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Quantitative differentiation of Yersinia pestis strains
by their murine toxin and fraction I contents*
R. P. TENGERDY 1 & R. P. HILLAM 2

Until now the serological typing of Yersinia pestis into subgroups has not proved pos-
sible because all the antigenic components are present in each isolate. Using acrylamide
disk electrophoresis it was observed that differences exist in the protein distribution patterns
of aqueous extracts from various Y. pestis isolates. One component that was especially
plentiful in some Javanese and South American isolates was identified as the murine toxin.
The amount ofmurine toxin varies significantly from isolate to isolate, and so permits them
to be roughly grouped. In 28°C cultures the variation in the murine toxin content is in-
dependent of the variation in the F-I content. A new method of typing based on this 2-trait
variation in quantities, in contrast to classical typing based on qualitative differences, might
prove to be a means of differentiating Y. pestis isolates.

Despite thorough and intensive investigation of
the antigenic structure of Yersinia (Pasteurella)
pestis no successful immunological typing method
has been developed for differentiating various isolates
of Y. pestis. Attempts have been made to differen-
tiate Y. pestis isolates by their different immuno-
electrophoretic patterns, but this method lacks
clearly identifiable typing antigens (Ransom et al.,
1955; Dodin, 1963). The only useful differentiation
of Y. pestis isolates into subgroups is based on bio-
chemical tests such as glycerol fermentation and
nitrate reduction (Devignat, 1951; Martinevskij,
1967). But since even these tests cannot always
positively differentiate 2 Y. pestis strains, the availa-
bility of an independent serological typing method
would be of great help to the epidemiologist.
The reason for the lack of success in the serologi-

cal typing of Y. pestis is that there is no qualitative
difference in the 18 antigenic components found in
all Y. pestis strains isolated so far from various parts
of the world (Lawton et al., 1960; Larabee et al.,
1965; Chen, 1972). Significant differences exist,
however, in the relative quantities of the main
antigenic components, i.e., the fraction I (F-I)
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(Chen et al., 1952; Englesberg et al., 1954; Fox &
Higuchi, 1958) and the murine toxin (Englesberg et
al., 1954; Ajl et al., 1955; Warren et al., 1955).
Hudson & Goldenberg (1970) observed significant
differences in the protein distribution patterns of
aqueous extracts of various Y. pestis isolates, and
noticed that one protein component occurred in
unusually high quantities in some Javanese isolates.

In this paper we attempt to demonstrate (1) that
the protein occurring in unusual quantities in some
Javanese strains is identical with the murine toxin,
one of the main antigenic components of Y. pestis
(Ajl et al., 1953; Warren et al., 1955; Chen, 1972);
(2) that the main antigenic components of Y. pestis
can be determined quantitatively by a simple immuno-
chemical method; (3) that the quantitative differences
in the main antigenic components-the murine
toxin and F-I-are potentially applicable for a
serological typing of Y. pestis isolates at least into
subgroups.

MATERIALS AND METHODS

Y. pestis strains usedfor study
All strains were obtained from the stock collec-

tion of the Plague Unit, Ecological Investigation
Program, Center for Disease Control, US Depart-
ment of Health, Education, and Welfare, Fort Col-
lins, Colo., USA; their description, origin, and
epidemiological history are shown in Table 1. The
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Table 1. Geographic origin and source of isolation of 13 Y. pestis and
2 Y. pseudotuberculosis strains

Strain designation Origin Host and date of isolation

Java 4 Bojolali, Java, Indonesia Rattus rattus diardi 1957

Java 5 Bojolali, Java, Indonesia Xenopsylla cheopsis ex. Suncus
mirunus 1957

Java 6 Bojolali, Java, Indonesia X. cheopis ex R. r. diardi 1957

Java 8 Surakarta, Java, Indonesia X. cheopis ex R. r. diardi 1957

Java 9 Surakarta, Java, Indonesia R. r. diardi 1957

Java 11 Surakarta, Java, Indonesia Rattus exulans 1957

Java 1241 Bojolali, Java, Indonesia human 1968

Exu 5 Pernambuco, Exu, Brazil Zygatomys pixuna 1966

Exu 8 Pernambuco, Exu, Brazil R. r. diardi 1966

Exu 9 Pernambuco, Exu, Brazil R. r. diardi 1966

Exu 12 Pernambuco, Exu, Brazil Oryzomys eliuras

A 1122 laboratory strain

Y. pestoides Center for Disease Control strain, origin
unknown

Y. pseudotuberculosis
(PSTB IA) Burrows Kl 09 laboratory typing strain

Y. pseudotuberculosis
(PSTB V) Mair guineapig strain No. 1512

strains were first passed through mice, recovered on
blood agar plates, subcultured in trypticase soy
broth for 24 hours and then on trypticase soy agar in
Roux bottles for 3 days, harvested in physiological
saline, killed, and dried in acetone as described in
detail by Hudson & Goldenberg (1970).

