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ABSTRACT

Salmonella enterica are gram-negative intracellular pathogens responsible for foodborne
gastroenteritis worldwide. Like other members of the Enterobacteriaecea, there has been a
marked increase in Salmonellas resistance to third generation B-lactams/cephalosporins,
antibiotics commonly used to treat salmonellosis in children. However, resistance to this and
other antibiotic is not uniformly distributed among S. enterica serovars. The virulence of
Salmonella is due to a low copy number, FII plasmid (65kb - 100 kb) that contains the ADP-
ribosylating toxin, SpvB. This virulence plasmid is present in only a few Salmonella serovars (S.
Choleraesuis, S. Dublin, S. Enteritidis, and S. Typhimurium). We believe that the spvB-virulence
plasmid excludes other large molecular weight plasmids and may explain why antibiotic
resistance is slow to develop in certain Salmonella serovars (ex. S. Enteritidis vs. S. Kentucky).
The goal of this study is to determine the contribution of the Salmonella spvB-virulence plasmid
to plasmid exclusion. From conjugation experiments, S. Typhimurium exhibits lower
conjugation frequency with F plasmids when the spvB-virulence plasmid is present.

Furthermore, introduction of cloned FI tra$S into “plasmidless” S. Typhimurium LT2 strain and



Escherichia coli DH5a excluded FI plasmid. However deletion of the virulence plasmid traS did
not affect plasmid exclusion significantly compared to control, spvB deletion. In addition,
differences in F plasmid conjugation in natural Salmonella isolates did not correlate with F and
virulence plasmid genotype. The slow development of antibiotic resistance in certain Salmonella
serovars may be attributed to entry exclusion mediated by different mechanisms encoded by

either plasmid or chromosomal genes. (248 Words)
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INTRODUCTION

Infections with Salmonella enterica are believed to account for 20 million cases of
disease and 200,000 deaths per year, worldwide (9). In the developed world, Salmonella is
mainly encountered as a foodborne pathogen, present in fecally-contaminated poultry, meat,
eggs, dairy products, fruits and vegetables (74, 75, 105). According to a recent Center for
Disease Control (CDC) estimates, non-typhoidal Salmonella causes over a million illnesses each
year and it accounts for 35% of foodborne illnesses resulting in hospitalization in the United
States alone. Although most Salmonella infections are largely treatable with antibiotics, a
disturbing trend is the rise of multi-drug resistant (MDR) Salmonella (1, 44, 61), especially to
fluoroquinolones, B-lactams, and cephalosporins; antibiotics frequently used to treat these
infections (159). According to the National Antimicrobial Resistance Monitoring Service's
(NARMS) 2009 Annual Report, 9.5% of non-typhoidal Salmonella isolates tested were resistant
to three or more classes of antibiotics (10). However, some Salmonella serovars (ex. S.
Enteritidis) remain susceptible to all antimicrobials tested in the NARMS panel (160).

Resistance to antimicrobial agents can be conferred by the transfer of mobile genetic
elements, such as plasmids, transposons and integrons (81). Integrons are genetic elements that
capture antibiotic resistance genes; building a tandem array of distinct antibiotic resistance genes
into single multi-drug resistance locus (69). Class 1 integrons are frequently found in bacteria
that colonize food animals (62), and abundant in some farm environments (120). However, a
few Salmonella serovars such as S. Enteritidis are slow to develop antimicrobial resistance

despite their presence in environments rich in class 1 integrons and antibiotic resistance genes.



The question that arises is why are some Salmonella serovars slow to develop antibiotic
resistance compared to others?

Some Salmonella serovars contain a large molecular weight plasmid that enables it to
proliferate in the reticuloendothlelial system and cause systemic infection (66). This plasmid is
present in the non-typhoidal Salmonella serotypes S. Choleraesuis, S. Derby, S. Dublin, S.
Enteritidis, S. Pullorum, and S. Typhimurium (21). The key virulence factor associated with
these plasmids is SpvB, an ADP-ribosylating toxin that interferes with phagocyte function in the
host (101). The spvB-virulence plasmid is a conjugative, Fll-like plasmid (8, 154). Genomic
comparisons of the S. Typhimurium spvB-virulence plasmids to similar plasmids in S.
Choleraesuis, S. Dublin, and S. Enteritidis, has revealed large deletions within the tra operon of
S. Choleraesuis and S. Dublin virulence plasmids, including traS which is responsible for entry
exclusion of plasmids (78, 169). In addition, the S. Dublin spvB-virulence plasmid has acquired
a unique 11kb segment in place of the pef (plasmid encoded fimbriae) operon that contains fae
fimbrial operon (31), and it has also lost oriT, FIB repA, and serum-resistance factor rsk (31).
The genetic organization of S. Typhimurium and S. Enteritidis spvB-virulence plasmids are
similar, except for a single base pair substitution that inactivates traY in Salmonella Enteritidis
and a 22 kb deletion in a region that contains traT (surface exclusion) and traX-finO (78).
Salmonella Choleraesuis virulence plasmid varies in size between ~50kb to 110kb. These
plasmids are neither mobilizable nor self-transmissible because they are missing oriT and all of
the tra genes except for finO, traX, traH, traT, and traD (78, 169).

Like lysogenic bacteriophages, plasmids have mechanisms for preventing “super

infection” of its bacterial host with similar plasmids. One mechanism, incompatibility, involves
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interference with initiation of plasmid replication (125) or partitioning of competing plasmids to
the dividing daughter cells (20). The second mechanism, exclusion involves interference with
plasmid transfer. Exclusion is generally observed for plasmids belonging to the same
incompatibility group. For plasmids belonging to incF incompatibility group, traS and traT are
primarily responsible for plasmid exclusion (57). We believe that the spvB-virulence plasmid
traS is an important genetic barrier to development of plasmid-mediated antimicrobial resistance.
The purpose of this study is to determine whether the virulence plasmid can actively exclude
other large molecular weight plasmids from entering the cell by the means of traS. If this is the
case, it stands to reason that natural Salmonella isolates possessing a virulence plasmid are less
likely to acquire other large molecular weight plasmids including those that mediate plasmid-

mediated antibiotic resistance.



LITERATURE REVIEW

Salmonella Pathogenesis and the Virulence Plasmid

Salmonella was first described in 1885 as a gram-negative, motile, rod-shaped facultative
anaerobe. There are two species within the genus Salmonella: S. bongori and S. enterica and 7
subspecies (I-VII). S. enterica sp. Enterica accounts for 99% of Salmonella infections (21).
Salmonella is responsible for a diverse range of diseases: from life-threatening typhoid fever to
gastroenteritis and septicemia. Salmonella enterica accounts for 20 million cases of disease and
200,000 deaths per year, worldwide (9). In the United States, Salmonella infection is the leading
cause of hospitalization and death associated with foodborne illnesses, with reported 1.2 million
illnesses each year (136). In the developed world, Salmonella is mainly encountered as a
foodborne pathogen, present in fecally-contaminated poultry, meat, eggs, dairy products, fruits
and vegetables (17, 73, 105). Manifestation of disease such as gastroenteritis, caused by non-
typhoidal Salmonella serovars, and enteric fevers, caused by typhoidal Salmonella serovars in
immune-competent individuals have been the subject of current research. Many Salmonella
virulence genes are clustered as genomic islands referred to as pathogenicity islands (SP1) (135).
The Salmonella SPI1 encodes a type 111 secretion system responsible for injecting Salmonella
effector proteins directly into the cytosol of the host cell, which, in turn, manipulates the host cell
response (170). In both the M cells and enterocytes, Salmonella effector proteins, SipA and
SipC, induce actin reorganization which results in ruffling formation at the surface of the
epithelial layer and uptake of the bacterial cell (113). In addition to actin reorganization, effector

proteins also trigger nuclear responses that results in increased expression of chemotactic factors



such as interleukin-8 (112) which leads to infiltration of neutrophils in the lamina propria. As
the inflammatory reaction progresses, neutrophils are directed into the intestinal lumen leading to
the characteristic symptom of diarrhea following nontyphoidal Salmonella infection in humans
(100).

