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Ehrlichia risticii is the causative agent of Potomac horse fever (PHF), an acute infectious disease of horses.
In the last few years, there have been several reports of PHF cases occurring even in vaccinated horses. We
isolated a new strain of E. risticii (90-12 strain) from a vaccinated horse suffering from clinical PHF. The major
pathogenic, immunologic, and molecular differences between the 90-12 strain and the 25-D strain, which was
originally isolated during the outbreaks in 1984, were studied. The 90-12 strain was more pathogenic for mice
and horses compared with the 25-D strain. In enzyme-linked immunosorbent assay and immunofluorescence
assay with mouse and horse antisera of both the strains, two- to fourfold differences were observed between
homologous and heterologous antigens. The differences in antigen profiles were demonstrated by Western blot
(immunoblot) with mouse and horse antisera and also with the recombinant clone-specific antibodies. Though
several antigens were similar in both the strains, there were significant differences between them in the 110-,
85-, 70-, 51-, and 33-kDa antigens. The 85-kDa antigen was present only in the 90-12 strain but cross-reacted
with a 50-kDa antigen of the 25-D strain. The 51-kDa antigens of both strains had different migration patterns.
Southern blot hybridization of the genome from both the strains with DNA probes made from the 51-, 55-, and
85-kDa recombinant clones of the 90-12 strain showed a similar pattern with probes of the 51- and 55-kDa
clones for both the strains, whereas the probe of the 85-kDa clone showed a completely different pattern. The
16S rRNA gene sequences from the two strains were identical. Neither strain replicated in gamma interferon-
treated mouse peritoneal macrophages. In in vitro neutralization assay, sera from the 25-D strain-infected
horse neutralized the homologous strain but did not neutralize the 90-12 strain, whereas sera from the 90-12
strain-infected horse neutralized both the strains. In mouse protection experiments, there was complete
homologous protection. But in cross-protection, mice immunized with the 25-D strain were only partially
protected against challenge with the 90-12 strain, whereas mice immunized with the 90-12 strain were
completely protected against the 25-D strain challenge. These results clearly indicate that there are major
differences between the 90-12 and 25-D strains which may have implications regarding the vaccine failure for
PHF and the development of an efficient vaccine.

Ehrlichia risticii, a rickettsial organism, is the causative agent
of Potomac horse fever (PHF) (7, 13, 23). This disease was
initially identified in 1979 in areas along the Potomac River in
Maryland and Virginia. Since then, PHF has been recognized
in many states in the United States and in Canada. Serological
evidence also indicates the prevalence of the disease in parts of
Europe and other regions of the world (15, 30). PHF affects
horses of all ages, and the typical clinical signs include fever,
leukopenia, depression, anorexia, and diarrhea. The mortality
rate is as high as 20 to 25%. The disease occurs most commonly
during the summer months. The mode of transmission of this
disease remains unknown (15).
At present, vaccination with commercially available inacti-

vated vaccines is widely practiced, especially in areas where the
disease is endemic. In spite of this, there have been many
reports of PHF cases even in vaccinated horses. In the 1994
season alone, in a limited study in our laboratory, 20 horses
with clinical PHF were confirmed. Of these 20 horses, 16
horses had been vaccinated earlier (unpublished data). This
vaccine failure may be, in addition to other causes, due to
emergence of a variant strain(s) of the organism. In the 1990
season, a new strain (90-12 strain) of E. risticii was isolated

from a horse suffering from severe clinical PHF, even though
the horse was carrying a high titer of antibodies from previous
PHF vaccinations. The antigenic composition of this new strain
was shown to be considerably different from that of the original
strain (25-D strain) (10) isolated in 1984 (7).
This paper presents the pathogenic, immunologic, and mo-

lecular differences between the 25-D and 90-12 strains of E.
risticii and demonstrates the difference in neutralization char-
acteristics between them.

