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The Ehrlichia chaffeensis 28-kDa outer membrane protein (p28) gene was sequenced completely by genomic
walking with adapter PCR. The DNA sequence of the p28 gene was nearly identical to the previously reported
sequence (N. Ohashi, N. Zhi, Y. Zhang, and Y. Rikihisa, Infect. Immun. 66:132-139, 1998), but analysis of a
further 75 bp on the 5’ end of the gene revealed DNA that encoded a 25-amino-acid signal sequence. The leader
sequence was removed from the N terminus of a 30-kDa precursor to generate the mature p28 protein. A
monoclonal antibody (MAb), 1A9, recognizing four outer membrane proteins of E. chaffeensis (Arkansas strain)
including the 25-, 26-, 27-, and 29-kDa proteins (X.-J. Yu, P. Brouqui, J. S. Dumler, and D. Raoult, J. Clin.
Microbiol. 31:3284-3288, 1993) reacted with the recombinant p28 protein. This result indicated that the four
proteins recognized by MAb 1A9 were encoded by the multiple genes of the 28-kDa protein family. DNA
sequence alignment analysis revealed divergence of p28 among all five human isolates of E. chaffeensis. The E.
chaffeensis strains could be divided into three genetic groups on the basis of the p28 gene. The first group
consisted of the Sapulpa and St. Vincent strains. They had predicted amino acid sequences identical to each
other. The second group contained strain 91HE17 and strain Jax, which only showed 0.4% divergence from
each other. The third group contained the Arkansas strain only. The amino acid sequences of p28 differed by
11% between the first two groups, by 13.3% between the first and third groups, and by 13.1% between the second
and third groups. The presence of antigenic variants of p28 among the strains of E. chaffeensis and the presence
of multiple copies of heterogeneous genes suggest a possible mechanism by which E. chaffeensis might evade the
host immune defenses. Whether or not immunization with the p28 of one strain of E. chaffeensis would confer
cross-protection against other strains needs to be investigated.

Ehrlichia chaffeensis (1, 8) is a member of the family Rick-
ettsiaceae and the etiologic agent of a newly emerging infec-
tious disease, human monocytotropic ehrlichiosis. The disease
is transmitted by ticks, and Amblyomma americanum is the
predominant tick vector (2). E. chaffeensis is a small, obligately
intracellular gram-negative bacterium which resides in an en-
dosome in the host cell. E. chaffeensis possesses several immu-
nodominant proteins, including the 120-, 66-, and 58-kDa pro-
teins and a group of low-molecular-mass proteins in the range
of 22 to 29 kDa (4, 5, 31). The low-molecular-mass proteins are
encoded by a multiple gene family (20). The 28-kDa protein
(p28) is a member of this protein family. The outer membrane
proteins of E. chaffeensis may serve as adhesins for the organ-
ism or as targets for the host immune response. There is
considerable interest in the 28-kDa protein because it is a
surface-exposed outer membrane protein (6, 31), and immu-
nization with recombinant p28 can prevent infection of mice
with E. chaffeensis (20). However, the p28 protein is antigeni-
cally diverse (4), and heterogeneity of the reaction of conva-
lescent-phase sera with E. chaffeensis antigen has been ob-
served (7). Therefore, it is important to evaluate the genetic
and antigenic diversity of the E. chaffeensis protein, which
might be used for diagnostic purposes or vaccine production.
In this study, we characterized the genetic divergence of the E.
chaffeensis p28 gene.
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MATERIALS AND METHODS

Ehrlichia spp. E. chaffeensis strain Arkansas (1, 8) was obtained from Jacque-
line Dawson (Centers for Disease Control and Prevention, Atlanta, Ga.). E.
chaffeensis strains St. Vincent and Jax (22) were obtained from Christopher
Paddock (Centers for Disease Control and Prevention, Atlanta, Ga.). E.
chaffeensis strains 91HE17 and Sapulpa (7, 10) were isolated previously in our
laboratory from patients with ehrlichiosis. Ehrlichiae were cultivated in DH82
cells, a canine macrophage-like cell line (9). DHS82 cells were harvested with a
cell scraper when 100% of the cells were infected with ehrlichiae. The cells were
centrifuged at 17,400 X g for 20 min. The pellets were disrupted with a Braun-
Sonic 2000 sonicator at 40 W for 30 s twice on ice. The cell lysate was loaded onto
discontinuous gradients of 42%-36%-30% Renografin and then centrifuged at
80,000 X g for 60 min. Ehrlichiae in the heavy and light bands were collected (29)
and washed by centrifugation with sucrose-phosphate-glutamate buffer (SPG;
218 mM sucrose, 3.8 mM KH,PO,, 7.2 mM K,HPO,, 4.9 mM glutamate [pH
7.0]).

