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Human granulocytic ehrlichiosis is an emerging infectious disease in the United States and Europe, and
PCR methods have been shown to be effective for the diagnosis of acute infections. Numerous PCR assays and
primer sets have been reported in the literature. The analytical sensitivities (limits of detection) of 13
published PCR primer sets were compared using DNA extracted from serial dilutions of Anaplasma phagocy-
tophilum-infected HL-60 cells. The specificity of the assays that were able to detect <2.5 infected cells was tested
by the use of template DNA extracted from Ehrlichia chaffeensis, Rickettsia rickettsii, and Bartonella henselae. The
assays with the lowest limits of detection were shown to be a nested assay that amplifies the 16S rRNA gene
(primer pairs ge3a-ge10 [primary] and ge9-ge3 [nested]; detects 0.25 infected cell), a direct assay that
amplifies the major surface protein gene msp2 (primer pair msp2-3f–msp2-3r; detects 0.25 infected cell), and
a direct assay that amplifies the 16S rRNA gene (primer pair ehr521-ehr790; detects 0.25 infected cell). The
specificity and limit of detection of the MSP2 and 16S rRNA direct assays were further tested by use of A.
phagocytophilum template DNA from both North America and Europe and from human, tick, white-footed
mouse, equine, deer, bovine, and wood rat samples and of template DNA from closely related species (Anaplas-
ma marginale, the white-tailed deer agent, and additional E. chaffeensis-positive samples). Three manufacturers’
PCR kits were tested and showed distinct variations in the limit of detection, specificity, and nonspecific
background amplification. The importance of these results for the molecular diagnosis of human granulocytic
ehrlichiosis is discussed.

Human ehrlichiosis is an acute, febrile illness that is caused
by at least three known agents in the United States. Ehrlichia
chaffeensis infects mononuclear white blood cells, while Ehrli-
chia ewingii and Anaplasma phagocytophilum (previously Ehr-
lichia phagocytophila, the human granulocytic ehrlichiosis
[HGE] agent) infect granulocytic-lineage leukocytes (2, 6–9,
11). HGE was first described in 1994, and the number of
confirmed cases has increased to the point where it is now the
predominant form of ehrlichiosis (3, 7, 20; J. McQuiston, per-
sonal communication) and second to Lyme disease as the most
common tick-borne infection in the United States. Tetracy-
clines are efficacious for the treatment of all forms of ehrli-
chiosis; however, the nonspecific symptoms of infection can
make diagnosis problematic. Serological methods are most
commonly used for diagnosis, but these assays are often neg-
ative in the early stages of an acute infection, as antibody will
typically be absent during the first week of infection (1). Di-
agnosis prior to seroconversion has utilized molecular methods
that are based on PCR amplification of the DNA of the agent,
and numerous PCR-based assays and primer sets have been
reported (7, 13, 16, 19, 24–27, 29). The purpose of this study
was to compare a selection of these assays in order to evaluate
their specificities and limits of detection for A. phagocytophi-
lum.

MATERIALS AND METHODS

Bacterial strains, propagation, and DNA extraction. The Arkansas, St. Vin-
cent, and Jax strains of E. chaffeensis were grown in DH-82 cells, and the USG3,
WS27, and MRK strains of A. phagocytophilum were grown in HL-60 cells (2, 9,
22, 28). The Sheila Smith strain of Rickettsia rickettsii and the Houston-1 strain
of Bartonella henselae were used for specificity testing. DNA was extracted from
infected tissue culture cells, EDTA blood samples, and ticks by using the DNeasy
(Qiagen, Valencia, Calif.) tissue kit following the manufacturer’s protocol and
eluted in 200 �l of sterile distilled water.

