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Diagnostic systems based on reverse transcription (RT)-PCR are widely used for the detection of viral
genomes in different human specimens. The application of internal controls (IC) to monitor each step of
nucleic acid amplification is necessary to prevent false-negative results due to inhibition or human error. In
this study, we designed various real-time RT-PCRs utilizing the coliphage MS2 replicase gene, which differ in
detection format, amplicon size, and efficiency of amplification. These noncompetitive IC assays, using Taq-
Man, hybridization probe, or duplex scorpion probe techniques, were tested on the LightCycler and Rotorgene
systems. In our approach, clinical specimens were spiked with the control virus to monitor the efficiency of
extraction, reverse transcription, and amplification steps. The MS2 RT-PCR assays were applied for internal
control when using a second target hepatitis C virus RNA in duplex PCR in blood donor screening. The 95%
detection limit was calculated by probit analysis to 44.9 copies per PCR (range, 38.4 to 73.4). As demonstrated
routinely, application of MS2 IC assays exhibits low variability and can be applied in various RT-PCR assays.
MS2 phage lysates were obtained under standard laboratory conditions. The quantification of phage and
template RNA was performed by plating assays to determine PFU or via real-time RT-PCR. High stability of
the MS2 phage preparations stored at �20°C, 4°C, and room temperature was demonstrated.

Reverse transcription (RT)-PCR is used widely as a diag-
nostic tool to detect, quantify, or differentiate viral RNA (11).
An inherent problem in diagnostic PCR is the presence of
amplification inhibitors which may cause false-negative results.
Therefore, the addition of an amplifiable nucleic acid in the
PCR assay serves as an internal control (IC). The use of an IC
is an important quality control and has already been described
for early PCR experiments (for reviews, see references 8 and
11). An IC for diagnostic RT-PCR assays should be easy to
produce and to standardize. Additionally, ICs should be stable,
noninfectious, absent from clinical samples, and suitable for
different assays.

An endogenous IC is a template that occurs naturally within
the specimen being analyzed. In gene expression analysis and
virus screenings, housekeeping genes are often used as ICs and
references for transcript quantification (7, 16), but they have to
be proven for each experiment and target. Exogenous ICs are
added before nucleic acid isolation (extraction control) or am-
plification (amplification control), where coamplification is
performed within the same reaction. Ideally, these ICs hybrid-
ize to the same primers, have identical amplification efficien-
cies, and contain discriminating features, such as length or
sequence variations, targeted by hybridization probes. How-
ever, these competitive ICs can lower the amplification effi-
ciency, which results in a lower detection limit (8). Therefore,
noncompetitive IC templates are used, where the target and IC
are amplified with different primer sets. The disadvantage is

that amplification of the IC may not accurately reflect ampli-
fication of the target.

Currently, most diagnostic assays in which viral RNA is
detected or quantified rely on RNA standards (19). Some
assays use RNA standards synthesized by in vitro transcription,
which are very susceptible to degradation by RNases. There-
fore, the armored RNA technology produces RNase-resistant
RNA controls and standards by assembling specific RNA se-
quences and viral coat proteins to pseudoviral particles (6, 15).
This IC RNA contains the same primer binding sites as the
target RNA but has a different probe region (3, 6).

For viral nucleic acid amplification tests (NAT), the detec-
tion of model viruses has been described. In these approaches,
clinical specimens were spiked with a known amount of an
animal virus (4, 13, 23) to monitor the efficiency of extraction,
reverse transcription, and amplification. The advantage of such
model viruses is the stability of RNA and the control of de-
capsulation of the viral RNA during the extraction procedure.
The production of these animal pathogenic viruses may raise
issues of safety, and virus cultivation needs substantial techni-
cal skill. Therefore, it should be demanded that the prepara-
tion of the control viruses be performed under standard labo-
ratory conditions. Regarding this requirement, it is simple to
establish the cultivation of Escherichia coli bacteriophages,
such as Q-beta or MS2, in every laboratory. The F�-specific
coliphage MS2 has been widely used as a surrogate for human
enteric viruses in many studies on virus transport, disinfection,
and fate (1, 5, 17, 20, 21). Here we present an MS2 NAT for
different real-time RT-PCR approaches, which was used to
monitor RT-PCRs for the detection of human RNA viruses.

