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Human granulocytic ehrlichiosis (HGE) is an emerging tick-borne zoonosis caused by a strain of Anaplasma
phagocytophila called the HGE agent, an obligatory intracellular bacterium. The agent expresses immunodom-
inant 44-kDa outer membrane proteins (P44s) encoded by a multigene family. The present study established
an experimental process for transmission of the HGE agent from infected mice (a reservoir model) to nymphal
Ixodes scapularis ticks (a biological vector) and subsequently to horses (a patient model) by the adult infected
ticks. Overall, a total of 20 different p44 transcripts were detected in the mammals, ticks, and cell cultures.
Among them, a transcript from a p44-18 gene was major at acute stage in mice and horses but minor in ticks.
Both mRNA and protein produced from the p44-18 gene were detected in the HGE agent cultivated in HL-60
cells at 37°C, but their expression levels decreased in the organisms cultivated at 24°C, suggesting that
temperature is one of the factors that influence the expression of members of the p44 multigene family. Several
additional p44 transcripts that were not detected in the mammals at the acute stage of infection were detected
in ticks. Phylogenetic analysis of the 20 different p44 transcripts revealed that the major transcripts found in
mammals and ticks were distinct, suggesting a difference in surface properties between populations of the HGE
agent in different host environments. The present study provides new information for understanding the role

of the p44 multigene family in transmission of the HGE agent between mammals and ticks.

Human granulocytic ehrlichiosis (HGE) is a recently discov-
ered tick-borne zoonosis (6). More than several hundred HGE
patients have been confirmed in the United States, and the
disease is increasingly recognized in several other countries as
well as in the United States. HGE is an acute, often severe
febrile illness that requires hospitalization and can be fatal.
The etiologic agent (HGE agent) is a gram-negative, obliga-
tory intracellular bacterium that primarily infects neutrophils.
The agent is a strain of Anaplasma phagocytophila that has
been previously known as a ruminant or horse pathogen (2, 6).
The HGE agent is transmitted by Ixodes species ticks, and a
white-footed mouse (Peromyscus leucopus) is considered to be
a primary reservoir in the region of endemicity of the north-
eastern United States (30). Other mammalian species, such as
horses or dogs, are also naturally infected with the HGE agent
in the region of endemicity (19, 20). Experimental inoculation
of DBA/2 mice (30) and horses (13, 21) with the HGE agent
leads to infection similar to infection in P. leucopus and to
clinical signs compatible with human patients, respectively.
Coinfections of HGE patients with the Lyme disease spiro-
chete Borrelia burgdorferi or Babesia microti were reported,
because the Ixodes tick is a common vector and P. leucopus is
a common reservoir for these pathogens (12, 14, 16).

The HGE agent is cycled in nature in mammalian reservoirs
through obligatory blood feeding of tick vectors, because
transovarial transmission appears to be inefficient (8, 30). Dur-
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ing horizontal transmission of other tick-borne bacterial patho-
gens, changes in the protein composition on the bacterial sur-
face play a role in adaptation of the organisms to different
hosts (24, 27). On the HGE agent, 44- to 49-kDa outer mem-
brane proteins (P44s) are major antigens recognized by pa-
tients’ sera (1, 9, 32, 33, 34). These proteins are encoded by a
polymorphic multigene family consisting of more than 18 p44
paralogous genes, which are interspersed in the genome of the
HGE agent (15, 34). These paralogs can be characterized by a
central hypervariable region flanked by 5’ and 3’ conserved
regions. Five paralogs are predominantly expressed by the
HGE agent when it is cultivated in the HL-60 cell line at 37°C
(34). However, which p44 paralogs are expressed in mamma-
lian hosts and ticks are unknown. Passive immunization with
monoclonal antibodies specific to P44 paralogous proteins of
the HGE agent induces partial protection against the challenge
with the HGE agent in mice, suggesting P44 paralogs as po-
tential vaccinogens (10). Moreover, a role of P44 paralogs in
HGE pathogenesis was implied by the results of our recent
evidence that a recombinant P44 (rP44) protein, as well as the
whole organisms, had the ability to induce production of proin-
flammatory cytokines by human peripheral blood leukocytes
(PBLs) (11). Therefore, in order to understand the role of P44
paralogs during tick transmission and the function of P44 an-
tigens and to explore an effective vaccine candidate, it is es-
sential to characterize p44 paralogs expressed in mammals and
ticks. The present study is the first demonstration of successful
experimental transmission of the HGE agent from a mouse to
a horse via blood feeding of ticks. The results may be of benefit
in designing a P44-based vaccine in the future.
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MATERIALS AND METHODS

Bacteria and culture. The HGE agent (HZ strain [22]) was cultured in HL-60
cells (human promyelocytic leukemia cell line) at 37°C as previously described
(22). The purification procedure of ehrlichial organisms from the infected cells
using Sephacryl S-1000 chromatography was described elsewhere (23). The host
cell-free organisms released by sonication of infected cells were inoculated to
uninfected HL-60 cells at a 1/2 ratio (infected/uninfected cells), and the cells
were cultivated at 37 or 24°C for about 5 days to reach 70% infectivity and used
for transcriptional analysis. For protein analysis, organisms were purified from
these cultures.

