg, pattern 2A. 
Lane 2, S. ohio. Lane 3, S. typhimurium, pattern IB. Lanes 4,5, and 8, 
S. corvallis, pattern 2B. Lane 6, S. anatum, pattern lA. Lane 7, S. 
amager. Lane 9, negative control. Lane 10, 123 bp ladder (two bands 
from bottom of ladder not shown). 

calculated sizes in base pairs, approximately 1180 and 440 bp, varied 

within and among gels by approximately 60 bp (larger band) and 20 bp 

(smaller band). These two bands were used as reference bands to 

estimate the relative positions of other bands whose calculated sizes also 

varied within and among gels. Accordingly, the smaller band was 

assigned a relative value of 0.0 and the larger a value of 1.0. Other 
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bands were converted from sizes in base pairs to relative sizes. This 

simplification allowed patterns to be matched easily without creating 

dendrograms. 

A large number of patterns was produced, including six simple 

patterns shared by at least three isolates each. The most common pattern, 

designated lA, was shared by 35 isolates belonging to 12 serotypes 

(Fig.3). Most S.typhimurium isolates had this simple three-band 

fingerprint, or a related four-band pattern, IB. S. senftenberg isolates, on 

the other hand, never had this pattern. Instead, most S. senftenberg 

isolates had a sUghdy different three-band pattern, 2A. Patterns lA and 

2A differed only in slightly different relative positions of an interior 

band, even though the range of calculated values of these interior bands 

overlapped. Thus, the technique of using reference bands and relative 

rather than actual sizes of bands permitted gel-to-gel matching of 

isolates having fingerprints that were similar yet distinct. Overall, 

primer 640 did not produce fingerprints that could be used to identify 

serotypes. 

Fingerprints obtained with primer 650 were more complex than 

with primer 640 but less complex than ERIC PCR fingerprints. Patterns in 

eight gels were compared. A dendrogram (not shown) illustrated that 

almost every isolate had a unique fingerprint. Thus, high discriminatory 

power was demonstrated. In contrast with the results from primer 640, 

there were no bands that were highly conserved among isolates of 

different serotypes. The most interesting result was that primer 650 



FIG 4. Representative AP PGR fingerprints obtained using primer 650. 
White lines indicate locations of bands determined visually. Lane 1, 123 
bp ladder. Lane 2, E, coli control. Lane 3, unknown Salmonella 
serotype. Lane 4, S. typhimurium. Lane 5, S. amager. Lane 6, S. 
anatum. Lane 7, S. derby. Lane 8, S. gaminara. Lane 9, S. viewport. 

appeared to identify S. typhimurium specifically (Fig. 4). A very intense 

band at about 980 bp was conserved in all but one S. typhimurium 

isolate, and was usually paired with a second, weaker band at about 560 

bp. Other serotypes had bands in the range of the 980 bp band, but the 

intensity of the band in S. typhimurium was distinctive. A similar 

intense band in S. thompson isolates was found to be about 80 bp larger 

than the band associated with S. typhimurium. 
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RFLP nngerprinting. Two sets of 16S rDNA fingerprints were 

obtained, one using Ncol and PSFL, the other using Ncol and PVMII (Fig 

5). Each data set required the analysis of fingerprints on three 

membranes. Bands were scored visually on a presence-absence basis. 

Since it was believed that some faint or irregular higher molecular weight 

bands might have been caused by incomplete digestion, only fragments 

between 1.6 and 7,1 kbp were scored for the Ncol-Pstl digest, and only 

fragments between 1.6 and 4.0 kbp were scored for the iVcoI-Z'vMlI digest. 

The Ncol-Pstl digest produced seven different ribotype patterns from 44 

isolates belonging to 16 serotypes. Four bands were conserved among 

all isolates (Fig. 5). Patterns could not be used to identify 

serotypes. All seven S. typhimurium and all five S. newport isolates 

had the most common pattem, also shared by 11 other isolates belonging 

to six other serotypes. 

