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ABSTRACT

Phenotypic and molecular tech-
niques, including antimicrobial sus-
ceptibility testing, plasmid analysis,
and pulsed-field gel electrophoresis
(PFGE) were used to characterize
15 isolates of multidrug-resistant
(MDR) Salmonella anatum cultured
during a 16 mo period from horses
and a veterinary clinic environ-
ment. The isolates were resistant to
multiple antimicrobial agents and
could be placed into 4 groups based
on their antimicrobial resistance
patterns. The isolates contained
multiple plasmids ranging in size
from 2 to >100 kb that could be
grouped into 3 different plasmid
profile patterns; these patterns did
not correlate with the antimicrobial
resistance groupings. Furthermore,
antimicrobial resistance was con-
jugatively transferable. Digestion of
genomic DNA from the 15 isolates
with 3 different restriction endonu-
cleases, SfiI, Spel, and XbaI fol-
lowed by PFGE revealed a highly
conserved restriction endonuclease
digestion pattern. In contrast,
diverse banding patterns were
observed with S. anatum obtained
from other sources. These observa-
tions suggest that the MDR S. ana-
tum isolates represent a common
outbreak strain even though they
possess different, albeit similar,
antibiograms and plasmid profiles.
The study showed that PFGE is a
useful epidemiological tool for dis-
criminating between unrelated and
outbreak-related strains of S. ana-
tum. In conclusion, epidemiological
studies of outbreaks caused by
MDR isolates of S. anatum should
consist of both genotypic and phe-
notypic methods of analysis.

RESUME

Des methodes d'analyses pheno-
typique et genotypique ont ete utili-
sees dans le but de caracteriser
15 isolats de Salmonella anatum
multi-rtesistants aux antibiotiques
isoles sur une periode de 16 mois a
partir de chevaux et d'une clinique
veterinaire. Les isolats etaient resis-
tants a une multitude d'agents
antimicrobiens et pouvaient etre
regroupes en quatre groupes sur la
base de leurs profils de resistance.
Les isolats possedaient plusieurs
plasmides variant en dimension de
2 a >100 kb qui pouvaient etre
groupes en trois patrons de profils
plasmidiques differents; ces patrons
n'etaient pas correles avec les regrou-
pements bases sur les patrons de
resistance aux antibiotiques. De
plus, la resistance aux antimicro-
biens etai transferable par conju-
gaison bacterienne. La digestion de
l'ADN genomique des 15 isolats a
l'aide de trois enzymes de restric-
tion, Sfil, Spel et XbaI, suivie d'une
electrophorese en gel par champs
pulses (EGCP) a permis de demon-
trer un patron de digestion tres con-
serve contrairement "a ce qui etait
observe avec des isolats de S. ana-
tum obtenus d'autres sources. Ces
observations suggerent que les iso-
lats de S. anatum multi-resistants
representent une souche epide-
mique commune et ce, meme s'ils
possedent des antibiogrammes et
des profils plasmidiques differents,
mais similaires. Cette etude a
demontre que l'EGCP est un outil
epidemiologique utile pour dis-
tinguer les isolats de S. anatum
relies et non-relies 'a une epidemie.
En conclusion, lors d'epidemies de
S. anatum causees par des isolats

multi-resistants, il serait utile
d'effectuer la caracterisation des
isolats 'a l'aide de methodes d'ana-
lyse phenotypique et genotypique.

(Traduitpar docteur Serge Messier)

INTRODUCTION

Between April 1991 and August
1992, 9 isolates of multidrug-resistant
(MDR) Salmonella anatum were
cultured from horses treated at the
Veterinary Medical Teaching Hospi-
tal (VMTH) of the University of
Wisconsin-Madison and at a private
veterinary clinic (Clinic A). An addi-
tional 6 isolates of MDR S. anatum
were cultured from the environment
of Clinic A. The S. anatum isolates
were resistant to ampicillin, carbeni-
cillin, ticarcillin, tetracycline, chloram-
phenicol and 1 or more of the follow-
ing drugs: gentamicin, tobramycin,
trimethoprim/sulfamethoxazole, and
cephalothin. Because of the increased
incidence of MDR S. anatum isola-
tions and because horses infected with
species of Salmonella can serve as a
significant reservoir of infection for
both humans and animals (1,2), a
potential existed for continued trans-
mission of the MDR S. anatum.
Therefore, it was important that an
epidemiological investigation of this
outbreak be conducted to determine
the relationship of the MDR S. ana-
tum isolates and to prevent any poten-
tial spread to other animals and
humans.