Infection of mice, ticks, and horses. Twelve 3-week-old DBA/2 male mice
(Harlan Sprague-Dawley, Indianapolis, Ind.) were inoculated intraperitoneally
(i.p.) with 10° HL-60 cells infected with the HGE agent (70% of cells infected).
On day 4 postinoculation, the blood specimens were collected from two mice for
preparation of leukocytes. Twenty to thirty uninfected, laboratory-reared Ixodes
scapularis nymphs (total, 200 to 300 nymphs) were placed on each of 10 remain-
ing mice with a paintbrush. Each mouse was restrained in a wire cage for 24 h to
protect the ticks from host grooming. Engorged nymphs were collected after
detachment from the mice and were individually placed in a microcentrifuge tube
with filter paper in an incubator at 25°C and 90 to 98% relative humidity until
molting into adults (3 to 4 weeks to 4 months). The unfed female ticks (n = 10)
were used for preparation of whole-tissue specimens. The remaining unfed ticks
(n = 123) were placed in an orthopedic stockinet attached by water-soluble glue
to the skin of an HGE agent-free horse (EQ001). These ticks were allowed to
feed until they were engorged and detached and were used for preparation of
midgut and salivary glands. On day 8 after placement of infected ticks, the blood
of the horse (EQ001) was collected for preparation of leukocytes. The transmis-
sion experiment was repeated on the horse (EQ002) with a total of 300 I
scapularis molted adults infected as nymphs by attaching on infected mice. In
another experiment, two HGE agent-free horses (EQ003 and EQ004) were
inoculated intravenously (i.v.) with 107 HL-60 cells infected with the HGE agent
(70% of cells infected). On day 8 postinoculation, the blood of these two horses
was collected for preparation of leukocytes.

DNA-PCR and RT-PCR. The PBLs from mice or horses were prepared as
described previously (11). Whole tissues from the unfed female adult ticks
acquisition fed as nymphs on the infected mice were prepared after homogeni-
zation of pools of 10 randomly selected ticks. The salivary glands and the midgut
were separately pooled after dissection of 10 randomly selected female ticks fed
on horse EQO01 or 5 ticks fed on horse EQ002. The blood samples were
collected from mice on day 4 after i.p. inoculation or from horses on day 8 after
i.v. inoculation or after attaching ticks. The total DNA and RNA were extracted
from the PBLs or the respective tick tissues with a QIAamp Blood kit (Qiagen
Inc., Chatsworth, Calif.) and TRIzol reagent (Invitrogen-Life Technologies, San
Diego, Calif.), respectively (34). DNA-PCR and reverse transcription (RT)-PCR
were performed as described elsewhere (34). The forward primer of p3708 was
5'-GCTAAGGAGTTAGCTTATGAT-3', and the reverse primer of p4257 was
5'-AAGAAGATCATAACAAGCATT-3’, which were located at 5'- and 3’-end-
conserved regions, respectively, among p44 paralogous genes (see Fig. 6).
Therefore, the cDNA fragments including central hypervariable regions from
multiple p44 transcripts can be amplified simultaneously by a single RT-PCR.
The RT-PCR products were cloned into a pCRII vector (Invitrogen-Life Tech-
nologies), and the 25 ¢cDNA clones were randomly selected in each of the
samples from the PBLs or the ticks for DNA sequencing of the inserts. Sensitivity
of the RT-PCR was estimated using the modified procedure as described by
Shaw et al. (28). In order to prepare a DNA template for generating in vitro p44
transcripts, a forward primer having a T7 RNA polymerase binding sequence
added to the 5’ end was designed. The primer (p3646) had a sequence of
5'-TAATACGACTC ACTATAGGGGTATTAGAGATAGTGG-3', which was
located 56 bp upstream from the RT-PCR forward primer of p3708. The T7
binding site is underlined. A reverse primer (p4290) used was 5'-ACATGCAT
AAGGAACAACACC-3', which was located 33 bp downstream from the RT-
PCR reverse primer of p4257. The PCR with the primer pair of p3646 and p4290
was done using a pHGE1221 plasmid, which was previously cloned (33, 34), as
the template. The pHGE1221 carries a 6.8-kb HGE agent DNA including two
tandemly arranged genes of p44-1 (previously termed p44) and p44-18 (34). Since
the p3646 and p4290 primers anneal 5'- and 3’-end-conserved regions (outside of
p3708 and p4257), respectively, the PCR simultaneously amplified a 550-kb DNA
fragment from both p44-1 and p44-18 from this plasmid template. The amplicon
was then cloned into pCRII vector (Invitrogen-Life Technologies), and two
clones including the hypervariable regions of p44-1 and p44-18 were selected
based on the sequence analysis. After EcoRI digestion and purification, the
inserts from the two clones were used as DNA templates for generating specific
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in vitro runoff transcripts by using the Riboprobe in vitro transcription system
(Promega Corp., Madison, Wis.). After removal of the DNA templates and
purification, these two in vitro transcripts of p44-1 and p44-18 were enumerated
by standard UV spectrophotometry and were used for the RT-PCR against a
background of 2.5 pg of total RNA from PBLs of an uninfected horse to mimic
the experimental condition.