Similar results were obtained from the Ncol-PvuU digest. Only 

one band was conserved among all 44 isolates, however. Seven patterns 

were also obtained, each corresponding to a grouping from the Ncol-Pstl 

digest. Again, correlations between ribotype and serotype were poor. 

The most interesting result, but not surprising, was that the two digests 

produced different groupings of isolates. Most notably, several isolates 

from the largest group formed by the Ncol-Pstl digest, including all S. 

senftenberg isolates and one S. typhimurium isolate, were moved to a 

different group by the Ncol-Pvull digest. Eight of the 44 isolates were 

grouped by the Ncol-PvuU digest differently from the Ncol-Pstl digest. 
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FIG 5. Representative RFLP fingerprints using a 16S rDNA probe. 
White lines indicate locations of bands determined visually. Top, digestion 
with Nco l-Pst I. Bottom, digestion with Nco l-Pvu II. Band size 
markers at right (kbp). Arrows at left indicate bands conserved among all 
isolates. Lanes 1, 4, and 7, S. amager. Lane 2, S. typhimurium. Lane 3, 
S. ohio. Lane 5, 5. agona. Lane 6, S. montevideo. Lane 8, 5". give. 
Lanes 9-11, unknown Salmonella serotypes. 
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DISCUSSION 

Eighty five environmental isolates and four ATCC strains belonging 

to 22 Salmonella serotypes were fingerprinted by PGR and/or RFLP 

methods. PGR fingerprints were obtained by ERIG PGR and AP PGR, 

the latter using two separate primers. RFLP analysis utilized two pairs of 

restriction enzymes and a 16S rDNA probe. In all, five sets of 

fingerprints were obtained. 

ERIG PGR produced complex fingerprints consisting of intense and 

faint bands. Van Lith and Aarts (20) reported that ERIG PGR 

fingerprints identified Salmonella serotypes, but our results dispute their 

findings. We found that although several bands were highly conserved 

among isolates of different serotypes, almost every isolate had a unique 

pattern. Furthermore, fingerprints of isolates from the same serotype 

were generally no more similar than fingerprints of isolates from 

different serotypes (Figure 2). Thus, serotypes were not identified. 

Two different AP PGR primers were used with different results. 

Primer 640 produced simple fingerprints that included two bands shared 

by all isolates. A few common patterns were shared by a large number of 

isolates from different serotypes. Thus, primer 640 could not be used to 

identify serotypes and the fingerprints were not complex enough to 

discriminate well among isolates of the same serotype. On the other hand, 

primer 650 produced complex fingerprints able to discriminate isolates 

but also not generally capable of identifying serotypes. The contrasting 

results with two different primers, simple conserved patterns with one. 



1 0 3  

complex diverse patterns with the other, suggest that generalizations about 

AP PCR fingerprinting of Salmonella can not be made, and that the 

usefulness of AP PCR depends on the primer sequences utilized. 

RFLP analysis using two pairs of restriction enzymes and a 16S 

rDNA probe produced a small number of patterns that failed to identify 

serotypes. Most patterns were shared by isolates of several serotypes, 

while at the same time, isolates belonging to the same serotype often had 

different patterns. In addition, the two digestions produced differences 

in how isolates were grouped. 

Several previous studies which have used ribotyping to discriminate 

within a single Salmonella serotype and sometimes a single phage type 

(PT). For example, Altwegg et al. (2) found 16 Pstl ribotypes in 20 S. 

typhi strains belonging to eight phage types, but did not report whether 

these ribotypes were specific for S.typhi. Usera et al. (19) found six Accl 

ribotypes in 30 strains of S. enteriditis PT 8. Twenty-three strains 

however, had the same ribotype, and it was not reported whether 

these ribotypes were specific for S. enteriditis. Our results expand on 

these studies by suggesting that ribosomal DNA fingerprints of Salmonella 

are not serot5q)e-specific. 

Previous smdies have shown that DNA fingerprints can discriminate 

among strains of Salmonella belonging to known serotypes and phage 

types. Our main objective was to determine whether DNA fingerprints 

could be used for primary identification of serotypes and subtypes. None 

of the protocols we evaluated permitted reliable identification of 
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serotypes. However, differences among isolates were easUy detected by 

ERIC PCR and by one of the AP PGR primers. 