The virulence of various Salmonella serovars, such as S. Typhimurium (66), S.
Enteritidis (27), S. Choleraesuis, and S, Dublin partly depends on the presence of large molecular
weight plasmids (65-100kb) (77). These plasmids contain a 7.8 kb region, spv (Salmonella
plasmid virulence) responsible for proliferation of bacteria within the reticuloendothelial system
(65, 147). The spv locus contains five genes identified as spvA-D and spvR (67). The
divergently transcribed gene spvR (3) has been shown to be a positive regulator, in combination
with the alternate sigma factor RpoS (99), of spvA-D expression through its binding to the
promoter region upstream of spvA (47). spvA is induced in the exponential phase of Salmonella
growth in a medium designed to mimic the intracellular environment of mammalian cells (166).
The expression of spvB in Salmonella occurs in vivo only after the invasion of epithelial cells or
phagocytosis by macrophages (111). SpvB is an ADP-ribosylating toxin that inactivates F-actin
in macrophages (101), resulting in cytopathic effects such as the rounding up and detachment of
the cells (149). This toxin is delivered into the macrophage through SPI-2 type 11 secretion
system (23).

However, the virulence plasmid does not appear to be essential to Salmonella
pathogenesis as Salmonella can survive in macrophages without this virulence plasmid (48) and
this plasmid is absent in several Salmonella serovars associated with enteric fevers (106). The

spv operon provides a small, but crucial growth advantage in bovine and human monocyte-
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derived macrophages (102). The spv operon contains an internal promoter which leads to the
regulation of individual Spv proteins. The Spv proteins may be required at different time points
during infection with evidence that showed that SpvA and SpvB levels declined after reaching
early-stationary phase while SpvC and SpvB levels continued to increase (166). Other virulence
loci present on the virulence plasmid are the pef genes (plasmid-encoded fimbriae) which
mediate adhesion to the small intestine and contributes to fluid accumulation in infant mouse
model (16) but it is not essential for pathogenesis in other animal models (80). The spvB
virulence plasmid also contains rck which encodes a 17-KD outer membrane protein that confers
complement resistance and control of serum resistance genes (153). This protein also has a
binding site for the C3 and C5 membrane attack complex (76). The rck locus in S. Typhimurium
alone does not confer serum resistance but instead enhances the ability of “smooth” S.
Typhimurium to grow in serum. In short, it has been shown that the rck genes provide protection
against complement in both Escherichia coli (33) and S. Typhimurium.
Genetic Exchange in Bacteria

In bacterial populations, exchange of DNA from one bacterium to another occurs in
several ways. Many bacteriologists in the 1940s believed that bacteria could adapt to their
environments by a direct change and could then pass on the change to the offspring. In 1943,
Salvador Luria and Max Delbruck (103) demonstrated that bacterial cultures will retain
resistance to the action of a virus even if it is sub-cultured for many generations in the absence of
the virus. This demonstration follows the principle outlined by Darwinian molecular basis of
heredity, which dictates that properties of organisms are determined by their DNA sequences and

as organisms multiply, changes in the DNA sequence could occur randomly.
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Fred Griffith in 1928 made the first demonstration of genetic exchange known as
transformation. Transformation is gene transfer resulting from the uptake of naked DNA and the
subsequence, stable inheritance of a trait acquired by the “transformed” cell from the DNA of a
donor cell. Another form of genetic inheritance in bacteria is transduction. Transduction was
discovered by Zinder and Lederberg in 1953 when they demonstrated that a S. Typhimurium
phage P22 could transmit genetic information one cell to another.

Finally, bacteria can exchange genetic information through a process known as
conjugation. This mechanism of genetic exchange was first discovered by Lederberg and Tatum
in 1946. Conjugation is the transfer of DNA that is mediated through the physical contact
between donor and recipient cells. Generally, this genetic exchange involves an extra-
chromosomal, autonomously replicating genetic element referred to as a plasmid. It is the
plasmid that mediates genetic exchange between bacterial cells. The plasmid is capable of
mobilizing itself, other plasmids, and the chromosome.

Why it is important for bacteria cells to conjugate? One advantage of conjugation comes
from the recombination of competing beneficial mutations into one lineage (35, 51).
Conjugation also facilitates natural selection by generating useful variation (158), and by

breaking down negative associations (15).

Plasmid Biology
Bacterial plasmids are self-replicating, extra-chromosomal DNA that carry genetic
information that is useful in stress conditions and sometimes lost in non-selective environments.

Plasmids usually carry information in genes encoding for carriage and spread of antibiotic
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resistance, metal ions, ultraviolet light, virulence, bacteriocin-production, degradation of organic
toxic compound, and finally, the ability to transfer from one bacteria cell to another (36).
Naturally occurring plasmids are self-transmissible (conjugative), mobilizable, or non-
conjugative. Conjugative plasmids encode all the functions needed to move the plasmid among
cells and mobilize other plasmids incapable of transmission (142).

Plasmids can exist either as a circular or linear forms and range in size from one kilobase
to more than a megabase. Borrelia burgdorferi for instance, contains both linear and circular
plasmids (144). Circular plasmids are supercoiled when extracted and can be easily isolated and
distinguished from linear fragmented chromosomal DNA. Plasmids are classified into two
groups on the basis of whether more than one plasmid can co-exist within a bacteria cell
(compatible) or not (incompatible). Plasmids of the same group are considered incompatible
with each other within the same bacterial cell if similar rep (replication) and/or par (partitioning)
proteins are shared (36). The term ‘inc’ and ‘rep’ are used to describe these plasmid types.

Plasmids must have the ability to replicate in order to exist independent of the
chromosome. There are three types of ways circular plasmids replicate: theta type, strand
displacement, and rolling circle (39). Plasmid replication generally begins for most gram
negative organism by the means of the theta mechanism. Rep proteins interact with adjacent
AT-rich region containing sequence repeats which facilitate opening of the strands by
transferring DnaB-DnaC complex to the oriT (22). DNA gyrase mainly participates in the
opening of DNA double strand followed by the synthesis of RNA primers by primase (86).
DNA synthesis of both strands is coupled by DNA polymerase 1l and single-strand binding

proteins (54). The leading strand is synthesized continuously, while the lagging strand is
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discontinuously made on the opposite side. Theta replication in gram negative bacteria is
unidirectional, meaning replication terminates when the replication fork gets back to the origin.
Termination occurs at ter regions (37) in conjunction with several host proteins (Tus) which
forms a complex that inhibits helicase activity in the replisome (92). Plasmid replication is
concluded by the formation of cantenates containing gaps in the daughter cell which could be
resolves by type Il topoisomerase (118).