MATERIALS AND METHODS
Phage isolation. Phage MS2 DSM13767 was purchased from DSMZ (Braun-

schweig, Germany). MS2 was grown in F plasmid-harboring E. coli strain XL10-
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Gold (Stratagene, La Jolla, CA) by the double-agar-layer plaque technique (2).
The top agar layer showing confluent lysis of the host cells was harvested by being
scraped into a small amount of suspension medium (SM) (0.1 M NaCl, 8 mM
MgSO4, 0.05 M Tris-HCl, pH 7.5, 0.01% [wt/vol] solid gelatin). The virus par-
ticles were extracted with an equal volume of chloroform, and the supernatant
was recovered by low-speed centrifugation (4,000 � g) for 30 min at 4°C. Finally,
the virus particles were diluted in SM buffer and stored at �20°C for further
analysis.

The PFU were determined by plating assays. The MS2 RNA was quantified
(copies per ml) with a genomic MS2 RNA purchased from Roche Diagnostics
(Mannheim, Germany). RNA quantitation was carried out with a sensitive flu-
orescence-based solution assay for RNA, using RiboGreen RNA quantitation
reagent (Molecular Probes, Leiden, The Netherlands) as described by the man-
ufacturer. The MS2 stock solution contained at least 6 � 1010 PFU per ml and
was quantified to 6 � 1012 copies per ml. As an internal control of RT-PCR, MS2
phage dilutions were spiked into plasma pools.

Nucleic acid isolation. RNA was extracted from 140 �l plasma with a QIAamp
viral RNA kit (QIAGEN, Hilden, Germany) according to the manufacturer’s
protocol. The RNA was eluted with 60 �l AVE buffer (QIAGEN). For blood
donor screening NAT, RNA was prepared from EDTA plasma of volunteer
blood donors spiked with MS2 phage by using a QIAamp UltraSens virus kit
(QIAGEN). For this purpose, the working lysis solution was prepared with 5.6 �l
carrier RNA, 50 �l MS2 phage lysate containing 6 � 104 PFU per ml (final
concentration of 3,000 PFU MS2 per ml of plasma), and 800 �l AC buffer
(QIAGEN). Total nucleic acid from up to 1 ml of plasma was eluted in 60 �l
AVE buffer, of which 15 �l was applied to the RT-PCR. Each extraction run
included a negative control plasma and two low-copy positive run controls for the
corresponding RT-PCR assay.

Primer and probe design. The oligonucleotides were designed by utilizing
OLIGO 5.0 primer analysis software (National Biosciences, Plymouth, Minn.),
Primer Express software (Applied Biosystems, Darmstadt, Germany), and Light-
Cycler Probe Design Software, v. 1.0 (Roche Diagnostics, Germany). The degree
of nucleotide sequence homology was checked by using the BLAST algorithm
(www.ncbi.nlm.nih.gov/BLAST), which searches the EMBL, GenBank, and
DDBJ databases.

Real-time RT-PCR using hybridization probes. A Superscript II one-step
RT-PCR with Platinum Taq kit (Invitrogen, Karlsruhe, Germany) was used as
the basis for the reaction mixture in the LightCycler (LC) RT-PCR assay. A
volume of 20 �l was used in each reaction capillary. An aliquot of 5 �l of the
RNA was added to 15 �l of the reaction mixture containing 1� Reaction Mix
(Invitrogen), 4.5 mM MgSO4 (Invitrogen), 500 ng per �l nonacetylated bovine
serum albumin (BSA) (Sigma-Aldrich, Taufkirchen, Germany), 600 nM of for-
ward primer KY-78s (5�-CAA GCA CCC TAT CAG GCA GT), 600 nM of
reverse primer KY-80s (5�-AGC GTC TAG CCA TGG CGT), 250 nM of donor
probe HCV-3FL (GCA GCC TCC AGG ACC CCC C-FAM [6-carboxyfluores-
cein]), 250 nM of acceptor probe HCV-5LC (5�-LC Red 640 [LightCycler-Red
705-phosphoramidite]-CCC GGG AGA GCC ATA GTG GTC TG-Ph [3�-phos-
phate]) (18), 300 nM of each MS2 primer (MS2-2717F and MS2-3031R), 50 nM
of each MS2 probe (MS2-FL and MS2-LC) (Table 1), and 0.6 �l RT-Platinum
Taq mix (Invitrogen). In addition to the positive run control, each test run

included one no-target control containing 15 �l of the reaction mixture and 5 �l
PCR-grade water. The reaction capillaries were capped, centrifuged, and placed
into the carousel of the LightCycler instrument (Roche Diagnostics).

