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Pasteurella multocida, isolated from turkeys during an outbreak of septicemic
disease ("fowl cholera"), was found to be resistant to tetracycline, streptomycin,
and sulfonamides. Agarose gel electrophoretic analysis ofDNA from these isolates
indicated the presence of extrachromosomal elements. Plasmid DNA was isolated
by cesium chloride-ethidium bromide density centrifugation. Escherichia coli
was transformed to antimicrobic resistance with this DNA. Two plasmids were
isolated. One of these plasmids had a buoyant density of 1.7158 g/cm3 (56.9 mol
% guanine plus cytosine) and a molecular weight of 4.4 x 10 and conferred
resistance to tetracycline, streptomycin, and sulfonamides. The other, having a
buoyant density of 1.7198 g/cm3 (61 mol% guanine plus cytosine) and a molecular
weight of 3.44 x 106, conferred resistance to streptomycin and sulfonamides.
Streptomycin resistance was mediated by streptomycin phosphotransferase. Com-
patibility group testing indicated that neither plasmid belonged to any of 13
compatibility groups (of conjugal plasmids). Both plasmids were also found to be
compatible with three small, nonconjugative resistance plasmids.

R-plasmids are stable, extrachromosomal, ge-
netic elements which confer upon bacteria re-
sistance to many different antimicrobial agents.
Among members of the family Enterobacteria-
ceae, the incidence of R-plasmids is extremely
high (1, 20). R-plasmids have been found in
nonenteric genera of bacteria, most notably in
Pseudomonas and Staphylococcus (18, 24). Re-
cent clinical isolates of Pasteurella multocida
and Pasteurella haemolytica have been found
that are resistant to one or more antimicrobics,
including tetracycline (5). Recently, Pasteurella
have been reported to harbor plasmids which
code for multiple drug resistance (R. P. Silver,
B. Leming, and C. A. Hjerpe, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1977, H36, p. 141).

In this paper we report the isolation and par-
tial characterization of covalently closed circular
plasmid DNA from naturally occurring isolates
of P. multocida obtained from turkeys that had
died from septicemic disease produced by the
isolate. Two distinct species of plasmid DNA
were isolated, both of which contain genes cod-
ing for resistance to antimicrobial agents.

MATERIALS AND METHODS
Bacterial strains. The bacterial strains utilized in

this study were Escherichia coli C600 (lac thr leu thi)
and E. coli C600-1 (a nalidixic acid-resistant mutant
of C600, derived in this laboratory). P. multocida A3
(serotype 3) was isolated from the spleen of a turkey

that had died of septicemic disease. The flock involved
had not been given food or water containing antimi-
crobial agents for at least 1 year prior to this outbreak,
except for the specific treatment of disease. For com-
patibility testing, a number of E. coli strains contain-
ing the following plasmids of known compatibility
groups were utilized: F-Kan (FI), R7K (W), R144 (Ia),
R66a-1 (Ik), and R906 (P) (all obtained from S. Fal-
kow), and R711b (X), R447b (N), R1-16 (FII), R40a
(C), Rtsl (T), R723-1 (0), R714b (A-C), and R391 (J)
(all obtained from N. Datta).

In addition, the following small, non issible
plasmids, which have not yet been grouped, were also
tested: AplOl, NTP3, and NTP5. Strains containing
these plasmids were obtained from the Plasmid Ref-
erence Center, Department of Medical Microbiology,
Stanford University, Stanford, Calif.

E. coli CH12 and JR35, positive for streptomycin
adenylate synthetase and streptomycin phosphotrans-
ferase, respectively, were generously donated by J.
Davies.
Media and growth conditions. Pasteurella cul-

tures were routinely maintained on blood agar slants.
For all experiments, cultures were grown in brain heart
infusion broth with shaking at 370C. For transforma-
tions, M9 minimal medium was used to grow cells (22).
For the streptomycin inactivation assays, cells were
grown at 370C in a medium containing the following
(per liter): 6.7 g of glucose; 8.0 g of tryptone; 0.3 g of
MgSO4; 1 g ofNH4Cl; 3 g ofKH2PO4; 5.8 g ofNa2HPO4;
and 3 mg of thiamine (pH 7.0).

