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Abstract: The etiological agent of severe acute respiratory syndrome (SARS) was identified as a new
coronavirus, termed SARS-CoV. Establishment of an efficient and sensitive diagnostic system of SARS-CoV
genetic materials is crucial for SARS control. In this study, we quantified SARS-CoV mRNAs in both infected
cell culture lysate and in supernatant by using Real-time quantitative revere transcription-PCR based on
EvaGreen'™ dye and Taqman-MGB probes. For extensive evaluation of sensitivities and specificities, 13 pairs of
primers and 4 probes were designed based on different genes of SARS-CoV. Glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) was selected as the internal control gene. Results showed that S-gene-specific PCR was
the most sensitive for detection, but because of its sequence variability in the different viral strains, primers and a
probe based on the N gene were suitable substitutions. Meanwhile, we found the mRNA concentrations in cell
culture lysates were much higher than in cell supernatant and facilited more sensitive detection of the SARS-CoV.
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The outbreak of severe acute respiratory syndrome
(SARS) in 2003 seriously harmed public health and
the global economy, impacting more than 30 countries
and claiming nearly 8400 cases with over 800 fata-
lities (2, 7, 10). It was caused by a novel coronavirus,
never recognized or characterized before, the SARS-
associated coronavirus (SARS-CoV) (2, 7, 10).

Since the disease is highly contagious and diagnosis

in the early phase of infection is critical for patient
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care, it is important to develop a rapid and sensitive
diagnostic assay for monitoring and containing the
disease. To date, three types of diagnostic tests were
developed: propagation of the virus in tissue culture,
detection by antisera, and reverse transcription-PCR
assays. However, virus propagation in tissue culture is
relatively time consuming, requires special expertise
and rather extensive facilities, since SARS-CoV is a
biosafety level 3 pathogen. Serology has been proven
to be sensitive but may require up to 20 d for serologic
conversion (9). Therefore, RT-PCR, especially Real-
time quantitative RT-PCR, which is fast and con-
venient for detection of SARS-CoV, has widely

become the method of choice for virus detection.
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Most of the published Real-time quantitative PCR
assays target the viral N and Replicase 1b. It has been
reported that N-gene-specific PCR provides stronger
fluorescence signals and lower Cr values than Rep-
licase 1b gene PCR (1, 3, 4, 6). A Tagman amplicon
targeting the N gene is 5 logl0 times more sensitive
for SARS-CoV target RNA extracted from infected
cells and 2.79 logl0 times more sensitive for RNA
extracted from patient material than an amplicon
targeting the polymerase gene (11). These data
suggested that detection based on the N gene is more
sensitive than detection based on the Replicase 1b
gene, but the efficiency and sensitivity of detection
based on other genes of SARS-CoV have never been
reported. In this study, we have quantified SARS-CoV
mRNAs in both cell culture lysates and in super-
natants by using Real-time quantitative RT-PCR
based on EvaGreen™ dye and Tagman-MGB probe.
For extensive evaluation of sensitivities and specifi-
cities, 13 pairs of primers and 4 probes were designed
based on different genes of SARS-CoV (Replicase 1b,
S, 3a, 3b, E, M, 6, 7a, 7b, 8a, 8b and N). At the same
time, glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) was selected as the internal control gene to
normalize the amounts of input RNA in each single
reaction (5, 8, 12). We believe the experimental results
may provide useful data for SARS-CoV detection in

laboratory.

MATERIALS AND METHODS

Viral RNA extraction
Viral RNA was extracted from lysates and
supernatants of Vero E6 cell infected with BJOI1 strain
(GenBank accession number AY278488) and WH20

strain (GenBank accession number AY772062) of
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SARS-CoV with TRIzol (Invitrogen). One microlitre
of RNA was extracted from 25 microlitre specimens.
RNAs were stored at -80°C.
Standard RNA preparation

The SARS-CoV strain used to produce standard
curve in this study was isolated from a SARS patient
infected with the WH20 strain (GenBank accession
number AY772062). The fragment of WH20 cDNA,
that extends from Replicase 1b to N genes, was
previously prepared in our laboratory. The primers
and probes sets (Table 1) were designed based on
sequences of the WH20 strain. At the same time, we
amplified part of the GAPDH gene from HeLa cells
(based on Homo sapiens GAPDH sequence with
GenBank accession number AF261085) to produce a
standard sample for GAPDH quantification. PCR
products of GAPDH and twelve genes of SARS-CoV
were cloned into the pGEM-T easy vector (Promega)
and positive clones which oriented under the control
of the T7 promoter were selected. Each plasmid DNA
was amplified by PCR using M13 forward and SP6
primers for linearization and purified by phenol-
chloroform extraction and isopropyl alcohol precipi-
tation to provide templates for RNA transcription. The
RNA transcript of each gene was synthesized in vitro
by using RiboMAX Large Scale RNA Production
System-T7 (Promega), according to the manu-fac-
turer’s protocols. DNA was removed by RQI
RNase-free DNase (Promega) and the final standard
RNA was purified by RNeasy Mini Kit (QIAGEN).
The RNA concentrations were determined with a
Lambda 25 UV spectrometer and converted to copy
numbers. Each mRNA was serially diluted 10-fold
from 10" copies to 10' copies per microliter and

stored at -80°C.
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Table 1. Primers and probes for in vitro transcription and Real-time quantitative RT-PCR