The LC RT-PCR protocol included the following parameters: an initial 1-min
incubation at 50°C, followed by 10 min at 48°C (reverse transcription), 2 min at
95°C (Taq DNA polymerase activation), subsequent 40 cycles at 95°C for 2 s,
annealing and fluorescence detection at 50°C for 12 s, and extension at 72°C for
10 s. The data were obtained during the annealing period in the “single” mode
with the channel settings F2/F1 (hepatitis C virus [HCV] specific) and F3 (in-
ternal control MS2), respectively.

Real-time RT-PCR using scorpion primers. The specific fluorescence reso-
nance energy transfer scorpion primer for MS2 is shown in Fig. 1. The oligonu-
cleotide consists of a probe region with a 5�-ROX (carboxy-X-rhodamine) dye,
an internal fluorescein (FAM), a PCR blocker (HEG [hexaethylene glycol]), and
a 3�-PCR primer sequence. The scorpion was quenched by the second primer
reverse complementary to the probe region of the scorpion. The primer QSc-
MS2-3R was labeled with the dark quencher methyl red twice, once at its 3� end
and once internally. Each reaction mixture contained 1� Reaction Mix (Invitro-
gen), 4.5 mM MgSO4, 500 ng per �l nonacetylated BSA (Sigma-Aldrich), 300
nM of scorpion primer Sc-MS2-3R, 900 nM of quencher primer QSc-MS2-3R,
300 nM of forward primer MS2-TM3-F (Table 1), and 0.6 �l per 20 �l RT-
Platinum Taq mix (Invitrogen). The PCRs were carried out on the LightCycler
instrument. The cycling conditions were as follows: reverse transcription at 50°C
for 10 min, denaturation at 95°C for 2 min, 40 cycles at 95°C for 0 s, annealing
at 50°C for 3 s, monitoring at 60°C for 4 s (channel F2), and elongation at 72°C
for 5 s. A single fluorescence measurement was made in each cycle during the
monitoring step.

TaqMan real-time RT-PCR. For the LightCycler RT-PCR assay, an aliquot of
5 �l RNA was added to 15 �l of the reaction mixture containing 1� Reaction
Mix (Invitrogen), 4.5 mM MgSO4, 500 ng per �l nonacetylated BSA (Sigma-
Aldrich), 500 nM of forward primer HCV-C53-F (5�-AYCACTCCCCTGTGA
GGAACT), 600 nM of reverse primer HCV-C33-R (5�-GGKCCTGGAGGYT
GYACG), 200 nM of probe HCV-CTPR (5�-FAM-TGTCTTCACGCRGAAA
GCGTCTAGCCAT-BHQ1 [black hole quencher 1]) (12), 300 nM of each MS2
primer (MS2-TM3-F and MS2-TM3-R), and 100 nM of dual-labeled probe
MS2-TM2 (HEX and TAMRA [6-carboxytetramethylrhodamine]) (Table 1).
Reaction capillaries were loaded, centrifuged, and placed in the carousel of the
LightCycler 2.0 instrument. The RT-PCR protocol was as follows: reverse tran-
scription for 1 min at 50°C and 10 min at 42°C and denaturation for 2 min at 95°C
were followed by 40 cycles of 2 s for denaturation at 95°C, 20 s for annealing at
55°C, and 30 s for extension at 65°C. Temperature transitions were set to 20°/s.
The fluorescence was measured once per cycle in the 530-nm channel (FAM)
and the 555-nm channel (HEX) channel at 55°C to generate amplification plots.

The Rotorgene RT-PCR assay reactions were performed in a volume of 50 �l
including 15 �l nucleic acid extract. The reaction mixture was done as described
above, but without BSA, and the MS2 probe was labeled with the reporter dye
JOE (6-carboxy-4�,5�-dichloro-2�,7�-dimethoxyfluorescein). Cycling conditions
were 50°C for 10 min and 95°C for 2 min, followed by 45 cycles at 95°C for 10 s
and 60°C for 45 s. Amplification, detection, and data analysis were performed
with the Rotorgene 3000 cycler system (Corbett Research, Sydney, Australia).