Quantitative-competitive (QC)-PCR and QC-RT-PCR. Two competitor plas-
mids including p44-1 and p44-18 genes with deletions were constructed. To make
a competitor for p44-1, two primer pairs—p3277 (5'-CCTTTTCTTTAGGA
AGCGTA-3")-p3672 (5'-CATACCGCGGACCACTATCTCTAATACCCT-3')
and p3761 (5'-CATACCGCGGTGCTCTTGCCAAAACCTC-3")-p3913 (5'-CA
GGCTCAACCGCGTACTT-3")—were designed with SaclIl restriction sites (un-
derlined). The PCRs with these two primer pairs were performed using the
pHGE1221 plasmid as a template (34). After SacII digestion of p3277-p3672 and
p3761-p3913 PCR products, they were ligated to each other. The ligated product
was then amplified using p3277 and p3913. The truncated p44-1 PCR product
was cloned into a pCRII vector (Invitrogen-Life Technologies). PCR amplifica-
tion of the competitor plasmids with primers p3277-p3913 yielded a 547-bp
product, whereas the amplification of the chromosomal p44-1 DNA with the
same primers yielded a 636-bp product. For construction of a truncated p44-18
competitor plasmid, a p44-18 cDNA clone was used as a template for PCR. PCR
was done using two primer pairs: p3277-p3672 and p3761-p4794 (5'-ACCACC
ACACAATGATGTAC-3"). The subsequent procedure was the same as that in
the case of p44-1 competitor plasmid. PCR amplification of the p44-18 compet-
itor plasmid with p3277-p4794 yielded a 548-bp product, whereas the amplifica-
tion of p44-18 cDNA with the same primers yielded a 672-bp product. To
determine the number of ehrlichial organisms by QC-PCR, total DNA was
extracted from 5 X 10° PBLs of the HGE agent-infected horses or mice as well
as from the infected HL-60 cells. The serially diluted competitor derived from
the p44-1 gene was added into the PCR mixture, which contained 3.0 to 3.5 pg
of the prepared DNA, corresponding to 6.25 X 10° infected cells. Since there is
a single gene of p44-1 in the genome (34), the number of p44-1 determined by
QC-PCR corresponds to that of ehrlichial genomes or to that of organisms in the
respective samples. To determine the number of p44 transcripts per chrlichial
organism, the same number of cells (5 X 10°) from the same specimens as those
for the total DNA preparation for QC-PCR was used for the total RNA prep-
aration. The 2.5 to 3 p.g of the total RNA corresponding to 6.25 X 10° infected
cells was used for the reverse transcription, and then PCR was done in 50 pl of
the reaction mixture, which included 2 pl of reverse-transcribed cDNA and the
serially diluted competitors derived from either p44-1 or p44-18. Amplicons were
resolved on a 1.5% agarose gel stained with ethidium bromide. The gel image
was digitally captured and analyzed by using a gel video system (Gel Print 20001;
BioPhotonics Corporation, Ann Arbor, Mich.) and the image analysis software
(ImageQuant; Molecular Dynamics, Sunnyvale, Calif.).

Cloning of overlapping DNA frag ts for bly of full-length p44 para-
logs. Based on the sequences of hypervariable regions of the p44 transcripts, the
primers specific to each gene were designed to amplify overlapping DNA frag-
ments with unknown flanking sequences by using adapter PCR with the
GenomeWalker kit (Clontech Laboratories, Inc., Palo Alto, Calif.). After am-
plification, the PCR products were inserted into a pCRII vector, and the se-
quences of the insert were assembled with known cDNA sequences.

ELISA. The synthetic oligopeptides Pep2 (CGHSSGCTQNPKLEFST), Pep12
(CGKKSGDNGSLADYTD), Pepl8 (CKNQKSSDTDTGVEKA), and Pepl
(CLSNGSAEAAHKYLSK) were derived from the amino acid sequences of
hypervariable regions of P44-1, P44-2, P44-12, and P44-18 (34), respectively, and
were used as antigens. rP44 (33) was used as a positive control in the assay. Sera
from horse EQ003 were tested by enzyme-linked immunosorbent assay (ELISA)
as described elsewhere (29).

Western immunoblotting. Western immunoblot analysis was performed as
described elsewhere (33). Preparation of an anti-Pep18 serum (34) and a mono-
clonal antibody of 5C11 (10) was previously described.

Sequence analysis, GenBank accession numbers, and statistical analysis.
Analyses of DNA and amino acid sequences were performed as described pre-
viously (17). Phylogenetic analysis based on an amino acid sequence alignment
using CLUSTAL V was carried out with PHYLIP software, version 3.5.7 (7). The
phylogram was constructed using the neighbor-joining method with a Kimura
formula, and bootstrap values were based on analysis of 1,000 replicates. Gen-
Bank accession numbers of the published sequences are as follows: P44-1,
AF059181; P44-2, AF135254; P44-12, AF135255; P44-15, AF135256; P44-18,
AF135257; and P44-19, AF135263.

Nucleotide sequence accession numbers. The nucleotide sequence(s) reported
in this paper has been submitted to the GenBank/EBI Data Bank under the
following accession numbers: P44-3, AF412818; P44-4, AF412819; P44-5,
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FIG. 1. Estimation of RT-PCR sensitivity in detection of p44 tran-
scripts within total RNA samples in the infection study. A primer pair
was within the in vitro transcripts and located in 5'- and 3’-conserved
regions of p44-1 and p44-18 genes. The numbers of in vitro transcripts
are shown at top. This assay could detect up to 10* transcripts of both
P44-1 and P44-18 within a 2.5-pg total RNA background from leuko-
cytes of uninfected horse. Symbols: +, RT-PCR analysis was per-
formed using serial dilution of in vitro transcripts as template; —, an
identical reaction without the addition of reverse transcriptase as con-
trol for DNA contamination.

AF412820; P44-6, AF412821; P44-7, AF4128122; P44-8, AF412823; P44-9,
AF412824; P44-10, AF412825; P44-11, AF412826; P44-13, AF412827; P44-14,
AF412828; P44-16, AF412829; P44-17, AF412830; P44-21, AF412831; p44-2b,
AY062041; p44-9, AF414589; p44-11, AF414590; p44-13, AF414592; and p44-20,
AF414591.

