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Human Epstein-Barr virus (EBV) and cytomegalovirus
(CMV) can cause serious complications in immuno-
compromised patients. Rapid diagnosis of EBV and
CMV infection is critical in the management of the
disease so that anti-viral therapy can be started early.
Here we describe the development of real-time PCR
assays using TaqMan probes and molecular beacons
and compare the performance of both assays with a
well-established, validated, gel-based PCR method for
the quantification of EBV and CMV in patients’ sam-
ples. The TaqMan and molecular beacon assays were
linear between 10 to 107 viral genomes/reaction. Both
assays generated calibration curves with strong cor-
relation and low intra-assay and interassay variation.
Results of EBV and CMV viral load determination in-
patient samples obtained by the gel-based and real-
time PCR were very similar. The real-time PCR assays
showed increases in viral load before clinical mea-
sures of viral disease and decreases in viral load dur-
ing anti-viral therapy in two of six pediatric patients.
The data indicate that these TaqMan and molecular
beacon approaches are accurate, rapid, and reliable
assays for the diagnosis and monitoring of EBV and
CMV infections in patients. (J Mol Diagn 2003,
5:15–20)

Epstein-Barr virus (EBV) and cytomegalovirus (CMV) are
human herpesviruses that are characterized by a primary
infection that generally occurs in a sub-clinical fashion in
early childhood, with subsequent lifelong latent infection.
At any time following initial infection, reactivation may
occur. Reactivation of EBV and CMV may be severe and
even life-threatening in immunocompromised individuals
such as bone marrow and solid-organ transplant recipi-

ents and in AIDS patients.1–3 Therefore, early diagnosis
of EBV and CMV infections is important in the manage-
ment of high-risk patients.

Polymerase chain reaction (PCR) amplification is a
useful diagnostic method for detecting EBV and CMV
infection. Qualitative PCR assays can detect viral ge-
nomes; however, they cannot be used to discriminate
between latent infection and active disease.4,5 Quantita-
tive PCR assays have shown that the amount of herpes-
virus in blood could be used to identify patients at risk of
developing viral disease and to monitor antiviral thera-
py.6–13 In one study, CMV and EBV viral burden higher
than 10,000 viral genomes/ml blood was associated with
an increased risk of developing CMV disease or EBV-
associated post-transplant lymphoproliferative disorder
(PTLD) in pediatric solid organ transplant patients.11 Sim-
ilar findings have been reported in other solid organ
transplant populations.12 Quantitative PCR assay can be
used to monitor the effectiveness of anti-viral therapy as
seen by a rapid drop in viral titer.

Several PCR techniques have been used to quantitate
viral burden in immunocompromised individuals. Real-
time PCR assays have been recently described to be
accurate and rapid tests for the quantification of EBV and
CMV that eliminate post-PCR manipulation. The quantita-
tive EBV and CMV real-time PCR assays described so far
use TaqMan probes or hybridization probes.14–17 We
have developed a real-time PCR assay for the detection
and quantification of EBV and CMV using molecular bea-
cons or TaqMan probes. TaqMan probes are linear
probes that are dual-labeled with a reporter dye and a
quencher dye. During the extension phase of the PCR,
the TaqMan probe hybridizes to its target. Cleavage of
the probe by the 5� exonuclease activity of the Taq poly-
merase separates the reporter fluorophore from the 3�
quencher. The fluorescence of the reporter is then in-
creased as it is released from the proximity of the
quencher.18

Molecular beacons are single-stranded oligonucleo-
tide probes that have a stem-loop structure. The stem is
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formed by two complementary sequences; the loop con-
tains a sequence complementary to the target DNA se-
quence. A fluorophore is attached to the 5� end of the
stem and a non-fluorescent quencher is attached to other
end of the stem. In the absence of a target, the molecular
beacons do not fluoresce because the fluorophore is in
close proximity to the quencher molecule. When the
probe anneals to a target molecule, the probe undergoes
a conformational change that forces the arm sequences
apart, leading to the separation of the fluorophore from
the quencher and restoring fluorescence.19 In the
present study we compared the performance of the Taq-
Man and molecular beacon assays with a well-estab-
lished, validated, gel-based PCR method for the quanti-
fication of EBV and CMV.