DNA preparation. E. chaffeensis genomic DNA was prepared from Renografin
density gradient-purified ehrlichiae by using an IsoQuick nucleic acid extraction
kit (ORCA Research, Inc., Bothell, Wash.) according to the instructions of the
manufacturer. Plasmid DNA was purified by using a High Pure plasmid isolation
kit (Boehringer Mannheim Corp., Indianapolis, Ind.). The PCR product was
purified by using a QIAquick PCR purification kit (Qiagen, Inc., Santa Clarita,
Calif.).

PCR amplification of the unknown DNA sequence of the p28 gene. The DNA
sequence of the p28 gene was amplified by using adapter PCR with the Genome-
Walker kit (Clontech Laboratories, Inc., Palo Alto, Calif.). The E. chaffeensis
(Arkansas strain) genomic DNA was digested completely with each of five
restriction enzymes, including Dral, EcoRV, Pvull, Scal, and Stul. All five
enzymes produced blunt end DNA fragments. Each batch of digested genomic
DNA fragments was ligated with an adapter to create genomic libraries. Each
end of an E. chaffeensis DNA fragment was ligated to an adapter. The genomic
libraries were used as templates to amplify the unknown DNA sequence of the
p28 gene by using adapter PCR. Primers were designed from the reported DNA
sequence of the p28 gene (20). The unknown 5’ end sequence of the p28 gene
was amplified by nested PCR amplifications with primers complementary to the
sense strand of the gene and the adapter primers. The downstream sequence of
the p28 gene was amplified by nested PCR amplifications with primers comple-
mentary to the sense strand of the gene and the adapter primers. The down-
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FIG. 1. Amino acid sequence alignment of the p28 proteins of five E. chaffeensis human isolates. The complete amino acid sequence of the Arkansas strain is
presented as the consensus sequence. Differences from the consensus sequence are presented in lowercase. Dots represent the amino acids identical to those of the
Arkansas strain, and dashes indicate gaps which were introduced for optimal alignment of the amino acid sequences. The variable regions (VR1, VR2, and VR3) are
underlined. The arrow indicates the cleavage site of the signal peptide. The N-terminal portion of the St. Vincent strain sequence is incomplete. Ark, Arkansas; HE,

91HE17; Sap, Sapulpa; Stv, St. Vincent.

stream sequence of the p28 gene was amplified by nested PCR amplification with
primers from the sense strand of the gene and the adapter primers.

PCR amplification of the p28 gene from other E. chaffeensis human isolates.
Primers were designed from the p28 gene of Arkansas strain and used to amplify
the p28 genes of other E. chaffeensis isolates by using PCR. The primer pair made
up of p28f159 (ACT TCT ACT ATT GTT AAT TTA TTG TC) and p28r1336
(GCT GTT GTG TAA CTG TAG ACT GGT) was used to amplify the p28
genes of the 91HE17, Jax, and Sapulpa strains. The primer pair made up of
p28f263 (AGT ATC ATT TTC CGA CCC AGC AGG TAG) and p28r1336 was
used to amplify the p28 gene of the St. Vincent strain. PCR amplification was
performed for 30 cycles at 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min in
a Perkin-Elmer thermal cycler (Perkin-Elmer Applied Biosystems, Foster City,
Calif.).

DNA sequencing. The PCR products were sequenced directly by using PCR
primers. DNA was sequenced with an ABI Prism 377 DNA sequencer (Perkin-
Elmer Applied Biosystems).

Gene analysis. DNA sequences and deduced amino acid sequences were
analyzed by using the Wisconsin GCG software package (Genetics Computer
Group, Inc., Madison, Wis.) and DNASTAR software (DNASTAR, Inc., Mad-
ison, Wis.). The signal sequence of the deduced protein was analyzed by using
the PSORT program (22a), which predicts the presence of signal sequences (17,
28) and detects potential transmembrane domains (15).