PCR amplification. Tenfold serial dilutions of HL-60 cells infected with the
USG3 strain of A. phagocytophilum were made in a background of uninfected
human blood. DNA was extracted from each dilution, and 5 �l of the purified
DNA was used as the template in each 50-�l PCR. All reactions also contained
200 �M concentrations of each deoxynucleoside triphosphate (dATP, dCTP,
dGTP, and dTTP), 1.5 mM MgCl2, 2.5 U of Taq polymerase, and 0.5 �M
concentrations of each primer. The initial limit of detection testing used reagents
from the GeneAmp PCR kit with AmpliTaq DNA polymerase (PerkinElmer,
Foster City, Calif.). Each reaction involved an initial 2-min denaturation at 95°C
prior to thermal cycling and a 5-min extension at 72°C after cycling. Each cycle
consisted of a 30-s denaturation at 94°C, a 30-s annealing, and a 1-min extension
at 72°C. The number of cycles and the annealing temperatures were as listed in
Table 1. Reactions were subsequently maintained at 4°C until analyzed by aga-
rose gel electrophoresis.

Where indicated in the text, nested PCR was performed using 1 �l of the
primary PCR product as template. Each nested amplification contained 200 �M
concentrations of each deoxynucleoside triphosphate (dATP, dCTP, dGTP, and
dTTP), 2.5 U of Taq polymerase, and 0.2 �M concentrations of each primer in
a total reaction volume of 50 �l. Nested cycling conditions were as follows: an
initial 2-min denaturation at 95°C, followed by 25 cycles with each cycle consist-
ing of a 30-s denaturation at 94°C, a 30-s annealing at 55°C, and a 1-min
extension at 72°C. These 25 cycles were followed by a 5-min extension at 72°C.
Reactions were subsequently maintained at 4°C until analyzed by agarose gel
electrophoresis.

All assays tested were screened for specificity with template DNA from R.
rickettsii, B. henselae, and E. chaffeensis by using the GeneAmp PCR kit with
AmpliTaq DNA polymerase (PerkinElmer). The assays that performed best in
the initial limit of detection and specificity testing were subsequently tested with
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a battery of templates from closely related and more distantly related species.
DNA was extracted from a second set of serial dilutions of A. phagocytophilum
strain USG3 as described above. These extractions were used with the three
optimal assays to compare the PCR amplification kits from three different man-
ufacturers: the GeneAmp PCR kit with AmpliTaq DNA polymerase
(PerkinElmer), Ready-To-Go PCR beads (Amersham Pharmacia Biotech, Pis-
cataway, N.J.), and the Taq PCR Master Mix kit (Qiagen). All reactions were
performed under the conditions described above and in Table 1 and stored at 4°C
until analyzed by agarose gel electrophoresis.

Limit of detection quantification. The limit of detection for each assay was
evaluated with samples for which the number of infected cells per milliliter had
previously been determined. DNA was extracted from 0.2 ml of each sample and
eluted in 0.2 ml. Subsequently, 0.005 ml of the template DNA, or 1/40 of the total
extracted DNA, was used per PCR. Therefore, in a sample with 50 infected
cells/ml, DNA was extracted from 0.2 ml, or 10 infected cells (50 infected cells/ml
� 0.2 ml � 10 infected cells). And the template for each PCR was 1/40 that of
the total extracted DNA, or the equivalent of 0.25 infected cell (10 infected
cells/40 PCRs � 0.25 infected cell/reaction).

RESULTS

The cycling conditions used and the results obtained from
the testing of various reported PCR assays and primer sets are
shown in Table 1. These assays were all performed by using the
PerkinElmer GeneAmp PCR reagent kit and core reagents
with AmpliTaq DNA polymerase. The limits of detection of
the assays ranged from 0.25 to 25 A. phagocytophilum strain
USG3-infected HL-60 cells, although the limit of detection of
one assay could not be determined because of a high back-
ground (16S assay with primer pair ger3-ger4). Four of the

assays (16S assay with primer pair ehr521-ehr747, 16S assay
with primer pair ehr521-ehr790, 16S-nested assay with primer
pairs ge3a-ge10 and ge9-ge2, and msp2 assay with primer pair
msp2-3f–msp2-3r) showed the lowest limit of detection, 0.25
infected cell. The specificity of the nine assays that were able to
detect �2.5 infected cells was tested with R. rickettsii, B.
henselae, and E. chaffeensis (strain Arkansas) genomic DNAs
as PCR templates. Four of the assays amplified E. chaffeensis
DNA in addition to the targeted A. phagocytophilum DNA,
and one of the assays (16S with primer set ehr521-ehr747)
amplified DNA from E. chaffeensis, R. rickettsii, and B.
henselae. The results of the limit of detection testing for the
ehr521-ehr790 and msp2 assays are shown in Fig. 1; both assays
had detection limits equivalent to those for the 16S-rRNA-
nested assay using ge3a-ge10 for the primary amplification and
ge9-ge2 for the nested reaction (19) (Table 1) and had a low
background.