Both RFLP and PCR fingerprints were reproducible, i.e., replicates 

analyzed on the same membrane or gel were indistinguishable. However, 

RFLP patterns were distinct and easy to score, whereas PCR fingerprints 

displayed a continuum of band intensities ranging from very intense to 

barely visible. These differences between RFLP and PCR fingerprints 

may reflect the inherent difference between restriction and hybridization, 

on the one hand, and amplification, on the other. While our PCR 

fingerprints were generally reproducible in the same and different gels, 

faint bands appearing in different gels were not always scored the same. 

These differences may have limited the ability of the computer to 

correctly match isolates from their PCR fingerprints. In contrast, RFLP 

fingerprints were grouped the same by both visual and computer 

matching. 

Admittedly, calculated similarities among fingerprints are no more 

than estimators of true genetic relationships. We found, however, that 

dendrograms based on the different methods did not agree with each other 

or with serotyping data, and conclude that dendrograms based on DNA 

fingerprints should be viewed with caution. 
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SUMMARY 

Sources of variation in scoring bands in arbitrarily primed PCR 

(AP PCR) fingerprints of bacterial isolates were identified, and their 

effect on computer matching of fingerprints was determined. E. coli and 

five Salmonella serotypes were fingerprinted. Two isolates of one 

serotype and two PCR template preparations of one serotype were 

included. PCR reactions and gel electrophoresis analysis of PCR products 

were replicated, including comparisons in the same gel and in different 

gels. Bands in the images were assigned by two different people on a 

presence-absence basis. Variations in scoring the images occurred at all 

levels, and prevented correct identification of isolates. E. coli was 

distinguished from Salmonella, but discrimination among different 

Salmonella serotypes and between two isolates of the same serotype was 

poor. Our results suggest that computer analysis of AP PCR 

fingerprints scored on a presence-absence basis may not correctly match 

isolates. Side-by-side visual comparison of isolates is recommended. 
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INTRODUCTION 

DNA fingerprinting of bacteria using the polymerase chain reaction 

(PCR) is becoming increasingly popular because it is simple, rapid, and 

sensitive to DNA sequence differences among isolates [1]. Two primary 

PCR fingerprinting methods are arbitrarily-primed PCR (AP PCR) [2,3] 

and PCR based on repetitive DNA elements (rep-PCR) [4,5,6]. Both AP 

PCR and rep-PCR produce fingerprints in agarose gels consisting of 

bands that vary in intensity. Faint bands that may not be reproducible 

from day to day or in different laboratories create doubts that PCR 

fingerprints can correctly identify isolates. 

Two approaches to matching PCR fingerprints have been reported. 

The most common and most conservative approach for comparing two 

isolates has been to perform PCR on both isolates together in a thermal 

cycler using the same master mix of reagents, and to analyze the PCR 

products visually side-by-side in the same gel. By this method, two 

fingerprints have been determined to be the same or different based on an 

overall visual impression. Using this approach, AP PCR and rep-PCR 

fingerprints have been considered reproducible [1,7,8]. Berg et al. [1] 

believed that occasional lack of reproducibility of AP PCR was caused by 

"suboptimal or non-constant amplification conditions". 

The second approach to matching has been to enumerate the bands 

in each fingerprint and to estimate their length in base pairs. Usually 

bands have been scored on a presence-absence basis, disregarding band 

intensity. This approach has reduced fingerprints to data that can be 

analyzed and compared by computer. Typically, pairwise similarities 
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have been estimated between isolates, and dendrograms have been created 

to show relatedness [5]. Interpretation of fingerprints by computer, if 

successful, creates the potential for identification of isolates in different 

laboratories from fingerprint patterns stored in databases [5]. It has not 

been determined, however, whether PGR fingerprinting is robust enough 

to permit laboratory-to-laboratory comparisons. 