Target gene Primers (F) T (C) Location” Primers (R) T (C) Location”
b 1bF 55 13402-13422 1bR 61 15469-15491
Taqleb 57 15381-15400 Taqleb 61 15469-15491
S SiF 49 22453-22473 SR 59 23011-23031
S,F 55 22374-22394 SoR 53 23117-23137
TaqSFb 58 24615-24633 TaqSRb 58 24687-24708
3a 3aF 51 25278-25300 3aR 50 26085-26102
3b 3bF 51 25699-25719 3bR 55 26143-25163
E EF 57 26127-26148 ER 55 26337-26357
TaqEFb 61 26184-26207 TaqERb 59 26239-26259
M MF 55 26408-26428 MR 51 27057-27076
6 6F 53 27081-27101 6R 49 27255-27275
Ta 7aF 49 27283-27303 7aR 49 27631-27651
7b 7bF 55 27380-27400 7bR 53 27494-27514
8a 8aF 51 27506-27526 8aR 57 27615-27634
8b 8bF 55 27594-27614 8bR 49 27840-27860
N NF 61 27853-27875 NR 61 29099-29121
TagNF b 59 29293-29313 TanRb 61 29347-29370
GAPDH GF 53 554-571 GR 55 1092-1111
TaqGFb 53 1020-1040 TaqGRb 55 1092-1111
Probe Tn (C) Location”
1bProbe” 68 15431-15448
SProbe® 68 24642-24657
EProbe® 68 26214-26230
NProbe” 68 29316-29331
GAPDHProbe® 69 1052-1069

“The locations of different genes of SARS-CoV were based on the WH20 strain (GenBank accession number AY772062).

The location of GAPDH gene was based on Homo sapiens (GenBank accession number AF261085). ® Primers and probes

used in Tagman-MGB Real-time quantitative RT-PCR.

Real-time quantitative RT-PCR based on Eva-
Green™ dye

The Real-time quantitative RT-PCR assays based
on EvaGreen™ dye (Biotium, Inc.) were performed
on an Opticon DNA engine (MJ Inc.) by using a One-
step RT-PCR Kit (QIAGEN). Thermal cycling was set
for 38 cycles and fluorescence measurements were
taken after each cycle.
Real-time quantitative RT-PCR based on Tagman-
MGB probes

Primers and probes were designed based on
sequences of GAPDH and 1b, S, E and N genes of the
WH20 strain of SARS-CoV (Table 1). The Tagman-
MGB Real-time quantitative RT-PCR assays were

performed on an Opticon DNA engine (MJ Inc.) by

using a One-step RT-PCR Kit (QIAGEN).

RESULTS

RNASs extraction

The length of an in vitro transcribed RNAs, concent-
rations and copy numbers per microlitre are listed in
Table 2.
Generation of standard curves for each gene by
using Real-time quantitative RT-PCR based on
EvaGreen™™ dye and Tagman-MGB probe

Each mRNA was serially diluted 10-fold from 10"
copies to 10" copies per microlitre. Standard curves
showed that there were strong linear relationships (1>
0.99) between the logarithms of the transcript copy

numbers and the mean Cr values. (Data not shown).
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Table 2. In vitro transcriptional standard RNA length, concen-

tration and copies per microlitre of each gene.

Standard sample (WH20)
Target — .
gene Transcriptional Original RNA Copies/yL
product (bp) (ng/uL)

1b 2248 0.027 2.20x10'"

S 3926 0.027 1.29x10'"
3ab 1044 0.046 8.28x10"
E 389 0.380 1.83x10'
M 824 0.050 1.14x10"
6 361 0.033 1.71x10"
7a 527 1.403 5.00x10"
7b 293 0.388 2.49x10"
8a 278 0.271 1.83x10"
8b 413 0.301 1.36x10"
N 1427 0.800 8.80x10"
GAPDH 716 0.405 1.02x10"

Quantification of SARS-CoV mRNAs by Real-time
quantitative RT-PCR based on EvaGreen™ dye
Vero E6 cells were infected with SARS-CoV BJ01
and WH20 strains and the copy numbers of the mRNAs
in the lysates and supertantants were quantified by
Real-time quantitative RT-PCR with 13 primer pairs
based on 12 viral genes with EvaGreen™ dye. We
also quantified the internal control gene GAPDH in
each single reaction. The normalized gene dose, N,

was given by the following ratio: N= Starting copy

number of target gene/Starting copy number of re-
ference gene GAPDH. Each pair of primers was tested
six times in three different runs, with each run
containing two replicates. The quantification results
were listed in Table 3.