The two nonnested assays that detected 0.25 A. phagocyto-
philum-infected cell and did not amplify the DNA of either R.
rickettsii or B. henselae, the ehr521-ehr790 and msp2 assays,
were further evaluated with a series of clinical and nonclinical
samples that had previously been confirmed as positive or
negative using the ge3a-ge10 and ge9-ge2 16S-nested assay
(Fig. 2). Both assays detected each of the confirmed positives
(lanes 1 through 6), although the lane 4 samples gave only a
weak positive with the erh521-ehr790 assay. All other samples,

TABLE 1. PCR assays tested including gene targets, primer designations, annealing and cycling conditions, limits of detection, and
specificity results

Target
gene Primer pair Annealing

temp (°C)
No. of
cycles

Detection
limita

Specificityb

Reference
Rr Bh Ec

16S ge9-ge10 55 40 2.5 � � � 7

16S ec12-ec9 48, 52 3, 37 2.5 � � � 7
Nested ge9-ge10 55 30

16S ehr521-ehr747 60 50 0.25 � � � 24

16S ehr521-ehr790 55 40 0.25 � � � 16

16S per1-per2 45 40 2.5 � � � 13

16S ger3-ger4 50 40 UN NT NT NT 13

16S ge3a-ge10 55 40 0.25 � � � 19
Nested ge9-ge2 55 30

groE hs1-hs6 48, 52 3, 37 0.25 weak � � � 26
Nested hs43-hs45 55 30

ank la6-la1 55 40 2.5 � � � 27

msp2 msp2-3f–msp2-3r 55 40 0.25 � � � Massung, 1999c

100 kDa s7f-s7r 55 40 25 weak NT NT NT 25

130 kDa s22f-s22r 55 40 2.5 weak NT NT NT 25

Hsp-70 b3f1-b3r 55 40 25 NT NT NT 25

a The estimated minimum number of A. phagocytophilum infected cells that could be detected per test sample. UN, could not be determined.
b Bacteria used for specificity testing: Rr, R. rickettsii strain Sheila Smith; Bh, B. henselae strain Houston-1; Ec, E. chaffeensis strain Arkansas. NT, not tested.
c R. F. Massung, presented at the EUWOG-ASR Joint Meeting, Marseille, France, 1999 (Program and Abstracts, p. 6), was subsequently published in reference 20.
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which included HGE-negative samples (lanes 7 through 11)
and E. chaffeensis-positive samples (lanes 12 through 15), were
negative, although some background banding was seen in lane
13 with one E. chaffeensis sample on the ehr521-ehr790 assay
only. Another set of DNA samples extracted from the blood of

various animals, including equine, bovine, deer, white-tailed
mice (Peromyscus leucopus), and dusky-footed wood rat (Neo-
toma fuscipes); Ixodes scapularis ticks; and tissue-culture-grown
E. chaffeensis, B. henselae, R. rickettsii, Anaplasma marginale,
and A. phagocytophilum, was also tested with each assay (Fig.
3). Each of these DNA samples was previously shown to be
positive with the 16S-nested ge3a-ge10 and ge9-ge2 assay ex-
cept for the culture-grown E. chaffeensis, B. henselae, and R.
rickettsii (lanes 9 through 11). Both assays amplified products
from an Ehrlichia equi (now A. phagocytophilum)-infected
horse (lane 1), an E. phagocytophila (now A. phagocytophilum)-
infected cow from Sweden (lane 2), a white-footed mice from
Connecticut (lanes 5 and 6), a dusky-footed wood rat from
California (lane 7), an I. scapularis tick from Connecticut (lane
8), and the A. phagocytophilum-positive control sample (lane
13) (10). The ehr521-ehr790 assay also detected the white-
tailed deer agent from deer blood (lanes 3 and 4), A. marginale
(lane 12), and was weakly positive for E. chaffeensis (lane 9),
samples of which were not detected with the msp2 assay (8).
There were no samples that tested positive by the msp2 assay
that were not also detected by the erh521-ehr790 assay, al-
though one of the I. scapularis samples from Connecticut (lane
5) produced significantly more product with the msp2 assay.