Epidemiological investigations into
outbreaks caused by species of
Salmonella have typically utilized
only phenotypic methods including
serotyping, biotyping, phagetyping,
and antimicrobial susceptibility test-
ing to identify an outbreak strain.
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TABLE I. Characteristics of S. anatum isolates studied by plasmid and PFGE analysis

Date of Isolation Antimicrobial Plasmid PFGE
Isolate Source Origin Geographic locationa (mo/y) Groupb pattern, patternd
P1 Patient Liver Clinic A/VMTH 4/1991 IV 2/R6 A
P2 Patient Blood Clinic A/VMTH 5/1991 IV 2/R6 A
El Environmental Stall C6 Clinic A 5/1991 I 3/R1 C
P3 Patient Fecal Clinic A 5/1991 I 3/R1 C
E2 Environmental Mineral oil Clinic A 5/1991 II 2/R2 A
P4 Patient Fecal Clinic A 5/1991 II 27/R5 A
E3 Environmental Stall C2C3 Clinic A 5/1991 III 2/R3 A
E4 Environmental Stall Al Clinic A 5/1991 III 2/R3 A
E5 Environmental Stall Al Clinic A 5/1991 III 3/R4 A
E6 Environmental Stall Al Clinic A 5/1991 III 3/R4 A
P5 Patient Necropsy Clinic A 5/1991 III 2/R3 A
P6 Patient Fecal IL/VMTH 6/1991 III 2/R3 A
P7 Patient Fecal IL/VMTH 6/1991 III 2/R3 A
P8 Patient Fecal WI/VMTH 7/1992 III 3/R4 B
P9 Patient Jejunum WI/VMTH 8/1992 III 2/R3 B

Cl Control Fecal WI/VMTH 9/1988 R NT D
C2 Control Fecal WI/VMTH 11/1989 S NT E
C3 Control Colon WI/VMTH 4/1990 S NT F
C4 Control Fecal PA
C5 Control Fecal CA 10/1990 NT NT G
C6 Control Fecal TX 11/1990 NT NT H
C7 Control Fecal AR 2/1991 NT NT I
C8 Control Other FL 5/1991 NT NT J
C9 Control Fecal OK 4/1992 NT NT K

aPlace of orgin: /VMTH, patient referred to VMTH; IL, Illinois; WI, Wisconsin; PA, Pennsylvania; CA, California; TX, Texas; AR, Arizona; FL,
Florida; OK, Oklahoma
I = resistant to tetracycline (Te), chloramphenicol (Ch), ampicillin (Am), carbenicillin (Cb), ticarcillin (Ti); II = resistant to Te, Ch, Am, Cb, Ti,
gentamicin (Gm), tobramycin (Tm); III = resistant to Te, Ch, Am, Cb, Ti, Gm, Tm, timethoprim/sulfamethoxazole (SXT); IV = resistant to Te, Ch,
Am, Cb, Ti, Gm, Tm, SXT, cephalothin; R = resistant to TE, Ch; S = susceptible to antibiotics tested; NT = not tested

c The numbers 2, 2+, and 3 indicate the profile pattern of plasmids present: 2 = 100 and >100 kb; 2+ = 2-, 100, and >100 kb; 3 = 55, 100, and >100 kb;
NT = not tested; /R1-R6 indicate the different restriction endonuclease fragment patterns observed after digestion with EcoRI (Figure 3).

dA,B,C,D,E,F,G,H,I,J, and K refer to unique restriction fragment length polymorphism patterns observed

These methods suffer from I or more
of the following disadvantages: they
rely on phenotypes that may not be
stably expressed, the necessary
reagents may not be commercially
available, or the sensitivity may be
insufficient to discriminate between
strains (3). In addition, these methods
do not always distinguish between
phenotypically similar, but geneti-
cally, unrelated organisms. Recent
developments in molecular techniques
such as plasmid analysis and genome
typing have reduced the dependence
on phenotypic characterization. Plas-
mid analysis has successfully traced
epidemic strains of Salmonella in sev-
eral outbreaks (4,5,6). However, plas-
mid analysis is only useful in tracing
those strains that possess plasmids.
Additionally, the spontaneous loss or
acquisition of plasmids by a strain can
affect the reliability of this technique.
To overcome these limitations, genetic
methods that examine the bacterial
genome such as pulsed-field gel elec-
trophoresis (PFGE) have been devel-
oped. This technique has good dis-
criminatory power and has been used
successfully in epidemiological stud-

ies of several bacterial pathogens
(7,8,9,10,11). In this study, our goal
was to determine the genetic relation-
ship of the MDR S. anatum isolates
using in addition to phenotypic meth-
ods previously presented (12), PFGE
and plasmid analysis.

MATERIALS AND METHODS

BACTERIAL STRAINS

The source, year of isolation, place
of origin, and antimicrobial resistance
pattern group of the S. anatum iso-
lates is shown in Table I. Fifteen out-
break associated isolates were cul-
tured from patients and the environment.
Nine isolates unassociated with the
outbreak were included as control
strains. Control strains C1-C3 were
clinical strains of S. anatum cultured
from 2 horses and a cow at the VMTH
prior to the outbreak. Control strain
C4 was from a horse and kindly pro-
vided by Dr. Benson of the New
Bolton Center, Pennsylvania. Control
strains C5-C9 and 8 additional strains
not shown were all isolated from
horses and kindly provided by the

National Veterinary Service Labora-
tory, Ames, Iowa. All bacteria were
cultured and identified as previously
described (12). All isolates were
stored at -70°C.
A spontaneous rifampicin resistant

mutant of Escherichia coli K-12
CF1648 (F-, Lac+) was obtained
by plating on L-agar containing
100 ,ug/mL of rifampicin.