To avoid being lost from dividing cells, plasmids carry partition systems to accurately
move and position genetic material to daughter cells during cell division. Plasmid partition
systems require three essential components. Each locus must contain a centomere-like DNA site
and two proteins: a motor protein and a centromere-binding protein (137). The par locus
consists of cis-acting parS and trans-acting genes often referred to as parA and parB (14). The
pars site is where two copies of the plasmid are pulled apart during partitioning and it’s usually
identified by multiple DNA repeat elements (19). The first stage of plasmid partitioning occurs
when ParB proteins form a dimer with ParS which leads to the formation of higher-order
partition complexes (59). This partition complex has been speculated to be involved in the
assembly of motor proteins which mediates plasmid separation (138). DNA partition is driven
by the formation of filaments by ParM in an ATP dependent manner which is captured by ParR-
centromere complex (138). There are two types of partitioning loci: Type I and Type Il. The
partitioning loci are differentiated by formation of the final segrosome which could be by means
of actin-like protein (type Il) (24) or by a Walker-type protein (type 1)(131).

Among the many different plasmid types discovered to date, the F (56), R1 (123), RK2

(98), R6K (49), and RSF1010 (114, 130) of E. coli are the best studied and often used as model
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systems for understanding plasmid replication (49, 98, 114, 124), partitioning (63, 98),
maintenance (40, 152) and transfer (56). The E. coli F plasmid is a 100 kb plasmid belonging to
the IncFI incompatibility group. This plasmid is self-transmissible and contains 40 genes
clustered together in a 33.3 kb transfer region (tra) that is involved in physical transfer of
plasmids between bacterial cells. Twenty of these 40 genes are essential for conjugation. There
are five classes of tra genes responsible for pilus synthesis (traA, traB, traC, trak, traF,traG,
traH, trakK, tralL, traQ, tray, traV, traW, traX, and trbC), surface exclusion (traS), mating pair
stabilization (traG and traN), regulation (finO and traJ) and plasmid transfer (traD, traY, and
tral) (56). The F plasmid transfer begins when the F pilus makes contact with one or more
recipient cells which leads to the formation of a mating pair aggregate (56). The F pilus retracts
either by pilin subunit rearrangement (52, 156) or depolymerization (109) to bring donor and
recipient adhesion sites into opposition to form a pore. The OmpA protein along with TraG and
TraN stabilize the pore which leads to the stabilization of the mating pair aggregates (41). Over
time, the mating pair is stabilized and will not desegregate even with the addition of sodiun
dodecyl sulfate (SDS) (7). There are two main genes reported to be involved in mating pair
stabilization: traN in the outer-membrane and traG in the inner-membrane of an F plasmid (107).
Genetic analysis indicates that TraN recognizes lipopolysaccharide and OmpA in the recipient
cell which acts as a cell surface adhesin during mating pair stabilization (7). TraG which spans
the inner membrane several times has been shown to be responsible for two functions during
conjugation. The N-terminal is essential for F pilus assembly while the C-terminal participates

in mating aggregate stabilization (50). It has been suggested that TraG in the donor cell might be
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translocated into the recipient cell which then binds TraS whereby blocking redundant
conjugative DNA synthesis and transport (13).

Two processes are involved in the prevention of conjugation among cells bearing closely
related plasmids of the same exclusion group. The first is surface exclusion which is encoded by
traT and entry exclusion encoded by traS (13). TraT is an outer membrane lipoprotein that
confers serum resistance (116) and blocks conjugation by preventing the formation of stable
mating aggregates (146). TraS, which is localized in the inner membrane, functions to inhibit
DNA transfer even after the formation of stable mating aggregates (57) by recognizing its
cognate TraG in the donor cell.

Within the donor cell, site and strand specific nicking of the origin of transfer by
endonucleases occurs which initiates donor conjugal DNA synthesis (161). After nicking, the
two DNA strands of donor plasmid are unwound by DNA helicase | which progressively
displaces the bound strand into the recipient cell. Simultaneously during F plasmid transfer,
donor cell replacement strand synthesis is catalyzed by DNA polymerase 111 using un-translated
RNA as primer (94). Conjugative DNA complementary strand synthesis in the recipient cell
involves synthesis of DNA complementary to the transferred strand and circularization of
plasmid DNA. The transferred DNA is replicated to give a linear double-stranded molecule
which is then converted to circular forms found in the cytoplasm (85). The oriT region includes
four binding sites for several proteins (29) including Tral helicase | which is required for
physical transfer of the F plasmid (110), an inner membrane protein, TraM (6) and finally TraY
which forms a nucleo-protein complex with the oriT for efficient nicking needed for rolling

circle replication (122). The rolling circle method of transfer begins when Rep proteins
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recognize a sequence known as double strand origin (DSO) on the DNA and makes a single
stranded break in the sequence (97). Rep protein nicks the DSO and recruits DNA helicase and
other replication proteins such as single-stranded DNA binding proteins and DNA polymerase
III. As the Rep proteins remain attached to 5° phosphate end, DNA polymerase III uses the free
3” hydroxyl end at the break as a primer to replicate around the circle. The Rep protein separates
the old and newly synthesized leading strand by nicking and then it’s converted to dsDNA form
using single-strand origin and host proteins (45, 90, 91).

In summary, conjugation begins when a pilus establish contact with a recipient cell,
which leads to mating pair formation. After the mating pair formation, the pair or aggregates are
stabilized. A single strand of DNA is transferred 5’ to 3’ direction starting at the origin of
transfer. The process concludes with circularization of the transferred strand and the synthesis of
complementary DNA in both the donor and recipient cells.

The IncFI1 plasmid is closely related to the Inc FI plasmid (95). Plasmid incompatibility
refers to the inability of two plasmids to be stably inherited in the same cell line (36).
Incompatibility is established due to the fact that sharing of one or more common elements of
plasmid replication or partitioning systems (126). This was historically described in the early
1960s when it was noted that the F plasmid in Escherichia coli strains either exist autonomously
in F* strains or integrated in Hfr strains but never in both strains simultaneously (43). The FlI
plasmid is approximately 94.5kb and it is self-transmissible. In contrast with FI plasmids, FlI
plasmids encode resistance to chloramphenicol, streptomycin, tetracycline, and sulfonamides
(119, 157). FII plasmids contain two components genetically and physically that distinguish it

from other plasmid types. The first component is a resistance transfer (RTF) segment that
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contains genes for self-transmissibility (tra genes) and autonomous replication (rep), and the
second a resistance locus (r-determinant) that contains most of the resistance genes (167).