TABLE 1. Primers and probes used for RT-PCR

Primer or probe Type PCR systema Sequenceb Positionc

MS2-2717F Sense LC CTGGGCAATAGTCAAA 2717–2732
MS2-3031R Antisense LC CGTGGATCTGACATAC 3031–3016
MS2-LC-FL Donor probe LC GACAATCTCTTCGCCCTGATGC-[FL] 2955–2976
MS2-LC-LC Acceptor probe LC [Red 705]-ATATTAAATCGGCTACGGGGTTGG-[Ph] 2979–3002
MS2-TM2-F Sense TM2 RG TGCTCGCGGATACCCG 3169–3184
MS2-TM2-R Antisense TM2 RG AACTTGCGTTCTCGAGCGAT 3229–3210
MS2-TM3-F Sense TM3 LC/RG GGCTGCTCGCGGATACCC 3166–3183
MS2-TM3-R Antisense TM3 RG TGAGGGAATGTGGGAACCG 3367–3349
MS2-TM2JOEd TaqMan probe TM2/3 RG [JOE]-ACCTCGGGTTTCCGTCTTGCTCGT-[BHQ1] 3186–3209
Sc-MS2-3R Biprobe scorpion LC/RG [ROX]-CGTTA[X]ACGCACTTCGGAGTGGCTA-[HEG]-

TGAGGGAATGTGGGAACCG
QSc-MS2-3R Quencher scorpion LC/RG ACTCCGAAGTGCGT[Z]TAACG-[Q]

a LC, LightCycler; RG, Rotorgene; TM2 and TM3, TaqMan RT-PCR assays 2 and 3, respectively.
b [FL], fluorescein; [Red 705], LightCycler-Red 705-phosphoramidite; [Ph], 3�-phosphate; [JOE], 6-carboxy-4�,5�-dichloro-2�,7�-dimethoxyfluorescein; [ROX], car-

boxy-X-rhodamine; [BHQ1], black hole quencher 1; [Q], dR methyl red; [HEG], hexaethylene glycol; [X], FAM Cap Prop dU; and [Z], methyl red Prop deaza dA.
c Positions according to bacteriophage MS2 (accession number V00642).
d Reporter dye HEX was used for detection on the LightCycler platform.
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This HCV/MS2 RT-PCR assay was validated and compared with the RealArt
HCV RG RT-PCR reagents on the Rotorgene 3000 (Artus GmbH, Hamburg,
Germany). This assay is validated for HCV RNA screening of blood donations
according to the criteria released by the Paul Ehrlich Institute, the federal
licensing agency of Germany, for routine NAT.

Stability of the MS2 phage. Purified MS2 phage with 1.7 � 105 PFU per ml
(1.7 � 107 copies per ml) SM buffer was aliquoted in single-time-point samples
of 0.2 ml. Samples were stored at the assigned temperatures until they were
assayed. In this study, three different storage temperatures (�20, 4, and 22°C)
were examined and samples were assayed in quadruplicate at every time point
from day 1 to day 7. RNA extraction of 140-�l samples was performed with a
QIAamp viral RNA kit (QIAGEN). RNA samples were stored at �80°C. All of
the samples were assayed in duplicate with real-time RT-PCR in a single run on
the Rotorgene platform.

Probit analysis on experimental data. Probit analysis to determine the lower
detection limit of NAT assays was performed using SPSS 10.0 software (SPSS
GmbH Software, Munich, Germany).

RESULTS

General strategy for controlling real-time RT-PCR. In order
to establish an internal control system for clinically relevant
RT-PCR assays, we designed four different RT-PCRs targeting
the replicase gene of MS2. The primer and probe systems differ
in kind of detection, amplicon size, and amplification effi-
ciency. In order to obtain accurate and reproducible results,
reactions should have an efficiency as close to 100% as possi-
ble. At this efficiency, the template doubles after each cycle
during exponential amplification. For determination of effi-
ciencies of MS2 RT-PCR assays, the slopes of standard curves
were used (Fig. 2).