Expression of the E. chaffeensis p28 gene in Escherichia coli. pET29p28, a
recombinant plasmid containing the gene coding for the mature p28 protein (20),
was kindly provided by Yasuko Rikihisa (Ohio State University, Columbus,
Ohio). The p28 gene in pET29p28 was removed by double digestion with EcoRI
and Notl and then was directionally cloned into a pGEX expression vector
(Amersham-Pharmacia Biotech, Piscataway, N.J.), which is routinely used in our
laboratory, and was expressed as a glutathione S-transferase (GST) fusion pro-
tein in E. coli BL21. The GST fusion protein was affinity purified by using
glutathione Sepharose 4B beads (Amersham Pharmacia Biotech). The recom-
binant p28 protein was cleaved from the GST fusion protein with thrombin.

Western immunoblotting. A murine monoclonal antibody (MADb), 1A9, to the
E. chaffeensis (Arkansas strain) 28-kDa protein was reported previously (31).
MAD 1A9 was used to react with the E. chaffeensis recombinant p28 protein by
protein immunoblotting as described previously (31).

Nucleotide sequence accession number. The DNA sequences of the E.
chaffeensis p28 gene were assigned the following GenBank accession numbers (by
strain): Arkansas, AF068234; 91HE17, AF077732; Jax, AF077733; Sapulpa,
AF077734; and St. Vincent, AF077735.

RESULTS

Precursor of the 28-kDa protein. The p28 gene of E.
chaffeensis (Arkansas strain) has previously been sequenced

partially (20). To sequence the p28 gene completely, both the
upstream and downstream unknown sequences of the p28 gene
were amplified from the genomic DNA of E. chaffeensis Ar-
kansas by using adapter PCR. DNA sequencing of the PCR
products demonstrated that the previously reported DNA se-
quence of the p28 gene is incomplete on its 5’ end and the p28
gene sequence extends 75 nucleotides upstream from the pre-
viously reported sequence start site (20) (Fig. 1). The addi-
tional 75 nucleotides of the gene sequence encode a 25-amino-
acid peptide that has characteristic features of the signal
sequence for an exported protein in E. coli (20). Signal se-
quences for exported proteins in E. coli are characterized by a
positively charged amino terminus (1 to 3 amino acids) fol-
lowed by a hydrophobic core of 12 to 20 amino acids and a
preferred signal peptidase cleavage site (21). Within the first
25 amino acids of the p28 of E. chaffeensis, positions 4 and 5
are strongly positively charged amino acids (both positions are
lysine). Thirteen of 25 (52%) amino acids are hydrophobic.
The three carboxyl-terminal amino acids of the signal se-
quence, serine, phenylalanine, and serine, at positions of 24,
25, and 26, respectively, are among the preferred amino acid
sequences of signal peptidase at its processing site (21). The
leader sequence was predicted by using a PSORT program
(22a), which predicted the presence of a signal peptide (17,
28). The leader peptide of the 28-kDa protein has 72 and 68%
homology with the N-terminal amino acid sequences of
OMP-1E and OMP-1F of E. chaffeensis, respectively. The N-
terminal sequences of OMP-1E and OMP-1F have been pro-
posed as leader signal peptides (20).

The entire p28 gene of E. chaffeensis (Arkansas strain) was
sequenced. The predicted amino acid sequence of the mature
p28 was identical to the previously reported sequences (20),
except for a single-amino-acid substitution in the C-terminal
sequence. At position 255 of the mature 28-kDa protein, the
amino acid is alanine instead of valine. The predicted molec-
ular masses from the deduced amino acids are 30.3 kDa for the
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FIG. 2. Protein immunoblotting of MAb 1A9 reacted with the p28 recombi-
nant protein. Lanes: 1, heat-denatured E. chaffeensis (Arkansas strain) antigen;
2, GST fusion protein with p28; 3, thrombin-cleaved GST fusion protein (the
arrow indicates the thrombin-cleaved recombinant p28); 4, GST protein only.
The multiple bands in lanes 2 and 3 were apparently degradation products of the
GST fusion protein.

precursor, 2.7 kDa for the leader signal sequence, and 27.6
kDa for the mature protein.

