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Six strains of Rickettsia prowazekii, two derived from human infections and
four isolated from flying squirrels, two strains of R. typhi, and the single available
strain of R. canada, were characterized by several biochemical procedures. The
electrophoretic patterns on polyacrylamide gels of rickettsial proteins solubilized
by sodium dodecyl sulfate revealed several species differences, but strains of the
same species appeared to have identical patterns. Cytoplasmic fractions of the
rickettsiae were examined for enzymatic activities and for polyacrylamide gel
isoelectric focusing patterns. Some species differences were encountered in the
activities or ratios of activities of glutamate-oxaloacetate transaminase, glutamate
dehydrogenase, and malate dehydrogenase. When polyacrylamide gels were
stained for malate dehydrogenase after electrophoresis, a single band became
apparent with single extracts or mixtures of two strains of R. prowazekii, but
two bands were seen with mixtures of a strain of R. prowazekii and one of R.
typhi. The isoelectric focusing patterns of the soluble proteins revealed numerous
species differences, especially between R. canada and the other two species, and
a few differences among the strains of R. prowazekii. The patterns of the two
human strains, Breinl and ER, differed in at least one location, and both differed
from the flying squirrel strains in the displacement of one band. One of the
flying squirrel strains, GvF-16, contained a protein band not seen in the other
five strains. Despite these minor differences, a striking similarity was revealed
by all the biochemical tests performed between the R. prowazekii strains of
human and flying squirrel origin.

Until very recently, it has been difficult to
characterize species and strain variation within
the typhus group of rickettsiae, which include
Rickettsiaprowazekii, R. typhi, and R. canada.
The primary difficulty has been that these un-
stable, obligately intracellular bacteria are not
amenable, as are many other bacteria, to com-
parison by the numerous biochemical tests that
require growth on differential media. Typhus
rickettsiae are classified on the basis of relatively
small differences in antigenic specificity (18).
The immunogenicity and antigenic properties of
strains of each species of R. typhi or R. prowa-
zekii appear to be completely homogeneous by
all the tests that have been performed, but com-
parisons of strains by sensitive immunoelectro-

niques have not been reported. Many biological
properties such as plaque type and antibiotic
sensitivity are inadequate to distinguish even
the species (27). Although other biological prop-
erties, most notably virulence for chicken em-
bryos, laboratory animals, or man, do differ sub-

stantially between strains (23), the stability of
this trait and its relationship to passage level in
a particular host has been subject to some con-
troversy (2, 13, 14). The biochemical basis of the
differences in virulence remains obscure. Studies
on variation in growth characteristics of rickett-
sial strains in primary or continuous cell lines or
macrophages (11, 26) and the relationship of
these parameters to their virulence (11) show
promise. However, the value ofthese approaches
for extensive strain characterization in the ty-
phus group of rickettsiae has not yet been dem-
onstrated.

In the last decade, numerous biochemical
methods have been developed for directly com-
paring species and strains of bacteria, particu-
larly the nutritionally fastidious mycoplasma (7,
20). These principally include specific zymogram
techniques for enzymes that have been sepa-
rated by electrophoresis on starch or polyacryl-
amide gels (3, 21), the comparison of the protein
patterns of whole cells or various envelope frac-
tions obtained by sodium dodecyl sulfate (SDS)-
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polyacrylamide gel electrophoresis (PAGE) (1,
7), or isoelectric focusing (20), and the compari-
son of relative activities of specific enzymes (12).
Although several distinct differences have been
demonstrated in the profiles of the proteins of
highly purified R. typhi, R. prowazekii, and R.
canada on neutral SDS-gels (9, 19), too few
strains oftyphus rickettsiae have been compared
to determine the extent of such differences
within each species.
The recent unexpected isolation of strains of

R. prowazekii from flying squirrels, Glaucomys
volans volans, in the Eastern United States (4,
5) provided the impetus for our present efforts
to assess the extent of strain variation in typhus
group rickettsiae. We recently reported (27) that
the biological properties of these strains, viru-
lence for chicken embryos, plaque type, eryth-
romycin susceptibility, capacity to catabolize
glutamate but not glucose, and capacity to hem-
olyze erythrocytes, clearly place these strains in
the typhus group of rickettsiae. However, little
evidence as to rickettsial species or strain type
could be obtained with these parameters. We
report here the application of a variety of bio-
chemical methods for distinguishing the species
of typhus group rickettsiae. By isoelectric focus-
ing of soluble protein extracts of the rickettsiae
in polyacrylamide gels, we have also demon-
strated distinctive biochemical differences be-
tween strains of R. prowazekii of both human
and flying squirrel origin.

