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ERSINIA pestis is the causative agent of

plague, a zoonotic disease transmitted to hu-

mans through flea bites and typically charac-
terized by the appearance of a tender and swollen
lymph node, the bubo. Human-to-human transmis-
sion can occur, through either the bite of fleas (bu-
bonic plague) or respiratory droplets, causing an over-
whelming infection called pneumonic plague.

The last plague pandemic began in Hong Kong in
1894 and spread throughout the world, establishing
many endemic foci. Antibiotics and enforcement of
public health measures significantly decreased the
morbidity and mortality associated with the disease
but did not allow its eradication. In fact, plague is
now considered a reemerging discase! for at least
three reasons. First, there has been an increase in the
number of cases reported to the World Health Or-
ganization.? Second, plague reappeared in 1994 in
an epidemic form in countries, including Malawi,
Mozambique, and India, where it had been silent for
15 to 30 years. Third, the number of foci is gradu-
ally expanding in certain countries. In the United
States for instance, the number of states reporting
cases of human plague increased from 3 in the 1950s
to 13 in the 1990s.3

Streptomycin, chloramphenicol, and tetracycline
are used to treat plague, and tetracycline and sulfona-
mides are recommended for prophylaxis.# Classically,
Y. pestis isolates are uniformly susceptible to the an-
tibiotics active against gram-negative bacteria.>”
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We report high-level resistance to multiple anti-
biotics, including all the drugs recommended for
plague prophylaxis and therapy, in a clinical isolate of
Y. pestis. The resistance genes were carried by a plas-
mid that could conjugate to other Y. pestis isolates.
This report should serve as a warning of the risk of
the spread of resistance in Y. pestis, a species previous-
ly considered universally susceptible to antibiotics.

METHODS
Patient and Strains

The properties of the strains used are listed in Table 1. Y. pestis
17/95 biotype orientalis was isolated in 1995 in the Ambalavao
district of Madagascar from a 16-year-old boy.5 The patient pre-
sented with fever, chills, and myalgia suggestive of malaria and
was treated with quinine. Three days later, the appearance of a
right inguinal bubo with high-grade fever (temperature, 41°C),
delirium, and prostration led to the diagnosis of plague. The
bubo was punctured, and the patient was treated with twice-daily
intramuscular injections of streptomycin (2 g per day for 4 days)
and oral trimethoprim—sulfamethoxazole (2 g per day for 10
days). The patient recovered but had severe asthenia for more
than a month.

Mediums and Resistance Studies

Brain—heart infusion broth and agar (Difco) were used. The
minimal inhibitory concentrations of antibiotics were determined
on Mueller-Hinton agar (Sanofi Diagnostics Pasteur). The cul-
tures were incubated for 48 hours at 28°C for Y. pestis and for 18
hours at 37°C for Escherichin coli. Chloramphenicol acetyltrans-
ferase and aminoglycoside-modifying enzymes were assayed in
supernatants (centrifuged at 100,000Xg) after ultrasonic disin-
tegration.!213 Matting on filters was performed as described
previously.!#

Nucleic-Acid Techniques

Isolation of plasmid DNA, cleavage of restriction fragments,
and purification of DNA fragments from agarose type VII (Sigma
Chemical) were performed as described elsewhere.® Purified DNA
fragments to be used as probes were labeled with [a-32P]deoxy-
cytidine triphosphate by nick translation. Hybridization was car-
ried out under highly stringent conditions.® The polymerase
chain reaction (PCR) was performed on a DNA thermal cycler
(model 2400, Perkin-Elmer Cetus). Double-stranded DNA se-
quencing was performed by the dideoxynucleotide chain-ter-
mination method!® with a modified T7 DNA polymerase and
[@-35S]deoxyadenosine triphosphate.