Recombinant p28 reactivity with MAb 1A9. Protein immu-
noblotting demonstrated that MAb 1A9 reacted with both the
thrombin-cleaved recombinant E. chaffeensis protein and the
GST fusion protein, but not GST alone (Fig. 2). This result
demonstrated that the p28 contained the antigenic epitope that
reacts with MAb 1A9.

PCR amplification of the p28 gene of E. chaffeensis isolates.
The p28 multiple gene family consists of at least six tandemly
arranged genes, including the p28 gene. The DNA sequences
of these genes are 70 to 80% homologous (20). The primers
derived from one gene may amplify other genes in the multi-
ple-gene family because of the substantial homology of partic-
ular segments of the genes. To specifically amplify the p28
gene, all primers were designed from the DNA sequences of
the p28 gene which had no sequence homology with the DNA
sequences of other genes. We aligned the complete DNA se-
quences of the p28 genes with the genes in the multiple-gene
family, including DNA sequences of omp-Ic, omp-1d, omp-Ie,
and omp-1f (20) and the related Cowdria ruminantium major
antigenic protein-1 (MAP-1) gene (27). DNA alignment anal-
ysis revealed variable DNA sequence regions both inside the
genes and in the intergenic sequences. The primer pair p28f159
and p28r1336 was designed from the consensus sequence of
the p28 gene and the MAP-1 gene in the two variable DNA
sequence regions. These sequences are noncoding sequences
flanking the p28 gene (Fig. 3). The entire gene of the p28
precursor of the 91HE17, Sapulpa, and Jax strains was success-
fully amplified by primers p28f159 and p28r1336. However,
this primer pair failed to amplify the St. Vincent strain p28
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FIG. 3. Diagram of PCR amplification of the p28 gene. The dark boxes
represent noncoding DNA sequences bordering the p28 gene. The shaded box
and the open box represent the DNA sequence encoding the leader peptide and
the sequence encoding the mature p28, respectively. The numbers on the top of
the gene indicate the nucleotide positions in base pairs. Arrows indicate the
directions of primers. The start point of each primer corresponds to the number
at the end of the arrow and on the top of the p28 gene.
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gene. To amplify the p28 gene of the St. Vincent strain, we
reshuffled the six primers, including p28f159 and p28r1336,
which did not amplify the p28 gene of the St. Vincent strain in
the previous combinations to form three new primer pairs. The
p28 gene of the St. Vincent strain was amplified by the primer
pair p28£263 and p28r1336. Primer p28f263 was derived from
the consensus DNA sequence of the DNA encoding the leader
peptide of the p28 proteins of the Arkansas, 91HE17, Jax, and
Sapulpa strains.

Sequence homology of the 28-kDa protein gene of five E.
chaffeensis isolates. Comparison of the sequence data for all
five human isolates of E. chaffeensis at the nucleotide and
amino acid levels revealed divergence of the p28 gene. Nucle-
otide substitutions were present throughout the genes (Fig. 4).
Notable nucleotide deletions or insertions occurred in two
regions of the p28 genes, which correspond to the amino acid
deletions or insertions in the variable regions 2 and 3 (Fig. 1
and 4). The overall DNA sequence homology of the five hu-
man isolates was 84.4 to 100%. There are three variable re-
gions in the amino acid sequences which corresponded to the
positions of Arkansas strain amino acids 78 to 85, 145 to 159,
and 247 to 261 (Fig. 4). These regions are also highly variable
in other genes of the multiple-gene family (20). However, the
semivariable region observed at the N-terminal region of the
amino acid sequences among the OMP-1 genes (20) was miss-
ing in the p28 amino acid sequences (Fig. 1). Based on the
amino acid sequence similarities of the p28 proteins, the E.
chaffeensis isolates were divided into three groups (Fig. 5). The
first group included the Sapulpa and St. Vincent strains, which
were identical. The second group consisted of the 91HE17 and
Jax strains. These two strains were 99.6% homologous. The
last group contained only the Arkansas strain. The divergence
between the first two groups was 10.5 to 11%. The Arkansas
strain differed by 13.1 to 13.3% from the four strains in the first
two groups. We further analyzed the homology of the p28 with
MAP-1 of C. ruminantium (27) and a major surface protein
(MSP4) of Anaplasma marginale (19). C. ruminantium and A.
marginale are genetically related to Ehrlichia spp. (26). The
amino acid sequence homology was 57 to 67% between the p28
proteins of the five E. chaffeensis strains and MAP-1 and ap-
proximately 30% between the p28 proteins of the E. chaffeensis
strains and MSP4. The amino acid sequence homology of the
p28 genes of the E. chaffeensis strains was greater than the
homology of these proteins with other members of the multiple
gene family. The highest level of homology was observed be-
tween the p28 gene of 91HE17 and the omp-1f gene, 77.1%
(Fig. 5). These results verified that the PCR-amplified products
were derived from the p28 gene.