Antigens
The murine toxin was isolated from the Java 1241

strain, which contains about 7% toxin by cellular dry
weight. The aqueous extract of acetone-dried cells
was concentrated and passed through a Sephadex
G-150 column. The crude toxin was concentrated in
one peak (region D in Fig. 2) having an approximate
molecular weight of 150 000 by elution volume, and
contained one major band when polyacrylamide gel
disk electrophoresis was used according to the
method of Davis and Ornstein (Davis, 1964).
For a comparison we also used a crude toxin pre-

paration-fraction II (F-II)-from strain A 1122
(Baker et al., 1952) obtained from the Walter Reed
Hospital, Washington, D.C., USA.
The F-I of strain A 1122 was prepared by Baker's

method (Baker et al., 1952) and used in all immuno-
logical tests.

Antisera

New Zealand white male rabbits weighing about
3.5 kg were immunized with 12 mg of crude toxin in
Freund's complete adjuvant at 5 different sites: once
intramuscularly in each hind flank, once subcutane-
ously in each axillary region, and once subcutaneously
in the neck. Antiserum was collected 10 weeks after
immunization. Since this antiserum contained several
antibodies besides antitoxin antibodies, it was ad-
sorbed in two steps: first with an insoluble F-I
immunoadsorbent, and second, with 1.0% (w/v)
acetone-dried cells of a Y. pseudotuberculosis strain,
PSTB V. The immunoadsorbent was made by coupl-
ing 2.5 mg of F-I with each ml of packed Sepharose,
which was previously activated with 100 mg of
cyanogen bromide per ml of packed Sepharose. This
is a slight modification of the affinity chromato-
graphy method of Cuatrecasas & Anfinsen (1971).
The adsorbed antiserum did not react with either F-I
or PSTB extracts in the electroimmunodiffusion test.
As a reference antiserum we used the monospecific

anti-murine toxin serum of Surgalla (Lawton et al.,
1960) donated by Dr J. D. Marshall of the Walter
Reed Hospital.
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Fig. 1. Protein patterns of Yersinia extracts in 7.5% polyacrylamide gel. The 1: 40 extracts were made by
adding 1.0 ml of deionized water to 25 mg of acetone-dried cells (grown at 28°C) in an ice bath with constant
stirring for 2 hours. After centrifugation 50 pi of the supernatant fluid was applied to the gel and subjected
to electrophoresis by the standard procedure of Davis and Ornstein (Davis, 1964) for approximately 2 h at
a constant current of 2.5 mA per tube. The gels were stained with amido black. T marks the position of the
band containing toxin.
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Fig. 2. Isolation of the murine toxin component of Java 1241 extract by Sephadex G-1 50 chromatography using a
Pharmacia K 25/45 column. The column was equilibrated with 0.1 M borate buffer (pH 8.3) using 0.2% sodium
azide as preservative. The flow rate was 15 ml/h. Fractions were collected in 2-ml aliquots. Tubes 38-43 (region D)
contained approximately 95 % murine toxin by acrylamide gel electrophoresis; these fractions combined were
used as the crude toxin.

Antiserum against F-I was prepared by immuniz-
ing New Zealand white male rabbits with 15 mg of
F-I in Freund's complete adjuvant by the routes
described above. Two months later the rabbits were
boosted with 5 mg of F-I in Freund's incomplete
adjuvant, and boosted again 6 weeks later with 1 mg
of F-I without adjuvant, by the same routes. The
rabbits were bled 1 week after the final booster shot.

Immunological tests

Immunodiffusion and immunoelectrophoresis were

carried out by standard procedures (Ouchterlony,
1967).
Electroimmunodiffusion was performed by a

modification of the procedure used by Merrill et al.
(1967). Antiserum was incorporated into the agarose
mixture in 1: 300 dilution for the anti-F-I serum and
1: 50 dilution for the anti-T serum and poured be-
tween two 5 x 7.5 cm glass slides separated by
3 layers of Scotch No. 33 electrical tape.
An aliquot of 0.5 ,ul of a 1: 40 aqueous extract of

the strains shown in Fig. 1 was loaded into holes
punched by a 17-gauge needle and subjected to

electrophoresis at 120 V (about 1 mA/cm) for
200 min at 40C. The area of the precipitin peak was
proportional to the amount of antigen present, as
determined from a calibration curve made with
known amounts of antigens. This technique enabled
us accurately and reproducibly to detect 20 + 4 ng
of murine toxin or F-I. The standard error of the
measurement was 7.5%.