RESULTS
Antibiotic Resistance of Y. pestis 17/95

Disk-agar diffusion tests showed that Y. pestis 17/95
was resistant to ampicillin, chloramphenicol, kanamy-
cin, streptomycin, spectinomycin, sulfonamides, tetra-
cycline, and minocycline. Resistance to ampicillin was
due to the production of a beta-lactamase, and resist-
ance to chloramphenicol was due to the production
of a chloramphenicol acetyltransferase. Resistance to
kanamycin was due to synthesis of a type I 3'-amino-
glycoside phosphotransferase. The strain was also re-
sistant to high levels of streptomycin—spectinomycin
as a result of the production of 3"-9-aminoglycoside
adenylyltransferase. Y. pestis 17/95 was resistant to
sulfonamides® but remained susceptible to trimeth-
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TABLE 1. PROPERTIES OF THE BACTERIAL STRAINS STUDIED.*

CHARACTERISTICS OF THE PLASMIDS

STRAIN
DESIGNATION DRUG RESISTANCE
Y. pestis
17/95
17/95-1
6/69
6/69¢
6/69cN Nalidixic acid
6/69cNR Nalidixic acid
E. coli
K802N Nalidixic acid
BM4354 Nalidixic acid
BM4355 Nalidixic acid
BM4356 Nalidixic acid
BM4357 Nalidixic acid
BM4358 Nalidixic acid
RR1 Streptomycin
BM4359 Streptomycin
DB10% Nalidixic acid,
streptomycin
BM4340 Nalidixic acid,
streptomycin

DESIGNATION

pIP1202
pFra, pPla, pYV

pFra, pPla, pYV
pFra, pPla, pYV
pFra, pPla
pFra, pPla

pIP1202
pFra, pPla

pIP1202

pIP1202-1

pIP1202-2

pIP1202-3

pIP1202-4

pIP1202

pIP1202

TRANSFERABILITYT

Yes

DRUG RESISTANCE

Ampicillin, chloramphenicol, kanamycin,
streptomycin—spectinomycin, sulfona-
mides, tetracycline—minocycline

Ampicillin, chloramphenicol, kanamycin,
streptomycin—spectinomycin, sulfona-
mides, tetracycline—minocycline

Ampicillin, chloramphenicol, kanamycin,
streptomycin-spectinomycin, sulfona-
mides, tetracycline—minocycline

Ampicillin, chloramphenicol, kanamycin,
streptomycin—spectinomycin, sulfona-
mides

Ampicillin, kanamycin, streptomycin-spec-
tinomycin, sulfonamides, tetracycline—
minocycline

Ampicillin, streptomycin—spectinomycin,
sulfonamides, tetracycline-minocycline

Chloramphenicol, kanamycin, streptomy-
cin—spectinomycin, sulfonamides

Ampicillin, chloramphenicol, kanamycin,
streptomycin—spectinomycin, sulfona-
mides, tetracycline-minocycline

Ampicillin, chloramphenicol, kanamycin,
streptomycin—spectinomycin, sulfona-
mides, tetracycline—minocycline

SOURCE

Wild strain?

Plasmid loss in 17/95

Wild strain

Plasmid loss in 6,/69

Spontaneous nalidixic acid—
resistant mutant of 6/69

Conjugation of 17/95 with
6/69cN

Wood?
Conjugation of 17/95 with
K802N

Derivative of BM4354

Derivative of BM4354

Derivative of BM4354

Derivative of BM4354

Sambrook et al.?

Conjugation of 17/95 with
RR1

Datta et al.l0

Conjugation of BM4359
with DB10

*The pFRa, pPla, and pYV plasmids are the three commonly found in Y. pestis.!!

tA transferable plasmid was one that was transferred by conjugation.

1This strain is susceptible to fusidic acid, macrolides, lincosamides, and streptogramins A.

TABLE 2. MINIMAL INHIBITORY CONCENTRATIONS OF VARIOUS ANTIBIOTICS AGAINST THE BACTERIAL STRAINS STUDIED.