Surface region of the 28-kDa protein. The surface regions of
the p28 of E. chaffeensis were analyzed by using the Protein
program of Lasergene software (DNASTAR, Inc.). Nine sur-
face-exposed regions containing three to 13 amino acids in the
28-kDa protein of Arkansas strain were predicted by using the
Emini method (12) (Fig. 6). The surface regions were predom-
inantly located in the N-terminal half of the protein. Six of the
nine surface regions are located between amino acids 39 and
137. The remaining three surface regions are located in the
C-terminal half of the protein between amino acids 204 and
260. Analysis of the proteins by the Jameson-Wolf (13)
method, which predicts potential antigenic determinants, indi-
cated that p28 was very likely to be highly antigenic. Analysis of
the proteins by the Rothbard-Taylor method (24), which lo-
cates potential T-lymphocyte antigenic determinants, pre-
dicted T-cell epitopes in the p28. The predicted surface prob-
ability, surface regions, antigenic index and T-cell epitopes for
the Jax strain were similar to those of Arkansas strain, with
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FIG. 4. Alignment of the p28 gene coding DNA sequences. The complete DNA sequence of the Arkansas strain is presented as a consensus sequence. Differences
from the consensus sequence are presented in lowercase. Dots represent the nucleotides of other strains of E. chaffeensis identical to those of the Arkansas strain, and
dashes indicate gaps which were introduced for optimal alignment of the DNA sequences. The sequence of the St. Vincent strain is incomplete at the 5" end. Ark,

Arkansas; HE, 91HE17; Sap, Sapulpa; Stv, St. Vincent.

minor differences in the number of surface regions and T-cell
epitopes (Fig. 6).

DISCUSSION

The p28 of E. chaffeensis is posttranslationally modified. The
previously reported sequence of the p28 gene of E. chaffeensis
is not complete at the 5" end of the gene, since the first amino
acid at the N-terminal portion of the amino acid sequence is
aspartic acid. The first amino acid of any given protein is
usually methionine or, less frequently, valine. The N-terminal
portion of p28 had been determined by amino acid sequencing
(20). Therefore, the true N terminus of the p28 was missing,
and p28 must have been processed after translation with re-
moval of a segment of amino acids from its N terminus. Our
hypothesis was confirmed by finding an additional 75-nucleo-
tide coding sequence on the 5’ end of the p28 gene of E.
chaffeensis (Arkansas strain). We believe the first 25-amino-
acid peptide encoded by these 75 nucleotides is a leader signal

sequence of the p28 precursor and is removed following export
to the surface of E. chaffeensis. This hypothesis is based on the
facts that the N-terminal 25-amino-acid peptide has all the
characteristics of a leader peptide and the peptide is missing
from the N terminus of the mature 28-kDa protein when the
amino acids were directly sequenced (20).

p28 is highly variable among E. chaffeensis strains. The
pleomorphism of p28 of E. chaffeensis had been demonstrated
previously by using MAbs (6, 7, 31). A group of lower-molec-
ular-mass surface proteins of E. chaffeensis including the 29-,
27-, 26-, and 25-kDa proteins have been demonstrated to react
with MAb 1A9 (31). These proteins could have represented
the degradation products of a single protein or different pro-
teins that shared an epitope. A recent study demonstrates that
a multiple gene family of E. chaffeensis encodes six outer mem-
brane proteins with molecular masses of approximately 28
kDa. The amino acid sequences of the proteins of the multiple-
gene family of the Arkansas strain are 71 to 83% homologous.
The protein immunoblotting pattern from the previous reports
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FIG. 5. Phylogenetic tree constructed on the basis of the predicted amino
acid sequences from the p28 genes of the E. chaffeensis strains. The predicted
amino acid sequences of E. chaffeensis OMP-1F (19) and C. ruminantium MAP-1
(25) were included in the analysis to build the root of the tree. The Megalign
program of Lasergene software was used to construct the tree. The length of each
pair of branches represents the distance between sequence pairs. The scale
beneath the tree measures the distance between the sequences.