RESULTS

Sensitivity of RT-PCR. A unique characteristic of the gene
structure in a p44 multigene family of the HGE agent is that a
single central hypervariable region consisting of approximately
94 amino acid residues is flanked by 5'- and 3'-end-conserved
regions composed of 58 and 65 residues, respectively (33). To
characterize mRNA expressed from the multiple p44 paralo-
gous genes, we previously developed a procedure using RT-
PCR with a primer pair located in the conserved regions and
subsequent cloning of the amplicons followed by determina-
tion of sequences of the cloned cDNAs (34). In this study, we
first examined the sensitivity of the RT-PCR analysis. Two
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genes of p44-1 and p44-18 were selected as representatives to
generate in vitro transcripts. An RT-PCR assay using serial
dilution of these in vitro transcripts was utilized to estimate
detectable mRNA levels of p44 paralogs against a background
of the total RNA (2.5 pg) from the PBLs of an uninfected
horse. By this assay, an amplified cDNA fragment of p44-1 or
p44-18 could be detected to a level of 10* transcripts (Fig. 1).
The sensitivities of the RT-PCR for these two transcripts were
almost identical, although p44-1 and p44-18 differed in the
sequences of the central hypervariable regions (54% DNA
identity). According to our standard procedure, we obtained
on average 25 p.g of total RNA from 5 X 10° PBLs of infected
horses or mice and used 2.5 pg for each reverse-transcriptional
reaction of RT-PCR. The results of QC-PCR as described
below (Fig. 2) indicated that 2.5 pg of total RNA was calcu-
lated to contain an amount of ehrlichial RNA equivalent to
that of 1.25 X 10* organisms. Hence, the RT-PCR would de-
tect approximately one p44 transcript per ehrlichial organism.

Next, we tested the proportion of transcripts of PCR-ampli-
fied products using a mixture of equal amounts of five different
plasmids having inserts with known cDNA sequences of P44-1,
P44-2, P44-12, P44-18, and P44-19, all of which were previously
described (34). Within 25 randomly selected transformants, all
of five cDNA sequences were detected and the number of
clones containing cDNA sequence identical to P44-1, P44-2,
P44-12, P44-18, and P44-19 were 7, 4, 4, 4, and 6, respectively.
This result supports the notion that the random selection of
transformants was not much biased toward a particular cDNA
sequence and absence of crossover PCR. These results con-
firmed our previous study that the ratios of the transformants
are proportional to the levels of transcription of p44 paralogs
by Northern blot analysis using gene-specific RNA probes (34).
Therefore, our procedure using a combination of the RT-PCR,
TA cloning, and sequencing has sufficient reliability for iden-
tification of major transcripts of p44 paralogs.
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FIG. 2. Quantitative comparison of p44 transcripts within the leukocytes from a mouse and a horse infected with the HGE agent by
QC-RT-PCR. cDNA was synthesized from total RNA of the infected mouse or horse. The number of p44 transcripts in the infected cells was
determined by using competitors of p44-18 or p44-1. The number of organisms in the samples was represented by the genome number determined
by QC-PCR using the p44-1 competitor. The number of competitor plasmids used in each reaction is indicated at the top of each panel. The
number in parentheses under each panel is the transcript number deduced by plotting the band densities of target and competitor. The result is
a representative from at least three repeated experiments with similar results. Abbreviations: Comp, competitor; Chromo, chromosomal.
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TABLE 1. p44 transcripts identified in mammals

No. of cDNA clones” in:

p44

. . . Horse Horse Horse Horse
transeript ~ Mouse 1 Mouse 2 g0 EQooz EQO03 EQO04
(ip) p) k) k) Gv) ()
P44-18 23 22 23 24 24 23
P44-2 2 3 2 1 1 2

“1In a total of 25 cDNA clones.
? Routes: i.p., intraperitoneal inoculation; tick, inoculated by tick feeding; i.v.,
intravenous inoculation.

Identification of p44 transcripts in tick transmission. Un-
infected laboratory-reared I. scapularis nymphs were allowed
to feed to repletion on experimentally infected mice. After
detaching and molting, the adult ticks were placed on HGE
agent-free horses until they were engorged and detached. By
RT-PCR, a 550-bp ¢cDNA fragment was amplified from the
leukocytes from the mice and the horses or from the tissues of
ticks. No amplicon of any RT-PCRs was detected without
reverse transcriptase in any of these samples, indicating the
absence of the genomic DNA contamination in these RNA
preparations. The p44 cDNA clones randomly selected after
TA cloning of RT-PCR products were characterized based on
the sequences of the central hypervariable regions. In the in-
fected mice or horses, only two different cDNA sequences
(P44-18 and P44-2) were found in their leukocytes (Table 1),
although five transcripts, including P44-18 and P44-2, were
detected in the HGE agent cultivated in HL-60 cells at 37°C
before inoculation into the mammals (34). Of these two,
P44-18 was extremely predominant, as shown in Table 1. Thus,
P44-18 was a major transcript of the p44 multigene family at
the early stage of mammalian infection (on day 4 post-i.p.
inoculation in mice or on day 8 post-i.v. inoculation in horses
or on day 8 after tick feeding in horses) regardless of animal
species (mouse or horse), inoculation routes (i.p., i.v., or inoc-
ulation by tick feeding), or sources (culture or tick).

In the HGE agent in molted acquisition-fed female ticks,
seven kinds of p44 transcripts, including P44-18 and P44-2,
with different cDNA clone populations were detected in the
whole tissues (Table 2). After a blood meal of infected adult
ticks on the horse, seven kinds of transcripts, six of which
(except for P44-2) were distinct from those in the acquisition-
fed ticks, were found in the midgut. In the salivary glands from
both acquisition-fed and transmission-fed ticks, only two ma-
jor transcripts (P44-1 and P44-2) were detected. The results
showed that the major transcript represented by P44-18 in
mammals became a minor transcript in ticks. Consequently,
the HGE agent phenotypes based on P44 major surface anti-
gens are likely to be more diverse in ticks than in mammals.
However, before transmission to mammalian tissue, the organ-
isms may be restricted to the phenotypes represented by at
least two dominant antigens, such as P44-1 and P44-2 in the
salivary glands.