STRAIN MINIMAL INHIBITORY CONCENTRATION

AMPICILLIN CHLORAMPHENICOL ~KANAMYCIN  STREPTOMYCIN ~ SPECTINOMYCIN ~ TETRACYCLINE ~ MINOCYCLINE ~ SULFONAMIDE TRIMETHOPRIM

milligrams per liter

Y. pestis
17/95 2048 128 2048 >2048 2048 1024 512 1024 1
17/95-1 1 4 1 4 4 8 4 8 0.5
6/69cN 1 4 1 4 4 8 4 8 1
6/69cNR 2048 256 2048 >2048 2048 1024 512 1024 1
E. coli
K802N 8 8 1 4 4 8 4 8 1
BM4354 1024 1024 1024 256 256 256 32 2048 1
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oprim (Table 2), and no synergism was detected be-
tween the two drugs by the checkerboard method.!®

A small percentage of Y. pestis 17/95 spontane-
ously lost the resistance determinants en bloc (1 of
100 colonies tested after 10 days of incubation in
the absence of antibiotics), and this clone, 17/95-1,
was studied further.

All the resistance genes were transferred by con-
jugation from Y. pestis 17/95 to avirulent Y. pestis
6/69¢cN at a frequency of 1.5X10-2 per donor col-
ony-forming unit. Selection for transfer of one of
these resistance characters revealed the transfer of all
six. The minimal inhibitory concentrations of anti-
biotics for the parent strain, the clone that had lost
the resistance determinants, strain 6/69cN, and a
strain obtained by the conjugation of 17/95 with
6/69¢cN are shown in Table 2.

Plasmid DNA from Y. pestis 6/69, 17/95, and
17/95-1 was extracted and digested with EcoRV (Fig.
1A, lanes 1, 2, and 3). Comparison of the restriction
profiles indicated that strain 17/95 contained frag-
ments corresponding to an additional plasmid, desig-
nated pIP1202, of approximately 150,000 bp, as es-
timated by pulsed-field gel electrophoresis (data not
shown).

Characterization of Plasmid plP1202

Plasmid pIP1202 was transferred by conjugation
from Y. pestis 17/95 to E. coli K80O2N and RR1 at
frequencies of approximately 1X10-2. The minimal
inhibitory concentrations of antibiotics for E. cols
K802N and strain BM4354, obtained by conjuga-
tion of Y. pestis 17/95 with E. coli K§02N, are shown
in Table 2. The retransfer of pIP1202 from E. cols
BM4359 to Y. pestis 6/69cN and E. coli K§O2N oc-
curred at frequencies of 1.1 X10~* and 5.7 X 105, re-
spectively.

Approximately 5 percent of E. coli BM4354 did not
contain plasmid pIP1202. Approximately 1 percent
had lost part of the resistant determinants, generating
plasmids pIP1202-1, -2, -3, and -4 (in Table 1), which
were used to assess the incompatibility of the plas-
mids in experiments performed by reciprocal conju-
gation. Plasmid pIP1202-2 exhibited strong incom-
patibility with pIP55-1, which belongs to the Inc6-C
group.l” Hybridization with a probe specific for
Inc6-C replicons!d was detected only with plasmid
DNA from the parental strain 17/95 and the E. coli
strain that had acquired pIP1202 by conjugation
from 17/95, confirming that this plasmid belongs to
incompatibility group Inc6-C (data not shown).

Analysis of Plasmid DNA

Partial sequencing of an 864-bp PCR product
obtained with oligodeoxynucleotides specific for
bla g, Indicated the presence of a cytosine at posi-
tion 317 (numbering according to Sutcliffel?), con-
firming that resistance to ampicillin was due to the

Kilobase
pairs
23.70 —

9.46 —
6.75 —

B

Figure 1. Analysis of Plasmid DNA by Agarose-Gel Electropho-
resis (Panel A) and Hybridization (Panel B).

Plasmid DNA from Y. pestis 6/69 (lane 1), 17/95 (lane 2), and
17/95-1 (lane 3) and E. coli BM4359 (lane 4) was digested with
EcoRV, fractionated by agarose-gel electrophoresis (Panel A),
transferred to a nitrocellulose sheet, and hybridized to the
32P-labeled tet(D) PCR product (Panel B). Lane 5 shows frag-
ments obtained by the digestion of bacteriophage lambda DNA
with Hindlll and used as standards for molecular size.

