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Ehrlichia canis, an obligatory intracellular bacterium of monocytes and macrophages, causes canine mono-
cytic ehrlichiosis. E. canis immunodominant 30-kDa major outer membrane proteins are encoded by a poly-
morphic multigene family consisting of more than 20 paralogs. In the present study, we analyzed the mRNA
expression of 14 paralogs in experimentally infected dogs and Rhipicephalus sanguineus ticks by reverse tran-
scription-PCR using gene-specific primers followed by Southern blotting. Eleven out of 14 paralogs in E. canis
were transcribed in increasing numbers and transcription levels, while the mRNA expression of the 3 remain-
ing paralogs was not detected in blood monocytes of infected dogs during the 56-day postinoculation period.
Three different groups of R. sanguineus ticks (adult males and females and nymphs) were separately infected
with E. canis by feeding on the infected dogs. In these pools of acquisition-fed ticks as well as in the trans-
mission-fed adult ticks, the transcript from only one paralog was detected, suggesting the predominant tran-
scription of that paralog or the suppression of the remaining paralogs in ticks. Expression of the same paralog
was higher whereas expression of the remaining paralogs was lower in E. canis cultivated in dog monocyte cell
line DH82 at 25°C than in E. canis cultivated at 37°C. Analysis of differential expression of p30 multigenes in
dogs, ticks, or monocyte cell cultures would help in understanding the role of these gene products in patho-
genesis and E. canis transmission as well as in designing a rational vaccine candidate immunogenic against
canine ehrlichiosis.

Ehrlichia canis is the causative agent of canine monocytic
ehrlichiosis (CME) with tropism for monocytes and macro-
phages. CME was originally described in Algeria in 1935 (4)
and is currently reported throughout the world, with a higher
frequency in tropical and subtropical regions. E. canis has been
shown to be transstadially transmitted by the nymph and adult
stages of the brown dog tick, Rhipicephalus sanguineus, and by
the adult stage of the American dog tick, Dermacentor variabilis
(7, 9, 12, 13).

Eight to 20 days following tick transmission (acute phase),
CME may be manifested by fever, depression, dyspnea, ano-
rexia, and slight weight loss, with laboratory findings of throm-
bocytopenia, leukopenia, mild anemia, and hypergammaglobu-
linemia. A subclinical phase follows the acute phase and is
associated with persistent E. canis infection and mild throm-
bocytopenia that may last 40 to 120 days or years. The chronic
phase is characterized by hemorrhages, epistaxis, and edema in
addition to the clinical signs and laboratory findings of the
acute phase, which are often complicated by superinfection
with other microorganisms (2, 3, 6, 8, 11). Once dogs are in-
fected with E. canis, they may remain infected for life, even
after 1 year of treatment with doxycycline (31).

E. canis 30-kDa proteins (P30s) were found to be immuno-
dominant antigens and highly cross-reactive with 28-kDa anti-
gens (OMP-1s) of E. chaffeensis, the agent of human monocytic

ehrlichiosis, by Western blot analysis of sera from experimen-
tally and clinically infected dogs (15, 21, 29). E. chaffeensis is
closely related to E. canis on the basis of 16S rRNA gene
sequence comparison (1). P30s and OMP-1s are encoded by a
single polymorphic multigene family (14, 15, 16), and immu-
nization of mice with recombinant OMP-1 protected the mice
from ehrlichial infection (14).

Recent characterization and expression analyses of the
E. canis multigene family have revealed 22 polymorphic genes
which are homologous but not identical to p30 (71.8 to 19.2%
amino acid identity) and which are tandemly arranged as a
cluster on the 28-kb locus as well as a repeat of three tandem
genes on the 6.7 kb locus of the E. canis genome (16). The 5�
end of the 28-kb locus consists of paralogs linked by short
intergenic spaces, while the paralogs at the 3� end are con-
nected by longer intergenic spaces. All p30 paralogs have also
been reported to be transcriptionally active in DH82 cells, a
canine monocyte cell line, when analyzed by reverse transcrip-
tion (RT)-PCR (16). The transcriptional activity of E. canis
p30 paralogs during infection of mammalian and arthropod
hosts is, however, unknown. In the present study, we analyzed
the expression of p30 paralogs in experimentally infected dogs
and ticks by RT-PCR followed by Southern blotting. Further-
more, we compared the transcription of p30 paralogs in E. ca-
nis cultivated at 37 and 25°C. The present study is expected to
facilitate understanding of the role of these genes in patho-
genesis and transmission and to provide information with re-
spect to a vaccine candidate immunogen for the prevention of
canine ehrlichiosis.