Preparation ofDNA. Bacteria were grown to late
logarithmic phase in brain heart infusion broth. The
cells were harvested by centrifugation and lysed with
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Triton X-100 as described by Elwell et al. (9). Cova-
lently closed circular plasmid DNA was purified by
isopycnic centrifugation in a cesium chloride-ethidium
bromide gradient (12). The final density was adjusted
to 1.6199 g/cm3 (refractive index, 1.3920), and the
solution was centrifuged for 40 to 48 h at 15°C and
34,000 rpm in a Beckman type 40 rotor.
DNA bands in the gradients were located with a

black-light lamp (UVS-11, Ultraviolet Products, Inc.,
San Gabriel, Calif.) Plasmid and chromosomal bands
were removed by puncturing the side of the gradient
tube with an 18-gauge needle attached to a syringe.
DNA contour length. Plasmid DNA was spread

onto Formvar-coated electron microscope grids (300
mesh) according to Kleinschmidt (16). The covalently
closed circular DNA was converted to the open cir-
cular form by heating for 15 min at 95°C (19). Well-
isolated molecules were photographed under an elec-
tron microscope (AEI model 6B), and the developed
negatives were projected through a photographic en-
larger onto paper and traced. The contour length of
the tracing was determined by using a map measurer.
The true magnification of the electron microscope was
determined by calibration with a diffraction grating
(54,800 lines per inch, Pellco, Tustin, Calif.). The mo-
lecular masses of the plasmids were calculated by
assuming 1 ,um of DNA to be equivalent to 2.07 x 10l
daltons (17).

Transformation. The transformation method
used was that described by Cohen et al. (7). Following
transformation, the mixture of cells and DNA was
diluted 1:10 in L broth and incubated at 37°C for 3 to
4 h when selecting for tetracycline resistance (Tc'), or
overnight when selecting for streptomycin resistance
(Smr). After incubation, cells were plated on Mac-
Conkey agar supplemented with streptomycin (20
,tg/ml), tetracycline (10 ,ug/ml), or tetracycline and
streptomycin, and incubated at 37°C for 24 to 36 h.

Compatibility group testing. Compatibility
group testing was done as previously described by
Coetzee et al. (6). In all but two cases, self-transmis-
sible plasmids of known compatibility groups were
transferred into E. coli C600-1 containing the Pasteu-
rella plasmid. In the case of the plasmids R714b and
R391, no transfer could be effected. Thus, testing was
done by transformation of E. coli strains carrying
these plasmids with Pasteurella plasmid DNA.
Strains containing AplOl, NTP3, or NTP5 were also
transformed with Pasteurella plasmid DNA for com-
patibility testing.
Measurement of minimal inhibitory concen-

tration. An agar dilution method was used for all
isolates (27). The medium used was Mueller-Hinton
agar supplemented with laked horse blood (5%).

Streptomycin inactivation assays. The assay for
streptomycin phosphotransferase was a modification
of the procedure of Ozanne et al. (25). Cells were
osmotically shocked by a variation of the procedure of
Nossal and Heppel (23) as described by Benveniste et
al. (4). The reaction mixture contained the following:
20 p1 of osmotic shock fluid, 0.23 nmol of [-y-32P]ATP
(specific activity, 25 Ci/mmol), 17 nmol of strepto-
mycin sulfate, 7.5 ,umol of tris(hydroxymethyl)amino
methane-hydrochloride (pH 8.0 at 30°C), 2.5,umol of
MgCl2, and 1.5 ,umol of ,B-mercaptoethanol in a total

volume of 0.1 ml. The reaction was started by the
addition of osmotic shock fluid. Samples of 10 pl were
taken every 15 min and assayed as by Ozanne et al.
(25).
The assay for streptomycin adenylate synthetase

was that described by Benveniste et al. (4).
Agarose gel electrophoresis. Cells were screened

for the presence of plasmids by the method of Meyers
et al. (21).
Moles percent G+C. Plasmid DNA samples were

obtained from cesium chloride-ethidium bromide gra-
dients. The DNA was then centrifuged for 20 h at
44,000 rpm, at 25°C, in a Beckman model E analytical
ultracentrifuge equipped with a UV optical system
and scanned to determine the positions of the DNA
bands. The buoyant density of the DNA was deter-
mined by a formula derived by Schildkraut et al. (26)
using Micrococcus lysodeikticus DNA as an internal
standard (buoyant density - 1.7311 g/cm3). Moles
percent guanine plus cytosine (G+C) was calculated
from the buoyant density by a formula derived by
Schildkraut et al. (26).