Overall, a total of 150 cDNA clones from the mammals was
sequenced. Among them, the cDNA sequences identical to
p44-18 numbered 139 (92.7%) and the sequences identical to
p44-2 numbered 11 (7.3%). In the infected ticks, a total of 100
cDNA clones was sequenced, and the numbers of sequences
identical to p44-18 and p44-2 were 2 (2%) and 38 (38%), respec-
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tively. The 60 remaining cDNAs have sequences identical to those
of 11 other different p44 transcripts. By determination of a con-
fidence interval for the difference in the binomial proportions
for P44-18 and P44-2 transcripts using the STATXACT soft-
ware (Cytel Software Corp., Cambridge, Mass.), the number of
p44-18 transcripts detected in the mammals was significantly
greater than that in the ticks (P < 0.0001). In contrast, the
number of p44-2 transcripts detected in the ticks was signifi-
cantly greater than that in the mammals (P < 0.0001).

To further confirm the dominant p44 expression in the mam-
mals at the acute phase of infection, we quantitatively analyzed
the number of p44-18 transcripts by QC-RT-PCR using respec-
tive gene-specific primer pairs. For determination of the or-
ganism numbers by QC-PCR, we chose the p44-1 gene as a
target because it had a single copy in the genome. The average
number of p44-18 transcripts was 3 X 107/1.25 X 10* organisms
(2,400 = 47 transcripts/organism) in leukocytes of the infected
mouse and 3 X 107/1.5 X 10* organisms (2,000 = 59 tran-
scripts/organism) in leukocytes of the infected horse (EQ003)
(Fig. 2). However, the p44-1 transcript was not detected even
at the lowest level of 1 X 10® (per 1.25 X 10* organisms) tested.
These results support the argument that the p44-18 gene is
dominantly transcribed but that the p44-1 gene is not tran-
scribed in the mammalian hosts.

Antibodies against P44 paralogs at acute phase of infection
in a horse. Since P44 paralogs are cross-reactive to each other,
it is difficult to develop monospecific or monoclonal antibodies
that can distinguish each P44 protein in the multigene family.
Furthermore, the numbers of the HGE agent present in mam-
mals are too few for its P44 proteins to be directly detected.
Therefore, to determine the expression of members of the p44
multigene family at the protein level, antibodies against P44
proteins present in sera from infected horse (EQ003) at the
acute phase of infection were examined by ELISA using the
synthetic oligopeptides Pepl, Pep2, Pep12, and Pep18 and an
rP44 as antigens. These peptides were designed based on the
predicted amino acid sequences of the hypervariable region of
P44-1, P44-2, P44-12, or P44-18. Antibodies raised to each

TABLE 2. p44 transcripts identified in ticks

No. of cDNA clones”

p#4

transcript Expt 1

Expt 2
(salivary gland)®

Whole tissues”  Midgut®  Salivary gland®

P44-1 2
P44-2 9
P44-6 -
P44-7 —
P44-8 -
P44-9 —
P44-10 -
P44-11 —
P44-13 8
P44-14 2
1
1

13 16
12 9

| m— oL |
|

P44-16
P44-17
P44-18 2 — — —

“1In a total of 25 cDNA clones.

® From acquisition-fed female adult ticks.
¢ From transmission-fed female adult ticks.
4 not detected in 25 cDNA clones.
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FIG. 3. ELISA for detection of anti-P44 paralog antibodies in the
horse infected with the HGE agent. Serum samples were collected
every 4 days during a 20-day period from the horse (EQ003) infected
with the HGE agent. The IgM antibodies against four P44 paralogs of
P44-1, P44-2, P44-12, and P44-18 were examined using synthetic oli-
gopeptides Pepl, Pep2, Pepl2, and Pepl8 as antigens (Fig. 4). The
rP44 (33) was used as positive control in the assay.

peptide were previously demonstrated to react with each pep-
tide by indirect fluorescent antibody assay and/or Western im-
munoblotting (34). We previously also demonstrated that sera
from patients with HGE infection reacted with Pep2 and
Pepl8 (34). The rP44 protein was used as a positive control
since this protein includes an N-terminal region highly con-
served among P44 paralogs, and it is expected to react with the
antibodies against most P44 proteins. The immunoglobulin M
(IgM) antibody specific to P44-18 (synthetic peptide Pepl8)
was detected on day 4 postinoculation, and its titer subse-
quently elevated and peaked on day 12. The production of IgM
antibody against rP44 had a pattern similar to that of Pepl8
(Fig. 3). Antibodies specific for P44-1, P44-2, or P44-12 were
undetectable. These results suggest that P44-18 protein was
actually synthesized by the HGE agent in the horse at the early
stage of infection and its linear epitope included in Pepl8 was
recognized by the horse immune system. This finding supports
the transcriptional analysis as described above, in which the
p44-18 gene is abundantly transcribed by the HGE agent at the
acute phase of infection in mice and horses.

Effect of temperature on mRNA and protein expression of
p44 paralogs by the HGE agent in HL-60 cells. We compared
the transcriptional levels of p44-18 and p44-1 for the HGE
agent grown in HL-60 cells at 37 and 24°C by QC-RT-PCR
because the transcriptional levels of p44-18 were much lower in
ticks than in mammals but the levels of p44-1 were reversed.
The average number of the p44-18 transcripts increased ap-
proximately from 2.1 X 107 transcripts/2.75 X 10° organisms (8
+ (.2 transcripts/organism) in the cell culture at 24°C to 2.5 X
10° transcripts/2.25 X 10° organisms (1,000 = 10 transcripts/
organism) at 37°C (Fig. 4A). The P44-1 transcript was not
detected previously in the HGE agent grown in HL-60 cells at
37°C by RT-PCR as well as by Northern blot analysis (34). In
the present study by QC-RT-PCR, the P44-1 transcript was
detected in the RNA sample only from the 24°C tissue culture
as five transcripts per organism (Fig. 4A).