(Part of this study was presented at the 100th General Meet-
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ing of the American Society for Microbiology, Los Angeles,
Calif., 22 May 2000 [A. Unver, T. Tajima, N. Ohashi, Y. Riki-
hisa, and R. W. Stich, abstr. no. D-74, p. 242, 2000].)

MATERIALS AND METHODS

Organism and culture. The Oklahoma isolate of E. canis was cultivated in
DH82 cells and maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, and 10
mM N-(2-hydroxyethyl-piperazine)-N�-(4-butanesulfonic acid) buffer in a humid-
ified 37°C incubator with 5% CO2–95% air as previously described (21). E. canis
was purified by Sephacryl S-1000 column chromotography to extract genomic
DNA (21).

Experimental infection of dogs. Four specific-pathogen-free female dogs (1 to
2 years old) were used. Two dogs, 10184 and 9673, were mixed-breed hounds that
weighed 18 and 20 kg, respectively (Kaiser Lake Kennels, St. Paris, Ohio). Dogs
CBT7 and FAV7 were beagles that each weighed 13 kg (Batelle, Columbus,
Ohio). All dogs were determined to be free of E. canis infection by indirect
fluorescent-antibody (IFA) and PCR tests. Dogs 10184 and 9673 were intrave-
nously inoculated with 5 � 106 (high-dosage dog) and 5 � 104 (low-dosage dog)
E. canis-infected DH82 cells in 5 ml of Dulbecco’s modified Eagle’s medium,
respectively. Heparinized blood samples (30 ml) were collected from the cephalic
vein every 3 days between 0 and 21 days postinoculation (p.i.) and once a week
between 21 and 56 days p.i. for the IFA test, RT-PCR, complete blood count, and
PCR. Rectal temperature, appetite, attitude, and any clinical changes were
recorded daily.

Tick attachment. Uninfected laboratory-reared R. sanguineus ticks were ob-
tained from the Medical Entomology Laboratory, Oklahoma State University,
Stillwater, and maintained by the method of Patrick and Hair (19). Ticks were
placed within feeding cells made with orthopedic stockinettes attached to the
dogs with a water-based adhesive (3 M, St. Paul, Minn.). Ticks were allowed to
acquisition feed on dogs 10184 and 9673 beginning on day 72 after inoculation
with E. canis. One hundred adult males, 100 adult females, and 500 nymphs were
placed into each of three separate feeding cells on dog 10184. On dog 9673, 100
males, 100 females, and 250 nymphs were placed in a similar manner. Attach-
ment to the host and engorgement of ticks were monitored daily. All adult ticks
were removed from dogs 7 days after attachment and kept in humidified cham-
bers at room temperature. Adult ticks were kept for 10 days for blood meal
digestion, and engorged nymphs were incubated for 2 months to allow molting.
For transmission feeding, 30 male and 22 female ticks infected as adults on dog
10184 and 10 male and 20 female ticks infected as adults on dog 9673 were
attached to the uninfected hosts, dogs CBT7 and FAV7, respectively. Female
ticks failed to reattach and were removed from the feeding cells on the next day.
Male ticks reattached and were allowed to feed for 10 days; they were then
removed and dissected immediately. One group of uninfected laboratory-reared
ticks was used as a negative control for PCR and RT-PCR.

IFA test. IFA testing of serially collected dog plasma samples was performed
as described elsewhere (21). DH82 cells infected with the Oklahoma isolate of
E. canis were used for the preparation of antigen slides, and fluorescein isothio-
cyanate-conjugated goat anti-dog immunoglobulin G (Jackson ImmunoResearch
Laboratories Inc., West Grove, Pa.) was used at a 1:200 dilution as a secondary
antibody (29).

DNA isolation from specimens and PCR. After centrifugation of heparinized
blood samples from experimentally infected dogs, plasma was collected and
saved for serologic analysis. Peripheral blood mononuclear cells (PBMCs) were
isolated by overlaying the buffy coat on Histopaque 1077 (Sigma, St. Louis, Mo.),
and the interface fractions containing mononuclear cells were collected. The
cells were washed with phosphate-buffered saline (137 mM NaCl, 10 mM
Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4 [pH 7.2]), and DNA was isolated from
107 PBMCs with a QIAamp blood kit (Qiagen Inc., Valencia, Calif.) according
to the manufacturer’s instructions.