RESULTS

Our first goal was to find possible antigenic
differences among various isolates of Y. pestis. For
this purpose, as a preliminary screening test, we com-
pared the acrylamide gel patterns of the aqueous
extracts from 13 different strains, including some
from Java, some from South America (Exu strains), a
Y. pestoides strain, the laboratory strain A 1122, and
2 Y. pseudotuberculosis (PSTB) strains (Fig. 1).
Although the patterns are variable, the most striking
difference is in the thickness of the band marked T,
which is particularly marked in some Javanese and
Exu strains, and practically missing in the PSTB
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strains. It should be noted that this method does
not reveal the presence of F-I.

In the next experiment the protein corresponding
to the T band was isolated from the aqueous extract
of strain Java 1241 by Sephadex G-150 column
chromatography, the eluates in tubes 3843 being
collected (Fig. 2). Ninety-five percent of this com-
bined fraction corresponded to the T band of the
crude extract, and was in an identical position to the
major band of F-TI by acrylamide gel electro-
phoresis (Fig. 3).
When extracts of Java 1241, A 1122, and PSTB V

were reacted with the nonadsorbed anti-T serum,
both the toxin and F-I line were present in Java 1241
and A 1122; neither was observed in PSTB (Fig. 4)
as this organism differs from Y. pestis in lacking
thesd 2 antigens. It can also be seen that the Java
1241 toxin, and also F-II, were contaminated with
F-I and other components. The Java 1241 toxin was
immunologically identical with F-II using either the
adsorbed anti-T serum (Fig. 5a) or the monospecific
antitoxin serum of Surgalla (Fig. 5b).

After adsorption of the anti-T serum with F-I and
PSTB V it became monospecific for the murine toxin.
The immunoelectrophoretic patterns obtained with
the adsorbed and nonadsorbed antisera are com-
pared in Fig. 6.

In the next experiment the murine toxin and F-I
contents of the 15 Yersinia strains selected for this
study were quantitatively determined by electro-
immunodiffusion. This method was chosen because
of its simplicity and great sensitivity, and because
both toxin and F-I could be determined by the same
assay procedure.
The strains were grown at 28°C; it should be noted

that the F-I production is not optimum at this tem-
perature, and that it may vary significantly even with
1-2°C fluctuations. Even with this reservation the
data in Table 2 clearly indicate that the murine toxin
content and F-I content of all 15 strains are indepen-
dently variable. For instance, there is no correlation
between the values of T and the T/F-I ratios, or the
total protein content of the extract. If this is true at
different growth temperatures, Y. pestis strains could
be characterized reliably by the quantitative com-
parison of these 2 main antigenic components.
The murine toxin content of the strains studied

varied significantly, and so permitted a rough group-
ing of Y. pestis isolates. The absolute values reported
in Table 2 are probably slightly high, because our
crude toxin contains contaminating antigens that
are also assayed for in protein determinations, but

Fig. 3. Comparison of the acrylamide gel patterns of
Java 1241 extract (A); the crude Java 1241 toxin
(tubes 38-43 from the Sephadex G-1 50 column) (B);
and F-1l of Baker (C).
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Fig. 4. Immunodiffusion patterns of aqueous extracts from 3 Yersi-
nia strains. (1) Java 1241 extract; (2) A 1122 extract; (3) F-lI;
(4) F-I; (5) PSTB V extract; (6) F-I. Antiserum: nonadsorbed
anti-T serum.

Fig. 5. Immunologic comparison of the Java 1241 toxin (T) with F-Il. Left: antiserum in centre hole is the adsorbed
antiserum against the Java 1241 toxin (anti-T serum). (1 ) T; (2) F-lI; (3) T; (4) F-lI; (5) F-I; (6) peak I from the
Sephadex G-1 50 column. Right: antiserum in centre hole is the monospecific anti-murine toxin serum of Surgalla;
antigens are the same as on reft.
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Fig. 6. Immunoelectrophoretic patterns of Y. pestis extracts and crude toxins against adsorbed (A) and nonadsorbed
(B) anti-T serum. Antigens: (1 ) Java 1241 extract; (2) A 1122 extract; (3) F-Il; (4) F-I; (5) T; (6) F-Il.
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Table 2. Comparison of the murine toxin and F-I content of Y. pestis strains by electro-
immunodiffusion in cultures at 28°C

Strain Protein in extract Murine toxin (T)a F-I GStrain~ (mg/mi) (mg per mg of (mg per mg of T/F-I ratio
protein in extract) protein in extract)

Java 11 3.04 0.560 <0.005 .112

Java 6 3.64 0.445 <0.005 >89

Java 1241 4.55 0.385 0.085 4.5

Exu 5 4.08 0.350 0.160 2.2

Exu 8 4.16 0.275 0.035 7.9

Java 4 3.04 0.260 0.005 .52

Java 5 3.16 0.130 0.005 .26

Exu 12 3.60 0.090 0.180 0.50

A 1122 4.00 0.055 0.310 0.18

Java 8 3.20 0.045 .0.005 >9

Y. pestoldes 4.25 0.020 0.036 0.56

Exu 9 3.64 0.010 0.055 0.18

Java 9 3.08 <0.005 <0.005

PSTB IA 2.48 <0.005 <0.005

PSTB V 2.85 <0.005 <0.005

a The values are means determined from duplicate runs at each of 4 different dilutions. Standard
error of the assay is 7.5 %.

this problem will be eliminated by the use of a
highly purified toxin.