The experimental results showed that for all four
samples (BJO1 lysate, WH20 lysate, BJO1 supernatant,
WH20 supernatant) and using all 13 pairs of primers,
the N values detected in cell culture lysates were ten
fold more than in cell supernatants. When the primers
based on S gene were used, both in BJO1 and WH20
samples, the mean N values reached 10* in cell lysates
and 10 in supernatants with the S, primers. When the
S, primers were used, the N values were 10° in cell
lysates and 107 in supernatants. The N values obtained
with primers based on 3a and 3b genes were more
than 10° in cell lysates and 10” in supernatants. These
values were lower than those obtained with the S
primers but higher than those with the other eight
pairs of primers based on the E, M, 6, 7a, 7b, 8a, 8b
and N genes. The N values obtained by these primers

were 10*to 107 in cell lysates and 10" in supernatants.

Table 3. Results of normalized gene doses N of SARS-CoV BJ01 and WH20 strains by Real-time quantitative RT-PCR

based on EvaGreen™ dye?

Target gene Supernatant Cell lysate
BJO1 WH20 BJO1 WH20
1b 3.53 x10° 5.11 x10° 3.97x10" 5.44x10"
S 2.33x10? 3.85%10? 6.94x10° 1.74x10°
S, 1.06x10° 1.91x10° 1.26x10* 2.52x10*
3a 1.31x10? 4.02x10° 2.56x10° 6.78x10°
3b 1.12x10? 2.71x10? 2.19x10° 3.29x10°
E 1.26x10" 1.65%x10" 1.23x10? 1.47x10?
M 1.87x10" 3.00x10' 2.25%10? 3.20x10?
6 0.92x10' 1.01x10" 1.12x10? 1.28x10?
7a 3.35x10' 4.08x10" 4.11x10° 4.98x10?
7b 1.13x10" 1.57x10" 1.42x10? 1.91x10?
8a 5.19x10' 7.12x10' 8.72x10? 1.28x10°
8b 2.93x10! 2.06x10' 3.56x10? 3.64x10?
N 3.24x10' 6.56x10' 5.79x10? 8.03x10?

* The results are shown as the mean N = mean starting copy number of target gene / mean starting copy number of

reference gene GAPDH.
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The N values obtained by Replicase 1b primers were
the lowest, measuring only 10" in cell lysates and 10°
in supernatants.
Quantification of SARS-CoV mRNAs by Real-time
quantitative RT-PCR based on Tagman-MGB probes

We used Tagman-MGB Real-time quantitative RT-
PCR with the primers and probes based on the 1b, S,
E and N genes and on the Homo sapiens gene GAPDH,
to quantify mRNAs from the BJO1 and WH20 viral
strains. Each run contained three replicates and the
data are summarized in Table 4.

The results showed that by using this method, both
the BJO1 and WH20 samples, the N values obtained

by the probe based on the S gene were highest, with
10° in cell lysates and 10* in supernatants. E and N
probes generated N values of 10% in cell lysates and
10" in supernatants. N values obtained with the Repli-
case 1b probe were 10" in cell lysates and 10°to 10" in
cell supernatant, which were lowest in all probes. The
results were coincident with quantification by primers
using EvaGreen™ dye, which means the two Real-
time quantitative RT-PCR methods were reliable.

The data demonstrated that the results were repro-
ducible with a mean coefficient of variation (CV) in
the logarithm values of copy numbers of less than

10% (range, 1.38 t0 9.29%) (Table 5 and Table 6).

Table 4. Results of normalized gene doses N of SARS-CoV BJ01 and WH20 strains by using Tagman-MGB Real-time

quantitative RT-PCR"

Supernatant Cell lysate
Target gene BJO1 WH20 BJO1 WH20
1b 7.99x10° 1.61x10" 1.70x10" 5.93x10"
S 6.67x10? 8.78x10? 1.64x10° 1.09x10°
E 1.17x10" 8.66x10" 1.36x10? 1.59x10?
N 1.45x10! 3.54x10! 1.15%10? 3.51%x10?

" The results are shown as the mean N = mean starting copy number of target gene / mean starting copy number of

reference gene GAPDH.