MATERIALS AND METHODS
Rickettsial strains. The origin, passage histories,

and biological characteristics of each strain have been
described previously in detail (27). The Breinl and
ER strains of R. prowazekii were of human origin,
while the strains obtained from flying squirrels, G.
volans, were collected in Virginia (GvV-250, GvV-257)
and Florida (GvF-12, GvF-16). The ATCC VR 738
strain of R. typhi was isolated from a rat, and the
Wilmington strain was from a human case of murine
typhus.

Purification of rickettsiae and preparation of
extracts. Seeds and pools of the rickettsiae were
prepared from infected yolk sacs of embryonated
chicken eggs as described previously (24). Only rick-
ettsial suspensions purified from frozen pools of yolk
sacs by two cycles of Renografin density centrifugation
and filtration through a glass filter (Millipore AP-20;
Millipore Corp., Bedford, Mass.) were used in these
studies (8). Samples (0.05-ml volume) of the purified
rickettsiae (50 yg of protein per sample estimated from
the optical density at 420 nm) in K36 buffer were
frozen at -70°C until used in SDS-PAGE. Extracts
were prepared in 0.04 M KPO4 buffer, pH 7.2, as
described previously (8) and stored at -70°C until
used. Protein determinations were made by the pro-
cedure of Lowry et al. (16).
Enzyme assays. All assays used the methods of

Coolbaugh et al. (6). Frozen soluble rickettsial extracts
(0.3 to 2.0 mg of protein/ml) essentially free of cell
membranes (supernatant fluid after centrifugation at
80,000 x g for 1 h) were used in all cases. Consequently,
the activities reported previously with crude extracts
containing cell membranes (6) are not necessarily com-
parable to those reported here.
PAGE. Thawed and undialyzed soluble rickettsial

extracts were electrophoresed on 7.5% Davis disc gels
and stained for malate dehydrogenase (MDH) activity
as described previously (8). Thawed samples of whole
cells (50 ,ug of protein) were solubilized in Laemmli's
sample buffer (15) by boiling for 3 min, and the protein
was electrophoresed on 10% neutral SDS-disc gels
(22). SDS-solubilized whole-cell proteins were also
separated on 3 to 30% polyacrylamide gradient pore
disc gels according to Esposito and Obijeski (10). Den-
sitometric scans of polyacrylamide disc gels were made
at 550 nm with a Beckman Acta III spectrophotometer
equipped with a gel scanner.

Isoelectric focusing. Slab gels (2 by 125 by 260
mm) were made using ampholines (pH 3.5 to 9.5 range,
LKB Instruments) according to the direction of the
LKB instruction manual, except that the final ribo-
flavin concentration was increased to 3.7 jig/ml. Just
before use in isoelectric focusing, the soluble rickettsial
extracts were concentrated with B-15 Minicon concen-
trators (Amicon Corp., Lexington, Mass.) to approxi-
mately 5 to 10 mg of protein per ml. Samples (20 pi
containing 100 to 200 ,ug of protein) were placed on
squares (9 by 9 mm) of Whatman no. 4 qualitative
filter paper and placed 0.5 cm from the anode and 1
mm apart. Voltage was held constant and increased at
10-min intervals in 100-V increments from an initial
voltage of 100 V until 700 V had been maintained. The
sample papers were then removed, and electrophoresis
was continued for 10 min at 800 V and finally at 1,000
V for an additional 40 min. A circulating bath at 4°C
was used to maintain the cooling plate of the LKB
Multiphor at less than 10°C during the isoelectric
focusing procedure. At the completion of focusing, 1-
cm2 sections of gel were cut along the length of the gel
and eluted overnight in 1 ml of water in capped tubes,
and the pH profile of the gel was determined at 25°C.
The gels were fixed in 25% trichloroacetic acid for

1 h with one change of acid at 30 min. The trichloro-
acetic acid was removed by a wash in destaining fluid
(see below) for 30 min. The gels were stained for 4 to
12 h in 0.2% Coomassie brilliant blue in an ethanol-
water-acetic acid mixture (9:9:1) and destained by
diffusion in ethanol-acetic acid-water (3:1:8) until the
background stain was removed. Precipitated stain on
the gel surface could be readily removed by gentle
scraping with the wood end of a cotton swab.