DISCUSSION

The aim of the work reported in this paper is to
develop a new concept of quantitative serological
typing for differentiating Y. pestis isolates, or at least
dividing them into subgroups, that will be useful to
the epidemiologist for identifying plague outbreaks
by geographic regions or possible transfers of strains
from one location to another. A simple serological
typing procedure would usefully complement present
biochemical methods, since neither of these approa-
ches alone is expected to give a positive identification
of Y. pestis strains in every case. The availability of
2 independent techniques for strain identification
would ease the work of the epidemiologist.
With Y. pestis isolates conventional qualitative

serological typing is useless since all the antigenic
components now known occur in all strains isolated
so far. For this reason only a quantitative typing,
based on variations in the amount of some key anti-
genic components, can be of value.

We have demonstrated in this paper that the
significant variation in the protein composition of
aqueous extracts of various Y. pestis strains is mainly
due to one component, identified as the murine
toxin (T). The murine toxin occurs in unusually high
quantities (up to 10% of the cellular dry weight) in
some Javanese and South American isolates, but it is
almost absent in other strains.
The amount of toxin determined by electro-

immunodiffusion was reproducibly different in the
15 isolates tested. The same was true of the F-I con-
tent, although its variation was not so great, and the
incubation temperature of 28'C was not optimal for
F-I production. The important point is that the T
and F-I contents vary randomly and independently
in these isolates, so that the probability of finding 2
different isolates with similar or identical T and F-I
contents is very small. Consequently the variation in
the quantity of these 2 antigens may characterize a
given isolate.

Evidently the independent variability of these 2
main antigenic components must be tested with a
much larger number of isolates, and the temperature
dependency of the variation, which particularly
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affects the F-I antigen, must be investigated before
the quantitative typing technique described here can
be adopted for identifying Y. pestis isolates. Closely
related to these questions is the study of the chemical
and immunochemical identity or non-identity of

murine toxins isolated from various strains, since the
findings would greatly influence the quantitative
determination of the toxin by immunological means.
Investigations of this nature are in progiess now in
our laboratory.
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RItSUMmt
DIFFERENCIATION QUANTITATIVE DE SOUCHES DE YERSINIA PESTIS D'APRtS LEUR TENEUR

EN TOXINE MURINE ET EN FRACTION I

Malgre des etudes poussees de la structure antigenique
de Yersiniapestis, on ne dispose encore d'aucune methode
efficace de typage immunologique pour differencier les
divers isolats. La raison en est I'absence de difference
qualitative entre les 18 constituants antigeniques identifies
dans les souches isol6es jusqu'ici.

L'electrophorese a permis de deceler des differences
dans le mode de repartition des proteines dans les extraits
aqueux de divers isolats de Y. pestis. Une proteine, en
particulier, a ete trouv&e en quantit6 anormalement
elevee dans certaines souches de Java et d'Amerique du
Sud, alors qu'elle etait apparemment absente dans
d'autres souches dont des souches de Y. pseudotubercu-
losis (PSTB).

Cette proteine, isolee a partir d'un extrait aqueux de la
souche Java 1241, a servi a preparer chez le lapin un
antiserum qui a ete examine en epreuve d'immuno-
diffusion en pr6sence des souches Java 1241, A 1122,

PSTB et de preparations contenant les fractions I (F-I)
et II (F-1I). Les resultats ont montre que la proteine
isolee, immunologiquement identique A F-II, etait la
toxine murine (antigene T).

On a ensuite d6termine par electro-immunodiffusion la
teneur en antigene T et F-I de 15 souches de Yersinia.
I1 est apparu que les teneurs en antigene T et en antigene
F-I variaient selon les souches mais independamment
l'une de l'autre, et qu'il n'existait aucune correlation
entre la valeur de T et le rapport T/F-I ou la quantit6
totale de proteines contenue dans un extrait.

Cette variabilite independante des deux principaux
constituants antig6niques doit etre verifi6e sur un nombre
beaucoup plus grand d'isolats. Si elle etait confirmee,
elle pourrait conduire A mettre au point une methode de
differenciation - ou, A tout le moins, de r6partition en
sous-groupes - des souches de Y. pestis.
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