In comparison with the FI plasmid, FIl plasmids contain a leading region interrupted by
transposon Tn10, which confers resistance to tetracycline. The FlI and FII plasmids share
analogous replication functions but genes are located in different positions on the plasmids (167).
The homologous positions shared between Fl and FlI plasmids are the leading region, part of
repA, and some of the tra operon. The gene products of FI’s traA, B, C,D, E, F, G, H, K, L, N, T,
U, V and W share homology and could be functionally replaced by corresponding gene product
by Fll plasmid (5, 53, 115, 162, 165). The gene products of the FI’s tral, traJ, traM, traS and
traY however; are not replaceable by those produced by FIl plasmid (5, 163, 164). The
differences between the Fl and FII plasmids could further be explained at the nucleotide level.
For instant, traN, which is involved in mating pair stabilization in both FI and FII conjugation by
binding to the LPS and OmpA of recipient cells (95, 96), is similar (93 % identity at nucleotide
level) between Fl and FIl in the N and C end of the gene, but contains a central variable region
(7% identity at the nucleotide level) (167). Furthermore, traS, which is involved in entry
exclusion as discussed earlier, is almost completely non-homologous when compared with FI
and FII plasmids. The TraS protein differs in molecular weight and is not interchangeable within
Fl and FII plasmids (71). The basic genetic organization of both FI and FII tra region is very
similar, but differences in molecular weight and functional irreplaceability of proteins further

differentiate FI from FII plasmids.
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The Physical Map and Distribution of spvB-Virulence Plasmids in Salmonella

The spvB-virulence plasmid is not uniform in its distribution among Salmonella species
and serovars (21). The plasmid is found in S. enterica subspecies I, and even within this
subspecies, its distribution is non-uniform between and within serovars (21, 26, 168). The spvB-
virulence plasmid has been reported in Salmonella enterica serovars Choleraesuis, Dublin,
Enteritidis, Paratyphi C, Pullorum, and Typhimurium (21). S. Typhimurium LT2 strain(s)
virulence plasmid serves as the prototype to which all other spvB-virulence plasmids are
compared (26, 93). The virulence plasmids in other Salmonella serovars differ from the
prototype Typhimurium virulence in the deletions spanning the tra region of these plasmids (32).
In Fig. 1, S. Typhimurium spvB-virulence plasmid is aligned with S. Enteritidis, S. Dublin, and S.
Choleraesuis spvB-virulence plasmid to highlight deletions in each Salmonella serovar. Genomic
comparisons of the S. Typhimurium spvB-virulence plasmids to similar plasmids in S.
Choleraesuis, S. Dublin, and S. Enteritidis, has revealed large deletions within the tra operon of
S. Choleraesuis and S. Dublin virulence plasmids, including traS which is responsible for entry
exclusion of plasmids. In addition, the S. Dublin spvB-virulence plasmid has acquired a unique
11kb segment in place of the pef (plasmid encoded fimbriae) operon, and lost oriT, FIB repA,
and rsk (155). The genetic organization of S. Enteritidis spvB-virulence plasmid is similar to the
prototype S. Typhimurium LT2 virulence plasmid (132), except for a single base pair
substitution that inactivates traY and a 22 kb deletion in a region that contains traT (surface
exclusion) and traX-finO in S. Enteritidis (117). Salmonella Choleraesuis virulence plasmid

varies in size between ~50kb to 110kb. These plasmids are neither mobilizable nor self-
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transmissible because they are missing oriT and all of the tra genes except for five (finO, traX,
traH, traT, and traD) (79), respectively.

The three spvB-virulence plasmid of S. Enteritidis, S. Dublin, and S. Choleraesuis are
incompatible with S. Typhimurium spvB-virulence plasmid which means they belong to the same
incompatibility group (127). It has been proposed that the spvB-virulence plasmid of S.
Enteritidis, S. Typhimurium, and S. Choleraesuis is an ancestor of IncFl plasmid while S. Dublin
emerged from the IncFIl plasmid (31). Despite the common properties shared among spvB-
virulence plasmids, each serovars contain unique sizes specific to a Salmonella serovar which is
due to tra deletions and additional genes encoding drug resistance.

Multidrug Resistance in Salmonella

Multidrug resistance in Salmonella enterica serovars is a major problem worldwide.
According to the National Antimicrobial Resistance monitoring system in 2003, 40% of
Salmonella isolates in ground beef are resistant to at least 6 antimicrobial classes tested. The
consequence of the use of antimicrobial drugs in food animals is the increase in antibiotic
resistance in the enteric bacteria that reside in these animals (150). Recent studies showed that
environmental Salmonella isolates had lower levels of resistance than fecal isolates of calves and
poultry (89). In addition, an antimicrobial susceptibility analysis revealed that human strains
were susceptible to all the antimicrobials in the NARMS panel while animal isolates showed a
wide range of resistance to two or more antimicrobials (143). This provides compelling
evidence that antimicrobials used to boost food animal’s growth and health significantly
contributes to enteric bacteria resistance to multiple antibiotics. According to the Food and Drug

Administration 2009 report, 29 million pounds of antimicrobial drugs are used annually in food
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animals. It is not surprising that enteric bacteria could then acquire resistance to commonly used
antimicrobials (18, 60) and humans could in turn acquire multidrug resistant bacteria through
consumption of undercooked contaminated food. Previous reports showed that human and food
animal isolates carried class | integrons (58, 128) which indicates a link of the movement of

antibiotic genes from food animals to humans.

How do enteric bacteria, specifically Salmonella acquire these resistance genes?
Mentioned often is the appearance of mobile elements which contain one or more antibiotic
resistance genes. Class 1 integrons are notable by the presence of one or more antibiotic
resistance genes (145), an integrase (Intl) responsible for site-specific recombination (108), an
adjacent attl integration site recognized by the integrase and also serves as the receptor site for
the cassette integration and finally, a promoter for the expression of the inserted gene cassettes.
The most notable feature of integrons is its ability to recognize and capture antibiotic resistance

genes. (34, 68).

The recombination machinery of integrons makes it a natural cloning and expression
vectors for antibiotic resistance particularly in gram negative organisms such as Salmonella.
Integrons are therefore one means by which some Salmonella serovars acquire multidrug
resistance. Recent studies have shown that some S. Typhimurium and S. Choleraesuis isolates
harbor a chimeric virulence/resistance plasmid which confers multidrug resistance (30, 64). In
the most recent NARMS data report on Salmonella antimicrobial susceptibility, 93% of S.
Enteritidis isolated from chicken breast were pan-susceptible, while only 14% of S. Kentucky

isolates were susceptible to the panel of 15 antimicrobials (10) . This susceptibility patterns once
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again draws the question why some Salmonella serovars remain susceptible to multiple
antibiotics even though they may exist in the presence of gene elements such as integrons (121).
Although, integrons are able to capture and express resistant gene cassettes, their mobility is
limited between plasmids and transposons that ferry this element between cells. Cell to cell

transfer is dependent on other genetic mechanisms such as conjugation.