Matings and mobilization studies. The proce-
dures used are those described by Datta and Hedges
(8).

RESULTS
Agarose gel electrophoresis of a lysate ob-

tained from P. multocida A3 is shown in Fig. 1.
Bands representing plasmid DNA and chromo-
somal DNA are evident.
Transformation. E. coli C600 was trans-

forned with plasmid DNA from P. multocida
A3. After incubation in antibiotic-free medium,
0.1-ml samples were plated out. Approximately
4 x 103 Tcr transformants per ml of transforming
mixture appeared on MacConkey agar supple-
mented with tetracycline. Of 150 clones (Tcr)
selected and stabbed onto streptomycin-contain-
ing medium, all 150 were also found to be strep-
tomycin resistant. Approximately 100 Smr trans-
formants per ml of transforming mixture arose
on MacConkey agar supplemented with strep-
tomycin. All of the 10 clones selected were found
to be tetracycline susceptible. Agarose gel elec-
trophoresis confirmed that clones with different
phenotypes contained different plasmids (Fig.
1). The plasmid conferring resistance to Tc, Sm,
and sulfadiazine (Su) was designated pVM100,
and the plasmid conferring resistance to Sm and
Su (Tc susceptible) was designated pVM101.
Minimal inhibitory concentration. Mini-

mal inhibitory concentrations of tetracycline,
streptomycin, and sulfadiazine were determined
for the clinical isolate of P. multocida A3 and
for the E. coli transformants (Table 1).
Compatibility testing. The results of com-

patibility testing of the Pasteurella plasmids
indicated that pVM100 and pVM101 did not
appear to belong to any of the 13 known com-
patibility groups tested. In addition, pVM100
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FIG. 1. Agarose gel electrophoresis of ethanol-pre-
cipitated DNA from cleared lysates of P. multocida
A3 and transformed E. coli C600. From left to right:
C600, C600 (pVM101), C600 (pVM100), P. multocida
A3.

TABLE 1. Minimal inhibitory concentrations
(pg/ml)

Minimal inhibitory

Strain concn (ug/ml)
Tc Sm Su

P. multocida A3 8 32 >128
E. coli C600 (pVM101) 4 >128 >128
E. coli C600 (pVM100) 64 16 >128
E. coli C600 2 1 16

and pVM101 were found to be compatible with
AplOl, NTP3, and NTP5.
Contour length determinations. The con-

tour length of open circular forms of pVM100
and pVM101 is shown in Table 2.
Streptomycin inactivation assays. Figure

2A shows the results of an assay for streptomy-

cin phosphotransferase. E. coli C600 (containing
no plasmid) was also run through this assay and
gave data similar to the negative control (data
not shown). The assay for streptomycin aden-
ylate synthetase was run and proved to be neg-
ative (Fig. 2B).
Moles percent G+C. pVM100 and pVM101

were shown to be 56.9% and 61% G+C, respec-
tively, calculated from buoyant densities of
1.7158 and 1.7198 g/cm3, respectively. The mole
percent G+C for chromosomal DNA from P.
multocida A3 was 40.3%.
Transmission studies. Matings of Pasteu-

rella to Pasteurella, Pasteurella to E. coli, and
E. coli to E. coli indicated that both pVM100
and pVM101 were nontransmissible. A tripar-
ental cross, utilizing an F-Kan plasmid as the
transfer factor, showed that both pVM100 and
pVM101 could be mobilized into another recip-
ient.

DISCUSSION
We have partially characterized two R-plas-

mids obtained from P. multocida isolated from
turkeys dying during an outbreak of fowl chol-
era. These plasmids appear to be small, non-

transmissible plasmids coding for resistance to
tetracycline, streptomycin, and sulfonamides.
Until now, the presence of plasmids in the genus
Pasteurella isolated from avian sources had not
been demonstrated. The presence of strepto-
mycin phosphotransferase confirms that the
streptomycin resistance is plasmid mediated (3).
There are two observations that require com-

ment. One is the apparent contradiction con-

cerning the phenotype expressed depending
upon the antibiotic to which transformned strain
C600 cells were exposed; i.e., all tetracycline-
resistant clones chosen (selected on tetracycline)
were streptomycin resistant, whereas all strep-
tomycin-resistant clones chosen (selected on

streptomycin) were susceptible to tetracycline.
Second is the large difference in transforming
frequency when selection for transformants was
carried out on either streptomycin- or tetracy-
cline-containing medium.
The apparent difference in the phenotype ex-

pressed when transforming mixtures were plated
on a medium containing tetracycline or strep-
tomycin is difficult to explain. It may reflect
control of the expression of streptomycin resist-