RESULTS

SDS-PAGE patterns of rickettsial pro-
teins. Proteins solubilized from Renografin-pur-
ified whole cells of nine strains of typhus rick-
ettsiae were compared by electrophoresis in neu-
tral 10% SDS-polyacrylamide gels (Fig. 1). The
electrophoretic patterns of the proteins were
highly reproducible, whether the same extract
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FIG. 1. SDS-PAGE patterns of solubilized proteins from whole cells of rickettsial strains. Electrophoresis
was from right (cathode) to left (anode). Abbreviations: Rc, R. canada; Rt, R. typhi; Rp, R. prowazekii; B,
Breinl; W, Wilmington. Numbers I to 9 refer to areas in the gels where species differences in protein migration
patterns have been observed.

was tested at different times or different extracts
of the same strain were compared (Fig. 1, gels A
and I or gels B and J). The protein profiles
shown in Fig. 1 are similar to those reported
previously for R. canada, the Breinl strain of R.
prowazekii, and the Wilmington strain of R.
typhi (9, 19) despite differences in growth con-

ditions and/or purification procedure. In the
previous studies, the rickettsiae were grown in
L-929 cells and purified by sucrose gradient cen-
trifugation (9) or grown in yolk sacs, pretreated
with Formalin and Celite, and purified by glyc-
erol-tartrate viscosity equilibrium gradient cen-
trifugation (19). We demonstrated consistent dif-
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ferences among the protein patterns of R. can-
ada, R. prowazekii, and R. typhi. These differ-
ences are labeled 1 through 9 in Fig. 1, but no
attempt was made to identify each separable
protein or to use the numbering system of pre-
vious authors (9, 19). In sharp contrast, the
protein patterns of the same species were iden-
tical. This was true of the R. typhi strains of
human and rat origin or the two human strains
and the four flying squirrel isolates of R. prow-
azekii.
The protein profiles of the rickettsiae were

evaluated by quantitative densitometric scans of
the stained SDS-gels. The scans of the first four
gels are illustrated in Fig. 2. By this method,
minor differences were encountered between the
extracts prepared from the same strain, but
these were of the same magnitude as the varia-
tion encountered between strains of the same
species. The differences among the three species
of typhus rickettsiae are again readily apparent
(Fig. 2, traces A-C), while the protein profiles of
two strains of the same species are almost su-
perimposable (Fig. 2, traces C, D).
Attempts were also made to detect strain dif-

ferences by electrophoresis of the whole-cell pro-
teins in SDS-3 to 30% polyacrylamide gradient
gels. The patterns (not shown) were very similar
to those obtained in 10% neutral SDS-gels, and
little improvement in protein resolution was
achieved.
Enzymatic activities of rickettsial ex-

tracts. All the strains of typhus rickettsiae ex-
amined so far metabolize glutamate with for-
mation of C02, but do not catabolize glucose
(27). We determined, therefore, the specific ac-
tivities of three enzymes, previously shown to be
present in R. typhi (6), in nine strains of the
typhus group (Table 1). Although all of the
strains contained these three enzymes, as ex-
pected, significant species differences in these
activities could be clearly demonstrated. R. can-
ada differed most markedly from the rest. It had
significantly lower levels of glutamate-oxaloac-
etate transaminase (GOT) than all other strains
(P < 0.05, Student's t test) and higher levels of
nicotinamide adenine dinucleotide-dependent
glutamate dehydrogenase (GDH) than the other
species (P < 0.05). Although the MDH levels of
R. canada were similar to those found in R.
prowazekii, they were lower than those of R.
typhi (P < 0.05). Differences in enzyme levels
were even more clearly seen when the ratios of
the specific enzymatic activities were calculated
(Table 1). The high GDH/GOT ratio of R. can-
ada was most useful in distinguishing it from R.
typhi and R. prowazekii strains (P < 0.01), while
the MDH/GOT ratio separated it from all R.
prowazekii strains (P < 0.01) except Breinl (P
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FIG. 2. Spectrophotometric scans at 550 nm of the
first four gels shown in Fig. 1.