MATERIALS AND METHODS

E. risticii strains. The 25-D and 90-12 strains of E. risticii were propagated in
mouse macrophage (MM) cell line P388D1 (American Type Culture Collection)
or human histiocyte cell line U937 (American Type Culture Collection) with
RPMI 1640 medium supplemented with 10% fetal bovine serum and 4 mM
L-glutamine. Organisms grown in human histiocyte cells were purified by the
Renografin density gradient method as described previously (9) for preparing
antigens for use in enzyme-linked immunosorbent assay (ELISA) and also for
DNA extraction. For immunofluorescence assay (IFA), and for experimental
infection of mice and horses, organisms grown in MM cells were used. The
growth of E. risticii in cell culture was monitored by observing acridine orange-
stained smears under a UV microscope.
Cell-free E. risticii organisms were prepared from the infected MM cell cul-

tures. Three days after the infection when more than 50% of the cells showed
infection, the cells from five T150 flasks were pooled (150 ml) and centrifuged at
500 3 g for 10 min. The supernatant was saved, and the pellet was resuspended
in 30 ml of RPMI 1640 medium and homogenized in a Sorvall Omni mixer. The
homogenate was centrifuged at 500 3 g for 10 min, and the supernatant was
collected and pooled with the supernatant from the earlier centrifugation. The
pooled supernatant was centrifuged at 17,000 3 g for 30 min, and the pellet
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containing the cell-free ehrlichiae was resuspended in 6 ml of cryopreservative
medium with 7.5% dimethyl sulfoxide and 15% fetal bovine serum. Aliquots of
1 ml of this cell-free E. risticii preparation were stored in liquid nitrogen until
used.
Experimental infection of mice and horses. Two groups of 35 3-week-old CF1

mice (Harlan Sprague-Dawley, Inc., Indianapolis, Ind.) were inoculated, intra-
peritoneally, with 105 E. risticii-infected MM cells of the 25-D and 90-12 strains.
The 25-D strain-infected MM cells had a 40% and the 90-12 strain-infected cells
had a 35% infected cell population. A third group of 30 mice was kept as an
uninoculated control. All mice were observed for 3 weeks for clinical signs and
mortality. The severity of the clinical infection was scored on a scale of 1 to 3
based on the clinical signs of ruffled hair, hunched back, squinty eyes, and
lethargy while the moribund state was scored as 4. Two mice from each group
were sacrificed for collecting sera on days 9, 14, and 21 postinfection (p.i.). The
recovered mice from the two infected groups were used in the challenge infection
study (described below). At the time of challenge infection, six mice from the
uninoculated group were inoculated with 1.5 3 106 E. risticii-infected MM cells
of each of the two strains, having an infected cell population of 40 and 35% for
the 25-D and 90-12 strains, respectively. The mice were observed for 3 weeks for
clinical signs, which were scored as described above, and for mortality. These
mice served as positive controls in the challenge infection study.
Two horses, free of antibodies against the two strains of E. risticii as shown by

IFA and their mononuclear cells negative for E. risticii DNA as shown by PCR
(3), were experimentally infected intravenously with 5 3 107 E. risticii-infected
MM cells for each strain. One horse was used for each strain. The cell culture
materials of the two strains were the same as those used for mouse inoculation.
The horses were monitored for clinical signs of a rise in body temperature,
leukopenia, anorexia, depression and diarrhea, both in severity and in duration.
Serum samples were collected at weekly intervals p.i. from both horses.
Serological methods and Western blotting (immunoblotting). ELISA and IFA

were performed according to the procedure described previously (7, 9). Various
dilutions of horse and pooled mice antiserum samples, collected at different time
intervals p.i. for each strain, were tested against the antigen of the same strain
(homologous) and also against antigen of the other strain (heterologous) in both
ELISA and IFA.
Western blotting was performed according to the procedure described previ-

ously (25) with mouse and horse sera collected at 3 and 6 weeks p.i., respectively.
Western blotting was also performed with the specific recombinant clone-specific
antibodies prepared by eluting the absorbed rabbit anti-ER 90-12 antibodies
from a nitrocellulose membrane containing the recombinant lZAP phage ex-
pressing the E. risticii antigens according to the previously described procedure
(11).
Southern blotting. Southern blotting was done with the genomic DNA of both

the strains and the probes made from the inserts of lZAP clones expressing the
85-, 55-, and 51-kDa antigens of the 90-12 strain by the previously described
procedure (11). The DNA of each strain was extracted from the Renografin-
purified organisms as described earlier (12). The probes were prepared by ran-
domly labelling the inserts in the presence of [32P]dCTP. The genomic DNA was
digested with the restriction enzymes EcoRI, HindIII, and Sau3AI. The digested
fragments were separated on a 1% agarose gel and transferred onto a nylon
membrane according to standard procedures. The membrane was hybridized
with the 32P-labelled probe and exposed to an X-ray film. After each hybridiza-
tion, the membrane-bound probe was removed by boiling in 1 M NaOH for 30
min and then reused for hybridizing another probe.
16S rRNA gene amplification and sequencing. The 16S rRNA genes of the two