Two TaqMan RT-PCRs were tested on the Rotorgene 3000

platform with the same TaqMan probe, although the ampli-
cons differed in size. While the amplicon of the MS2-TM2
system is 80 bp in size, the length of the product of the MS2-
TM3 RT-PCR is 203 bp. In real-time RT-PCR with these MS2
TaqMan systems, the cycle threshold (CT) values vary by five to
six cycles. When using RNA preparations spiked with the same
amount of MS2 phage, the mean value � standard deviation of
the MS2-TM3 RT-PCR is 36.2 � 0.4, compared to 30.5 � 0.3
of the MS2-TM2 RT-PCR (n � 8). With HEX as the reporter
dye, both RT-PCR systems were used on the LightCycler 2.0
platform, and multiplexing with a second FAM-labeled Taq-
Man probe was possible. In addition, an MS2 hybridization
probe system was constructed and used as an IC on the Light-
Cycler. Fluorescence detection was performed in channel F3,
whereas the second target was detected in channel F2 by using
LC Red640 as the acceptor fluorescence dye. Additional self-
probing amplicons were generated with a duplex scorpion,
where the quencher was on a different oligonucleotide to the
scorpion primer (Fig. 1).

The comparison of the three probe formats with MS2 RNA
demonstrated very good reaction efficiencies in a range of
1.868 to 1.951 (Fig. 2), which is near the optimal PCR effi-
ciency. The MS2 RT-PCR assays were suited for internal con-
trol when using a second target (e.g., HCV RNA) in duplex
PCR (data not shown).

Sensitivity of the MS2 RT-PCR assay. To determine the
analytical sensitivity of the MS2 assay, we used human plasma

FIG. 1. Duplex scorpion structure. The elements of the MS2 duplex scorpion showing the probe sequence (box), primer (arrow), PCR blocker,
and fluorophores FAM and ROX (A). Excitation of the ROX dye is mediated by the emission of FAM (fluorescence resonance energy transfer
scorpion). The quencher oligonucleotide is reverse complementary to the probe sequence and labeled internally and at the 3� end with the dark
quencher methyl red (MR) (B). After amplification, the scorpion primer is incorporated into the amplicon, while the cDNA strand is terminated
by the PCR blocker that prevents separation of the scorpion quencher primer complex (C). During the next cycle, the probe region of the scorpion
hybridizes intramolecularly to the newly synthesized target sequence (D).
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FIG. 2. MS2 RT-PCRs with different probe formats. RT-PCR was performed on the LightCycler 2.0 with TaqMan (A), duplex scorpion (B),
or hybridization (C) probes, respectively. MS2 RNA (Roche Diagnostics) was spiked into the RT-PCRs in a range of 21 to 2.1 � 107 copies per
reaction. Samples were assayed in quadruplicate at every concentration, and amplification efficiencies were determined by the slopes of standard
curves. CT values were determined by the second derivative maximum method.
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spiked with different MS2 titers from 1.5 � 103 to 1.5 � 105

copies per ml plasma, corresponding to 21 to 2,097 copies of
MS2 per RT-PCR. Eight plasma pools of each concentration
were processed through all steps of nucleic acid isolation and
RT-PCR. The 95% detection limit was calculated by probit
analysis to 44.9 copies per PCR (range, 38.4 to 73.4) when
using the MS2 TaqMan assay on the Rotorgene 3000.

Stabilities of the MS2 phage. We investigated the stabilities
of the MS2 phage preparations stored at �20°C, 4°C, and
room temperature for 7 days. The MS2 phage aliquots were
used for RNA isolation and assayed for MS2 RNA with RT-
PCR. Starting from 1.9 � 105 PFU per ml, the copy number
was determined to 1.9 � 104 copies per RT-PCR. The CT

values were compared to the starting values (Table 2). Probes
stored at the three different temperatures showed no signifi-
cant loss in copy number over the time period analyzed. Long-
time storage (over 6 months) of MS2 phage in SM buffer at
�20°C showed no decline of copy number compared to the
original input (data not shown).

Implementation of the MS2 phage internal control in clin-
ical assays. For implementation of an internal control reac-
tion, which would be useful for continuous monitoring of the
sample preparation process, we used an HCV RT-PCR assay
as described previously (14). To ensure that the MS2 RNA
internal control sequence does not suppress amplification of
HCV RNA in routine screening tests, we spiked pooled plasma
samples containing 10 to 10,000 IU HCV per ml with increas-
ing amounts of MS2 phage (Fig. 3). Nucleic acid extracts from
1 ml plasma were amplified using the PCR protocol given
above. The aim was accurate detection and quantification of
low target concentrations without affecting the sensitivity limit
of the assay. As a result, the sensitivity for the HCV/MS2
duplex assay was not significantly reduced compared to that of
the HCV RT-PCR without IC. However, near the lower de-
tection limit of HCV, an increase in CT values and a decrease
in fluorescence were observed.