= 0.10), and the MDH/GDH ratio distinguished
it most markedly from the R. typhi strains (P
< 0.001).
The Wilmington and VR 738 strains of R.

typhi were remarkably similar to each other,
differing, possibly, only in their levels of MDH.
The specific activities were very similar to those
of the R. prowazekii strains, with somewhat
higher MDH levels and somewhat lower GDH
levels, resulting in a significantly different
MDH/GDH ratio (P < 0.01) compared with all
strains of R. prowazekii with the possible excep-
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TABLE 1. Comparative enzymatic activities of strains of typhus rickettsiae

No.ofSp act of enzymesa Ratios of sp actb
No. of - Sp acof_ezyme __-__

Species and strain extracts GOT GDH MDH GDH/GOT MDH/GOT MDH/GHD

R. prowazekii
GvF-12 3 240 ± 66 161 ± 29 266 ± 84 0.74 ± 0.11 1.10 ± 0.08 1.56 ± 0.27
GvF-16 3 160 ± 40 132 ± 50 177 ± 63 0.78 ± 0.10 1.06 ± 0.13 1.39 ± 0.20
GvV-250 3 144 ± 37 130 ± 31 207 ± 71 0.92 ± 0.17 1.41 ± 0.44 1.48 ± 0.25
GvV-257 3 115 ± 10 101 ± 30 188 ± 31 0.94 ± 0.31 1.62 ± 0.19 2.70 ± 1.46
Breinl 4 85 ± 16 108 ± 12 228 ± 52 1.50 ± 0.38 3.30 ± 0.76 2.07 ± 0.31
ER 5 113±27 67±9 177±24 0.78±0.20 1.79±0.29 2.78±0.60

R. typhi
Wilmington 4 139 ± 30 53 ± 7 462 ± 89 0.41 ± 0.07 3.37 ± 0.26 8.78 ± 1.25
ATCC VR 738 3 110 ± 10 53 ± 6 334 ± 31 0.48 ± 0.06 3.10 ± 0.46 6.41 ± 0.36

R. canada
2678 4 42 ± 6 338 ± 44 228 ± 22 8.32 ± 1.74 5.48 ± 0.83 0.70 ± 0.07

a Expressed as nanomoles of substrate per milligram of protein per minute; mean ± standard error.
' Ratios determined from activities of same extract. They were not derived from the means of specific

activities of enzymes listed on this table. Mean ± standard error.
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FIG. 3. PAGE of rickettsial extracts stained for MDH activity. Abbreviation as in Fig. 1.

tion of GvV-257 (P = 0.07 in comparison with puted ratios, no pattern was detected by which
VR 738). one strain could be differentiated from the rest.
Although some variation.was apparent among Electrophoretic mobilities of MDHs in

the strains of R. prowazekii in individual enzy- polyacrylamide gels. It was shown previously
matic activities and, to a lesser extent, in com- (8) that the MDH of the ER strain migrates at
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a different rate in neutral 7.5% polyacrylamide
gel than the enzyme from the Wilmington strain
of R. typhi. To determine whether this is a
consistent species difference, similar determina-
tions were made on soluble extracts of each of
the nine strains (Fig. 3). Only single bands ap-
peared on the gels with individual extracts (Fig.
3, gels C, F, I). Occasionally, upon prolonged
storage, the extract of the Wilmington strain of
R. typhi produced a faint band migrating more
slowly than the primary band (Fig. 3, gel G), but
the formation of the second band could be pre-
vented by lower loading of protein or shorter
incubation during enzyme staining. When ex-
tracts derived from any two strains of R. prow-
azekii (either ER and Breinl with each other or
with any of the flying squirrel strains) were
mixed, only a single MDH band appeared in the
gel (Fig. 3, gels A, D). When R. prowazekii
extracts were mixed with either strain of R.
typhi, twoMDH bands appeared in the gels (Fig.
3, gels B, E). Occasionally, mixed extracts pro-
duced more complex MDH patterns (Fig. 3, gel
H), suggesting the possibility of hybrid forma-
tion with an intermediate electrophoretic mobil-
ity. In general, however, the MDHs of the six R.
prowazekii strains studied here appeared to be
similar in electrophoretic mobility and distinct
from the more rapidly migrating MDHs of the
two R. typhi strains.