We also analyzed the production of P44-18 protein for the
HGE agent grown in HL-60 cells at 37 and 24°C by Western
blotting using P44-18-specific antibody (anti-Pep18 serum) and
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monoclonal antibody 5C11 (10). The protein contents of the
purified organisms from two different culture conditions (37 or
24°C) were adjusted. In the assay, the anti-Pep18 serum pri-
marily reacted with a 44-kDa band in the HGE agent culti-
vated at 37°C, but this 44-kDa band was undetectable in the
organisms cultured at 24°C (Fig. 4B). Monoclonal antibody
5C11, which recognizes the N-terminal conserved region of
P44s (10), reacted with two bands of 43 and 44 kDa in the 37°C
sample but lacked a 44-kDa band corresponding to P44-18 in
the 37°C sample (Fig. 4B). Thus, the production of P44-18
(44-kDa) protein appears to be significantly reduced in the
HGE agent in cell culture at 24°C.

Characterization of genomic loci for expressed p44 para-
logs. We previously characterized the gene structures of p44-1,
p44-2, p44-12, and p44-18 paralogs (34). In order to compare the
gene structures of additional expressed p44 paralogs found in
the present study, the genome-walking procedure using an
adapter PCR was performed with gene-specific primers based
on the central hypervariable regions of respective cDNA se-
quences. With the specific primers derived from the cDNA
sequences of P44-9 and P44-13 (two of the major transcripts in
ticks but not in mammals), two independent loci of a p44-11-
Pp44-9-p44-20 gene cluster and a p44-13 gene were assembled
based on the several overlapping DNA sequences obtained
(Fig. 5). The p44-11 gene, the transcript of which was detected
in the midgut of transmission-fed ticks, and the p44-20 gene,
the transcript of which was not detected in any samples used in
the present study, were found upstream and downstream of
p44-9, respectively, in this analysis. We previously suggested
the presence of two copies for p44-2 in the HGE agent genome
by using Southern blot analysis with a p44-2-specific probe
(34). When p44-2-specific primers were used in the genome-
walking study, we assembled another open reading frame
(ORF) of the coding sequence almost identical to that of the
original p44-2 gene (renamed p44-2a) except for 93 nucleotides
at the 3’ end. Between the p44-2a gene and a newly identified
p44-2 gene (termed p44-2b), the 5’- and 3'-noncoding se-
quences were different. The present analysis confirmed the
presence of these two copies at the different loci in the genome
and revealed the difference in primary structures of the two
copies (Fig. 5). It is currently unknown whether one or both
p44-2 genes are transcriptionally active. The sequence up-
stream from the previously identified p44-12 gene (34) was
analyzed in the present study by the genome-walking proce-
dure to determine whether other p44 paralogs exist in the
region. There was no additional ORF encoding p44 paralogs
within 600 bp upstream from the p44-12 gene. Based on these
analyses, the gene organizations of p44 paralogs could be di-
vided into two groups: one is an individual localization of a
single gene (p44-2a, p44-2b, p44-12, and p44-13), and another
is a formation of a gene cluster consisting of two or three
tandemly arranged genes (p44-1-p44-18 [34] and p44-11-p44-
9-p44-20 [Fig. 5]). Within the respective clusters, only the first
gene, p44-1 or p44-11, is full-length with an AUG start codon
and a ribosome binding site, whereas downstream genes (p44-
18, p44-9, and p44-20) had coding regions shorter than those of
the first genes and the first codons for all three downstream
genes were TCT. It is unknown whether this first codon (TCT)
functions as a translational start codon in the HGE agent.
Because of the short intergenic spaces (5 bp between p44-11
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FIG. 4. Effects of temperature on production of P44-18 and P44-1 transcripts and/or proteins. (A) Quantitative comparison of p44 transcripts
in the HGE agent cultivated in HL-60 cells at 37 or 24°C by QC-RT-PCR. cDNA was synthesized from total RNA of the infected HL-60 cells.
The number of p44 transcripts in the infected cells was determined by using competitors of p44-18 or p44-1. The number of organisms in the
samples was represented by the genome number determined by QC-PCR using the p44-1 competitor. The number of competitor plasmids used
in each reaction is indicated at the top of each panel. The number in parentheses under each panel indicates the competitor almost equivalent to
the target based on the band intensity. Abbreviations: Comp, competitor; Chromo, chromosomal. (B) Protein production of P44 paralogs in the
HGE agent cultivated in HL-60 cells at 37 or 24°C. The ehrlichial organisms that were grown in HL-60 cells at 37 or 24°C were purified and
analyzed by Western blotting. The result is a representative from at least three repeated experiments with similar results.

and p44-9 or 9 bp between p44-9 and p44-20) or the short
overlapping regions (20 bp between p44-1 and p44-18), it is
possible that these downstream genes within the cluster are
cotranscribed through the promoters located upstream of the
first ORFs.

Characterization of hypervariable regions of p44 multigene
family. We previously identified five transcripts (P44-2a, P44-12,
P44-15, P44-18, and P44-19) in the HGE agent cultivated in the
HL-60 cell line at 37°C (34). In the present study, 11 additional
different p44 transcripts were detected in mice, horses, or ticks.
Moreover, when the HGE agent was cultivated in HL-60 cells
at 24°C, four new different transcripts (P44-3, P44-4, P44-5, and
P44-21) were found to be expressed (data not shown). Therefore,
we identified a total of 20 different p44 transcripts and one new
gene (p44-20) by the genome-walking experiment in the pre-
vious and present studies. A comparison of the deduced amino