showed the same patterns of E. chaffeensis antigens reacting
with MAb 1A9 or with mouse antibodies to the recombinant
p28 (20, 31). The mouse antisera to the recombinant p28
protein reacted with two E. chaffeensis proteins with molecular
masses of 23 and 28 kDa (20). MAb 1A9 reacted with two
heat-denatured E. chaffeensis proteins with molecular masses
of 29 and 27 kDa, and it reacted with four proteins if E.
chaffeensis was not heat denatured (31). Based on these obser-
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vations, we hypothesize that the 28-kDa protein contains the
epitope for MAb 1A9. Our results demonstrated that MAb
1A9 recognized the recombinant p28 protein. Therefore, the
multiple protein bands recognized by MAb 1A9 are possibly
member proteins encoded by the multiple-gene family. The
slight differences between the molecular sizes of these proteins
reported by different authors (7, 20, 31) were possibly merely
differences in calculation. The genes of the p28 family are
arranged in a contiguous series in the genome (20). However,
it is unknown whether the genes are sequentially expressed or
simultaneously expressed, or whether some of them are not
expressed at all. At least four of these genes are apparently
expressed, because MAb 1A9 recognizes four native proteins
of E. chaffeensis (31). The antigenic divergence of p28 has been
demonstrated among a limited number of E. chaffeensis strains
(7). MADb 1A9 was originally described as an E. chaffeensis
species-specific monoclonal antibody (31). Subsequently, when
more strains of E. chaffeensis became available, it was demon-
strated that MAb 1A9 reacted with polypeptides of the Arkan-
sas and 91HE17 strains of different electrophoretic mobilities
and affinities and that MAb 1A9 did not react with the Sapulpa
strain (7). In this study, we demonstrated that the p28 gene is
substantially divergent among the E. chaffeensis strains. The
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Arkansas strain, the prototype strain and the first isolate of E.
chaffeensis, was most divergent from the other isolates. It is not
surprising that the highest level of DNA sequence homology
was observed between the Sapulpa and St. Vincent strains,
because previous studies demonstrated that they have the
same number of repeat units in the 120-kDa protein gene, but
1 repeat unit less than the other strains of E. chaffeensis that
have been isolated (7, 22, 32). p28 may be a good genetic
marker for classification of new isolates of E. chaffeensis.

No adequate animal model for E. chaffeensis infection is
available currently. A mouse model has been used for evalua-
tion of E. chaffeensis challenge (20). However, mice are not
very susceptible to E. chaffeensis infection. No clinical signs are
observed, and the organism is rarely reisolated after E.
chaffeensis infection of mice. PCR is usually required for de-
tection of E. chaffeensis DNA in mouse organs or blood to
evaluate the response to immune challenge of the organisms.
p28 was reported to prevent mouse infection with E. chaffeensis
in a mouse model, because PCR amplification failed to detect
E. chaffeensis DNA from the mouse organs (20). The protec-
tive immunity conferred by p28 needs to be evaluated in a
more suitable animal model. The diversity of the p28 gene and
the presence of the multiple copies of heterogeneous genes
suggest that the p28 gene is under high selective pressure,
possibly because of the host immune system, and that E.
chaffeensis might use antigenic variation to evade the host
immune surveillance. MAP-1 of C. ruminantium also shows
diversity among strains. The MAP-1 amino acid sequences are
divergent by 0.6 to 14% among strains of C. ruminantium (23).
Persistent infection by E. chaffeensis in humans has been ob-
served (11). It will be interesting to investigate whether per-
sistent infection is caused by antigenic variation of the organ-
ism. The antigenic diversity of p28 may prevent it from serving
as an effective vaccine, since immunization with p28 from one
strain of E. chaffeensis may not prevent infection with another
strain. On other hand, immunization with the conserved anti-
genic domains may confer cross-protection among strains of E.
chaffeensis. Whether p28 immunization will protect animals
from infection with heterogeneous strains of E. chaffeensis
needs to be investigated. Similar issues are obvious in terms of
the use of p28 as an antigen for serologic diagnosis. The sur-
face regions of p28 are predominantly located on the N-termi-
nal half. These data will facilitate epitope mapping of p28.