Conjugation, as discussed earlier is the means by which a donor cell transfers copy of its
plasmid to a recipient cell. The process of conjugation can be regulated by the entry exclusion
gene traS. TraS blocks redundant transfer of plasmid DNA to a recipient that might have already
contained the donor plasmid. Therefore, some Salmonella serovars harboring the FI virulence
plasmid may remain susceptible to multiple antibiotics because TraS blocks conjugative entry of
plasmid carrying integrons expressing multidrug resistance genes. This study seeks to investigate

the role of TraS and the virulence plasmid in acquisition of antibiotic resistance by Salmonella.
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MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used in this study are described in Table
1. Escherichia coli strains XK1200 and MC4100 served as bacterial host for F1 and FIl plasmids
pOX38-km and R100 respectively. Bacteria cultures were grown overnight at 37°C in Luria-
Bertani (LB) medium with appropriate antibiotic at the following concentrations: tetracycline
(10ug/ml), kanamycin (30ug/ml), naladixic acid (64ug/ml), rifampicin (64ug/ml), and
chloramphenicol (64ug/ml). Salmonella Typhimurium pSLT" strain was constructed by
transducing pStLT203 Q parA::Km (151) into S. Typhimurium strain LT2 using P22 HT int
(129). A kanamycin-resistant, S. Typhimurium transductant was passaged in LB without
antibiotics and subsequently screened for sensitivity to kanamycin (151). Loss of pSLT
virulence plasmid was confirmed by PCR (148). Defined deletions in traS or spvB were
introduced into S. Typhimurium virulence plasmid using A red recombineering approach
described by Datsenko and Wanner (38). PCR primers and conditions used to construct [ red
knockouts are described in Table 2 and PCR section described below. Escherichia coli and S.
Typhimurium LT2 strains were transformed using electroporation protocol described by Dower

et al (42).

Mating Assays. Conjugations were performed as described by Ahmer et al (8). Bacteria
were grown as standing overnight cultures at 37°C in Luria-Bertani (LB) broth. A total of SuL.
of donor strain and 50uL of recipient strain were added to Sml of 10 mM MgSO,. The cell

suspension was filtered through a 0.45um pore size cellulose filter membrane, and the filter was
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placed on an M9 minimal plate containing 0.2% glucose, 1 MM MgSO,, 1 mM CaCl,, 1pg/ml
thiamin, and 20pg/ml leucine, cell side up. After overnight incubation at 37°C, the filter was
aseptically removed from the plate, added to 5ml of 10 mM MgSO,and vortexed to remove
bacteria from the filter. 10-fold dilutions of the cell suspension were plated on LB plates
containing the appropriate antibiotic for selecting recipients or transconjugants. The conjugation
frequency was determined from the number of transconjugants divided by recipients. The
conjugation frequency was measured by averaging the results of duplicate mating from 3

separate trials using the formula: total transconjugants/ total recipient.

PCR. Primers targeting Salmonella Typhimurium LT2 virulence plasmid genes spvB,
pSLT FII traS, and F-plasmid FI traS genes were designed using the DNA software analysis
program Generunner 3.1 (Hastings Software Inc.; Hastings-on-Hudson, NY). See Table 2 for
description of primer sequences, PCR conditions, and expected size for PCR amplicon. Primers
were prepared by the University of Georgia Molecular instrumentation Laboratory. Genomic
DNA was prepared as described by Sambrook et al. (133). The PCR reaction mix contained: 2
mM MgCl,, 0.1mM primer, 0.2mM nucleotide and 0.5 unit Tag DNA polymerase (Roche
Molecular Biochemicals; Indianapolis, IN). PCR was performed using the Rapidcycler hot-air
thermocycler (Idaho Technology; Salt Lake City, UT) with denaturation set at 93°C for 1 min;
annealing as described in Table 2 for each primer set for 1sec, and primer extension at 72°C for
15sec for 30 cycles. Probes, for DNA: DNA hybridization, were prepared by PCR, substituting
standard nucleotides with digoxigenin-labeled nucleotides (Roche Molecular Biochemicals) in

the PCR reaction mix.
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Plasmid Extraction. Bacterial isolates were revived from freezer stocks and grown on
tryptic soy agar at 37°C overnight. A single colony was used to inoculate 6 mL Superbroth and
incubated overnight at 37°C with aeration (235 rpm). Plasmids were extracted using the
FosmidMAX DNA Purification Kit (Epicentre; Grand Island, NY). DNA samples were stored at
-20°C. Plasmid DNA was separated by gel electrophoresis on a 0.5% agarose gel at 44 V in E
buffer (40 mM Tris-acetate, 2 mM sodium EDTA) for 16.5 h (88). Gels were stained with 1X
Sybr Gold (Invitrogen) in 1X TAE buffer while shaking for 30 min at 40 rpm. Images were
acquired using a digital camera and UV transillumination (Molecular Imager Gel Doc XR
System, Bio-Rad; Hercules, CA).

DNA: DNA Hybridization. Agarose gels were stored at 4°C before DNA transfer to
nylon membranes. Gels were treated with HCI, followed with NaOH treatment (6), before the
single stranded DNA was transferred to a nylon membrane using a vacuum blotter (Bio-Rad).
Single stranded DNA was UV-cross linked onto the nylon membranes. Membranes were covered
in aluminum foil and stored at -80°C. DNA: DNA hybridization was performed as described by
Sambrook et al. (133) with hybridization and washes performed at 68°C. Bound probe was
visualized with anti-digoxigenin alkaline phosphatase conjugate and the nitroblue tetrazolium/5-
bromo-4-chloro-3indolylphosphate (BCIP) substrate as described by the manufacturer (Roche

Molecular Biochemicals).

Statistical Analysis. ANOVA single factor statistical test was used to determine whether

the differences observed were significant.
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RESULTS

Plasmid profile and prevalence of spvB-virulence plasmids in S. enterica serovars S.
Dublin, S. Enteritidis, S. Kentucky, and S. Typhimurium. We identified single to multiple,
large molecular weight plasmids (>55 kb) among S. enterica serovars screened (Fig. 2 & 3; and
summarized in Table 3). In Salmonella serovars S. Dublin, S. Enteritidis, and S. Typhimurium
one of the large size plasmids was identified as the spvB-virulence plasmid by Southern analysis
(Fig. 2). However, none of the S. Dublin spvB-virulence positive isolates contained the entry
exclusion gene traS (Table 2). Ninety-three percent of S. Kentucky isolates contained one or
more, large molecular weight plasmids (Table 2), but none were identified as spvB-virulence
plasmid (Fig. 3). The prevalence of other large size plasmids (>55 kb), among spvB-virulence
positive isolates varied from 7.7-62 % among S. enterica serovars screened (Table 2). There was
a statistically significant difference in the distribution of these plasmids among S. serovars
screened relative to the prevalence of spvB-virulence plasmid and specifically the plasmid’s
resident traS in these same isolates (Table 1; Chi-Squared test, p<0.05). In addition to
determining the prevalence of spvB-virulence plasmids in Salmonella serovars, we also
examined what role the spvB-virulence plasmid plays in the exclusion of F plasmids in S.
Typhimurium.