The objective of the research reported here was identify sources of 

variability influencing correct identification of known isolates from their 

AP PGR fingerprints. For that purpose, fingerprints of increasing 

expected similarity were produced in order to establish the level of 

discrimination of a protocol that includes AP PGR amplification, gel 

electrophoresis separation of PGR products, and computer analysis of 

images. Therefore, E. coli and different Salmonella serotypes were 

fingerprinted, including two different isolates of one serotype and two 

template preparations of one isolate. In addition, PGR reactions were 

replicated, products were separated by gel electrophoresis in triplicate, 

and gels were scored by two different scientists. Results were 

displayed as dendrograms. 
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MATERIALS AND METHODS 

E. coli and five different Salmonella serotypes were fingerprinted 

(Table 1.) Two different isolates of one serotype (5. newport) and two 

template preparations of one isolate (5. typhimurium) were included. 

Template DNA was prepared by pelleting cells from a nutrient broth 

culture (optical density -0.6 at 590 nm), washing the pellet in 1 N NaCl, 

resuspending in sterile distilled water, and lysing in a thermal cycler for 

about 10 min at 98 C. A 1:10 dilution of this lysate was used as template 

for AP PGR, performed with minor modifications of conditions 

Table 1. E. coli and Salmonella isolates fingerprinted by AP PGR. 
Replicate template preparations were made for one 5". typhimurium 
strain. Two different S. newport isolates were fingerprinted. PGR was 
performed in duplicate for each sample, Aliquots of each duplicate PGR 
reaction were run in triplicate in agarose gels and scored by two different 
technicians. 

Sample Source 

1 E. coli ATGG 15524 

2 S. typhimurium ATGG 23565 DNA preparation 1 

3 t t  I f  DNA preparation 2 

4 S. newport Environmental Isolate 1 

5 S. newport Environmental Isolate 2 

6 S. senftenberg Environmental 

7 S. anatum Environmental 

8 S. agona Environmental 
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optimized in our laboratory [9]. A 50 uL AP PGR reaction 

consisted of 5 uL bacterial cell lysate (approximately 5 x 10^ CFU), 5 

uL of GeneAmp® lOX Buffer 11 (Roche Molecular Systems, Branchburg 

NJ) (500 mM KGl, 100 mM Tris-HGl, pH 8.3), 6 uL of 25 mM MgCl2, 

5 uL of dNTP mix (2,5 mM), 1 uL of 40 uM primer stock (5' CGT-

GGG-GGG-T 3'), 0. 5 uL AmpUTaq® polymerase (Roche Molecular 

Systems) (5 U/uL), and 27.5 uL sterile deionized water. The Taq 

polymerase was added during an initial eight minute denaturation cycle at 

94 C. There were 40 cycles of amplification in a DNA Thermal Gycler 

(Perkin Elmer, Foster City GA) consisting of denaturation at 94 G for one 

minute, primer annealing at 40 G for 1 minute, and product extension at 

72 G for two minutes. 

All PGR reactions were run together using the same master mix, 

thus minimizing amplification conditions as a variable. Replicate PGR 

tubes were run for each template preparation. Three aliquots from each 

PGR replicate tube were run in agarose gels, two aliquots in the same gel 

and a third aliquot in a different gel. Positions in gels were randomized. 

Three gels were required to analyze all fingerprints. The gels were 

stained together in the same ethidium bromide solution on a rotating 

shaker and digitally scanned by The Imager™ (Oncor/Appligene, 

Gaithersburg MD), using the same settings for focal length, aperture, 

exposure, and contrast. The scanned images were analyzed using the Bio 

Image™ Whole Band Analyzer (Bio Image, Inc., Ann Arbor, MI). 