A second dilution series was used for additional testing of
the three assays that were able to detect 0.25 infected cell
(Table 1): the 16S-rRNA-nested assay using ge3a-ge10 and
ge9-ge2, the 16S rRNA assay using ehr521-ehr790, and the
msp2 assay using msp2-3f–msp2-3r. Three commercially avail-
able PCR amplification kits were used for this comparison,
although each of the kits used AmpliTaq DNA polymerase and
the same magnesium concentration (1.5 mM). The nested-16S
assay showed little difference when tested with the three kits

FIG. 1. Limit of detection of PCR assays for A. phagocytophilum
strain USG3 DNA with primer pairs ehr521-ehr790 (upper lanes) and
msp2-3f–msp2-3r (lower lanes). Lanes 1 show amplification products
from the DNA extracted from uninfected human blood as negative
controls. Lanes 2 through 8 represent amplifications from a 10-fold
dilution series ranging from 5 � 105 infected cells/ml to 0.5 infected
cell/ml. Phage �X174 DNA digested with HaeIII was run in the lanes
labeled M. The sizes of the amplified products are indicated to the left.

FIG. 2. PCR assay testing on DNA extracted from human EDTA
blood samples with primer pairs ehr521-ehr790 (upper lanes) and
msp2-3f–msp2-3r (lower lanes). Lanes 1 through 6 show amplification
products from samples previously confirmed as A. phagocytophilum
positive by 16S-rRNA-nested PCR. Lanes 7 through 11 are amplifica-
tion products from samples previously shown to be negative for A.
phagocytophilum and E. chaffeensis. Lanes 12 through 15 show ampli-
fication products from samples previously confirmed as E. chaffeensis
positive. Phage �X174 DNA digested with HaeIII was run in the lane
labeled M. The sizes of the amplified products are indicated to the left.

FIG. 3. PCR assay testing on DNA extracted from veterinary, tick,
and cultured bacterial samples with primer pairs ehr521-ehr790 (upper
lanes) and msp2-3f–msp2-3r (lower lanes). Samples represented are E.
equi (now A. phagocytophilum) from an experimentally infected horse
(lane 1), E. phagocytophila (now A. phagocytophilum) from a Swedish
cow (lane 2), white-tailed deer agent from white-tailed deer (lanes 3
and 4), A. phagocytophilum-positive I. scapularis ticks from Connecti-
cut (lanes 5 through 7), E. equi (now A. phagocytophilum) from a wood
rat from California (lane 8), E. chaffeensis Arkansas strain (lane 9), B.
henselae Houston-1 strain (lane 10), R. rickettsii Sheila Smith strain
(lane 11), A. marginale (lane 12), and A. phagocytophilum USG3 strain
(lane 13). Phage �X174 DNA digested with HaeIII was run in the lanes
labeled M. The sizes of the amplified products are indicated to the left.
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(Fig. 4), and each clearly detected 0.25 infected cell. The 16S
assay using ehr521-ehr790 produced faint products from 0.25
infected cell with each kit (Fig. 5). However, spurious back-
ground bands were significantly higher with both the
PerkinElmer (panel A) and Amersham (panel B) kits. The
PerkinElmer kit showed a faint product, which could be mis-
interpreted and result in a false positive, in the lane (Fig. 5A,
lane 6) where the control template was DNA extracted from
uninfected human blood. The msp2 assay, shown in Fig. 6,
strongly detected 0.25 infected cell with each kit, but both the
PerkinElmer (panel A) and Amersham (panel B) kits ampli-
fied bands from the uninfected human control (lane 6) that
migrated close to the correct product size and could again be
interpreted as false positives. However, the msp2 assay with
the Qiagen kit (Fig. 6C) produced a strong positive band for
the 0.25-infected-cell sample and had a minimal background in
both the positive (lanes 1 through 5) and negative (lane 6)

samples. Overall, the Qiagen kit performed best for all assays
(Fig. 4 through 6).