Isoelectric focusing of soluble rickettsial
extracts. The same soluble protein extracts pre-
viously used for enzyme studies (Table 1 and
Fig. 3) were subjected to isoelectric focusing in
slab gels. Excellent resolution of a large number
of proteins was obtained on gels ranging in pH
from 3.5 to 9.5 (Fig. 4). The protein patterns
obtained with different extracts of the same
strain (compare a and b patterns of any of the
strains in Fig. 4) or mixture of two extracts
(compare Fig. 4b, N, 0, T) were identical, as
were the patterns obtained with the same am-
pholine on different gels (not shown). The main
difficulty encountered was uniform protein load-
ing (Fig. 4a, E, F; 4b, N, 0) because of the errors
inherent in concentrating some dilute extracts
and in applying the samples.
The proteins in extracts of R. canada, R.

prowazekii, and R. typhi had clearly different
patterns of isoelectric points (Fig. 4a). The three
species did have some proteins with identical
isoelectric points, particularly in the acidic range
(pH 4.0 to 5.5), but there were important differ-
ences in both the number and relative concen-
trations of the various proteins. With adequate
protein loading, R. canada (Fig. 4a, F) appeared
to have the largest number of proteins in the
acidic range (pH 4.2 to 5.8) and the alkaline
range (pH 7.0 to 7.8 and above 8.3). R. typhi had
several proteins in the pH 7 to 8.5 range that

were absent in the R. prowazekii strains, while
the latter had many prominent bands in the pH
5.8 to 6.5 range that were absent from R. typhi.
Although differences in protein patterns

among the three rickettsial species were readily
apparent, strains differences were infrequent, al-
though in some cases they were clearly detect-
able. The Wilmington and VR 738 strains of R.
typhi had indistinguishable patterns, except for
very minor quantitative differences (Fig. 4a,
A-D). Fig. 4b illustrates the patterns of the six
strains of R. prowazekii with human and flying
squirrel strains interspersed. No differences were
noted among three of the flying squirrel strains
(GvF-12, GvV-250, and GvV-257; Fig. 4b, K, L,
N, 0, Q, R, T). There were, however, some
differences among the other strains, more clearly
seen at higher magnification (Fig. 4c). The GvF-
16 strain (Fig. 4c, H, I) had a band at about pH
5.2 that was not present in any of the strains of
R. prowazekii. However, a less intense band of
similar isoelectric point could be detected in R.
canada and R. typhi (Fig. 4a). A major differ-
ence between the Breinl and all the other strains
of R. prowazekii, including ER, was apparent at
pH 5.1, just to the acid side of the GvF-16 band.
A distinct band was present in all strains except
Breinl (Fig. 4c). On the other hand, just to the
acid side of pH 5.0 there was a band that was
more distinct in the Breinl strain (Fig. 4c, G)
than in the other strains. Finally, a major differ-
ence occurred in the location of a heavy band
(pH 6.4), which distinguished the human from
the flying squirrel strains. In the latter, this band
was displaced toward the acid side in relation
to the corresponding band of the human strains.
Some other differences could be seen, but they
were either very minor or not reproducible. In
another experiment, a pH range of 4 to 8 was
chosen for focusing the extracts. Although the
separation of the proteins of R. prowazekii
strains was increased by expanding this portion
of the gel, no new differences were discerned
among the protein patterns.

In summary, the following differences were
encountered when the cytoplasmic fractions of
nine strains of rickettsiae were subjected to iso-
electric focusing. Differences among the three
species were quite numerous. Among the six
strains of R. prowazekii they were as follows:
the two human strains, Breinl and ER, one and
possibly two bands; human strains in compari-
son with flying squirrel strains, displacement of
one major band; flying squirrel strains compared
with each other, a band in GvF-16 not encoun-
tered in the other strains.