Ticks were dissected with a sterile razor blade by dividing the body along the
median plane under a dissecting microscope. Salivary glands, midguts, and body
halves were pooled from five or six ticks and used for DNA or RNA extraction.
DNA was purified from tick tissues with DNAzol reagent (Life Technologies
Inc., Gaithersburg, Md.) according to the manufacturer’s instructions. Nested
PCR was carried out to detect E. canis DNA in canine PBMCs and tick tissues
as previously described with primers ECC-ECB (outside pairs) and HE3-ECA
(nested pairs) specific for the 16S rRNA gene of E. canis (31).

RNA isolation and RT-PCR. Total RNA was extracted from 107 PBMCs from
experimentally infected dogs and pools of tissues from five or six ticks (body
halves, salivary glands, and midguts) with TRIzol reagent (Life Technologies)
according to the manufacturer’s instructions. The final RNA pellet was resus-

pended in Tris-Mg buffer (10 mM Tris-HCl [pH 7.2], 10 mM MgCl2) and treated
with 3 U of RNase-free DNase I (Epicentre Technologies, Madison, Wis.) at
37°C for 30 min. DNase I was removed from the RNA samples with an RNeasy
mini column kit (Qiagen according to the manufacturer’s instructions. Half of
the total cellular RNA eluted from the column with diethyl pyrocarbonate-
treated distilled deionized sterile water was heated at 70°C for 10 min and
reverse transcribed in a 20-�l reaction mixture (10 mM random hexamer, 0.5
mM each deoxynucleoside triphosphate, 1 U of RNase inhibitor [Life Technol-
ogies], 200 U of SuperScript II reverse transcriptase [Life Technologies]) at 42°C
for 50 min. PCR was performed separately for each paralog with a 50-�l reaction
mixture including 1 �l of the cDNA product, 10 pmol of a gene-specific primer
pair (16), 0.2 mM each deoxynucleoside triphosphate, 1.5 U of Taq DNA poly-
merase, and 1.5 mM MgCl2; 3 min of denaturation at 94°C was followed by 40
cycles consisting of 1 min of denaturation at 94°C, 1 min of annealing at 54°C,
and 1 min of extension at 72°C. For p30-5 and p30-4, PCR and RT-PCR utilized
slightly different regions as targets (nucleotides [nt] 14445 to 14616 and nt 16963
to 17359, respectively), based on the 28-kb omp locus of E. canis (16). The final
extension was allowed to continue for 7 min.

The other half of the total RNA was processed using the same procedures but
without reverse transcriptase, and PCR was carried out with the same reaction
mixture as a negative control to rule out DNA contamination in the RNA
preparation. As a positive control, PCR was performed separately for each
paralog with a gene-specific primer pair and 0.5 ng of purified E. canis DNA as
a template (Fig 1B). To estimate ehrlichial RNA in each specimen, the one-step
PCR was performed with a primer pair (HE3-ECA) specific for the 16S rRNA
gene of E. canis, reaction mixture and PCR conditions identical to those de-
scribed for RT-PCR, 2 �l of the cDNA template, 60°C annealing, and 27 cycles.
PCR products were elecrophoresed in 1.5% agarose gels and visualized with
ethidium bromide (EtBr).

To investigate the effect of low temperature on p30 gene expression, E. canis-
infected cells cultivated at 37 or 25°C were harvested when �60% of the cells
were infected. To make sure that mRNA produced at 37°C was turned over,
E. canis was grown in DH82 cells at 25°C for 8 days. Total RNA was prepared
from 5 � 106 E. canis-infected DH82 cells using the RNeasy mini column kit
according to the manufacturer’s instructions. A 5-�g RNA sample was treated
with 10 U of DNase I (Epicentre). The removal of DNase I, cDNA synthesis
from 2.5 �g of isolated RNA, and PCR were performed as described above,
except that 0.5 �l of the cDNA product was used as the template for amplifica-
tions consisting of 28 thermal cycles.