Contribution of the spvB-virulence plasmid and specifically its resident FII #raS$ to
exclusion of F plasmids in S. Typhimurium. The contribution of the recipient strain’s genetic
background in F plasmid transfer was examined, specifically focusing on spvB-virulence plasmid
and the plasmid’s resident traS. Several S. Typhimurium LT2 strains were created that were
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pSLT", or contained targeted deletions in pSLT traS or another plasmid gene spvB, unrelated to
plasmid transfer, exclusion, or incompatibility and serving as a negative control. In addition to
these strain constructs, S. Typhimurium LT2 pSLT" and E. coli DH5a strains with the cloned FlI
traS (pRS31) (12) served as FI plasmid exclusion control. The spvB-virulence plasmid
significantly reduced FI and FII plasmid transfer 10 to 100-fold into S. Typhimurium LT2
recipient strain background from comparisons of S. Typhimurium LT2 wild-type strain vs. LT2
pSLT" (Table 4; p<0.05). Introduction of pRS31 (FI traS") into S. Typhimurium LT2 pSLT"
strain restored plasmid exclusion of both F plasmids (Table 4; p<0.05), but exclusion was most
pronounced for the FI plasmid pOX38-km from S. Typhimurium LT2 strain (Table 4; El
1,699.39 vs. 3.51). Similarly, pRS31 with FI traS™ was able to exclude F1 plasmid pOX38-km
from E. coli DH5a and exhibited plasmid specificity in its exclusion of FI vs. FIl plasmids
(Table 4) (12). If pSLT traS is responsible for F plasmid exclusion in S. Typhimurium LT2, then
deletion of this gene is expected to significantly increase plasmid transfer compared to wild-type
or S. Typhimurium LT2 strain with a deletion in another, unrelated plasmid gene, spvB. The traS
deletion did not significantly alter plasmid transfer frequency compared to either the wild-type or
spvB deletion strain for F plasmids pOX38-km (FI) or R100 (FII) (Table 4). While significant
plasmid transfer was not observed, further experiment was conducted to determine if the same
trend will be observed in natural Salmonella isolates.

Contribution of the spvB-virulence plasmid and specifically its resident FII #raS$ to
exclusion of F plasmids in natural Salmonella isolates. \We examined the ability of spvB-

virulence plasmid to exclude F plasmids in natural Salmonella isolates. Critical to this study was
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the identification of a natural S. Typhimurium clone (83) with and without the spvB-virulence
plasmid; several Salmonella isolates with the virulence plasmid + pSLT FII traS and an isolate
negative for the virulence plasmid (Table 1). The natural isolates exhibited 10-100 fold lower
conjugation frequency (p<0.05) for FIl and FI plasmids, respectively compared to S.
Typhimurium LT2 recipient (Table 5). Absence of either the virulence plasmid or pSLT FII traS
in natural isolates did not correlate with an increase in conjugation frequency for either F
plasmid (Table 5). Salmonella serovars S. Choleraesuis and S. Dublin exhibited the extremes in
plasmid exclusion (EI 0.08 vs. 146.69, respectively Table 5).

F plasmid exists autonomously in S. Typhimurium LT2 containing IncF, spvB-
virulence plasmid. The spvB-virulence plasmid contains the FIB and FIlI replicons of F and
R100 plasmids, respectively (154). These plasmid replicons play an important role in plasmid
incompatibility for IncF group of plasmids (125). Therefore, the stability of resident vs. donor
plasmid is expected to be affected in wild-type S. Typhimurium LT2 (pSLT") transconjugants.
However, we did not observe any differences in the localization of the FI plasmid in either S.

Typhimurium LT2 vs. LT2 pSLT" transconjugants strains (Fig. 4).
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DISCUSSION

Plasmids are similar to bacteriophages; “selfish DNA” that contain attributes that favors
its spread and retention within its bacterial host, while excluding similar competing DNA
molecules. Plasmid transmission within a bacterial population or microbial community is
therefore affected by the distribution of plasmid incompatibility groups. Plasmid stability is
affected by plasmids competing for initiation of DNA replication or partitioning into the dividing
daughter cells (20, 125). Plasmids with similar replicons and partitioning apparatus are
incompatible. This incompatibility is often tied to exclusion, mechanisms that limits plasmid
transfer by disrupting mating aggregates (surface exclusion) or inhibiting DNA transfer in the
presence of mating aggregates (entry exclusion) (57). Plasmids are often important vehicles for
disseminating antibiotic resistance. However, some Salmonella serovars (ex. S. Enteritidis) are
slower in developing antibiotic resistance compared to others. We believe that a significant
genetic barrier to plasmid transmission and therefore development of antimicrobial resistance is
the resident, Salmonella spvB-virulence plasmid. Like virulence plasmids in E. coli pathovars
(87), the Salmonella virulence plasmid belongs to IncF incompatibility group , and specifically
contains the FIC and FII replicons present in F and R100 plasmids, respectively (154). Similarly,
newer -lactam/cephalosporin and quinolone resistance genes reside on IncF plasmids. Those
same resistance genes in Salmonella, however, reside on plasmid incompatibility groups other
than IncF (25).

F-plasmid exclusion is attributed to traS and traT. In genomic comparisons of

Salmonella virulence plasmid of Salmonella serovars, Choleraesuis, Dublin, Enteritidis, and
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Kentucky, the most notable genetic difference linking plasmid exclusion to the slow
development of plasmid-mediated antibiotic resistance in Salmonella serovar Enteritidis vs. S.
Choleraesuis and S. Dublin was traS. The distribution of spvB-virulence plasmid and
specifically the pSLT FII traS among Salmonella serovars appeared to adversely affect the
prevalence of other large molecular weight plasmids. The virulence plasmid also appeared to
significantly exclude F plasmid transfer to S. Typhimurium LT2 strain. Introduction of pRS31
containing FI traS into “plasmidless” S. Typhimurium LT2 restored exclusion, with plasmid
specificity exhibited by traS (13). However, the plasmid exclusion linked to the Salmonella
virulence plasmid was not attributed to the plasmid’s resident traS as deletion of this gene did
not significantly decrease plasmid exclusion compared to plasmid gene deletion control, AspvB.
It could be that traT plays a more significant role in plasmid exclusion. While traT exhibits
greater conservation in its amino acid sequence compared to traS of F and R100 plasmids (72),
like traS (13), traT exhibits plasmid specificity in its exclusion (72). There is significant
sequence divergence in F plasmid replicons and tra genes, including traS and traT, where F
plasmid evolution in Klebsiella, Salmonella and Yersinia mirrors the divergence of these genera
(154). This in part explains how F plasmid pOX38-km can exist as an autonomous replicon in
Salmonella host with the FII/FIC virulence plasmid pSLT but does not explain how this plasmid
can exclude F plasmids from entry into the Salmonella cell. Maybe the pSLT TraT shares some
amino acid sequence or motif with both FI and FIl TraT or there is some other plasmid gene(s)

responsible for F-plasmid exclusion.
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While we observed plasmid exclusion linked to the virulence plasmid in S. Typhimurium
laboratory strain LT2, we did not observe similar exclusion for natural Salmonella isolates varied
in their spvB-virulence plasmid or FII traS genotype. As we did not screen these isolates for
traT, it’s possible that while negative for traS, traT is sufficient for excluding F plasmids in these
isolates. Another possibility, is that these isolates contain other IncF plasmids (154) not
recognized by our traS probes. Several large molecular weight plasmids have been recently
characterized in S. Kentucky, two of which belong to IncF incompatibility group (55) and may
explain plasmid exclusion by our S. Kentucky isolate. Still, we observed no difference in
plasmid exclusion for two genetically-related S. Typhimurium isolates + spvB virulence plasmid.
No plasmids were observed in spvB-negative S. Typhimurium songbird isolate. Some other
plasmid exclusion mechanism may be involved in some Salmonella serovars or strains. One
possible candidate for plasmid exclusion is clustered regularly interspaced short palindromic
repeat (CRISPR) system that functions to exclude foreign genetic elements from entering the cell
by forming a perfect sequence match between the spacer in CRISPR and the spacer located in
invading DNA (139). Unraveling the contribution of these candidate genes (traT, cas) to
plasmid exclusion will require creating S. Typhimurium strains with single or multiple deletions
in targeted genes, and comparative genomics of multi-drug resistant and pan-susceptible