On the basis of these results, 3,000 PFU (3 � 105 copies) per
ml of plasma was used as an internal control for routine screen-
ing of plasma from blood donors on the Rotorgene 3000 with
TaqMan probes. The results of routine RT-PCR runs for HCV
screening of blood donations indicated that the presence of the
internal control did not compromise the detection limits of the

HCV RT-PCR. The two HCV run controls were detected in
each experiment with a mean CT value of 32.76 � 0.79 and a
coefficient of variation (CV) of CT of �2.4% (Table 3).

Additionally, HCV RT-PCR (21) was performed on the
LightCycler instrument with the implementation of MS2 IC.
The coamplification of MS2 RNA did not interfere with de-
tection of the HCV RNA. All of the samples tested were
positive for the IC.

Precision testing. The results of the experiments for the
screening of blood donation pools for HCV RNA were used to
calculate the intra-assay variation and the total variation of the
assay. Inter- and intra-assay variations were calculated for CT

values. The assay was used in parallel with our established
blood donor screening PCR to screen pools of plasma in a
2-week test period. The reproducibility of the method was
demonstrated by intra-assay analysis (Table 3). The CVof CT

was �2.6% for all 114 plasma pools tested. The interassay
variability was calculated from 11 independent RT-PCR runs
with CVs ranging from 1.33 to 2.33% and a mean CT of 22.54
� 0.63 (Table 3).

DISCUSSION

In this study, the MS2 phage was successfully used as an
internal control for routine clinical diagnostic RT-PCRs. We
developed four MS2 specific real-time RT-PCRs that are
based on different probe formats and serve as noncompetitive
ICs. For example, we demonstrated the coamplification of
MS2 with HCV RNA on different PCR platforms. Addition-
ally, we used these RT-PCR assays to control assays for other
viral pathogens, e.g., norovirus genogroups I and II, hepatitis A
virus, and human immunodeficiency virus (data not shown).
The incorporation of an internal control into each RT-PCR
tube is important to identify inhibitors and to eliminate false-
negative results, even when problematic specimens such as
stool or bronchial lavage fluids are used (9, 10, 22). Commer-
cially produced diagnostic kits are available for relatively few
pathogens. Furthermore, armored RNAs for various RT-PCR
assays are commercially available, but their cost and lack of
versatility have so far prevented the widespread adoption of
these ICs. Hence, many in-house assays using both gel-based
and real-time detection systems have been developed for the
detection of additional targets. Such assays are economical, but
they generally lack reaction-specific internal controls to mon-
itor the extraction, reverse transcription, amplification, and
detection steps (8).

The use of nucleic acid-based assays for the diagnosis and
monitoring of viral RNA is widespread. Most of these assays
depend on the use of synthetic RNAs such as in vitro tran-
scripts or armored RNA as the positive control, internal con-
trol, or external standards (3, 6, 14, 15). For that, the control
RNA has to be placed in long-term storage without degrada-
tion or loss of copy numbers. Naked RNA molecules are often
affected by hydrolysis due to an insufficient storage environ-
ment or minor contamination with RNase. Therefore, the de-
velopment of armored RNA technology overcomes the prob-
lem of instability of control RNA, as demonstrated previously
(6, 15). The disadvantage of these pseudoviral particles is that
they are difficult to synthesize and represent only a minor part
of the viral genome. For highly conserved targets, such as the

TABLE 2. Stabilities of MS2 phage at different
incubation temperaturesa

Incubation time
(days)

CT mean � SD at:

�20°C �4°C �22°C

0 29.98 � 0.06 29.98 � 0.06 29.98 � 0.06
1 29.65 � 0.07 30.09 � 0.12 30.35 � 0.04
2 29.87 � 0.16 30.08 � 0.33 29.74 � 0.17
3 29.82 � 0.24 30.11 � 0.06 30.05 � 0.27
4 30.17 � 0.28 30.35 � 0.10 30.15 � 0.03
5 29.85 � 0.17 29.99 � 0.31 30.09 � 0.17
6 30.16 � 0.41 30.00 � 0.15 29.72 � 0.28
7 30.24 � 0.23 29.45 � 0.28 29.98 � 0.14

a MS2 phage (1.7 � 105 PFU per ml [1.7 � 107 copies per ml]) was incubated
in SM buffer for 7 days at different temperatures. The determination of stability
was performed by the MS2 TaqMan assay on the Rotorgene platform. Each
sample was assayed in quadruplicate, and standard deviations (SD) were deter-
mined.
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5� untranslated region of the HCV genome, the construction of
a “universal” armored RNA control is significant. Viruses with
divergent subtypes, like human immunodeficiency virus, are
problematic because commercial and in-house NATs use dif-
ferent targets and primers.