PLASMID PROFILE ANALYSIS OF THE
MDR S. anatum ISOLATES

The MDR S. anatum isolates were
passaged twice to L-agar plates con-
taining the appropriate antibiotics
according to their antimicrobial resis-
tance phenotype group (Table I)
(12) as follows: Group I, ampicillin
(32 p.g/mL) and tetracycline
(16 jig/mL); Group IL, ampicillin
(32 ,ug/rmL), tetracycline (16 ,ug/mL),
and gentamicin (16 ,ug/mL); Group
III and IV, ampicillin (32 p.g/mL),
tetracycline (16 ,ug/mL), gentamicin
(16 ,ug/mL), and trimethoprim/
sulfamethoxazole (64/320 ,ug/mL).

Plasmid DNA was isolated using a
modification of the Kado and Liu pro-
cedure (13). One cubic centimeter of
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growth from each plate was emulsi-
fied in 200 [tL of IX TAE buffer
(40 mM Tris acetate-I mM Na2-
EDTA [pH 8.0]). The bacterial cells
and lysing solution (3% SDS-50 mM
Tris, pH 12.6) were incubated for 2 h
at 56°C and extracted with an equal
volume of Tris-buffered (pH 8.0) phe-
nol and chloroform:isoamyl alcohol
(24:1). Using blunt cut pipet tips, the
upper aqueous phase was transferred
to a microcentrifuge tube containing
2 pL of RNase, 10 mg/mL (Sigma),
incubated at room temperature for 1 h,
and then stored at 4°C. Plasmid DNA
(90 ,uL) was electrophoresed through
a 0.7% agarose gel in IX TAE. Small
molecular weight plasmids were
barely visible by this method; there-
fore, an alternative method was used
(14). Supercoiled plasmid DNA stan-
dards were prepared from E. coli
V517 (15) and S. typhimurium LT2-Z
strain X3000 (16).

RESTRICTION ENDONUCLEASE
ANALYSIS OF PLASMID DNA FROM THE
MDR S. anatum ISOLATES

Plasmid DNA was prepared using a
modification of the procedure des-
cribed by Olsen (17). The isolates
were removed from -70°C freezer
storage, plated, lysed, and incubated
in the lysing buffer as stated above for
the modified Kado and Liu procedure.
After incubation, 300 pL of 1.5 M
potassium acetate, pH 5.2 was added
and the tubes were placed on ice for
10 min followed by centrifugation at
16 000 x g for 10 min. The super-
natant was extracted with an equal
volume of Tris-buffered (pH 8.0) phe-
nol and chloroform:isoamyl alcohol
(24:1) 1:1 vol. The tubes were gently
inverted 5 times and centrifuged at
16 000 x g for 10 min. The aqueous
layer was removed with a blunt cut
pipet tip. The phenol and chloroform
treatment was repeated as described
above. After centrifugation, the aque-
ous layer was transferred to a fresh
microcentrifuge tube containing
700 ,LL of room temperature iso-
propanol and incubated at room tem-
perature for a minimum of 25 min.
The DNA was pelleted by centrifuga-
tion at 16 000 x g for 20 min. The
DNA pellet was air dried overnight
and resuspended in TE buffer (10 mM
Tris-Cl-0. 1 mM Na2-EDTA [pH 8.0]).
The resuspended DNA pellet was
digested with the restriction endonu-

clease EcoRI (Gibco BRL, Gaithes-
berg, Maryland) according to the
manufacturer's instructions and elec-
trophoresed through a 0.7% agarose
gel in IX TAE for 4 h at 72 V. DNA
was visualized by staining overnight
in ethidium bromide (0.5 ,ug/mL) fol-
lowed by destaining in distilled water.

MDR S. anatum PLASMID TRANSFER
PROCEDURE

A spontaneous rifampicin resistant
mutant of E. coli CF1648 (F-, Lac+,
RifR) which did not contain plasmids
was used as the recipient in conjugal
matings with 4 rifampicin susceptible
MDR S. anatum isolates representa-
tive of each antimicrobial resistance
group (El, E2, E5, P2). Equal vol-
umes (1 mL) of an 18 h brain heart
infusion broth (Difco) culture of the
donor and recipient strains were
mixed in the presence of 50 U of
DNase I (Promega). The mating mix-
tures were incubated for 3 h at 37°C
without shaking and were plated on
MacConkey agar (Difco Laboratories,
Detroit, Michigan) containing rifam-
picin (25 ,ug/mL) and 1 of the following
antibiotics: ampicillin (100 ,ug/mL),
carbenicillin (100 p,g/mL), cephal-
othin (32 pig/mL), gentamicin
(16 ,ug/mL), tetracycline (25 ,ug/mL),
chloramphenicol (32 ,ug/mL), or
trimethoprim/sulfamethoxazole (64/
320 p,g/mL). To determine if plasmid
transfer could occur in the absence of
intact donor cells either by transduc-
tion or the assimilation of naked
DNA, matings were performed by
adding equal volumes (1 mL) of the
Salmonella donor supernatants that
had been chloroform lysed and fil-
tered through a 0.2 ,uM filter to recip-
ient E. coli CF1648 cells in the pres-
ence and absence of 50 U of DNase I.
These mixtures were incubated and
plated as described above.