Although there is the option to permit the computer to score the bands in 

an image, we have found manual scoring more reliable. Thus, bands were 
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scored visually on a presence-absence basis using the cursor to mark the 

location of each band observed. Two scientists scored each image. Scored 

images were examined to determine the sources of variability in scoring 

and matching isolates and the effect of this variability on correctly 

matching known isolates. 
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RESULTS 

The first variable examined was how two different scientists scored 

the same images. There is litde hope that a computer will correctly match 

fingerprints of identical isolates if their fingerprints are not scored 

"correctly". In this test, both scientists scored computer images of the 

same three gels containing 48 fingerprints. They were instructed to use 

the cursor to mark the location of every band they could distinguish from 

the background. Both complained of difficulties in deciding about faint 

bands and were undecided about several bands. From two to eleven bands 

were detected per fingerprint. Half the fingerprints (24) were scored the 

same by each person. In the other 24 fingerprints, one person always 

detected from one to three more bands per fingerprint than the other 

person. Scoring biases were also apparent. Because aliquots of PCR 

products were randomized in gels, two complex fingerprints from the 

same 5. agona template happened to be run in adjacent lanes in the same 

gel. Believing that the images were identical, each person admitted being 

influenced to score the same bands in both. However, one person 

detected eleven bands in each fingerprint; the other detected nine bands 

in each. 

Next, each person was asked to score a fourth image without 

knowing that it was a computer-generated duplicate image of one they had 

already scored. One person scored eight of sixteen fingerprints 

differently the second time, the other person scored four of sixteen 

differently. Interestingly, the person who scored fewer bands overall 

scored the duplicate image more consistently than the other person. 
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Figure 1 illustrates the variability in scoring a replicate fingerprint image 

by the two scientists. In a few cases, the scientists positioned the cursor in 

noticeably different locations when scoring the same bands in replicate 

images (Fig. 1). In our experience, a 30 to 50 bp difference in the size 

estimate of a band can easily result from small differences in cursor 

placement during scoring, and can affect subsequent computer matches of 

images. 

Differences in scoring replicate aliquots of the same PGR reaction 

run in the same gel versus different gels were examined next. The 

contents of each PGR reaction tube were partitioned into three aliquots, 

two run in the same gel and a third in a different gel. The gels 

were stained together and scanned identically. Thus, each person scored 

three randomized lanes from each of sixteen PGR reactions. One person 

scored all three lanes the same in only six of sixteen cases. The other 

scored them the same in only four cases. The two aliquots run in the same 

gel were no more likely to be scored the same than aliquots in different 

gels. An interesting result was that not all serotypes were 

equally easy to score. Each person detected the same four-band pattern in 

all six S. senftenberg fingerprints examined. Bands in fingerprints of 

this serotype were distinct and well separated in the gel. This result 

suggests that certain primers may produce better fingerprints from certain 

serotypes. 

Finally, dendrograms were created to determine how well the 

different isolates were discriminated in spite of variability in scoring. 

First, band sizes in each scored fingerprint were estimated using the Bio 
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Figure 1. Composite showing variability in scoring the same 
fingerprint image (S. agona) by two scientists. White marks indicate 
assigned band locations. Lane 1, 123 bp ladder. Lanes 2 through 5 are 
computer generated replicate images of a single lane. Lanes 2 and 3, 
scoring by the first scientist. Lanes 4 and 5, scoring by the second 
scientist. Overall, three different patterns were detected from the same 
image. In addition, there were slight differences in marked band 
locations. 

Image™ Whole Band Analyzer. Pairwise similarities between 

fingerprints were calculated using a simple index, essentially the ratio of 

matching bands to mismatches. The "stringency" of matching was varied 

by changing the percent deviation, i.e., the allowed relative difference in 

the estimated sizes of two bands considered a match (range from 2 to 4%). 

Fingerprints were clustered using average linkage (unweighted pair group 
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method with arithmetic averages, or UPGMA) [10]. Figure 2 is a 

dendrogram (2% deviation, UPGMA) showing the similarities among the 

fingerprints scored by one of the scientists. Fingerprint profiles are 

shown on the right. The dendrogram consists of three gel electrophoresis 

replicates of the contents of eight different PGR reactions. 

E. coli (EC) fingerprints were easily distinguished from 

Salmonella^ even though the number of bands scored ranged firom two 

to four per E.coli fingerprint. The Salmonella serotypes were not well 

discriminated from each other, however. Only two S. senftenberg (SF) 

fingerprints (fi:om the same gel) were recognized as 100% similar even 

though all three fingerprints appeared to have been scored the same. 