Estimation of RT-PCR sensitivity. The sensitivity of RT-PCR was estimated
by using p30 gene-specific RNA by a modification of the procedure described by
Shaw et al. (27). Two paralogs, p30-5 and p30-10, were selected as representa-
tives for the sensitivity assay based on the results of PCR with DNA from purified
E. canis as a template (Fig. 1B) and expression analyses shown in Fig. 3 and 4.
In order to create in vitro transcripts specific for p30-5 and p30-10, PCR frag-
ments were produced with forward primers designed based on the upstream
sequences of the forward primers used in RT-PCR with the addition of the T7
RNA polymerase binding site sequence at the 5� ends and reverse primers
designed based on the downstream sequences of the reverse primers used in
RT-PCR. For p30-5, the forward and reverse primers were (T7 binding site is
underlined) 5�-TAATACGACTCACTATAGGGCGCTAAAAAGTACTACG
GAT-3� and 5�-ATCTTGCAAGTTCAGCAAC-3�, respectively. These primers
were located 217 bp upstream and 319 bp downstream from the 5� end (14445
bp) and the 3� end (14616 bp) of the RT-PCR region (Fig. 1), respectively. For
p30-10, the forward and reverse primers were 5�-TAATACGACTCACTATAG
GGTCAAGAACTAATGATAACAAAG-3� and 5�-AGCATCATTTAATACT
ACTCC-3�, respectively. These primers were located 178 bp upstream and 208
bp downstream from the 5� end (16963 bp) and the 3� end (17359 bp) of the
RT-PCR region, respectively.

After PCR was performed with these primers and genomic DNA, the ampli-
con was purified and used as a template for generating specific in vitro runoff
transcripts with an AmpliScribe T7 transcription kit (Epicentre). The transcripts
were treated with 1.5 U of DNase I from the kit for 30 min at 37°C, and DNase
I was removed by the RNeasy column method as described above. The tran-
scripts were enumerated by measuring the A260 with a GeneQuant II RNA and
DNA calculator (Pharmacia Biotech Inc., Cambridge, England). In the sensitiv-
ity assay, cDNAs were synthesized as previously described from 10-fold-diluted
transcripts. Each dilution of transcripts was spiked with total RNA (correspond-
ing to 5 � 106 PBMCs) from PBMCs from an uninfected dog. From 20 �l of
cDNA, 1 �l was used for PCR with primers and conditions identical to those
described above for RT-PCR.

Southern blot analysis. For preparation of probes, DNA fragments were
amplified from E. canis genomic DNA with the respective primer pairs used for
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PCR and RT-PCR. Amplicons purified from gels with a QIAEX II kit (Qiagen)
were labeled with [�-32P]dATP by the random primer method with a multiprime
DNA labeling system (Amersham International Plc., Amersham, United King-
dom) and used as DNA probes. RT-PCR products were electrophoresed and
transferred to Hybond-N� nylon membranes (Amersham) as described else-
where (24). Hybridizations were performed separately with 32P-labeled DNA
probes in rapid hybridization buffer (Amersham) at 65°C for 20 h. The blots were
washed twice at 55°C for 30 min with 1� SSC (0.15 M sodium chloride plus 0.015
M sodium citrate) and with 0.1� SSC, both including 1% sodium dodecyl sulfate.
The membranes were exposed to Hyperfilm at �80°C and PhosphorImager
cassettes (Molecular Dynamics, Sunnyvale, Calif.) at room temperature.

RESULTS

Experimental infection of dogs with E. canis. Dog 10184
(high dosage) and dog 9673 (low dosage) developed mild clin-
ical signs and laboratory findings of CME starting on day 14 p.i.
and continuing through day 56 p.i. Both dogs developed tran-
sient fever (40°C from 12 to 14 days p.i.) and more than a 50%
reduction in platelet counts relative to the inoculation-day
counts from day 14 p.i. through day 56 p.i.. Both dogs sero-
converted at 1 week p.i., and the titer of E. canis in IFA tests
reached 1:2,560 at 2 weeks p.i.. IFA titers remained at 1:5,120
to 1:10,240 through day 56 p.i., and E. canis DNA was detected
in PBMCs by nested PCR starting on day 7 p.i. and continuing
through day 56 p.i..

Sensitivity of RT-PCR and Southern blotting. p30-5 and
p30-10 were selected as representatives to estimate the sensi-
tivity of RT-PCR, because p30-5 was most weakly detected by
the gene-specific primer (Fig. 1B) and p30-10 was universally
expressed in both dogs and ticks (Fig. 3 and 4). In vitro-
generated specific transcripts of p30-5 and p30-10 were 10-fold
serially diluted and used in RT-PCR against a background of
total RNA from 2.5 � 106 uninfected dog PBMCs to mimic the
experimental conditions (Fig. 2A). Under our standard RT-

PCR conditions, 172- and 292-bp cDNA fragments of p30-5
and p30-10, respectively, were detected to the levels of 105 and
104 transcripts, respectively. The detection limit of the nested
PCR based on the 16S rRNA gene was 0.2 pg (in the PCR
tube) of purified E. canis DNA, corresponding to 1,000 E. canis
genomes in 2.5 � 106 PBMCs. All dog and tick specimens
examined in the present study were 16S rRNA gene-based
nested PCR positive. This means that at least 1,000 E. canis
genomes were present in each specimen. Therefore, when p30
transcripts were not detectable in these specimens by RT-PCR,
the transcript number was less than 100 per E. canis genome.
Because the sensitivity of Southern blot hybridization was 100
times that of RT-PCR (Fig. 2B), the lack of detection of an
RT-PCR product by Southern blot hybridization indicates that
the transcript number was less than 1 per E. canis genome, i.e.,
not transcribed. Therefore, the lack of detection of RT-PCR
products was not due to a low sensitivity of our assay or to
small numbers of organisms in the specimens.