DISCUSSION

PCR-based molecular assays are powerful tools for the di-
agnosis of infectious diseases and for the detection of viral and
bacterial agents in both clinical and environmental samples.
These assays were instrumental in the identification of E.
chaffeensis and A. phagocytophilum as the etiologic agents of
human monocytic ehrlichiosis (HME) and HGE, respectively
(2, 7, 12). Since the identification of the HGE agent by Chen
et al. (7), numerous PCR amplifications assays have been de-
scribed for the detection of the agent. In this report, we have
attempted to systematically evaluate and compare a number of
these assays, along with several commercially available PCR
kits, to serve as a guide for laboratories considering establish-
ing molecular testing for the HGE agent.

The results of testing these various assays were surprising in
several regards. For example, three of the single-step amplifi-
cation assays (16S with primer pair ehr521-ehr790, 16S with
primer pair ehr521-ehr747, and msp2 with primer pair msp2-
3f–msp2-3r) showed a limit of detection comparable to that in
the 16S-nested assay (primer pairs ge3a-ge10 and ge9-ge2) that
was previously shown to detect �2 copies of genomic DNA
(19). One likely reason for the excellent analytical sensitivity of
the msp2 assay is that the primers for the assay were designed
to amplify each of the multiple copies on the msp2 gene that
are present in the A. phagocytophilum genome (14, 21, 30). The
msp2 assay was also the most species-specific assay tested, as it
did not amplify products from samples containing the DNA of
the white-tailed deer agent A. marginale or from any sample
other than the ones previously confirmed as A. phagocytophi-
lum positive (10). One of these three assays, the 16S assay with
primer pair ehr521-ehr747, also amplified the 16S rRNA gene
of E. chaffeensis, R. rickettsii, and B. henselae. While this assay
can and has been used for analyzing sterile clinical samples,
any laboratory using this assay must be aware of the potential
of this assay to detect the non-HGE agents tested in this
report, and the assay will likely amplify many other bacteria
that we have not tested. Certainly, the ehr521-ehr747 assay

FIG. 4. Comparison of the 16S-rRNA-nested-PCR assay with
primer pairs ge3a-ge10 and ge9-ge2 with commercially available kits
from three manufacturers: (A) PerkinElmer GeneAmp PCR reagent
kit with AmpliTaq DNA polymerase; (B) Amersham Pharmacia
Ready-To-Go PCR beads; (C) Qiagen Taq PCR Master Mix kit. Lanes
1 through 5 represent amplifications from a 10-fold dilution series
ranging from 5 � 105 A. phagocytophilum-infected cells/ml to 50 in-
fected cells/ml, and lane 6 contains DNA from uninfected human
blood as a negative control. Phage �X174 DNA digested with HaeIII
was run in the lanes labeled M. The arrows indicate the position of the
546-bp amplified products.

FIG. 5. Comparison of the 16S rRNA assay with primer pair
ehr521-ehr790 by using commercially available kits from three manu-
facturers: (A) PerkinElmer GeneAmp PCR reagent kit with AmpliTaq
DNA polymerase; (B) Amersham Pharmacia Ready-To-Go PCR
beads; (C) Qiagen Taq PCR Master Mix kit. Lanes are as described in
the legend to Fig. 4. The arrows indicate the position of the 293-bp
amplified products.

FIG. 6. Comparison of the msp2 gene PCR assay using commer-
cially available kits from three manufacturers: (A) PerkinElmer Ge-
neAmp PCR reagent kit with AmpliTaq DNA polymerase; (B) Am-
ersham Pharmacia Ready-To-Go PCR beads; (C) Qiagen Taq PCR
Master Mix kit. Lanes are as described in the legend to Fig. 4. The
arrows indicate the position of the 334-bp amplified products.
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should not be used for testing samples such as I. scapularis
ticks, the vector of the HGE agent in the northeastern and
upper Midwestern United States, because the assay may detect
bacterial endosymbionts within the tick that are closely related
to Rickettsia species (23) or other bacterial environmental con-
taminants. Neither should this assay be used for screening P.
leucopus or other rodent samples because it has been well
documented that numerous Bartonella species are found in
rodents (4, 17, 18). Two of the assays tested also amplified the
E. chaffeensis 16S rRNA gene but not the 16S rRNA gene of R.
rickettsii or B. henselae: the 16S assay using ehr521-ehr790 and
the groE-nested assay. Similar to the 16S-rRNA-nested assay
with ge3a-ge10 and ge9-ge2, the erh521-ehr790 assay will also
amplify DNA from the white-tailed deer agent and can thereby
be used to screen for this agent (10). The amplification of E.
chaffeensis DNA by the groE assay was expected because the
assay was not designed as a specific assay to be used for diag-
nostics but rather as a general assay that could be used for
screening various samples for most ehrlichial species (26). Sev-
eral of the primer sets tested (assays 100 kDa, 130 kDa, Hsp-
70) were not designed for use in a diagnostic assay and were
not optimized for analytical sensitivity or specificity (25). So it
is not surprising that each showed a relatively poor limit of
detection. If these assays had been optimized, they may have
performed significantly better.