Most of the S. typhimurium fingerprints were grouped together, but 

only three were judged to be identical, and some were no more than 

-40% similar. There were no apparent differences between the two PGR 

template preparations (TMl and TM2). Fingerprints of S. newport, S. 

anatum, and S. agona were not discriminated. Fingerprints of the two 

different S. newport isolates (NPl and NP2) were generally judged as 

similar as replicates of either isolate by itself. In addition, gel 

electrophoresis replicates fi-om the same PGR reaction were generally no 

more similar than PGR replicates (dendrogram not shown). 
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Figure 2. Dendrogram showing groupings of AP PGR fingerprints 
scored visually by one scientist. The bottom profile is 123 bp ladder. A 
scale of percent similarities is along the horizontal axis. Lane designations 
are gel:lane:serotype. AG = S. agona. NP = S. newport (two isolates, 
NPl and NPl). TM = S. typhimurium (two template preparations, TMl 
and TM2). AN = S. anatum. SF = S. senftenberg. EG = E. coli. 
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DISCUSSION 

We have shown that variations in presence-absence band scoring are 

inherent in the analysis of AP PCR fingerprints and that these variations 

affect the ability of computers to correctly identify isolates by matching 

their fingerprints. We would expect similar results using rep-PCR. All 

isolates in this study were known and all fingerprints were gel 

electrophoresis replicates of PCR reaction replicates. AP PCR reactions 

were optimized and all reactions were run together in a thermal cycler 

using the same master mix of reagents. Gels were stained together and 

scanned using the same settings. The quality of the images was 

comparable to those usually produced in our laboratory. Nonetheless, 

only E. coli and two Salmonella serotypes (5. senftenberg and S. 

typhimurium) were generally discriminated by the technique. Four other 

isolates belonging to three serotypes {S. newport, S. agona, and S. anatum) 

apparently were similar enough that they could not be discriminated. 

Our results suggest that AP PCR fingerprints detected by ethidium 

bromide staining of agarose gels may not be sufficiently reproducible to 

permit computer matching using presence-absence scoring. If replicate 

PCR reactions and replicate gel electrophoresis of PCR products from the 

same reaction generate fingerprints that are only 40% similar in some 

cases (Figure 2), one questions whether a confident identification of 

isolates can ever be made. It has been shown that AP PCR can indicate 

that two strains are different [11]. It is not clear that it can also indicate 

with confidence that two are identical. Furthermore, it is not known how 
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much similarity should be expected between fingerprints of isolates of the 

same genus, species, or strain. 

Reproducible AP PGR results have been reported by a number of 

researchers, but in the limited context of comparisons of a few isolates in 

the same laboratory and often the same gel [7,11,12,13,14]. For example, 

Akopyanz et al. [11] used four different primers to differentiate two 

strains of Heliobacter pylori. The strains were dissimilar enough to be 

easily discriminated visually in the same gel without any need to score 

bands. Killgore and Kato [13] considered that two Clostridium difficile 

isolates belonged to the same type if their AP PGR fingerprints were 

identical by visual inspection or differed only in faint bands. Woods et 

al. [14] made visual comparisons of fingerprints of Neisseria meningitidis 

isolates in different gels, but confirmed doubtful cases by repeating 

amplification and by running the products in the same gel. 

We are not aware of research indicating that AP PGR or rep-PGR 

fingerprints from different laboratories have been successfully matched 

by computers using presence-absence scoring. Yet such long-distance 

matches are clearly desirable [1]. Reliable matches do not appear 

attainable as long as non-reproducible faint bands are scored in agarose 

gels stained with ethidium bromide. Versalovic et al. [5] discussed 

alternatives to detection in agarose gels stained with ethidium bromide. 

These include primers with fluorescent labels, or acrylamide gels stained 

with silver. Versalovic et al. [5] described an alternative to presence-

absence scoring using an internal PGR standard to set a threshold for band 

recognition. Apparently only reproducible bands of a minimum intensity 
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were scored. Improved gel electrophoresis and staining methods 

combined with a rationale for scoring bands having a minimum intensity 

is a logical step in making computer matching of PCR fingerprints 

feasible. 
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