Transcriptional profiles of p30 paralogs in infected dogs.
Figure 3A shows the results of RT-PCR of total RNA from
PBMCs from the two experimentally infected dogs over the
time course of infection. The PCR products with DNA from
purified E. canis as a template are shown as a positive control
for the sensitivity and specificity of the gene-specific primer
pairs. The RT-PCR products visualized by EtBr staining re-
vealed a single distinct band of the expected size for every pair
used. As another control, to determine the levels of ehrlichial
RNA present in the PBMCs at every time point in each dog,
E. canis 16S rRNA in the PBMCs was amplified by RT-PCR in
the linear range with the same cDNA template. E. canis 16S
rRNA levels were almost constant in both dogs during the 11-
to 56-day p.i. period (Fig. 3A). Several negative controls were
used in this study. Half of each total RNA preparation from

FIG. 1. (A) Region of the p30 multigene cluster of E. canis tested by RT-PCR. Open boxes and arrows show p30 paralogs and their orientations.
Closed boxes indicate the amplified RT-PCR region (see Materials and Methods). (B) PCR utilizing purified E. canis DNA (0.5 ng) as a template
and gene-specific primer pairs, showing the strength and specificity of each reaction. The amplified products were resolved on agarose gels
containing EtBr. p30 paralogous genes are identified on the top. Lane M, molecular size markers (�X174 replicative-form DNA HaeIII fragments
[Life Technologies]). Sizes of markers and amplified products are indicated on the left and bottom, respectively.
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dog and tick samples was processed with the same procedure
but without the addition of reverse transcriptase, and PCR was
carried out to rule out DNA contamination in the RNA prep-
aration. Preinfection dog blood specimens were processed in
the same manner as infected specimens and used as negative
controls. Total RNA was purified, and cDNA was analyzed for
the expression of p30 paralogs. None of the negative controls
in the RT-PCR and Southern blotting analyses amplified or
hybridized with any of the targets, 16S rRNA, or p30 paralogs
of E. canis (data not shown).

Eleven out of 14 paralogs examined by RT-PCR were found
to be transcribed by E. canis in PBMCs of both experimentally
infected dogs. Five p30 paralogs are shown in Fig. 3A. South-
ern blot hybridization was used to confirm the specificity of
RT-PCR products of the p30-9, -8, -10, and -2 genes due to the
observation of multiple bands after RT-PCR and to augment
the assay sensitivity to confirm that p30-7, -4, and -a were
below the detection limit (Fig. 3B). In addition to the p30
paralogs shown in Fig. 3, two paralogs at the 5� and 3� ends of
the locus, p30-19 and p30-20, respectively, were also analyzed
by RT-PCR and found to be transcriptionally active in both
dogs on day 17 p.i. (on other days p.i., expression was not de-
termined) (data not shown). The expression of p30-2, p30-3,

and p30-10 did not differ significantly between the two dogs
(Fig. 3). These three paralogs were consistently expressed in
both dogs at similar levels during the 56-day infection period.
However, the remaining eight p30 paralogs were expressed
much more strongly in the high-dosage dog, 10184, than in the

FIG. 2. (A) Estimation of RT-PCR sensitivity in detecting tran-
scripts of p30 paralogs. �, RT-PCR analysis was performed using
decreasing amounts of in vitro-generated transcripts as templates; �,
identical reactions without the addition of reverse transcriptase as a
control for DNA contamination. Numbers of transcripts are shown on
the top. p30 paralogs are identified on the left. Lane M, molecular size
markers (�X174 replicative-form DNA HaeIII fragments). Sizes of
amplified product are indicated on the right. (B) Determination and
comparison of sensitivities of PCR (a) and Southern blotting (b) in
detecting representative p30 paralogs. Amounts of E. canis DNA used
as templates for amplification are indicated on the top. The amplified
products were resolved on agarose gels containing EtBr (a). After
agarose gel electrophoresis, the amplicons were transferred to nylon
membranes and hybridized with a 32P-labeled probe specific for p30
(b). The membranes were exposed to Hyperfilm for 17 h at �80°C.
Lane Marker, molecular size markers (�X174 replicative-form DNA
HaeIII fragments). Sizes of amplified or hybridized products are indi-
cated on the right