presence of the gene for TEM-1 penicillinase. The
probe corresponding to catl hybridized to pIP1202
DNA, and the plasmid conferred to E. co/z DB10 re-
sistance to fusidic acid,?® indicating that resistance to
chloramphenicol was due to the production of a
type I chloramphenicol acetyltransferase. Probes in-
ternal to the aph(3’)-Iand and(3”)(9) genes hybrid-
ized to pIP1202 DNA, confirming that resistance to
kanamycin was due to the synthesis of a type I
3'-aminoglycoside phosphotransferase and that re-
sistance to streptomycin—spectinomycin was due to
the production of a 3"-9-aminoglycoside adenylyl-
transferase (data not shown). The ze£(D) gene was
detected by hybridization (Fig. 1B), PCR, and se-
quencing of 520 internal base pairs. PCR amplifica-
tion and sequencing of a 488-bp fragment internal
to the su/I determinant confirmed that resistance to
sulfonamide was due to the production of a drug-
resistant dihydropteroate synthase. The s#/l gene is
nearly always located in conserved segments of inte-
grons in Tn2I-like elements that are carried by large
conjugative plasmids.2! We used specific primers to
amplify fragments internal to the integrase gene and

Volume 337 Number 10 - 679

Downloaded from www.nejm.org on December 2, 2009 . For personal use only. No other uses without permission.
Copyright © 1997 Massachusetts Medical Society. All rights reserved.



The New England

Journal of Medicine

the truncated ORFIV from Tn2I-like elements from
pIP1202 DNA by PCR, and the two genes were
found to flank aad(3”)(9) alone.

DISCUSSION

T pestisis considered universally susceptible to an-
tibiotics recommended and widely used for prophy-
laxis and treatment of plague.* In recent studies the
isolates tested were susceptible in vitro to all anti-
biotics active against gram-negative bacteria,6” with
the exception of tetracycline in rare cases.??

Multidrug-resistant 1. pestis 17/95 was isolated in
1995 in the Ambalavao district of Madagascar from
a patient who presented with symptoms of bubonic
plague.5 Despite extensive surveillance of strains of
Y. pestis isolated between 1926 and 1995 in Mada-
gascar, no multidrug-resistant strain was detected.522
Strain 17/95 was resistant not only to all the antibi-
otics recommended for therapy (chloramphenicol,
streptomycin, and tetracycline) and prophylaxis (sul-
fonamides and tetracycline) of plague* but also to
drugs that may represent alternatives to classic ther-
apy, such as ampicillin, kanamycin, spectinomycin,
and minocycline. The isolate remained susceptible to
cephalosporins, other aminoglycosides, quinolones,
and trimethoprim, and treatment with trimetho-
prim, despite its lack of synergism with sulfonamides,
most likely led to the patient’s recovery.

The resistance determinants were carried by the
conjugative plasmid pIP1202. Several observations
strongly argue for an origin of this plasmid in a
member of the Enterobacteriaceae family. The re-
sistance genes carried by pIP1202 were closely relat-
ed in structure to plasmid-borne determinants com-
monly found in enterobacteria. The Inc6-C origin
of replication of pIP1202 was typical of plasmids of
this group of bacteria with a broad range of hosts,
and the plasmid was easily transferred in vitro from
E. coli to Y. pestis.

The site of the putative genetic transfer remains
unknown. Enterobacteria are usually confined to the
intestinal lumen of the host, whereas Y. pestis circu-
lates in lymphatic vessels, the spleen, the liver, blood,
and sometimes the lungs. However, intestinal enter-
obacteria and 7. pestis may come into contact when
gut bacteria invade the bloodstream. Alternatively, if
pIP1202 originated in an invasive pathogen, the
contact between the two microorganisms may have
occurred in the blood or in deep tissues. A third
possibility is that intimate contact between 1. pestis
and the donor was achieved outside the mammalian
host, perhaps in the gut of a flea that ingested blood
infected with both microorganisms.

The fact that the multidrug-resistant plasmid was
highly transferable in vitro to other strains of Y. pestis,
where it was stable, is of great concern. It is likely that
this type of replicon can also be transferred among
strains of Y. pestis in their natural environment and,
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therefore, that resistance may spread locally in this
species. Even more alarming, the observation that
Y. pestis is able to acquire, under natural conditions,
a resistance plasmid, regardless of its true origin, indi-
cates that such a clinically ominous event may occur
again.
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