PULSED-FIELD GEL ELECTROPHORESIS

Genomic DNA was prepared by a
modification of the procedure des-
cribed by Grothous and Tummler
(18). The S. anatum isolates were
removed from -70°C freezer storage
to trypticase soy agar containing 5%
sheep blood (Remel, Lenexa, Kansas)
and incubated for 24 h at 36°C. The
cells were harvested using a sterile
cotton swab and suspended in 1 mL of
SE buffer (75 mM NaCl, 25 mM Na2-
EDTA [pH 8.0]) to a turbidity resem-

bling skim milk. 125 pL1 of this sus-
pension was mixed with an equal vol-
ume of preheated 2% low melting
point preparative grade agarose (Bio-
Rad Laboratories, Richmond, Califor-
nia), transferred to a 100 pL1 mold
(Bio-Rad Laboratories) and allowed
to solidify at 4°C for 15 min. The
plugs were extruded and incubated in
2 volumes of lysing solution (0.5 M
Na2-EDTA and 0.5% N-laurylsarco-
sine) supplemented with 1.3 mg/mL
of proteinase K (Calbiochem-
Novabiochem Corp, La Jolla, Califor-
nia) per volume of agarose plug and
incubated for 48 h at 50°C with gentle
shaking. The plugs were then trans-
ferred to a sterile 15 mL conical cen-
trifuge tube and washed for 1 h at
room temperature in 10 mL of TE
buffer with gentle shaking. The wash
solution was replaced with 2 mL of
TE buffer-I mM phenylmethylsul-
fonyl fluoride and incubated for 1 h at
room temperature. The plugs were
then washed 3 times in 10 mL TE
buffer for 1 h at room temperature
with gentle shaking. The agarose
plugs were stored in TE buffer at 4°C
for no more than 1 mo. For restriction
endonuclease digestion, an 8th of a
10 mm agarose plug was placed in a
microcentrifuge tube with 135 ,uL of
sterile distilled water, 15 p1L of the
appropriate lOX enzyme buffer and
20 U of XbaI (Boehringer Mannheim,
Indianapolis, Indiana), SfiI (Boeh-
ringer Mannheim), or SpeI (New
England Biolabs, Beverly, Mas-
sachusetts) and incubated overnight at
37°C with gentle shaking. The diges-
tion reaction was replaced with
150 ,L of 0.5X TBE (45 mM Tris,
45 mM boric acid and 1.0 mM Na2-
EDTA [pH 8.0]) before electrophore-
sis. The plugs were loaded into a
1.0% SeaKem LE agarose (FMC Bio-
products) gel prepared in 0.5X TBE
running buffer. Bacteriophage lambda
concatemers (Promega Corp, Madi-
son, Wisconsin) were used as size
standards. The DNA fragments were
separated by PFGE using a contour-
clamped homogeneous electric field
apparatus (CHEF-DR III, Bio-Rad,
Richmond, California). The pulse
ranges for XbaI and SpeI were
15-30 s for 20 h and 1-30 s for 18 h,
respectively, at 6 V/cm and a 1200
angle. The pulse range for SfiI was
1-15 s for 8 h and 1-30 s for 12 h at
6 V/cm and 1200 angle. The gels were
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Figure 1. Agarose gel electrophoresis of purified plasmid DNA from the MDR S. anatum. Isolates are grouped according to antimicrobial
resistance group as given in Table I. The 2 lanes on the left, labeled MW, contain supercoiled size markers derived from E. coli strain V517
and from S. typhimurium LT2-Z strain X3000, respectively. Molecular weights (in kilobases) are indicated on the left. Contaminating chromo-
somal DNA is indicated by "chr."

stained in 0.5 ,ug/mL of ethidium bro-
mide overnight, destained in distilled
H20, and photographed with UV illu-
mination. The DNA bands were sized
by comparison of migration distances
with those of the DNA standard.
PFGE was performed in triplicate.

RESULTS

INVESTIGATION OF OUTBREAK

In the spring of 1991, MDR S. ana-
tum were cultured for the 1st time
from 2 septicemic foals referred to the
VMTH from Clinic A. An epidemio-
logical investigation conducted
between April 1991 and August 1992
resulted in the recovery of 6 isolates
of MDR S. anatum from horses
treated at the VMTH and 9 isolates of
MDR S. anatum from horses and vari-
ous environmental sources at Clinic
A. A detailed description of this out-
break investigation is published else-
where (19). All 15 isolates of MDR
S. anatum were resistant to ampicillin,
tetracycline, chloramphenicol, ticar-
cillin, and carbenicillin. In addition,
the isolates were separated into 4 dif-
ferent groups based on their resistance
to gentamicin, tobramycin, cephalothin,
and/or trimethoprim/sulfamethoxa-
zole (12).