E. risticii strains were amplified by PCR from the infected cell culture materials
with the universal primer pair EC 9 and EC 12 (1). The infected cell culture
material was processed for PCR as previously described (3). The PCR was
performed in a 50-ml volume with the previously described reaction conditions
and amplification parameters (3). The amplified products (;1,450 bp) were
cloned in a pCR II vector with the TA cloning system (Invitrogen, Inc.), and the
inserts were sequenced with a Sequenase T7 DNA polymerase kit (United States
Biochemical, Cleveland, Ohio).
Gamma interferon (IFN-g) sensitivity. The sensitivity of the E. risticii strains

in interferon-treated mouse peritoneal macrophages was tested according to
published procedures (20). To obtain peritoneal macrophages, 8- to 10-week-old
male CF1 mice were injected intraperitoneally with 1 ml of 5% thioglycolate
broth (Difco Laboratories, Detroit, Mich.). After 5 days, the mice were euthana-
tized by cervical dislocation, and peritoneal cells were collected following intra-
peritoneal infusion of 10 ml of sterile phosphate-buffered saline. The cells were
centrifuged at 500 3 g for 5 min and resuspended at 1.2 3 106 cells per ml in
RPMI 1640 medium containing 10% fetal bovine serum, 4 mM L-glutamine, and
1% antibiotic-antimycotic mixture. The cells were dispensed in a Lab-Tek eight-
chamber slide (Nunc, Inc., Naperville, Ill.), 0.5 ml per chamber, and incubated at
378C in a 5% CO2 incubator. After 24 h, the nonadherent cells were removed by
washing twice with RPMI 1640 medium. One hundred microliters of thawed,
cell-free E. risticii suspension was placed onto the monolayer of mouse peritoneal
macrophages in each chamber and incubated at 378C. After 3 h, the inoculum
from each chamber was removed and 0.5 ml of fresh media containing different
concentrations of recombinant murine IFN-g (rMuIFN-g; Genzyme Corpora-
tion, Boston, Mass.) was added and incubated at 378C for 5 days. Infection of the

cells was determined by staining the cells with acridine orange. Experiments were
performed with triplicate samples.
In vitro neutralization assay. In vitro neutralization of E. risticii with horse

sera was performed according to the published procedure (24) with some mod-
ifications. One hundred microliters of horse sera was mixed with 100 ml of
cell-free E. risticii suspension and incubated at 378C. After 1 h, the mixtures were
transferred to each chamber of the Lab-Tek eight-chamber slide containing
1-day-old MM cells. Following 3 h of incubation at 378C, the chambers were
washed twice with RPMI 1640 medium to remove the unbound E. risticii organ-
isms and 0.5 ml of fresh medium was added to each chamber. The chamber slides
were then incubated for 5 days at 378C, and the infection was monitored by
staining the cells with acridine orange and observing them under a UV micro-
scope. Experiments were performed with triplicate samples.
Mouse immunization and challenge infection. The recovered mice from ex-

perimental infection with 105 E. risticii-infected MM cells of each strain (de-
scribed for the infection experiment) were challenge infected on day 30 p.i. with
1.5 3 106 E. risticii-infected MM cells of either of the two strains. The infected
cell population for the 25-D strain and 90-12 strain was 40 and 35%, respectively.
Mice from each of the two recovered groups were divided into three subgroups
of six mice each. One subgroup was inoculated with the homologous strain, the
second subgroup was inoculated with the heterologous strain, and the third
subgroup was kept as an unchallenged control. The uninoculated group of mice
was similarly divided into three subgroups of six mice each, two subgroups were
infected with the 25-D and 90-12 strains as positive controls (as mentioned for
the infection experiment), and the third subgroup was kept as an uninoculated
negative control. The mice were observed for 3 weeks for clinical signs, which
were scored as described above, and for mortality.