Materials and Methods

Viral DNA

Quantitated EBV (EBV B95–8) and CMV (AD169) DNA
was purchased from Advanced Biotechnologies (Colum-
bia, MD). Viral DNA copy number was confirmed using
an internal standard polymerase chain reaction for EBV
and CMV.6

Nucleic Acid Extraction

DNA was extracted from whole blood using the Qiagen
Blood Extraction Kit (Qiagen, Valencia, CA) according to
the manufacturer’s protocol.

Real-Time Quantitative PCR

The sequences of the primers and probes were selected
from the EBV-encoded RNA (EBER) gene for EBV and the
glycoprotein B gene for CMV. The primers and TaqMan
probes were designed using the Primer Express soft-
ware (Applied Biosystems, Foster City, CA). The mo-
lecular beacons were designed according to the
guidelines available at http://molecular-beacons.org. A
DNA-folding program (http://bioinfo.math.rpi.edu/
�mfold/dna/form1.cgi) was used to estimate the sta-
bility of the stem and loop structure of the molecular
beacons. The forward and reverse primer sequences
for EBV were 5�-AAACCTCAGGACCTACGCTGC-3�
and 5�-AGACACCGTCCTCACCAC-3� respectively.
The forward and reverse primer sequences for CMV
were 5�-AAGTACCCCTATCGCGTGTG-3� and 5�-
ATGATGCCCTC(A/G)TCCA(A/G)GTC-3�, respectively.
The TaqMan probes for EBV and CMV were labeled
with 6-carboxyfluorescein (FAM) at the 5� end as the
reporter fluorophore and with black hole 1 (BHQ1) at
the 3� end as the quencher (Biosearch Technologies,
Novato, CA). The molecular beacons were labeled with
FAM at the 5� end as the reporter and with fluorophore
4-dimethylaminophenylazobenzoic acid (DABYCL) at
the 3� end as the quencher (Integrated DNA Technol-
ogies, Coralville, IA). The TaqMan probes for EBV and
CMV were 5�-TAGAGGTTTTGCTAGGGAGGAGACGT-

GTG-3� and 5�-TGGCCCAGGGTACGGATCTTATT-
CG-3�, respectively. The molecular beacons were 5�-
tcgagcgGCTAGGGAGGAGACGTGTGTGGcgctcga-3�
and cgtcgaGTTCTATGGCCCAGGGTACGGtcgacg-3�
for EBV and CMV, respectively.

PCR was carried out in a 50 �l volume containing 1X
PCR buffer (Applied Biosystems), 3 mmol/L MgCl2, 400
nmol/L of each primer, 200 �mol/L each of dATP, dCTP,
dGTP, dTTP, and 400 nmol/L of molecular beacon or 200
nmol/L of TaqMan probe, 2.5 units of AmpliTaq Gold DNA
polymerase (Applied Biosystems) and DNA from 10 �l of
whole blood. For the TaqMan assay, amplification reac-
tions were initially heated to 95°C for 10 minutes and then
subjected to 45 cycles of 94°C for 15 seconds, 60°C for
30 seconds, and 72°C for 30 seconds in an iCycler iQ
PCR Detection System (Bio-Rad, Hercules, CA). Fluores-
cent data were collected during the 72°C step. For the
molecular beacon assay, PCR conditions were 10 min-
utes at 95°C, followed by 45 cycles of 94°C for 15 sec-
onds, 55°C for 30 seconds, and 72°C for 30 seconds in
an iCycler iQ PCR Detection System. Data were collected
during the annealing step of 55°C.