FIG. 3. (A) mRNA expression of five p30 paralogs (p30-6, p30-5,
p30-3, p30-1, and p30) and 16S rRNA of E. canis in PBMCs of two
experimentally infected dogs at different days p.i. Total RNA was
extracted and subjected to RT-PCR. The amplified products were
resolved on agarose gels containing EtBr. p30 paralogs are identified
on the left. Lane M, molecular size markers (�X174 replicative-form
DNA HaeIII fragments); lane Pos, product amplified by PCR with
DNA from purified E. canis as a template and respective primer pairs,
used as a positive control for each PCR and as a determinant of
amplicon size on the gel; lane NT, no template. Sizes of amplified
products are indicated on the right. Dog 10184, high dosage; dog 9673,
low dosage. (B) Transcriptional profiles of seven p30 paralogs (p30-9,
p30-8, p30-7, p30-10, p30-4, p30-a, and p30-2) in PBMCs of two exper-
imentally infected dogs at different days p.i., determined by RT-PCR
followed by Southern blot analysis. Total RNA was extracted and
subjected to RT-PCR. After agarose gel electrophoresis, the amplified
products were transferred to nylon membranes and hybridized with a
32P-labeled probe specific for each p30 paralog. Lane Pos, positive
control with purified E. canis DNA as a template; lane NT, no tem-
plate. Sizes of amplified products are indicated on the right. Dog
10184, high dosage; dog 9673, low dosage.
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low-dosage dog, 9673. Overall, mRNA expression levels in-
creased over the time course of infection in both dogs. The
expression of three paralogs, p30-7, p30-4, and p30-a, was not
detected in either dog throughout the 56-day infection period.
Table 1 summarizes the transcribed or undetectable mRNAs
of p30 paralogs at four different time points during infection in
the two dogs.

Tick infection and mRNA expression of p30 paralogs in
infected ticks. DNA and total RNA were extracted from 12
groups of pooled infected tick tissues (Fig. 4) and 1 uninfected
tick tissue pool as a negative control. The presence of E. canis
RNA in all 12 groups of infected tick tissues was confirmed by
RT-PCR using 16S rRNA as the target (Fig. 4). No ehrlichial
16S rRNA or transcripts of p30 paralogs were detected in un-
infected tick tissue. Without reverse transcriptase, all of these
tick tissues were negative in RT-PCR using 16S rRNA or p30
paralog primers. A transcript of p30-10 was the only p30 tran-
script detected in all 12 groups of infected tick tissues by
Southern blot hybridization, regardless of whether ticks were
being acquisition or transmission fed, whether ticks were male,
female, or nymphs, whether salivary glands, midguts, or body
halves were used for RNA extraction, or which dog the ticks
fed on. The level of p30-10 expression relative to the level of
16S rRNA expression was lower in tick tissues than in dog
PBMCs.

Transcription of p30 paralogs of E. canis in DH82 cells
cultured at 25°C. Because E. canis is transferred from warm
dogs to cooler ticks, temperature may be one of the factors in
the transcriptional regulation of p30 paralogs. In order to test
this hypothesis, we analyzed the mRNA expression of p30
paralogs of E. canis in DH82 cells cultured at 25 and 37°C. We
previously showed by RT-PCR that all p30 paralogs of E. canis
were transcribed at different levels in DH82 cells cultivated at
37°C (16). The infectivity levels of E. canis and cell numbers in
two different culture conditions were adjusted and confirmed
by RT-PCR using primers specific for the 16S rRNA gene of
E. canis (Fig. 5). A comparison of the transcription of p30

paralogs in E. canis cultivated at 25 and 37°C relative to the
levels of 16S rRNA transcripts showed (Fig. 5) that in a culture
at 25°C, the mRNA expression level was elevated for only one
gene (p30-10), whereas the remaining genes were downregu-
lated or undetectable. This result may account for the detect-
able p30-10 transcript and the undetectable other transcripts in
E. canis-infected ticks.