RESULTS

Pathogenicity in mice. The 90-12 strain was more pathogenic
for mice than the 25-D strain, and in both cases, the severity of
the disease is dose related. The 25-D strain did not cause any
mortality with either a 1 3 105- or a 1.5 3 106-infected-cell
inoculum, but the 90-12 strain caused mortality with both con-
centrations of the cell inoculum. With a 1.5 3 106-cell inocu-
lum, the 90-12 strain caused 100% morbidity by day 6 p.i. and
83% mortality by day 12 p.i., whereas the 25-D strain caused
100%morbidity by 8 days p.i., but without any mortality (Table
1).
Pathogenicity in horses. A significant difference in pathoge-

nicity was observed between the two horses infected with each
strain. The horse infected with the 90-12 strain had a fever for
7 days, from day 6 to day 12 p.i. with a peak temperature of

TABLE 1. Experimental infection of mice with the 25-D
and 90-12 strains of E. risticii

Days
p.i.

% Clinical infection (% mortality)a

25-D strain 90-12 strain

1 3 105-cell
inoculum
(35 mice)

1.5 3 106-cell
inoculum
(6 mice)

1 3 105-cell
inoculum
(35 mice)

1.5 3 106-cell
inoculum
(6 mice)

4 0 (0) 0 (0)
5 16 (0) 66 (0)
6 16 (0) 100 (0)
7 10 (0) 66 (0) 0 (0) 100 (0)
8 12 (0) 100 (0) 37 (0) 100 (16)
9 12 (0) 100 (0) 55 (0) 100 (50)
10 100 (0) 100 (0) 100 (0) 100 (50)
11 100 (0) 83 (0) 100 (3) 100 (66)
12 100 (0) 83 (0) 100 (11) 100 (83)
13 82 (0) 83 (0) 97 (14) 100 (83)
14 14 (0) 66 (0) 88 (14) 100 (83)
15 0 (0) 66 (0) 46 (14) 100 (83)
16 16 (0) 100 (83)
17 0 (0) 83 (83)
21 0 (0) 3 (14)

a Percent clinical infection represents the percentage of sick mice in a group on
a particular day p.i., and percent mortality represents the accumulative percent-
age of dead mice in a group on the given days p.i.
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103.88F on day 10 p.i. The typical biphasic fever was not ob-
served in this horse. Diarrhea lasted for 10 days and was
profuse and watery for 6 days (day 11 to day 16 p.i.). The horse
was severely depressed and anorectic for 7 days, so much so
that supportive fluid therapy had to be administered twice
during the course of infection. The horse infected with the
25-D strain suffered a milder disease. The first rise in body
temperature occurred on day 6 p.i., and second fever lasted for
6 days from days 10 to 15 p.i. with a peak temperature of
102.88F on day 11 p.i. The horse had soft feces for 5 days and
diarrhea for 1 day, on day 17 p.i. The horse was mildly de-
pressed for 1 day but continued to consume feed throughout
the course of the disease.
Antigenic differences. The antibody titers of sera by IFA and

ELISA showed a difference of two- to fourfold between the
homologous and the heterologous antigens. The difference was
more pronounced with early mice antisera of day 9 p.i. and
horse antisera of 1 week p.i. (Tables 2 and 3).
Difference in antigenic composition. The Western blot anti-

genic profile of the 90-12 strain differed considerably from that
of the 25-D strain with both mouse (Fig. 1) and horse (Fig. 2)
antisera. Though several major antigens, namely, the 68-, 49-,
and 28-kDa antigens, are similar in both the strains, there are
several differences. The main differences between them are as
follows: (i) the 85-kDa antigen is present only in the 90-12
strain but reacts with the 25-D strain antisera; (ii) the 55- and
51-kDa antigen bands in the 90-12 strain migrate close to-
gether (labelled 55/51-kDa band), whereas in the 25-D strain
they are well separated; and (iii) the 33-kDa antigen band of
each strain shows less color intensity with the heterologous
antisera compared with homologous antisera. Additionally, an-
tisera from mice infected with the 25-D strain reacted with the