acid sequences from these 21 different p44s revealed the char-
acteristic central hypervariable (hydrophilic and surface-ex-
posed) region of approximately 94 amino acid residues corre-
sponding to the 175th to 269th amino acids of a protein (P44-1)
encoded by the p44-1 gene (Fig. 6, boxed sequences). Within
the hypervariable region, there is a conservative sequence con-
sisting of six amino acid residues, (K/G/Q)(N/H)WP(T/R)(G/
S/T), which was not found in major surface protein 2 (Msp2) of
Anaplasma marginale. The highest identity of amino acid se-
quences in all hypervariable regions was 65.6% between
P44-13 and P44-16, whereas the lowest identity was 32.8%
between P44-13 and P44-18. Thus, this central region of im-
munodominant P44 major outer membrane proteins with
highly diverse sequences appears to be sufficient to lead the
HGE agent to different antigenic phenotypes by producing
distinctive P44 paralogous proteins during tick transmission.
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FIG. 5. Schematic diagram of gene organization of p44 paralogous genes in the HGE agent genome. The solid arrows indicate the positions
of the primers used for the adapter PCR, and the open arrow indicates the orientation of the ORF from the 5’ end to 3’ end. The recombinant
plasmids pHGE3.9 and pHGE3.0, which contain a p44-2a gene and a p44-12 gene, respectively, were previously described (34). The thin lines below
each gene indicate the DNA fragments amplified by adapter PCR or the previously cloned fragment (pHGE3.9 and pHGE3.0 [34]).

Phylogenetic relationship among expressed P44 paralogs.
To investigate the relationship among 20 different p44 tran-
scripts expressed in mice, horses, ticks, or tissue cultures, a
phylogram was constructed based on the deduced amino acid
sequence alignment of respective cDNAs (Fig. 6, boxed se-
quences). This region consisted of 151 to 180 amino acid res-
idues, including the central hypervariable region of P44 paralo-
gous proteins. Overall, 20 P44 paralogs were divided into two
groups: a and B (Fig. 7). Group « consisted of 11 proteins, in-
cluding P44-18, which was abundantly detected in leukocytes of
mammalian hosts. Group  was composed of nine proteins, in-
cluding P44-1 and P44-2, which were predominantly expressed
in the salivary glands of transmission-fed ticks. The P44-9 and
P44-13 proteins that were dominant in the midgut of transmis-
sion-fed ticks and in the whole tissues of acquisition-fed ticks,
respectively, also belong to group B. Thus, P44 paralogs pre-
dominantly expressed in mammalian hosts and arthropod vec-
tors are phylogenetically distinct, suggesting the significant dif-
ferences of surface properties between the HGE agents in
mammals and ticks due to the major antigens present.

DISCUSSION

The progenies of ehrlichiae that survive are fittest for re-
peated shuttles between reservoir mammals and vector ticks
through both acquisition and transmission feeding. The ehrli-
chial organisms require multiple physiological changes for ad-
aptation in different host environments. The present study for
the first time revealed transcript heterogeneity of the p44 mul-
tigene family in the HGE agent transmitted by the ticks. The
dominant P44 phenotype of the HGE agent in the mammalian
hosts at the acute phase of infection was P44-18. When the
organisms were transmitted from mammals into ticks, the spe-
cies of p44 transcripts became diverse. With reduction of P44-
18, multiple p44 transcripts emerged in the whole tissues of
acquisition-fed ticks and in the midgut of transmission-fed
ticks. After dissemination of ehrlichiae into the salivary glands,
only two p44 transcripts, P44-1 and P44-2, were detected. This
salivary gland-associated p44 transcripts may be involved in the
development of the transmissible stage of the HGE agent.
When the organisms in ticks were transmitted back to a mam-
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FIG. 6. Alignment of deduced amino acid sequences from the corresponding p44 paralogous genes or p44 cDNA clones. Aligned positions of
amino acids identical to those of P44-1 are shown with dots. Gaps indicated by dashed lines were introduced for optimal alignment of all proteins.
A boxed area in the middle indicates amino acid sequences deduced from nucleotide sequences of p44 cDNAs. The amino acid sequences
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malian host, the process was reversed, and the ehrlichiae hav-
ing P44-18 as the major transcript reemerged at the acute
phase of infection. Since syringe inoculation of the HGE agent
cultured at 37°C reproduced a composition of p44 transcripts
in mice and horses similar to that given by tick transmission, it
appears that the mammalian environment alone is sufficient to
convert to the P44-18 dominant phenotype.

Temperature is one of the factors that influence the expression
of members of the p44 multigene family. The transcriptional level
of p44-18 was 100 times higher at 37°C than at 24°C. Further-
more, the expression of p44-1 appears to be inversely affected by
temperature: P44-1 transcript was detected at 24°C but not at

37°C in cell culture. This is in agreement with the results of tick
transmission: P44-1 transcript was not detected in mice or horses
but was detected in ticks. In B. burgdorferi, outer surface protein
C (OspC) is produced by the spirochete in culture at 32 to 37°C
but not at 24°C (27). Borrelia hermsii Vmp8 is turned on at 37°C
and turned off at 23°C, whereas the expression level of Vmp33
is higher at 23°C than at 37°C (26). Our recent study also
showed the different expression pattern of members of the p30
multigene family of Ehrlichia canis cultivated in the dog cell
line DH82 between 37 and 25°C (31).

The HGE agent is a slow-growing obligatory intracellular
bacterium. The generation time of the agent was approxi-
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V, and 1,000 bootstrap replications were performed. The nodes sup-
ported by bootstrap values greater than 55% are indicated (O). The
P44s in boldface type show the transcripts that were dominantly ex-
pressed in mammals or ticks.

mately 18 h when it was cultivated at 37°C (unpublished data),
and it took about 5 days for a single passage in HL-60 cells at
either 37 or 25°C: 20% of cells were infected at the 1st day and
70% of cells were infected at the 5th day. Within this single
passage, both mRNA and protein levels expressed from the
p44-18 gene were significantly decreased at 24°C compared to
those at 37°C. Therefore, such a dramatic change of the p44-18
gene product within a short period of time is most likely caused
at the transcriptional level rather than by a genetic selection.