Optical data were analyzed by using the default and
variable parameters in the iCycler iQ system software.
The PCR threshold cycle (Ct), which is defined as the
fractional cycle number at which the fluorescence
reaches 10 times the standard deviation (SD) of the base-
line, was determined by the software. Average Ct for
duplicate standards and clinical samples was calculated
by the software. Standard curve equations were calcu-
lated by regression analysis of average Ct versus the
log10 of the standard copy number. The viral copy num-
bers in the clinical samples were calculated automatically
by the data analysis software.

Gel-Based Quantitative PCR

The design and validation of the gel-based quantitative
PCR has been described elsewhere in detail.6 Briefly,
each PCR reaction was carried out in a 50 �l volume
containing 1X PCR buffer (Applied Biosystems), 1.5
mmol/L MgCl2, 400 nmol/L of each primer, 200 �mol/L
each of dATP, dCTP, dGTP, dTTP, 2.5 units of AmpliTaq
DNA polymerase (Applied Biosystems), 20 molecules of
the HHVQ-1 internal calibration standard, and DNA from
10 �l of whole blood. The forward and reverse primer
sequences for EBV were 5�-CCCGCCTACACACCAAC-
TAT-3� and 5�-AGTCTGGGAAGACAACCACA-3�, re-
spectively. The forward and reverse primer sequences
for CMV were 5�-TACCCCTATCGCGTGTGTTC-3� and
5�-ATAGGAGGCGCCACGTATTC -3�, respectively. PCR
conditions were 2 minutes at 95°C, followed by 36 cycles
of 94°C for 30 seconds, 65°C for 30 seconds, and 72°C
for 1 minute, followed by a final extension of 9 minutes at
72°C in a GeneAmp PCR System 9600 Thermocycler
(Applied Biosystems). After amplification, PCR products
were separated by agarose gel electrophoresis, identi-
fied by staining with SYBR Gold (Molecular Probes, Eu-
gene, OR) and quantified using a Fluorimeter SI (Molec-
ular Dynamics, Sunnyvale, CA).
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Results

Molecular beacons and TaqMan probe assays were
used to detect EBV and CMV. For both assays the same
set of primers was used to amplify EBV or CMV. Serial
dilutions of EBV or CMV were used to generate stan-
dard curves. The standard curves and amplification
plots are shown in Figure 1. Both assays were able to
detect viral DNA over a linear range of 10 to 107

copies/well, which is equivalent to 103 to 109 copies/ml
of blood. Statistical analysis of the standard curves
over this range show that both assays are linear with a
good correlation coefficient (r2 � 0.998) between the
Ct and the copy number.

To determine whether there is cross-reactivity with the
other herpesviruses, all of the eight herpesviruses were
subjected to the real-time PCR using either the EBV or
CMV primers and probes. All primer pairs and probes
were found to detect their specific viral target and did not
cross-react with the other viruses (data not shown).

To determine interassay reproducibility of both the mo-
lecular beacon and the TaqMan assays, control EBV and
CMV DNA were serially diluted to create standard curves

with a range from 107 to 10 copies/well. These standard
curves were run in duplicate for 5 consecutive days and
the interassay variance of the mean Ct was evaluated.
The interassay variance for both molecular beacon and
TaqMan assays was less than 4% (Table 1). To determine
intra-assay variance, the same serial dilutions were run
using six replicates of each dilution. The intra-assay vari-
ance was less than 3% for both assays (Table 2).

To determine whether human DNA could inhibit the
real-time PCR assay, 10 patient samples that were EBV-
and CMV-negative were spiked with 104 copies of control
EBV or CMV per ml of blood. Quantification of EBV or
CMV viral loads on those samples was performed with

Figure 1. Real-time PCR assays for the detection of EBV and CMV using molecular beacon or TaqMan probes. Amplification plots (A, B, C, D) and standard curves
(E, F, G, H) of EBV and CMV real-time PCR. Tenfold serial dilutions of quantitative EBV and CMV DNA ranging from 107 to 101 copies/reaction were amplified
in duplicate. Amplification plots show the detection of the serially diluted DNA. PCR cycles are plotted against the fluorescence intensity. The cycle at which the
fluorescence reaches a threshold value is called the threshold cycle (Ct). Standard curves were obtained by plotting the Ct values against the copy number. The
correlation coefficients and linear regression equations are shown.