110- and 70-kDa antigens of the 25-D strain. These two anti-
gens are not present in the 90-12 strain, and also they did not
react with the 90-12 strain antisera.
In Western blotting, the recombinant clone-specific antibod-

ies of the 55-kDa antigen of the 90-12 strain reacted with the
same-molecular-mass proteins in both the strains, whereas the
51-kDa clone-specific antibodies of the 90-12 strain reacted
with the 51-kDa antigen of the 25-D strain and the 51-kDa part
of the 55/51-kDa antigen band of the 90-12 strain. The clone-
specific antibodies of the 85-kDa antigen of the 90-12 strain
reacted with the same-molecular-mass protein of the 90-12
strain but with a 50-kDa antigen of the 25-D strain (Fig. 3),
indicating that these two antigens are counterparts of their
respective strains. In Western blots developed with polyclonal
sera, 50-kDa antigen of the 25-D strain is not distinguishable as
a separate band, as it overlaps with the 51-kDa antigen band.
Genomic differences. In Southern blotting, the probes made

with the inserts of the 55- and 51-kDa recombinant clones of
the 90-12 strain hybridized with the same-size fragments in
each of the three restriction enzyme digests of both strains.
The 85-kDa probe of the 90-12 strain hybridized with different-
size fragments in each of the restriction enzyme digests for
both strains (Fig. 4). The 25-D strain showed a low-intensity
hybridization signal with all the probes.
16S rRNA gene sequences. The nucleotide sequences of the

16S rRNA genes of the two strains were identical to the pre-
viously described sequence of the ATCC strain of E. risticii
(GenBank accession no. M21290).
Interferon sensitivity. The rMuIFN-g treatment made the

thioglycolate-induced mouse peritoneal macrophages refrac-
tory to infection with either of the strains (data not shown). At
a 10-U/ml concentration of rMuIFN-g, there was incomplete

TABLE 2. Difference in antibody titers between homologous and heterologous reactions with the mouse
antisera against the two strains of E. risticii

E. risticii strain/
antiserum

ELISA IFA

9-day-p.i. serum 14-day-p.i. serum 21-day-p.i. serum 21-day-p.i. serum

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

90-12/90-12 12,800 4-fold 25,600 2-fold 51,200 2-fold 4,800 2-fold
90-12/25-D 3,200 12,800 25,600 2,400
25-D/25-D 12,800 4-fold 25,600 4-fold 102,400 4-fold 4,800 2-fold
25-D/90-12 3,200 6,400 25,600 2,400

a The titers are expressed as reciprocal of serum dilution.

TABLE 3. Difference in ELISA and IFA antibody titers between homologous and heterologous reactions
with horse antisera against the two strains of E. risticii

Assay and
E. risticii strain/
antiserum

1-wk-p.i. serum 2-wk-p.i. serum 3-wk-p.i. serum 4-wk-p.i. serum 5-wk-p.i. serum 6-wk-p.i. serum

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

Antibody
titera

Difference
in titer

ELISA
25-D/90-12 1,600 4-fold 6,400 2-fold 12,800 2-fold 25,600 2-fold 51,200 2-fold 51,200 2-fold
90-12/90-12 6,400 12,800 25,600 51,200 102,400 102,400
25-D/25-D 6,400 4-fold 12,800 2-fold 25,600 2-fold 51,200 2-fold 102,400 2-fold 51,200 2-fold
90-12/25-D 1,600 6,400 12,800 25,600 51,200 25,600

IFA
25-D/90-12 320 2-fold 320 2-fold 640 2-fold 1,280 2-fold 1,280 2-fold
90-12/90-12 640 640 1,280 2,560 2,560
25-D/25-D 320 2-fold 640 2-fold 1,280 2-fold 2,560 2-fold 1,280 2-fold
90-12/25-D 160 320 640 1,280 640

a The titers are expressed as reciprocal of serum dilution.
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(95%) inhibition of E. risticii infection, whereas at 25- and
100-U/ml concentrations there was complete inhibition of E.
risticii replication. When added after 3 days p.i., rMuIFN-g at
all concentrations (10, 25, and 100 U/ml) did not affect the E.
risticii infection (data not shown).