TABLE 2. Contour lengths and molecular weights of
plasmid DNA from P. multocida

Plasmid Contour length (jsg) Mol wt

pVM100 2.13 ± 0.34 4.40 x 106
pVMl0l 1.66 + 0.12 3.44 x 106
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TIME (min)
30 45

TIME (min)
FIG. 2. Streptomycim inactivation assays. (A) Streptomycin phosphotransferase assay: (0) E. coli JR35

(right-hand ordinate), (A) E. coli C600 (pVM1O1) (left-hand ordinate), (B) Streptomycin adenylate synthetase
assay: (A) E. coli CH12, (A) E. coli C600 (pVM101). The values for controls without osmotic shock fluid have
been subtracted in both experiments.

ance by the tetracycline resistance gene(s). If
this is so, then the synthesis of the streptomycin
phosphotransferase would only be initiated after
the cell was first exposed to tetracycline. This
phenomenon is currently under study in our
laboratory, and further speculation, we believe,
would serve no purpose.
The marked difference in transformation fre-

quency for pVM100 (selected on medium con-
taining tetracycline) and for pVM101 (selected
on medium containing streptomycin) reflects the
same phenomenon as described by Cohen et al.
(7). That is, the expression of streptomycin re-

sistance is a function of the length of time that
the transformed cell has possessed the marker.
In our experiments, no Sm-resistant clones were
found when transforming mixtures were plated
on a medium containing streptomycin after 4 h
of growth in an antibiotic-free medium (results
not presented here). Only after overnight incu-
bation (15 to 18 h) were Sm-resistant clones
detected by plating on a medium containing
streptomycin.
pVM100 and pVM101 stably coexisted within

all host strains containing conjugal plasmids of

13 known compatibility groups. Both plasmids
also existed stably with three small, nontrans-
missible resistance plasmids. Indeed, these plas-
mids seem very much like the plasmid R300B of
Grinter and Barth (11). R300B has been shown
to be a small, nonconjugative plasmid coding for
resistance to Sm and Su that was found to be
compatible with all plasmids tested except for
laboratory constructs of itself, such as Ap201
(14). Although Ap201 was not available to us,
AplOl (also an Am-transposon derivative of the
Sm Su plasmid RSF1010) was available, and
both pVM100 and pVM101 are compatible with
it.
The moles percent G+C of pVM100 and

pVM101 indicates to us that they are not of
Pasteurella origin (40.3 mol %) (2). This brings
up the question of what their origin might be. It
is tempting to postulate an enteric origin for
these plasmids, since their G+C content is
within the general enteric range. Moreover, R-
plasmids have now been detected in two other
nonenteric, nonpseudomonad species, Haemo-
philus influenzae (9) and Neisseria gonor-
rhoeae (10). In both of these instances, ampicil-

02a.

CL

a-0.)

VOL. 14, 1978



ANTIMICROB. AGENTS CHEMOTHER.

lin resistance is mediated by a determinant
(TnA) which codes for the TEM fi-lactamase
found in R-plasmids of enteric origin. It is clear
now that many of the drug resistance genes in
R-plasmids are carried on translocatable DNA
sequences (15). In the same vein, one can spec-
ulate that these Pasteurella plasmids also may
have originated from an enteric plasmid.
Whatever the origin of these R-plasmids, the

occurrence in a heretofore susceptible animal
pathogen is alarming. Animals such as turkeys
are raised in lots of many thousands in this
country. To stop outbreaks of disease having a
high mortality, antimicrobial agents must be
administered in a fashion that is quick and easy.
Sulfaquinoxaline and tetracycline are two such
agents and have been used in the past with great
success in the treatment of fowl cholera. The
finding that a strain of P. multocida now pos-
sesses a plasmid that codes for resistance to the
drugs of choice for treatment is yet another
indication of the growing problem of bacterial
resistance to antimicrobial agents.
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