PLASMID CONTENT OF MDR S. anatum

To determine the number and sizes
of plasmids carried by individual iso-
lates, we analyzed the plasmid content
of the MDR S. anatum (Table I and

Fig. 1). All 15 isolates contained a
100 kb and >100 kb plasmid. In addi-
tion, the more sensitive isolates
belonging to antimicrobial Group I
contained a plasmid of approximately
55 kb in size. The antimicrobial
Group II isolate, P4, also contained a
small molecular weight plasmid,
approximately 2 kb in size, which was
better visualized when the isolates
were analyzed by an alternative pro-
cedure (data not shown). In addition
to the 100 kb and >100 kb plasmids,
the antimicrobial Group III isolates
E5, E6, and P8 also contained a 55 kb
plasmid; therefore, these isolates pos-
sessed a plasmid profile pattern simi-
lar to that of the antimicrobial Group I
isolates. Thus, the 15 isolates of MDR
S. anatum possessed 3 different plas-
mid profile patterns that did not corre-
spond to their antimicrobial resistance
groupings.
To detect genetic similarities in the

plasmids, polymorphisms in the size
of EcoRI restriction fragments were
studied. A total of 6 different plasmid
restriction fragment patterns were
observed; examples of the digestion
patterns obtained are shown in
Figure 2. A different restriction frag-
ment pattern was observed for each
different plasmid profile within an
antimicrobial group and for each dif-
ferent antimicrobial group. Plasmid
restriction fragment pattern, RI was
associated with the antimicrobial
Group I isolates El and P3; these 2
isolates possessed the same antimi-
crobial resistance and plasmid profile.

Figure 2. Agarose gel electrophoresis of
EcoRI digested plasmid DNA from 6 repre-
sentative MDR S. anatum isolates for each
different restriction fragment pattern
observed. Isolate designations are indicated
above each lane:-R1 = El; R2 = E2; R3 = E3;
R4 = E5; R5 = P4; R6 = P1. The lane marked
A contains bacteriophage lambda DNA
digested with HindIII. The size of each frag-
ment in kilobases is given on the right.

The antimicrobial Group II isolates
E2 and P4 possessed 2 different
restriction fragment patterns, R2 and
R5, respectively. Restriction fragment
pattern R5 of isolate P4 differed from
that of R2 by an additional small plas-
mid that was not digested by EcoRI
restriction endonuclease. The isolates
belonging to antimicrobial Group III
possessed 2 different plasmid profiles
and 2 different restriction fragment
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TABLE II. Summary of MDR S. anatum conjugative plasmid characteristics

Antimicrobial Antimicrobial Plasmid number Transferred Antibiotic Resistance markers
Isolate group resistancea /RFP grouph plasmid (Kb) selectiona transferredh
El I Am Cb Ti 3/R1 100. >100 Am Am Cb Ch Te

Ch Te 100, >100 Cb Am Cb Ch Te
100. >100 Ch Am Cb Ch Te
100 Te Te

E2 II Am Cb Ti 2/R2 100 Am Am Cb ChTe
Ch Te 100. >100 Cb Am Cb Ch Te
Gm Tm >100 Ch Am Cb Ch Te

>100 Te Am Cb Ch Te
100 Gm Am Cb Gm

E5 III Am Cb Ti 3/R4 >100 Am Am Cb Ch Te Sxt
Ch Te >100 Cb Am Cb Ch Te Sxt
Gm Tm >100 Ch Am Cb Ch Te Gm Sxt
Sxt >100 Te Am Cb Ch Te Gm Sxt

>100 Gm Am Cb Ch Te Gm Sxt
55, >100 Sxt Am Cb Ch Te Gm Sxt

P2 IV Am Cb Ti 2/R6 100, >100 Am Am Cb Ch Te Gm Sxt
Ch Te 100. >100 Cb Am Ac Ch Te Gm Sxt
GmTm >100 Ch AmCbChTeGmSxt
Sxt >100 Te Am Cb Ch Te Gm Sxt
Cf 100, >100 Gm Am Cb Ch Te Gm Sxt

100, >100 Sxt Am Cb Ch Te Gm Sxt
Am, ampicillin; Ch, chloramphenicol; Cb, carbenicillin; Ti, ticarcillin; Te, tetracycline: Gm, gentamicin; Tb, tobramycin; Sxt, trimethoprim/sul-
famethoxazole; Cf, cephalothin
Plasmid number indicates the plasmid content of the isolate: 2 = 100 and >100 kb plasmids; 3 = 55, 100, and >100 kb plasmids: RFP group refers to
the plasmid DNA restriction fragment pattern shown in Figure 3

patterns. Isolates E5, E6 and P8 con-
tained an additional 55 kb plasmid
and had restriction fragment pattern
R4 compared to isolates E3, E4, P5,
P6, P7, and P9 which had restriction
fragment pattern R3. The 2 antimicro-
bial Group IV isolates, P1 and P2,
shared the same plasmid profile and
the same restriction fragment pattern,
R6. Therefore, 6 unique restriction
fragment patterns were observed for
the 15 isolates of MDR S. anatum.
However, the majority of the plasmid
restriction fragments were shared
indicating that a high degree of
genetic similarity exists among the
plasmids.