The 16S assay using primer pair ehr521-ehr790 performed
quite well in our tests, although it detected E. chaffeensis DNA.
While A. phagocytophilum (HGE agent) and E. chaffeensis
(HME agent) are transmitted by different ticks and the areas
of endemicity for each disease in the United States have little
overlap (20), the lack of specificity of the erh521-ehr790 assay
may be problematic, particularly for reference laboratories
that do not have access to patient information, and could result
in HME cases being misdiagnosed as HGE. The incorrect
detection and diagnosis of HME would be problematic for
epidemiologic studies and potentially dangerous if used for
patient management. Doxycycline has been recommended as
the drug of choice for treating HGE and HME in both adults
and children, so even a misdiagnosis in a diagnostic setting
should lead to the appropriate treatment of most patients (8,
11). However, in patients where tetracyclines are contraindi-
cated (pregnant women and young children), the misdiagnosis
of an HME infection as HGE could lead to the patient being
improperly treated with rifamycins or quinolones, drugs for
which in vitro testing has shown that A. phagocytophilum is
susceptible but E. chaffeensis is resistant (5, 15).

The two assays that provided the highest analytical sensitiv-
ity and specificity were the 16S-nested assay (ge3a-ge10 and
ge9-ge2) and the msp2 assay. Both assays detected the equiv-
alent of 0.25 infected cell, and neither detected E. chaffeensis,
R. rickettsii, or B. henselae. However, dramatic differences were
noted between these two assays when they were evaluated
using three different commercially available PCR kits.
Whereas the results of the 16S-nested assay were not affected
by the PCR kit that was used, the msp2 assay and every other
assay showed variable limits of detection and/or specificity
(nonspecific banding patterns) based on which manufacturer’s
kit was used. For example, of the kits tested in this report, the
msp2 assay should be used with only the Qiagen kit because
both of the other kits resulted in banding patterns that could be

interpreted as false positives. Relative to the other kits tested,
the PerkinElmer kit provided fairly good specificity but de-
creased analytical sensitivity, the Amersham kit showed high
analytical sensitivity but poor specificity, and the Qiagen kit
provided high analytical sensitivity and specificity.

There are a large number of factors involved in optimizing a
PCR assay that has a low limit of detection and is also specific
and reproducible. Some of these variables include the PCR kit
and the enzyme used; Mg2�, template, and primer concentra-
tions; optimization factors specific to the assay, such as the
annealing temperature and number of cycles; the method used
for extraction; and the thermal cycler used for amplification.
While we attempted to control for many of these factors, the
large number of potential variables makes it difficult to predict
the performance of a given assay in an outside laboratory or
whether significant improvement in the performance of single
assays could be achieved by optimizing assay conditions. Each
laboratory should determine the efficacy of any PCR assay
within their local environment. This includes providing an ap-
propriate workspace free of contaminants and properly trained
personnel. The assay should be well controlled with positive
and negative controls used for both DNA extraction and PCR
amplification. Reproducibility and proficiency should be con-
firmed by the use of replicates. DNA sequencing should be
used to authenticate that the expected product has been am-
plified. These general guidelines, coupled with the use of ap-
propriate assays, should permit most laboratories to perform
quality PCR assays for the molecular detection of A. phagocy-
tophilum and the diagnosis of HGE infections.
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