DISCUSSION

Various ehrlichial agents, such as E. canis, E. platys, E. pha-
gocytophila, Cowdria ruminantium, and Anaplasma marginale,
cause persistent infections in the presence of an active immune
response (2, 5, 6, 20, 21); the polymorphic multigene family of
major outer membrane proteins has been suspected to have a
role in immune evasion in chronically infected hosts. The study
of A. marginale major surface protein 2 gene (msp2) expression
in cattle revealed that during each peak of rickettsemia, the

FIG. 4. Transcriptional profiles of p30-10 in 12 different pools of ticks, determined by RT-PCR followed by Southern blotting. Total tick RNA
was extracted and subjected to RT-PCR. After agarose gel electrophoresis, the amplified products were transferred to nylon membranes and
hybridized with a radioactively labeled probe specific for p30-10. The top panel shows EtBr-stained RT-PCR products of E. canis 16S rRNA. Lane
M, molecular size markers (�X174 replicative-form DNA HaeIII fragments); lane Pos, positive control with E. canis DNA as a template; lanes 1
to 12, different pools of tick specimens; lane NT, no template. Sizes of amplified products are indicated on the right. Samples in lanes 9 to 12 were
from nymphs after molting. Tick tissue: HB, half body; SG, salivary gland; MG, midgut. Stage, when attached: A, adult; N, nymph. Sex: M, male;
F, female. Feeding: A, acquisition; T, transmission. Dog: D1, dog 10184; D2, dog 9673; D3, dog FAV7, D4, dog CBT7.

TABLE 1. Summary of RT-PCR and Southern blotting results
for dogs tested at different time points

Days
p.i. Doga

Expression of the following p30 paralogsb:

19 9 8 7 6 5 10 4 a 3 2 1 0 20

11 10184 NP � � � � � � � � � � � � NP
9673 NP � � � � � � � � � � � � NP

17 10184 � � � � � � � � � � � � � �
9673 � � � � � � � � � � � � � �

35 10184 NP � � � � � � � � � � � � NP
9673 NP � � � �c � � � � � � � � NP

56 10184 NP � � � � � � � � � � � � NP
9673 NP � � � � � � � � � � � � NP

a Dog 10184, high dosage; dog 9673, low dosage.
b �, detectable level of expression; �, undetectable level of expression; NP,

testing was not performed.
c Extremely weak level of expression.
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expression of several msp2 genes occurs while the antibody
response is directed to previously expressed msp2 genes, indi-
cating that the mechanism of persistent infection of A. margi-
nale in cattle may be antigenic variation (5). However, in the
present study, unlike the results for A. marginale, we did not
find any clear peak of rickettsemia or drastic changes in the
compositions of expressed p30 paralogs of E. canis in PBMCs
from dogs during the 56-day infection period. Rather, the same
nine paralogs were transcriptionally active at increasing levels.
Both high- and low-dosage dogs developed the same levels of
antibody titers against E. canis. Despite the presence of the
same levels of 16S rRNA in high- and low-dosage dogs, E. ca-
nis in the high-dosage dog showed greater overall levels of
expression of these nine p30 paralogs than E. canis in the
low-dosage dog. More studies are needed to clarify low- and
high-dosage differences in p30 gene expression. Since the an-
tibodies that developed did not appear to have cleared E. canis
which expressed a particular set of p30 paralogs and since
E. canis expressing new p30 paralogs did not emerge after the
development of the antibodies, p30 gene expression by E. canis
in dogs does not appear to be related to evasion of the humoral
immune response.

Little is known about the localization and development
of E. canis in the vector tick. However, the development of
A. marginale in D. andersoni ticks is well documented (10).
A. marginale and E. canis are taxonomically closely related, and
their arthropod vectors are ixodid ticks that belong to the same
tribe, Rhipicephalinae. It has been reported that A. marginale is
acquired by D. andersoni through the blood meal and infects
and multiplies in the midgut epithelium, followed by muscle
cells lining the visceral side of the midgut and eventually the
salivary glands, from where it is transmitted in the saliva (10,
28). Therefore, we isolated total RNA from the salivary glands,
midguts, or whole bodies of R. sanguineus ticks to analyze
transcription of p30 paralogs in the arthropod vector. A recent
report on an analysis of the population structure of Borrelia
burgdorferi in terms of outer surface protein A (OspA) and
OspC and vlsE gene expression in salivary glands and midguts

of Ixodes scapularis ticks (17) showed that spirochetes are a
homogeneous population in ticks before the blood meal and
become heterogeneous during transmission feeding. However,
in the present study, only one p30 gene was expressed in E. ca-
nis in tick salivary gland, midgut, or whole-body samples of
R. sanguineus adults infected as nymphs or adults after both
acquisition feeding and transmission feeding.