The reversible change of p44 transcripts of the HGE agent
detected during tick transmission is similar to that of a variable
major protein (Vmp) expression in B. hermsii (26). The Vmp
(Vmp7 or Vmp8) that is expressed by the spirochetes in mice
is turned off and Vmp33 is turned on in the salivary glands
after transmission into ticks. Subsequently, upon tick transmis-
sion back to a mammalian host, B. hermsii turns off Vmp33
expression and turned on either Vmp7 or Vmp8 expression
that is previously expressed. Between vmp and p44s, however,
there are several differences. In the HGE agent, we found
three major p44 transcripts (P44-1, P44-2, and P44-18) during
transmission between mammals and salivary glands. The P44-1
and P44-18 transcripts appear to be associated with the major
change on the ehrlichial surface during the transmission. Since
the P44-2 transcript was detected in all samples tested, this
gene product may be essential for ehrlichial survival in nature.

Recently, we characterized a transcriptionally active gene clus-
ter of the omp-1 multigene family (orthologs of p44s) in mono-
cytic ehrlichiosis (ME) (canine ME [CME] and human ME)
agents, E. canis and Ehrlichia chaffeensis (18). The 16S rRNA
sequences were 7.5 to 7.8% divergent between the HGE agent
and these two ME agents (6). The gene organization of the
multigene families is significantly different between the HGE
and ME agents. The HGE agent has genome-wide-distributed
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paralogs or small gene clusters, whereas the ME agents have a
large gene cluster consisting of 22 tandemly arranged paralogs
in a single locus of the genome (18). Our recent experimental
transmission study of CME agent with Rhipicephalus san-
guineus ticks showed that E. canis p30 multigenes are differ-
entially expressed in infected dogs and that, unlike p44s, a
transcript from only one p30 paralog is detectable in acquisi-
tion-fed as well as transmission-fed ticks (31). The difference in
gene organization and gene expression regulation between the
HGE and CME agents may have evolved in distinct host en-
vironments such as granulocytes versus monocytes or Ixodes
ticks versus Rhipicephalus and Amblyomma ticks.

Sequence analysis revealed two kinds of gene organization in
expressed p44 paralogs: a single gene locus or a gene cluster locus.
The single gene and a first gene within the cluster had their own
putative promoters. It is still unclear how the downstream genes
within the gene cluster such as p44-18 can be predominantly
expressed. As we previously suggested (34), transcription of
p44-18 seems to involve posttranscriptional modification at the
RNA level after polycistronic transcription of the gene cluster
through a promoter located upstream of the first gene. An-
other possibility is a gene conversion at the genomic DNA
level, in which the downstream gene is translocated into an
active expression site through a recombination event. How-
ever, there is no direct evidence that such an event is involved
in activation of p44 paralogous genes in the HGE agent, omp-1
multigenes of E. chaffeensis, or p30 multigenes of E. canis to
date.

Another tick-borne pathogen, A. marginale, which infects
bovine erythrocytes and is closely related to the HGE agent,
has an Msp2 multigene family that is orthologous to the p44
multigene family. Like p44s, the msp2 multigenes are dispersed
throughout the A. marginale genome. However, of several
msp2 multigenes, only one is a full-length gene located in a
polycistronic expression site, whereas the remaining msp2
paralogs are pseudogenes that are truncated at both 5" and 3’
coding regions. Activation of msp2 pseudogenes by transloca-
tion into the functional expression site through a recombina-
tion event is required for emergence of a new Msp2 variant (3,
4, 5). The expression of members of the msp2 multigene family
in mammals is apparently distinct from that of aforementioned
p44s and vmps, because the tick salivary gland-associated
Msp2s are continuously expressed in the acute phase of rick-
ettsemia in the cattle infected by tick feeding (4, 24, 25).

It is important to point out that the number of HGE agent
organisms present in ticks is substantially less than those of
A. marginale or B. burgdorferi in ticks, and the number of ehrli-
chial organisms present in mammalian leukocytes is also substan-
tially less than those of A. marginale present in red blood cells at
the acute stage. Thus, it is difficult to apply mRNA detection
techniques other than RT-PCR to determine gene expression
patterns in the HGE agent in mammals or ticks. Therefore, in the
present study we developed the gene-specific QC-RT-PCR. Se-
quencing the multiple clones of RT-PCR products provided ini-
tial estimates on levels of each transcript, and their cDNA se-
quences were used subsequently for designing competitors and
gene-specific primers for QC-RT-PCR. This approach would al-
low us to compare expression of p44s or other genes among
different strains of the HGE agent, in different tissues, and under
different physiological conditions in the future.
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The present study provides new information for understand-
ing the role of the p44 multigene family in HGE agent trans-
mission and establishment of infection. The data presented
here would provide us an idea for development of an effective
vaccine to prevent HGE agent infection using P44 paralogs
as a vaccinogen. For example, a combination of three P44s
(P44-1, P44-2, and P44-18) could be a new vaccine candidate
because it is likely to be effective in preventing transmission of
the HGE agent from the tick salivary gland to mammals
(P44-1) and in preventing establishment of early infection in
mammals after HGE agent transmission (P44-18), and the
inhibitory effects are probably enhanced by inhibition of all
HGE agents (P44-2). Alternatively, the conserved central six-
amino-acid sequence, which was found in all P44s without
exception but not found in Msp2s of A. marginale and which
was predicted to be surface exposed and has high antigenic
index, and sequences within conserved N- and C-terminal re-
gions of P44s of similar properties could be used as targets for
designing a vaccine. The present study may also lead to a new
knowledge on gene expression mechanisms of multigene fam-
ilies during the environmental transition in a life cycle of vec-
tor-borne pathogens.
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