TRANSFER OF ANTIMICROBIAL
RESISTANCE MARKERS AND PLASMIDS

We evaluated whether the plasmids
associated with a representative MDR
S. anatum isolate from each antimi-
crobial group could be transferred to
another organism and by which mech-
anism the transfer occurred. Each of
the 4 representative MDR S. anatum
isolates (El, E2, E5, and P2) was able
to transfer antimicrobial resistance to
E. coli CF1648 (Table II). The mecha-
nism of transfer appeared to be conju-
gation because the transfer of antimi-
crobial resistance was resistant to
treatment with DNAase I and did not
occur in the absence of direct cell-to-
cell contact. To determine which

antimicrobial resistance markers were
acquired by each transconjugate, we
plated each transconjugate on Mac-
Conkey agar containing each of the
7 different antimicrobial agents men-
tioned previously in Materials and
Methods. Except for cephalothin
resistance, all antimicrobial resistance
markers were transferred.
The plasmid content of the E. coli

transconjugates was characterized to
determine which antimicrobial resis-
tance marker(s) were associated with
a particular plasmid (Table II). Isolate
El contained 3 plasmids of approxi-
mately 55, 100, and >100 kb in size.
Both the 100 and >100 kb plasmids
were transferred to the E. coli recipi-
ent strain; the 55 kb plasmid was not
transferred. The 100 kb plasmid pos-
sessed resistance to tetracycline. The
>100 kb plasmid was co-transferred
with the 100 kb plasmid and together
they had an associated phenotype of
resistance to ampicillin, carbenicillin,
chloramphenicol, and tetracycline.
Transfer of a single >100 kb plasmid
was not obtained and therefore, the
resistance phenotype of this plasmid
could not be determined. Isolate E2 of
antimicrobial Group II possessed
2 plasmids of approximately 100 and
>100 kb both of which were transfer-
able to the E. coli recipient strain. The
>100 kb plasmid possessed resistance
to ampicillin, carbenicillin, chloram-

phenicol, and tetracycline. However,
2 different resistance phenotypes
were associated with the transfer of a
100 kb plasmid; resistance to ampi-
cillin, carbenicillin, chloramphenicol,
and tetracycline or resistance to ampi-
cillin, carbenicillin, and gentamicin.
Isolate E5 of antimicrobial Group III
possessed 3 plasmids of approxi-
mately 55, 100, and >100 kb in size.
Only the 55 and >100 kb plasmids
were transferred to the recipient
E. coli strain. Two different resistance
phenotypes were associated with the
>100 kb plasmid; resistance to ampi-
cillin, carbenicillin, chloramphenicol,
tetracycline, and trimethoprim/
sulfamethoxazole or resistance to
these same agents plus gentamicin.
The 55 kb plasmid was only trans-
ferred with the >100 kb plasmid;
therefore, its associated antimicrobial
resistance could not be determined.
Antimicrobial Group IV isolate P2
contained 2 plasmids of approxi-
mately 100 and >100 kb in size which
were both transferred to the E. coli
recipient strain. Resistance to ampi-
cillin, carbenicillin, chloramphenicol,
tetracycline, gentamicin, and
trimethoprim/sulfamethoxazole was
associated with the >100 kb plasmid.
Because the 100 kb plasmid of isolate
P2 co-transferred with the >100 kb
plasmid, determination of its associated
antibiotic resistance could not be made.
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Figure 3. PFGE of SpeI-digested genomic
DNA of selected MDR S. anatum isolates.
Isolate designations are indicated above each
lane. The lane marked A contains oligomers
of bacteriophage lambda DNA. Molecular
weights (in kilobases) are indicated on the
far left.

PULSED-FIELD GEL ELECTROPHORESIS

To determine the chromosomal
relatedness of the MDR S. anatum
isolates, PFGE patterns after DNA
digestion by SpeI, XbaI, and Sfil were
compared. An identical restriction
pattern for all 15 isolates was gener-
ated by PFGE of SfiI-digested frag-
ments of genomic MDR S. anatum
DNA (data not shown). A common
PFGE pattern following Spel diges-
tion was also observed. Examples of
the PFGE patterns obtained by diges-
tion of DNA with Spel are shown in
Figure 3. With SpeI, 13 of the 15 iso-
lates possessed a PFGE pattern con-
sisting of 11 bands ranging in size
from 48 to 485 kb. However, isolates
El and P3, the least resistant isolates
belonging to antimicrobial Group I,
were missing a band of approximately
100 kb. All 15 isolates were also sub-
jected to XbaI digestion; examples of
the digestion patterns obtained are
shown in Figure 4. A shared PFGE
pattern with bands ranging in size
from 100 to 400 kb is shown for
6 representative isolates (P3, E2, E4,
E5, P6, and P2) in Figure 4. Seven
additional isolates (P1, El, P4, E3,
P5, P6, and P7) shared this same pat-
tern (data not shown). A minor differ-
ence, absence of a 400 kb band, is
present for isolates P8 and P9; these
isolates were cultured 1 y after the
initial isolation of MDR S. anatum at
the VMTH. The outbreak associated
MDR S. anatum isolates were also
compared to 17 epidemiologically
unrelated control strains of S. anatum.