Ten active p30 genes of E. canis in dogs became undetect-
able in ticks. Differential p30 expression between vectors and
mammalian hosts may be important for ehrlichial tick trans-
mission and adaptation to different hosts. Differential expres-
sion of major surface proteins of tick-borne bacteria in mam-
mals and ticks was previously reported with A. marginale (22),
B. burgdorferi (25), and B. hermsii (26). Rurangirwa et al. (22)
reported that only two closely related msp2 gene products,
SGV1 and SGV2, are expressed by the South Idaho strain of
A. marginale in the salivary glands of adult male D. andersoni
ticks during both acquisition feeding and transmission feeding
on cattle. Midgut-expressed antigens were not examined. On
the contrary, in the St. Maries (Idaho) strain of A. marginale,
more diverse msp2 genes were expressed in tick salivary glands
(23). B. burgdorferi switches from mammalian host-specific
OspC to tick-specific OspA in the midguts of nymphal I. scap-
ularis (25). A similar apparent switch occurs in variable major
proteins (Vmps) during the transmission of B. hermsii. After
nymphal Ornithodoros hermsii fed on BALB/c mice infected
with serotype 7 or 8 B. hermsii, Vmp7 or Vmp8 was replaced by
Vmp33 in the tick salivary glands; this pattern was reversed
after tick transmission of B. hermsii back to mice (26). Even
though p30-10 was expressed by E. canis in ticks, the levels of
expression were lower than those of E. canis in canine PBMCs
relative to the 16S rRNA expression levels. Therefore, it does
not seem that p30-10 is upregulated in ticks; rather, overall p30
paralogs appear to be downregulated in E. canis in ticks while
p30-10 continues to be expressed.

16S rRNA was used to normalize the input RNA in the
current study. No adustment was necessary, since the levels of
16S rRNA actually did not change much in dogs and tick
tissues once infection was established. Since 16S rRNA is in-
volved in protein synthesis and is relatively stable under stress
in Ehrlichia spp. (32), it is expected to reflect the growth of
ehrlichiae in general. Not many other genes are known to be
used as alternative “housekeeping genes” for Ehrlichia spp. at
this time. DNA is not an appropriate housekeeping gene, since
it is purified by a different procedure and thus cannot be used
as an RNA recovery and RT reaction control. We assume that
RT-PCR detected mRNA and rRNA primarily from live ehr-
lichiae in this study, since once ehrlichiae are killed, whole
bacteria are rapidly degradated in lysosomes (18, 30). How-
ever, if 16S rRNA persists much longer than mRNA of p30
paralogs in dead bacteria, then a more dynamic pattern of gene
expression may be masked.

Fourteen p30 paralogs at the 5� end of the 28-kb locus of
E. canis were linked by short intergenic spaces, while the 8
remaining paralogs at the 3� end were connected by longer
intergenic spaces (16). The active or silent state of p30 paralogs
may be related to their structure and localization. p30-10, the
only p30 paralog expressed in ticks, is localized downstream of
the first group, after the longest intergenic space (550 bp), and
this gene product has the most acidic pI value, 4.2, among the

FIG. 5. RT-PCR of p30 paralogs at 25 or 37°C. All amplicons were
detected as a single band on an agarose gel stained with EtBr. Num-
bers on the right indicate amplicon sizes. An arrow indicates p30-10.
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P30s. These characteristics could explain why p30-10 continues
to be expressed in ticks.

All 22 p30 paralogs were transcriptionally active in the
DH82 monocyte cell line, and the paralogs with short inter-
genic spaces were cotranscribed with their adjacent genes, in-
cluding respective intergenic spaces, at both 5� and 3� ends (16).
Three p30 paralogs, including, p30-7 in the polycistronic re-
gion, were undetectable in monocytes from both dogs, suggest-
ing that transcriptional regulation in canine PBMCs differs
from that in the DH82 dog cell culture system. In the present
study, we compared the transcription of p30 paralogs in E. ca-
nis cultivated at 37 and 25°C to serve as a temperature model
for dog and tick infections, respectively. Downregulation of the
p30 paralogs, except for p30-10, in ticks as well as in DH82 cells
grown at 25°C suggests that temperature may be one of the
factors regulating the mRNA expression of p30 paralogs.
Whether pathogenicity is different between E. canis expressing
only p30-10 and E. canis expressing multiple p30 paralogs re-
mains to be determined. Analysis of expression profiles for p30
paralogs in dogs and ticks under different conditions will facil-
itate understanding of the role of the p30 multigene family in
the pathogenesis of CME and the tick transmission of E. canis.
Future studies on the regulation of p30 gene expression and
genes abundantly expressed in ticks could lead to the develop-
ment of a vaccine against CME.
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