Table 1. EBV and CMV Inter-Assay Variation (%CV)

Copies/well 107 106 105 104 103 102 10

Beacon EBV 0.82 0.97 0.75 0.49 1.94 1.6 1.26
CMV 0.30 1.81 1.89 1.52 1.58 2.01 2.55

TaqMan EBV 0.68 1.80 0.63 1.11 1.16 1.26 1.23
CMV 0.54 0.87 0.23 0.67 0.95 0.82 1.32

CV, coefficient of variation.
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the molecular beacon real-time assay. The viral loads
obtained from the 10 samples were similar to the control
EBV and CMV (data not shown). Therefore, no inhibition
of the EBV and CMV was seen among the 10 spiked
patient samples.

Correlation studies of the TaqMan and molecular bea-
con real-time assays with the gel-based quantitative PCR
assay previously described6 were performed. Twenty-
three clinical samples were selected from a panel of
samples from pediatric transplant recipients11 to cover
the observed clinical range in viral titers. As shown in
Figure 2, good correlation was observed between the
molecular beacon assay and the gel-based quantitative
PCR assay (r2 � 0.9539) and the TaqMan assay and the
gel-based quantitative PCR assay (r2 � 0.94).

To determine the utility of the real-time assays in the
clinical setting, blood samples from six pediatric patients,
including transplant patients, were tested for the pres-
ence of EBV over a period of 6 months to a year, and their
viral loads were determined by the molecular beacon or
TaqMan assay. Four patients had a steady viral load (�
1000 to 4000 copies/ml). Two patients had an increase in

EBV viral load. The first patient was a pediatric liver
transplant patient suspected of having post-transplant
lymphoproliferative disorder (Figure 3A). He had an ele-

Table 2. EBV and CMV Intra-Assay Variation (%CV)

Copies/well 107 106 105 104 103 102 10

Beacon EBV 0.44 0.59 0.98 0.85 1.23 0.7 2.66
CMV 1.02 1.62 1.06 1.32 1.81 2.21 3.14

TaqMan EBV 1.08 1.33 1.64 1.87 1.66 1.45 1.68
CMV 1.22 0.78 1.37 2.94 0.82 0.98 1.79

Figure 2. Correlation between the gel-based quantitative PCR and molecular beacon real-time assay or TaqMan real-time assay for EBV (A, B) and CMV (C, D).
DNA from 23 patients’ samples was subjected to the conventional quantitative PCR and to real-time PCR and their EBV or CMV viral load quantitated. The copy
numbers of EBV DNA or CMV DNA measured by the conventional quantitative PCR and the real-time PCR were plotted. A regression analysis was used for the
comparison. The linear regression plots and corresponding values are shown.

Figure 3. EBV viral levels in two pediatric patients. A: EBV levels in
sequential samples from pediatric transplant recipient were determined using
the Taqman real-time PCR assay. B: EBV levels in sequential samples from a
pediatric patient with acute EBV infection were determined using the mo-
lecular beacon real-time PCR assay.
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vated EBV level 7 weeks after transplantation (180,000
copies/ml). He was placed on anti-viral therapy and the
EBV viral load dropped in response to the therapy. The
second patient was diagnosed as having an acute EBV
infection. The real-time PCR test showed a high EBV viral
titer the next day (� 2 � 106 copies/ml) and 5 days after
admission. The patient was placed on acyclovir and in-
travenous immunoglobulin therapy and the levels of EBV
dropped and were not detectable thereafter (Figure 3B).