Figure 4. PFGE of XbaI-digested genomic DNA of selected MDR S. anatum isolates and
selected unrelated control isolates. Isolate designations are indicated above each lane. Lane
marked X contains oligomers of bacteriophage lambda DNA. Molecular weights (in kilobases)
are indicated on the far left.

Seventeen different PFGE patterns
compared to the outbreak associated
isolates were observed and examples
of 9 of the control isolates are shown
in Figure 4. The PFGE patterns, gen-
erated by digestion with XbaI, pro-
duced for control strains C1-C3 (cul-
tured prior to 1991 at the VMTH), for
control strains C4-C9 (isolated from
different geographic locations through-
out the United States during
1991-1992), and for an additional 8
control strains (isolated from different
geographic locations throughout the
United States during 1991-1993) (data
not shown) were different from those
seen with the outbreak associated
MDR S. anatum isolates P3-P9. How-
ever, the differences in the XbaI
PFGE pattern observed for control
strain Cl (absence of a 300 kb band
and a more intense approximately
90 kb band) compared to the PFGE
pattern of the outbreak associated iso-
lates appeared to be minor. Therefore,
control strain Cl was subjected to
PFGE following SpeI digestion. Three
major differences were observed in
the PFGE pattern of control strain Cl
(absence of a band > 485 kb and 90 kb
and presence of an additional 388 kb
band) compared to the SpeI PFGE
pattern of the outbreak associated iso-
lates (data not shown).

DISCUSSION

The recent outbreak of MDR
S. anatum at the VMTH caused much
concern, particularly because of the
MDR associated with the isolates.
Prior to this outbreak, MDR S. ana-
tum had not been cultured at the
VMTH. Efficient containment and
prevention of such outbreaks depends
on our ability to identify their
source(s) and their mechanism of
transmission. This information is
obtained from epidemiological stud-
ies. Frequently, epidemiological stud-
ies of Salmonella transmission have
relied on the characterization of phe-
notypic traits such as serotype,
phagetype, and antimicrobial resis-
tance. Serotyping and phagetyping are
only successful when an outbreak is
caused by a rare or unusual serotype
or phagetype, respectively (20).
Antimicrobial resistance detection
may also be insufficient at discrimi-
nating accurately between strains and
may yield misleading information
when resistance to a particular antibi-
otic or to several antibiotics is con-
ferred by genetically different plas-
mids which together produce the same
phenotypic resistance pattern in chro-
mosomally unrelated strains (20).
Therefore, due to the inability of
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phenotypic typing techniques to dis-
criminate between phenotypically
identical but genotypically different
strains, DNA-based typing methods
are being used more frequently for
epidemiological investigations. DNA-
based typing methods such as deter-
mination of plasmid profiles, finger-
printing of chromosomal genotypes
by IS200 analysis, and PFGE analysis
have successfully been used for inves-
tigations of Salmonella outbreaks
(20,21,22,23,24). In our study, we
found that both phenotypic analysis,
such as antimicrobial susceptibility
testing, and molecular typing, includ-
ing plasmid analysis and PFGE of
genomic DNA, were necessary to
determine the epidemiological rela-
tionship of the MDR S. anatum iso-
lates obtained during this outbreak.
Plasmid analysis of the 15 MDR

S. anatum identified 3 different plas-
mid content patterns; these patterns
did not correspond to the 4 antimicro-
bial resistance patterns (Table I). This
is in contrast to several studies which
have demonstrated that plasmid pro-
file analysis alone or in combination
with phagetyping and antimicrobial
susceptibility testing can sufficiently
identify related or unrelated strains
from outbreaks caused by species of
Salmonella (4,21,25,26,27,28). In
addition, restriction analysis of the
MDR S. anatum plasmid DNA also
identified differences among the plas-
mids. Six unique plasmid restriction
fragment patterns were observed for
the 15 MDR S. anatum isolates. These
different patterns can be attributed to
differences in the number of plasmids
carried by each isolate in each antimi-
crobial group and to differences in the
antimicrobial resistance markers car-
ried on each plasmid. For example,
the antimicrobial Group II isolates E2
and P4 have the same antimicrobial
resistance pattern but contain a differ-
ent number of plasmids; isolate P4
contains an additional approximately
2 kb plasmid, which accounts for the
2 different plasmid restriction frag-
ment patterns R2 and R5 (Table I). In
addition, antimicrobial Group I iso-
lates El and P3 have the same plas-
mid content as the antimicrobial
Group III isolates E5, E6, and P8.
However, these 2 groups have 2 dif-
ferent plasmid restriction fragment
patterns RI and R3, respectively and
are resistant to different antimicrobial

agents; isolates E5, E6, and P8 are
also resistant to gentamicin, tobramycin
and trimethoprim/sulfamethoxazole.
Therefore, the possession of these
additional antimicrobial resistance
markers may account for the different
plasmid restriction fragment patterns
RI and R3, possessed by the antimi-
crobial Group I isolates El and P3
and the antimicrobial Group III iso-
lates E5, E6, and P8, respectively.
Utilization of only the plasmid analy-
sis and previously presented pheno-
typic data would have indicated that
6 different strains of MDR S. anatum
were associated with the outbreak
(Table I).
We also observed variability in the