Salmonella isolates.
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CONCLUSION

Antibiotics have been the great panacea to reducing morbidity and mortality attributed to
certain bacterial pathogens that were once the scourge of mankind. Unfortunately, resistance to
these “wonder” drugs often quickly followed their introduction (4). Usage of antibiotics in
agriculture has long been a contentious issue; with fears that antimicrobial resistance will spill
over into human pathogens through the food chain (2). However, we have observed several
circumstances where there is disconnect between antibiotic usage and resistance in food animals
(46, 84, 141). There is also a disparity in antimicrobial susceptibility of microbes that inhabit the
same environment, high in antibiotic resistance gene load (120) and encounters the same
selection pressures (ex. antibiotic usage) (140). This disparity in antimicrobial susceptibility can
be observed within a species, as is the case for S. enterica. We believe that several genetic
factors are at play that affects the speed at which antibiotic resistance develops and spreads
within a bacterial population. It is only when we bring a systems-based approach that factors in
genetics, physiology, and pharmacology can we better understand how and when antimicrobial

resistance emerges.
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TABLES

Table 1. Bacterial strains and plasmids

Bacterial strain Description® Reference
or plasmid
E. coli
XK1200 Nal"; F" lac4U124 A(nadA aroG gal attA bio) gyrA (11)
MC4100 Sm'"; F araD139 A(argF-lacU169) rpsL150 relAl flbB3501 (11)
deoC1 ptsF25 rbsR
DH5a Nal"; F" supE44 AlacU169 (¢80 lacZAM15) hsdR17, recAl (70)
endAl gyrA96 thi-1 relAl
S. enterica
LT2 S. Typhimurium; spvB-virulence plasmid® (pSLT; incF1I) (134)
LT2R S. Typhimurium LT2; Rif", spvB-virulence plasmid® (pSLT) This Study
pSLT" S. Typhimurium LT2; Rif', spvB-virulence plasmid’ This Study
pSLT traS™  S. Typhimurium pSLT" ; Rif', Tc', pRS31 (FI traS™) This Study
LT2R AtraS  S. Typhimurium LT2R; Rif', AtraS, pSLT" This Study
LT2R AspvB  S. Typhimurium LT2R; Rif', AspvB, pSLT" This Study
98A-33516R  S. Typhimurium 98A-33516; Rif", spvB-virulence plasmid™? ; This Study

Songbird isolate (83)
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98A-28238R

108709R
564R

413R

415R

Plasmids
pOX38-Km
pRS31
R100-1

pKD3

pKD20

pCP20

S. Typhimurium 98A-28238; Rif', spvB-virulence plasmid®?
pSLT FIl traS"; Songbird isolate (83)

S. Choleraesuis108709; Rif', spvB-virulence plasmid* *

S. Dublin 564; Rif", spvB-virulence plasmid™%; Cattle isolate

S. Enteritidis 413 phage type 4; Rif', spvB-virulence plasmid® *;
human isolate (82)

S. Enteritidis 415 phage type 4; Rif", spvB-virulence plasmid*®

pSLT FII traS’; poultry isolate (82)

incF1 plasmid; Km", Tra" Conjugative

Fl traS" in pSC101; Tc'

incF1I plasmid; Cm" Fa' Sm' Sp’ Su’ Tc', Tra" conjugative
Template plasmid for cat cassette used in recombineering A red
mediated insertions and subsequent “flippase” mediated
excisions/deletions; Ap', Cm'

repAl01ts, A y, S, exo; Ap'

Temperature-sensitive replicon and inducible “flippase” (Flp)

for deleting cat and adjacent sequences to create targeted

deletions; Ap’, Cm'

This Study

This Study
This Study

This Study

This Study

(12)
(12)
(12)

(38)

(38)

(28)

Abbreviations: Ap-Ampicillin, Cm-Chloramphenicol, Fa-Fusaric acid, Nal-Nalidixic, Rif-

Rifampicin, Sp-Spectinomycin, Sm-Streptomycin, Su-Sulfonamide, and Tc-Tetracycline
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2Clinical isolate identified as spvB-virulence plasmid negative from PCR screens for spvC (83,

148) and pSLT FII traS.

%Clinical isolate identified as spvB-virulence plasmid positive from PCR screen for spvC (148).

Isolate is negative for pSLT FII traS as determined by PCR.

*Clinical isolate identified as spvB-virulence plasmid positive from PCR screens for spvC (83,

148) and pSLT FII traS.
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Table 2. PCR primers

Target Sequence Expected Annealing Reference
Size (bp) Temperature
(’C)
spvB F-TCATACTCCAGCAGCAGACG 587 50°C This
Study
R:AGCAGTTTTTATCGCCTGGA
spvB-cat F:GTATCAGGATAAGCACAAACA 1,100 57°C This
ins* GTAAGGCGATATCCG Study
R:TCATCCAATTACCTTTATTTACC
AACCATAGTTTTCTTATTA
spvC F:CGGAAATACCATCTACAAATA 669 40°C (148)
R:CCCAAACCCATACTTACTCTG
pSLT FIlI- F:ACCTGTCATTATTATCCTGC 400 55°C This
traS R:ATTATCCTGTTATTTGTCCTGC Study
traS-cat F.:CAGGAGATAGTGTATGTTGATA 1,100 54°C This
Study

ins

CTAAATGGTTTTTCATCT

R:TATCGCCATATTATTAGATAT

AAATTCTCAG
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Fl traS F-TCTGCCGGAAGAATTCCTAA 152 50°C This
Study

R:CCGTCACTAAAATTGCACCA

YPrimers used to create A red —targeted knockouts with cat gene cassette (38).

Table 3. Plasmid composition and prevalence of spvB-virulence plasmids and pSLT FII
traS in S. enterica isolates

Salmonella Serovars* Virulence Plasmid®  pSLT Fll traS?  Other® Plasmids >
(%) (%) 55 kb (%)

S. Dublin (n = 7) 100 0 62

S. Enteritidis (n = 18) 100 100 7.7

S. Typhimurium (n =18) 100 100 24

S. Kentucky (n =14) 0 0 93

Total 75 63 39°

Isolates were screened by PCR and DNA: DNA hybridization for spvC* (virulence plasmid
marker) and pSLT FII traS%.

®plasmids were identified as negative for the virulence plasmid marker spvC as determined by
gel electrophoresis and Southern analysis.