In vitro neutralization. The first-week-p.i. sera from both of
the horses did not show any neutralization activity. The sec-
ond-, third-, fourth-, fifth-, and sixth-week-p.i. sera from the
horse infected with the 90-12 strain showed complete neutral-
ization (more than 90% of inhibition) of both the 25-D and
90-12 strains. The 2-week-p.i. sera from the 25-D-infected
horse showed 80% inhibition of the 25-D strain, and the third-,
fourth-, fifth-, and sixth-week-p.i. sera from this horse com-
pletely neutralized the 25-D strain. None of the serum samples
from this horse neutralized the 90-12 strain (Table 4).
Mouse immunoprotection. There was complete homologous

immunoprotection with both the strains. In cross-challenge,
the 90-12 strain-immunized mice were completely protected
against 25-D strain challenge, whereas the 25-D strain-immu-
nized mice were only partially protected against the challenge
with the 90-12 strain. These mice showed mild clinical signs
during the early period after challenge infection, and the per-
centage of infected mice was low. There was no mortality
(Table 5).

DISCUSSION

Studies presented in this paper clearly demonstrate the ma-
jor differences between the two strains of E. risticii. The ob-
servation that the 90-12 strain is highly pathogenic in mice as
well as in horses in conjunction with the fact that this strain was
isolated from a sick horse with PHF even though that horse
received two vaccinations against PHF emphasizes the impor-
tance of this variant strain’s role in the occurrence of clinical
PHF. Also, the comparative mouse and horse infection studies
suggest that the 90-12 strain is more pathogenic than the 25-D

FIG. 1. Western blot profiles of the two E. risticii strains with mouse antisera.
The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)-sepa-
rated antigens of the 25-D strain (lanes 1) and the 90-12 strain (lanes 2) were reacted
with sera from the 25-D strain-infected mice (A) and 90-12 strain-infected mice (B).
The numbers indicate approximate molecular masses in kilodaltons.

FIG. 2. Western blot profiles of the twoE. risticii strains with horse antisera. The
SDS-PAGE-separated antigens of the 25-D strain (lanes 1) and 90-12 strain (lanes
2) were reacted with sera from the 25-D strain-infected horse (A) and 90-12 strain-
infected horse (B). The numbers indicate approximate molecular masses in kilodaltons.

FIG. 3. Western blot reactivities of the recombinant clone-specific antibodies
with antigens of the two E. risticii strains. Lanes 1 contain the antigens from the
25-D strain of E. risticii, and lanes 2 contain the antigens from the 90-12 strain of
E. risticii. Blots in panels A, B, and C were reacted with the 55-, 51-, and 85-kDa
recombinant clone-specific antibodies of the 90-12 strain, respectively. The blot
in panel D was reacted with antiserum from mice infected with the 90-12 strain.
In panel B, the recombinant clone-specific antibodies also reacted with a high-
molecular-weight and a low-molecular-weight protein in both the strains. Num-
bers at right are molecular masses in kilodaltons.
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strain. Although the pathogenicity in horses seems to parallel
the differences in pathogenicity in mice, these results must be
reproduced with more horses to confirm the higher pathoge-
nicity of the 90-12 strain. It should be mentioned that there was
a difference in the number of cell culture passages between the
two strains at the time of inoculation: the 25-D strain had 30
cell culture passages whereas the 90-12 strain had only 20. But
to date, to the best of our knowledge, there is no report of a

decrease in pathogenicity due to increased cell culture pas-
sages for rickettsial organisms. Also, even at low passage num-
ber, the 25-D strain showed the same extent of less pathoge-
nicity in our previous mouse experiments as observed in the
present study (unpublished data). Thus, in this study, the dif-
ference in cell culture passage number between the two strains
probably had no influence on the pathogenicity of the organ-
isms.
The difference in antibody titers between the homologous