antimicrobial resistance carried by
each conjugatively transferred plas-
mid. For example, 2 different resis-
tance phenotypes were associated
with the 100 kb plasmid of isolate E2
(antimicrobial Group II) and with the
>100 kb plasmid of isolate E5
(antimicrobial Group III). These dif-
ferences could be due to the presence
of 2 different 100 or >100 kb plas-
mids in isolates E2 and E5, respec-
tively. However, such differences
should be detected by plasmid restric-
tion analysis. We detected only minor
differences when the plasmids were
subjected to EcoRI restriction analy-
sis indicating that significant portions
of these plasmids were similar. Alter-
natively, the differences in the antimi-
crobial resistance markers transferred
could be a result of acquisition or loss
of specific antimicrobial resistance
markers by a plasmid during the con-
jugation process.

The variability detected in the plas-
mid content may have been a result of
the intense antibiotic use at Clinic A
(19). Schwalbe et al (29) identified
in vivo acquisition of resistance by
S. typhi and commensal intestinal
flora after antibiotic treatment. There-
fore, the extensive use of penicillin,
gentamicin, tetracycline, amikacin,
chloramphenicol and ceftiofur by
clinicians at Clinic A may have
selected for drug-resistant strains of
S. anatum as well as other commensal
enteric bacteria in patients. This spec-
ulation can be made because of the
presence of MDR, multiple high
molecular weight plasmids ranging in
size from 55 kb to > 100 kb, and
numerous smaller plasmids in C. fre-
undii (4 isolates), E. cloacae (5 iso-

lates), and E. coli (3 isolates) cultured
from the Clinic A environment (data
not shown). In addition, the isolates
of MDR S. anatum cultured from the
horses were resistant to more antimi-
crobial agents than the environmental
isolates of MDR S. anatum suggesting
that acquisition of these additional
resistance markers may have occurred
in vivo from the commensal MDR
enteric flora. This observation is fur-
ther substantiated by the isolation,
from the feces of the same horse at
Clinic A, of the antimicrobial Group I
S. anatum isolate P3 and an E. coli
isolate that had the same resistance
pattern as the most resistant Group IV
S. anatum isolates (data not shown).
We used PFGE to determine

whether the 15 MDR S. anatum iso-
lates represented the same chromoso-
mal outbreak strain. Recently, PFGE
of large restriction fragments has
demonstrated its usefulness as an
excellent technique for discriminating
chromosomal differences between
related and unrelated strains of
Salmonella (8,1 1). We observed 3 dif-
ferent PFGE patterns for the 15 iso-
lates of MDR S. anatum (Table I),
however, these differences were
attributed to the absence of only a sin-
gle band for isolates El and P3
digested with SpeI and for isolates P8
and P9 digested with XbaI. A single
band difference consistent with a sin-
gle genetic event (e.g. a point muta-
tion resulting in the loss or gain of a
restriction site, an insertion, a dele-
tion, or a chromosomal inversion) is
not a reliable basis for concluding that
2 isolates that are epidemiologically
linked represent different strains (30).
In fact, increasingly discriminatory
techniques are, by definition, able to
detect smaller and less frequent varia-
tion (31). Therefore, we conclude that
all 15 MDR S. anatum isolates repre-
sent a single chromosomally related
strain that have a distinct PFGE pat-
tern which is different from the pat-
terns obtained from the epidemiologi-
cally unrelated control strains of
S. anatum (Table I).

Ease of operation, speed, cost, the
discriminatory power, and repro-
ducibility of a method are all factors
that need to be considered when
choosing a suitable typing technique
for an epidemiological investigation
(31). Phagetyping, antimicrobial
susceptibility patterns and plasmid
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profile analysis are simple, inexpen-
sive and, in certain situations, have
good discriminatory power (15,2 1). In
addition, It appears that PFGE used as
a sole technique is rapidly becoming
the gold standard for epidemiological
investigations. However, the findings
of the present study demonstrated the
necessity to include both phenotypic
analysis, plasmid analysis, and a
genomic technique, such as PFGE,
which could identify chromosomal
differences to determine the epidemi-
ology of the MDR outbreak associ-
ated isolates. The antimicrobial sus-
ceptibility testing and plasmid
analysis suggested that the outbreak
was caused by multiple strains of
S. anatum each with a different pat-
tern of antimicrobial resistance and
plasmid content; however, PFGE sug-
gested that the outbreak was caused
by a single chromosomal strain, but
did not provide any information about
plasmids or antimicrobial resistance.
Thus, all 3 approaches were necessary
to establish that the outbreak was
caused by a single strain containing I
or more related plasmids carrying var-
ious combinations of antimicrobial
resistance markers. Therefore, the
present study illustrates the necessity
to use a combination of phenotypic
and molecular methods to fully deter-
mine and understand the mechanism
of an outbreak caused by a MDR
species of Salmonella.
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