*Non-random distribution of spvB-virulence plasmid, pSLT FlI traS or other, large molecular

weight plasmids among Salmonella serovars (Chi-Squared Test: p<0.05)
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*Non-random distribution of other plasmids among S. enterica isolates with or without the pSLT

virulence plasmid or pSLTII FlI traS (Chi-Squared Test: p<0.05)

Table 4. The contribution of the Salmonella spvB-virulence plasmid and specifically the
resident plasmid’s traS on exclusion of F plasmids

Plasmid Recipient Strain  Conjugation El' P value
Frequency
FI (pOX38-km) LT2R 2.77x107
LT2R pSLT 5.80x107 20.94 <0.05°
LT2R pSLT FI  1.63x10°® <0.05*
. 1,699.39

traS

LT2R AtraS 5.00x10™ 0.18 0.21°
LT2R AspvB 1.50x10°® 0.54 0.93°

E. coli DH5a. 2.78x10*

E.coli DH50 FI  1.63x10° 170,552.15° <0.05’

traS*
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FIl (R100) LT2R 4.22x10°
LT2R pSLT 1.10 x107@

LT2R pSLT FI  1.48 x10™

traS*
LT2R AtraS 5.70 x10™
LT2R AspvB 4.20 x107

E. coli DH5a 7.91 x102

E.coli DH5c FI  3.40 x10™

traS*

260.66

3.51

13.51

1.00

0.232

<0.05°

<0.05%

0.07°

0.59°

0.18

El (Exclusion index): plasmid transfer frequency for Salmonella® or E. coli? recipient/plasmid transfer

frequency for S. Typhimurium with pSLT* virulence plasmid or pRS31 (FI traS* )>.

3Statistically significant difference between S. Typhimurium LT2R and S. Typhimurium LT2R pSLT
*Statistically significant difference between S. Typhimurium LT2R pSLT and S. Typhimurium LT2R
pSLT FI traS*
>No significant difference between S. Typhimurium LT2R and S. Typhimurium LT2R AtraS
®No significant difference between S. Typhimurium LT2R and S. Typhimurium LT2R AspvB

"Statistically significant difference between E. coli DH50. (F") and E. coli DH5a. FI traS*

®No significant difference between E. coli DH5a. (F) and E. coli DH5¢ FI traS*
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Table 5. The contribution of the Salmonella spvB-virulence plasmid on exclusion of F
plasmids in natural S. enterica isolates

Plasmid Recipient Stain Conjugation El P
Frequency value
FI (pOX38- S. Typhimurium LT2 2.75 x10°
km)
S. Typhimurium LT2 pSLT 4.03 x107 1511  <0.05
S. Typhimurium 98A-28238R 7.57 x10” 0.01
(spvB-virulence plasmid’)
S. Typhimurium 98A-33516R 1.01 x10° 0.00 <0.05%
(spvB-virulence plasmid+' , PSLT FlI
traS )
S. Dublin 564R 3.20 x10° 0.00  <0.05°
(spvB-virulence plasmid™ , pSLT FII
traS )
S. Kentucky 114 R 5.70 x10°° 000  <0.05°
(spvB-virulence plasmid’)
-6 3
S. Choleraesuis 10708R 3.90x10 000 <0.05
(spvB-virulence plasmid™)
E. coli DH5a 2.39 x10™ 64.37  <0.05"
FIl (R100) S. Typhimurium LT2 1.06 x107
S. Typhimurium LT2 pSLT" 3.83x10°® 658.09  <0.05!
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S. Typhimurium 98A-28238R 2.47x10°° 0.38
(spvB-virulence plasmid’)

S. Typhimurium 98A-33516R 3.83x10” 7.35 <0.05°
(spvB-virulence plasmid+' , pPSLT FlI

traS )

S. Dublin 564R 4.02 x10™ 146.69 0.73°
(spvB-virulence plasmid™ , pSLT FII

traS’)
-6 5
S. Kentucky 114 R 8.53 x10 1.29 0.53

(spvB-virulence plasmid’)

7 6
S. Choleraesuis 10708R 9.13 x10 0.08  <0.05

(spvB-virulence plasmid+)

E. coli DH5a. 1.31x10* 28,308.82 <0.05*

'Statistically significant difference between S. Typhimurium LT2 and S. Typhimurium LT2 pSLT
“Statistically significant difference between S. Typhimurium 98A-28238R and
S. Typhimurium 98A-33516R.
SStatistically significant difference between S. Typhimurium LT2 and S. Dublin 564R,
S. Kentucky 114R, and S. Choleraesuis 10708R.
“Statistically significant difference between S. Typhimurium LT2 and E. coli DH5a
°No significant difference between S. Typhimurium LT2 and S. Dublin 564R and S. Kentucky 114R

®Statistically significant difference between S. Typhimurium LT2 and S. Choleraesuis 10708R
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FIGURES

S. enterica Typhimurmum pSLT

trbH finO
tral G S T b ——
A traM-rbD S. enterica Choleraesuis pOU113 fin0
S. enterica Dublin pOU115
AtraM-traD § JinO

FIG 1. Genetic map of the tra region of spvB-virulence plasmids for S. enterica
serovars Choleraesuis, Dublin and Typhimurium. The entry exclusion gene tras, labeled in
red in the virulence plasmid of S. Typhimurium, is absent in the virulence plasmid of S.

Choleraesuis and S. Dublin.
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FIG. 2. Plasmid profile and identification of spvB-virulence plasmid in S. Dublin and S.
Enteritidis isolates. Gel electrophoresis of Salmonella plasmids (A), DNA transfer, and hybridization
with spvC DNA probe (B). Lane 1: supercoiled plasmid, VI molecular weight standards (Roche); lane 2:
V517 plasmid, molecular weight standards (104); lane 3: S. Typhimurium LT2 (positive, 90kb spvB-
virulence plasmid control); lane 4: S. Typhimurium LT2 pSLT" (spvB-virulence plasmid negative control);
lane 5: E. coli XK1200 with pOX38-Km; lanes 6-8: S. Dublin isolates 564, 2078, and 2098; lanes 9,10:

S. Enteritidis isolates 415 and 98; and lane 11: digoxigenin-labeled I Hind I1l molecular weight standards

(Roche).
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FIG. 3. Plasmid profile and identification of spvB-virulence plasmid in S. Kentucky isolates.
Gel electrophoresis of Salmonella plasmids (A), DNA transfer, and hybridization with spyC DNA probe
(B). Lane 1: supercoiled plasmid, VI molecular weight standards (Roche); lane 2: V517 plasmid,
molecular weight standards (104); lane 3: S. Typhimurium LT2 (positive, 90kb spvB-virulence plasmid
control); lane 4: S. Typhimurium LT2 pSLT" (spvB-virulence plasmid negative control); lane 5: E. coli

XK1200 with pOX38-Km; lanes 6-11: S. Kentucky isolates 102, 116, 117, 112, 118, and 105; and lane

12: digoxigenin-labeled | Hind I1l molecular weight standards (Roche).
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FIG. 4. The contribution of the spvB-virulence plasmid on localization of FI plasmids in S.
Typhimurium transconjugants. Gel electrophoresis of Salmonella plasmids (A, C), DNA transfer, and
hybridization with spvC (B) or FI traS (D) DNA probes. Lane 1: supercoiled plasmid, VI molecular
weight standards (Roche); lane 2: V517 plasmid, molecular weight standards (104); lane 3: S.

Typhimurium LT2 (positive, 90kb spvB-virulence plasmid control); lane 4: S. Typhimurium LT2 pSLT"
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(spvB-virulence plasmid negative control); lane 5: E. coli XK1200 with pOX38-Km; lanes 6-8: S.

Typhimurium LT2R transconjugants (pOX38-Km); lanes 9-11: S. Typhimurium LT2 pSLT"

transconjugants (pOX38-Km); and lane 12: digoxigenin-labeled | Hind 1l molecular weight standards

(Roche).
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