and heterologous systems indicates an antigenic difference be-
tween the two strains. This antigenic difference was further
substantiated from the Western blot profiles. The 85-kDa an-
tigen of the 90-12 strain and its counterpart, the 50-kDa anti-
gen of the 25-D strain, were very different in their sizes and
also in their gene sequences as indicated by the Southern blot
results (Fig. 3 and 4). In the case of the 51-kDa antigen, though
the Western blotting with clone-specific antibody showed a size
difference in the proteins, the Southern blot did not show any
difference in the hybridization pattern. This can possibly be
explained in two different ways: the insert used as the probe
may be in the invariable region of the gene or the size differ-
ence in the protein may be due to posttranslational modifica-
tions, like proteolytic cleavages. In Southern blotting, the low
intensity of the hybridization signal for the 55- and 51-kDa
probes in the 25-D strain was due to a lesser amount of DNA,
but not due to a difference in nucleotide sequences, which we
at present know, whereas in the 85-kDa antigen gene of the
90-12 strain and its corresponding 50-kDa antigen gene of the
25-D strain there is considerable sequence variation (4).
Sequence comparison of 16S rRNA genes is the frequently

used method for determining the phylogenetic relationships of
prokaryotic organisms (19). Differences in the 16S rRNA gene
sequences of different strains of the same species of rickettsial
organisms vary from 0 to 0.1% (1, 26). The absence of nucle-
otide sequence difference in 16S rRNA genes of the two E.
risticii strains indicates that these two strains are very closely
related, and the observed differences are most likely due to
changes in the important antigens involved in the pathogenic-
ity and immune response.

FIG. 4. Southern blot profiles of genomic DNA of the two E. risticii strains
with probes of recombinant clones expressing the 90-12 strain antigens. The
genomic DNA of the 25-D strain (lanes 1) and 90-12 strain (lanes 2) was digested
with EcoRI (E), HindIII (H), and Sau3AI (S) and hybridized with probes made
from the 90-12 strain clones expressing the 85-kDa antigen (A), 55-kDa antigen
(B), and 51-kDa antigen (C). Lane MW contains the molecular size markers, and
the numbers indicate the molecular size in kilobase pairs.

TABLE 4. In vitro neutralization of the two strains of E. risticii
by the sera from experimentally infected horses

Serum

90-12 strain 25-D strain

%
Infectiona

%
Inhibitionb

%
Infectiona

%
Inhibitionb

Normal serum 88 6 5 86 6 4
Anti-90-12
1 wk p.i. 956 2 0 91.3 6 1.9 0
2 wk p.i. 6.96 1.7 92 7.9 6 2.2 90
3 wk p.i. 9.36 2.1 89 6.2 6 2.7 92
4 wk p.i. 5.16 1.9 94 7.3 6 1.7 91
5 wk p.i. 2.46 3.1 97 4.2 6 3.4 93
6 wk p.i. 3.56 2.7 96 5.3 6 2.6 93

Anti-25-D
1 wk p.i. 89.76 4.1 0 94.1 6 2.1 0
2 wk p.i. 90.26 1.4 0 1.7 6 4.9 80
3 wk p.i. 93.16 1.4 0 2.8 6 1.8 96
4 wk p.i. 90.76 3.0 0 4.7 6 1.4 94
5 wk p.i. 78.86 5.2 10c 3.2 6 2.4 96
6 wk p.i. 84.36 4.9 4c 3.9 6 2.8 95

a Expressed as a mean 6 the standard deviation (n 5 3).
b% inhibition 5 (mean percent infected cells with normal serum 2 mean

percent infected cells with antiserum)/(mean percent infected cells with normal
serum) 3 100.
c The mean percent infection values in these assays and that of normal serum

control were not significantly different by analysis of variance (P . 0.1), and the
calculated percent inhibition values were considered to be not significant.

TABLE 5. Homologous and heterologous immunoprotectivity
between the 25-D and 90-12 strains of E. risticii in mice

Day
p.i.

% Clinical infection (% mortality)a

25-D strain challenge infection 90-12 strain challenge infection

Unimmu-
nized

25-D
strain im-
munized

90-12
strain im-
munized

Unimmu-
nized

25-D
strain im-
munized

90-12
strain im-
munized

4 0 (0) 0 0 0 (0) 0 (0) 0
5 16 (0) 0 0 66 (0) 16 (0) 0
6 16 (0) 0 0 100 (0) 50 (0) 0
7 66 (0) 0 0 100 (0) 50 (0) 0
8 100 (0) 0 0 100 (0) 50 (0) 0
9 100 (0) 0 0 100 (50) 66 (0) 0
10 100 (0) 0 0 100 (50) 50 (0) 0
11 83 (0) 0 0 100 (66) 16 (0) 0
12 83 (0) 0 0 100 (83) 16 (0) 0
13 83 (0) 0 0 100 (83) 16 (0) 0
14 66 (0) 0 0 100 (83) 0 (0) 0
15 66 (0) 0 0 100 (83) 0 (0) 0
16 16 (0) 0 0 100 (83) 0 (0) 0
17 0 (0) 0 0 83 (83) 0 (0) 0