As an alternative, the use of intact viruses for external stan-
dards in absolute quantification assays or positive control is
preferred (4, 13, 23), but the risk of infection for laboratory
workers has to be considered when human or animal patho-
genic viruses are used. Our approach avoids these disadvan-

FIG. 3. Determination of MS2 IC concentrations (conc.) in HCV RT-PCRs. Four sets of RT-PCR samples were prepared, each with an
identical dilution series of HCV (0 to 105 IU/ml). Each set of HCV sample was spiked with a different amount of MS2 phage: (A) 3 � 104 PFU/ml;
(B) 3 � 102 PFU/ml; (C) 3 � 101 PFU/ml; and (D) 0 PFU/ml. RNA was prepared from 1 ml EDTA plasma by using a QIAamp UltraSens virus
kit (QIAGEN). RT-PCR was performed on the Rotorgene 3000 platform with the MS2-TM3 RT-PCR system and HCV primer and probes as
described previously (12). Norm. Fluoro., normalized fluorescence; NC, negative control (H2O).
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tages by using E. coli phage MS2 as a target for the IC. A
resistance to RNase degradation, even at high storage temper-
atures, was demonstrated. The precision of the MS2 RT-PCR
was high. We observed no failure of the internal control in the
2-week test period, and the coamplification of MS2 RNA did
not prohibit day-to-day application of the assay. The analytical
sensitivity of the MS2 NAT was determined by probit regres-
sion analysis with different input titers of MS2 phage. The MS2
RNA was sufficiently stable for routine use and did not de-
crease the detection limit of the multiplex RT-PCRs in which
it was used.

For routine clinical applications, the laboratory can maxi-
mize the test sensitivity by using an IC to monitor amplification
in every specimen. We used the MS2 RT-PCR assays to mon-
itor amplification by spiking MS2 RNA into the RT-PCR mas-
ter mixture and also MS2 phage for controlling the nucleic acid
extraction and all subsequent steps of the procedure. The con-
trol phage was simple to produce in high yields, and standard-
ization was possible by plating assays to determine PFU. The
MS2 genome sequence was absent from the human specimens,
cell cultures, and veterinary samples. Therefore, this approach
should be used for different diagnostic NATs, as demonstrated
in several RT-PCR assays.

In conclusion, the use of MS2 phage to control clinical
diagnostic NAT was demonstrated. The present study supplies
evidence that noncompetitive ICs are suitable for many differ-
ent assays and combine most of the features that are required
for valid ICs.
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TABLE 3. Precision testing of the HCV/MS2 RT-PCRa

No. of
expt

No. of
samples

Result for:

MS2 intra-assay variation HCV run control

CT
mean SD CV A CT B CT

1 9 22.41 0.296 1.33 31.61 32.26
2 10 22.09 0.335 1.52 32.59 32.42
3 10 22.46 0.523 2.33 32.49 32.50
4 9 21.53 0.381 1.77 33.23 33.31
5 11 22.36 0.344 1.54 31.94 31.52
6 10 22.31 0.446 2.00 33.36 31.83
7 9 22.77 0.218 1.00 33.40 33.20
8 11 23.48 0.724 1.33 32.61 31.93
9 11 23.67 0.603 1.52 32.99 32.35

10 14 22.53 0.408 2.33 33.84 33.62
11 10 22.41 0.646 1.77 34.32 33.91

a MS2 phage was spiked into 1 ml plasma pool (3,000 PFU per ml [3 � 105

copies per ml]). Nucleic acid was extracted with a QIAamp Ultrasens virus kit
(Qiagen, Hilden, Germany) and analyzed by RT-PCR on the Rotorgene plat-
form with coamplification of HCV-RNA, as described in Materials and Methods.
Two HCV RNA-positive control pools with 208 IU HCV per ml (run controls A
and B) were included in each experiment. SD, standard deviation.
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