Discussion

Quantitative PCR is an important tool in the diagnosis and
monitoring of viral infections especially in immunocom-
promised individuals. This study reports the development
of real-time PCR assays for the detection and quantifica-
tion of EBV and CMV using TaqMan probes and molec-
ular beacons. Real-time PCR is a technique that provides
a rapid and accurate quantification of PCR product.20

Real-time PCR employs a closed-tube system that elim-
inates the need for post-PCR analysis and thus reduces
the risk of contamination. Real-time PCR assays have
been previously described for the detection of EBV and
CMV using TaqMan or hybridization probes.2,14–17 Here
we describe the development of the TaqMan and the
molecular beacon real-time assays and compare their
performance with well-established, validated, gel-based
quantitative PCR assay. We have shown that both assays
are linear, between 10 to 107 copies/well, which is in
concordance with other published EBV and CMV real-
time PCR assays. The previous studies used different
real-time instruments for the detection of PCR products.
Some have used the ABI Prism 7700 Sequence Detection
System or LightCycler,2,14–17 whereas we used the iCy-
cler iQ PCR Detection System. The iCycler iQ PCR De-
tection System and the ABI Prism 7700 Sequence Detec-
tion System have the advantage of analyzing 96 samples
in one run; the LightCycler can analyze 32 samples per
run. The advantage of the LightCycler is that it provides
fast run time because of its rapid cycling conditions and
could be better for small numbers of samples. It should
be noted that the assay developed here should be easily
adaptable to any of these detection systems.

In this study false-negative results, due to the pres-
ence of inhibitors, did not occur. The presence of inhib-
itors should be evaluated by amplifying a control gene,
especially in the absence of an internal control in the PCR
reaction. The extraction methods (eg, gel-silica mem-
brane spin columns) that are currently in use in the clin-
ical laboratory appear to be quite effective at removing
PCR inhibitors such as divalent cations and proteins.

The Taqman and molecular beacon assays were
highly reproducible and reliable; both assays generated
calibration curves with strong correlation and low intra-
assay and interassay variation. Both methods are suit-
able for routine diagnostic testing. In our experience, the
design of the molecular beacons was slightly more time-
consuming than the TaqMan probes.

In this study we compared the real time assays to the
conventional gel-based quantitative PCR assay. The

comparison of the EBV and CMV viral loads in patients’
samples obtained by the gel-based and the real-time
PCR were very similar. Previous studies have also com-
pared real-time PCR assays with conventional PCR as-
says for the detection of EBV21 and other herpesvi-
ruses.22 Again, comparison of the two quantitative
assays showed good correlation in these clinical sam-
ples. Real-time PCR assays have advantages over gel-
based quantitative PCR. Real-time assays have a wide
dynamic range of quantification of viral DNA, thus elimi-
nating the need for diluting samples with high viral titers.
The other advantage is the elimination of post-PCR steps
thus reducing the likelihood for sample cross-contamina-
tion. The latter is of special value in the clinical setting
leading to a reduction in cost and turnaround time. Taken
together, real-time PCR assays are rapid, accurate, and
reliable and could replace conventional quantitative PCR
methods.

Quantitative PCR for the detection of CMV or EBV in
whole blood appears to be an effective approach, not
only for the diagnosis of disease once it has developed,
but also for predicting which patients will develop dis-
ease and for monitoring antiviral therapy. Patients with
CMV or EBV disease or patients at risk of developing
disease will show significantly higher viral titers than pa-
tients that harbor latent virus.10,11,23 Therefore, sequen-
tial monitoring of circulating EBV or CMV DNA by quan-
titative real-time PCR is a useful technique. In this study
two patients had EBV infection confirmed by real-time
PCR. The patients were treated with anti-viral therapy and
their EBV viral levels were monitored with the real-time
assay.

In summary, we report the development of real-time
PCR assays using Taqman probes and molecular bea-
cons. Both assays are equally accurate, rapid and reli-
able for the quantitative analysis of EBV and CMV and
can be routinely used in the diagnosis of EBV and CMV
infections.
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