a Percent clinical infection represents the percentage of sick mice in a group on
the particular day p.i., and percent mortality represents the accumulative per-
centage of dead mice in a group on the given days p.i. Six mice were used in each
group.
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rMuIFN-g has been shown to inhibit the growth of many
facultative and obligate intracellular bacteria in macrophages
(2, 5, 14, 17, 27). Inhibition of E. risticii infection in mouse
peritoneal macrophages by rMuIFN-g has been shown previ-
ously (20, 21). The presence of IFN-g-resistant strains has been
documented in Rickettsia prowazekii (28, 29). Though it is pos-
sible that IFN-g-resistant strains of E. risticii are present in
nature, our study with the two strains did not show any differ-
ence in their sensitivity to rMuIFN-g.
Evidence, including passive protection of mice with horse

antisera (24) and purified immunoglobulin G from mouse an-
tisera (16), and the fact that horses develop neutralizing anti-
bodies to E. risticii after infection (24), strongly suggests that
humoral immunity plays a major role in host defense against
PHF. The in vitro neutralization of E. risticii organisms by the
anti-E. risticii horse serum was shown to be due to the specific
interaction between the surface-exposed antigen(s) of the or-
ganism and the immunoglobulin G antibodies (18). In neutral-
ization assays, the 25-D strain-infected horse sera neutralized
the homologous strain but did not neutralize the 90-12 strain,
whereas 90-12 strain-infected horse sera neutralized both the
90-12 and 25-D strains. This one-way cross-neutralization is an
important difference between the two strains, and the reason
for this difference can be understood only after the antigen(s)
of E. risticii involved in the neutralization process is identified
and characterized. The specificity of neutralizing characteris-
tics of the 90-12 strain indicates a significant role for variant
strains in causing clinical PHF in vaccinated horses. In Western
blotting, the 25-D strain-infected horse sera reacted with all of
the major antigens of the 90-12 strain, and there was no dif-
ference between the 90-12 strain Western blots developed with
anti-25-D strain horse sera or anti-90-12 strain horse sera (Fig.
2). This observation, in conjunction with the one-way cross-
neutralization, suggests that a certain epitope(s), but not a
unique antigen, is involved in the neutralization process and
that the difference in this epitope(s) may be responsible for the
one-way cross-neutralization.
In cross-protection experiments, mice immunized with the

25-D strain were only partially protected against challenge with
the 90-12 strain, whereas mice immunized with the 90-12 strain
were completely protected against the 25-D strain challenge.
This result can be correlated with the result of in vitro cross-
neutralization assays. The lack of complete protection of the
25-D strain-immunized mice against the 90-12 strain challenge
may be due to the absence of neutralizing antibodies against
the challenging 90-12 strain at the time of infection. Perhaps
infection in these mice was established during the early period
of challenge infection, but it did not develop to a full infection
because of the host’s cell-mediated immunity response and
subsequent humoral response to the challenging E. risticii
strain.
Strain variation in E. risticii is not unexpected as the exis-

tence of different strains has already been clearly established in
other rickettsial organisms (31). Recently, biological diversity
of nine clinical isolates of E. risticii was reported (6). Until
recently, our knowledge about the molecular biology and im-
mune responses of E. risticii was restricted to the original
isolates from different laboratories, and we do not know
whether there is any variation in the pathogenicity and immu-
noprotectivity level between these isolates. In Rickettsia tsut-
sugamushi, it was shown that immunity against heterologous
strains is short lived compared with that against the homolo-
gous strain (22). Similar differences in the immune response
may also be present in E. risticii strains as well. A systematic
comparison among all the presently available isolates from
different geographical regions would be helpful in understand-

ing the extent of variation in E. risticii and its implication in
vaccine failure. Identification of different strains involved in
the field cases and studies concerning their cross-immunopro-
tectivities are very important for the development of an effi-
cient vaccine(s) for PHF.
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