p28 is a common antigen of genus Ehrlichia. The classifica-
tion of Ehrlichia is historical. Some organisms in the genus
Ehrlichia may not be true Ehrlichia species, and some other
organisms, such as C. ruminantium, which are not classified as
Ehrlichia currently, are genetically and antigenically closely
related to the genus Ehrlichia. Based on the DNA sequence
homology of the 16S rRNA gene, Ehrlichia organisms can be
classified into three groups (30). The first group includes E.
canis, E. chaffeensis, E. muris, E. ewingii and C. ruminantium.
The host cell tropism of the organisms in this group is for the
monocyte, except for C. ruminantium and E. ewingii, which
grow in the endothelial cell and granulocyte, respectively. The
second group includes E. equi, E. phagocytophila, the human
granulocytic ehrlichiosis agent, E. platys, E. bovis, and A. mar-
ginale. The tropism of the organisms in this group is very
diverse. The first three organisms are granulocytotropic. They
possibly represent a single species. E. platys infects platelets,
and E. bovis infects monocytes and macrophages. A. marginale
is an erythrocyte parasite. The p28 protein and the analog
proteins had been detected in most species of Ehrlichia, except
for E. ewingii and E. platys, in which the protein or its gene has
yet to be studied to the best of our knowledge. The closer the
organisms are genetically, the stronger the cross-reactions of
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p28 are observed. Mouse antiserum to the recombinant p28
protein of E. chaffeensis cross-reacted with a 30-kDa protein of
E. canis (20). Canine anti-E. canis serum reacted with the 28-
and 30-kDa proteins of E. chaffeensis, E. muris, and E. canis
(30). C. ruminantium MAP-1 cross-reacted with antibodies to
E. canis, E. ovina, and E. bovis (14). E. canis, E. sennetsu, E.
equi, and E. risticii have antigenic cross-reactive 25-kDa pro-
teins (18). Anti-E. sennetsu or anti-E. risticii serum Cross-re-
acted with the low-molecular-mass proteins in the range of 20
to 28 kDa of each other (3, 25). Although the low-molecular-
mass proteins are not the immunodominant proteins of the
human granulocytic ehrlichiosis agent, proteins with a molec-
ular mass of approximately 30 kDa were detected in all strains,
and the proteins are pleomorphic in different strains (33). The
amino acid sequences deduced from p28 or its analogs from all
Ehrlichia species evaluated are relatively conserved. The gene
of the p28 of E. chaffeensis has high homology with the genes
of the C. ruminantium MAP-1 and even has low homology with
the A. marginale MSP4. Although not all of the investigations
necessary to detect the existence of the p28 protein in E.
ewingii and E. platys have been performed, we believe that the
28-kDa protein may be a characteristic of the genus Ehrlichia,
since p28 is present in all Ehrlichia species characterized.

Because p28 and its homologs are surface-exposed proteins
and are conserved among the members of the genus, they
might play an important role in the structure of the ehrlichial
outer membrane or in the physiology of the Ehrlichia organ-
isms. The functions of these proteins have not been character-
ized. The cysteine content of the p28 is 1.6%, which is similar
to the 1.6 and 1.9% cysteine contents of the 90-kDa envelope
protein and the major outer membrane protein (MOMP), re-
spectively, of Chlamydia (16). MOMP and the 90-kDa protein
are involved in the disulfide-bonded cross-linking of the outer
membrane of Chlamydia, which is responsible for the struc-
tural rigidity of the elementary body. Therefore, the 28-kDa
protein may be involved in disulfide-bond cross-linking of the
outer membrane of Ehrlichia, in which peptidoglycan, an im-
portant structural component of most bacterial cell walls, has
yet to be identified.
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