DISCUSSION
Our previous investigation (27) demonstrated

that a number of biological parameters can be
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used to define the typhus group biotype and that
the four flying squirrel strains examined clearly
belong to this group. However, the primary
methods for identifying new isolates of typhus
group rickettsiae, R. prowazekii, R. typhi, and
R. canada, continue to be various serological
tests, supplemented with toxin neutralization
tests (4). As mentioned previously (27), the dis-
covery by Bozeman et al. (4, 5) of R. prowazekii
strains in American wildlife was so surprising
that an independent method of identifying some
of these strains was sought. A secondary objec-
tive of this study was to detect strain differences

a RtW
W-WEzRF r8

that might be helpful in epidemiological inves-
tigations and in speculations concerning evolu-
tionary relationships.
This paper describes the successful applica-

tion of some biochemical parameters to rickett-
sial species and strain differentiation. This work
was facilitated by the availability of a procedure
of separation of the rickettsiae from yolk sac
components (24) that was satisfactory for all
strains used (27). It was previously shown (6, 25)
that some of the enzymatic activities may be
affected by the time of harvest of the rickettsiae.
In these studies the rickettsiae were harvested
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FIG. 4. Polyacrylamide gel isoelectric focusing of extracts of rickettsial strains. Abbreviations as in Fig.
1. (a) Six strains representing the three species of rickettsiae; (b) six strains of R. prowazekii; (c) detail of (b)
with arrows indicating differences in isoelectric focusing patterns between strains.
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according to a rigid schedule, from surviving
embryos of a group in which some had died, and
differences in phase of growth of the various
harvests were probably small.
Of the methods used, SDS-PAGE is the only

one that was previously used on rickettsiae in
other laboratories. Close comparisons of our re-
sults with those of Eisemann and Osterman (9)
and of Obijeski et al. (19) reveal remarkable
similarities. Since differences were not detected
among strains of the same species, SDS-PAGE
might serve as a useful adjunct to serology for
the species identification of new strains from
unusual sources. The differential migration of
MDH (Fig. 3) may have a similar application.
Other methods are required, however, to detect
strain differences.
The tests presented in Table 1 are subject to

the greatest variation and are the ones most
likely to have been influenced by minor differ-
ences in the physiological state of the rickettsiae.
Possibly, if the time of harvest of the rickettsiae
is more carefully defined, significant differences
may be found among the strains of R. prowa-
zekii, but thus far no strain of this species has
emerged as clearly different from the rest. Spe-
cies differences, however, are quite obvious.

Isoelectric focusing the cytoplasmic fractions
of the rickettsiae, in addition to providing nu-
merous examples of species differences, clearly
demonstrated that some strains can be separated
on the basis of biochemical tests. Besides sepa-
rating the two human strains of R. prowazekii
from each other and from the flying squirrel
strains, it set aside the GvF-16 strain from the
other flying squirrel strains. It is interesting to
note that in our previous study (27), the GvF-16
strain was also shown to differ somewhat from
the other strains, since it was the least virulent
for chicken embryos. Most importantly, how-
ever, isoelectric focusing together with the other
methods discussed here has brought to light an
impressive similarity between the wildlife and
human strains of R. prowazekii. The few differ-
ences that we detected can be explained readily
on the basis of a limited number of evolutionary
steps.
On the other hand, by the four biochemical

criteria used in this work, R. prowazekii, R.
typhi, and R. canada are indeed quite distinct
species. The strong cross-reaction between R.
typhi and R. prowazekii in serological tests (18)
as well as the similarity in SDS-PAGE patterns
suggest that they are much more closely related
to each other than either of them is to R. can-
ada. However, the many differences in soluble
proteins between R. typhi and R. prowazekii
exclude the possibility that these species differ
only by relatively minor changes in surface pro-

INFECT. IMMUN.

teins or that they could have arisen from a
common ancestor by a limited number of mu-
tations. The differences in soluble proteins sug-
gest a long, multistep evolutionary divergence of
the two species. Their relationship to R. canada
as well as the natural habitat of this species (17)
remain elusive.
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