Table 5. Reproducibility of the Real-time quantitative RT-PCR based on EvaGreen™ dye assay

Supernatant Cell culture
Target gene BJO1 WH20 BJO1 ‘WH20

Mean = op oy Mt g gey M qp ey M oy gy

Log Log Log Log
1b 7.77 0.54 6.95 7.92 0.68 8.58 9.29 0.26 2.79 9.74 0.45 4.62
S1 9.37 0.72 7.68 9.99 0.58 5.81 11.84 0.61 5.15 12.24 0.89 7.27
S2 10.03 0.84 8.37 10.28 0.62 6.03 12.10 0.74 6.11 12.40 0.78 6.29
3a 9.12 0.68 7.46 9.61 0.65 6.76 11.41 0.69 6.05 11.83 0.62 5.24
3b 9.05 0.83 9.17 9.43 0.72 7.64 11.35 0.81 7.14 11.92 0.76 6.38
E 8.11 0.35 4.32 8.22 0.29 3.53 10.09 0.32 3.17 10.17 0.30 2.95
M 8.27 0.23 2.78 8.48 0.18 2.12 10.35 0.24 2.32 10.79 0.19 1.76
6 7.96 0.74 9.29 8.01 0.67 8.36 10.05 0.75 7.46 10.10 0.81 8.02
Ta 8.53 0.62 7.27 8.61 0.71 8.25 10.61 0.67 6.31 10.70 0.59 5.51
7b 8.05 0.70 8.69 8.19 0.66 8.06 10.15 0.73 7.19 10.28 0.72 7.00
8a 8.72 0.21 2.41 9.05 0.19 2.10 10.94 0.24 2.19 11.11 0.28 2.52
8b 8.47 0.32 3.78 8.31 0.28 3.37 10.55 0.29 2.75 10.56 0.26 2.46
N 8.51 0.69 8.11 8.82 0.57 6.46 10.76 0.82 7.62 10.91 0.77 7.06
GAPDH 7.53 0.27 3.57 7.75 0.31 3.95 8.52 0.20 2.37 8.71 0.23 2.59
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Table 6. Reproducibility of the Real-time quantitative RT-PCR based on Tagman-MGB assay

Supernatant Cell culture
BJO1 WH20 BJO1 WH20
Target gene
Mean —op oy M gp ey M gp ey M gp gy
Log Log Log Log
1b 7.90 0.22 2.78 8.21 0.17 2.07 9.23 0.29 3.14 9.77 0.24 2.46
S 9.82 0.16 1.63 9.94 0.14 1.41 11.22 0.12 1.07 12.04 0.22 1.83
E 8.07 0.26 3.22 8.94 0.28 3.13 10.13 0.14 1.38 10.20 0.18 1.76
N 8.16 0.19 2.33 8.55 0.24 2.81 10.06 0.23 2.29 10.55 0.17 1.61
GAPDH 7.64 0.16 2.11 7.88 0.17 2.17 8.63 0.17 1.97 8.79 0.20 2.31
DISCUSSION primers and probe were lowest, about one tenth of that

Molecular tests have been developed for the detection
of SARS-CoV during the acute phase of the disease.
The most commonly used molecular technique is the
RT-PCR but the assay cannot provide data for

quantitative analysis and is potentially less sensitive

than quantitative RT-PCR (Q-RT-PCR) (1, 3, 4, 6, 11).

In this report, we used gene-specific primers and
probes of SARS-CoV and Real-time quantitative RT-
PCR based on EvaGreen™ dye and Tagman-MGB
probes respectively to test the detection sensitivity of
different gene-specific primers and probes. At the
same time, GAPDH was selected as the reference
gene to normalize the amounts of input RNAs and
allowed direct comparison of the results obtained from
different specimens. We found the mRNA concen-
trations in cell culture lysates to be ten fold higher
than in cell supernatants. This may have been caused
by large amounts of unpackaged mRNAs in cell
cultures that lack the signals to package the RNA into
the mature virions and consequently release it into cell
supernatants.

However, when using S primers and probe, the
normalized gene dose N values were highest in both
cell lysates and supernatants, which were nearly ten
times of that detected by 3a and 3b primers and
hundred times of the values for the E, M, 6, 7a, 7b, 8a, 8b,

and N genes. The N values detected by Replicase 1b
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detected by N primers and probe both in cell lysates
and supernatants, This suggests that the Rep- licase 1b
was not a suitable candidate gene for SARS- CoV
diagnostic detection and the S gene was the best.

The quantification results indicated that the sensiti-
vities and specificities of different gene-specific primer
pairs and probes of SARS-CoV were quite different
from each other, and provided clues for optimized
molecular detection of SARS-CoV. From our results,
primers and a probe based on the S gene, especially
the S; primers, were most sensitive and efficient, and
may be used for diagnosis in specimens obtained
during the early infection phase. In practice, we had to
accept the fact that the S gene sequence was not
conserved among the different strains and was prone
to mutation. This caused us much concern in using the
primers and probe based on the S gene despite having
the best sensitivity for detection. Therefore, people
opted to choose primers and probes based on conserved
genes, such as N or Replicase 1b (1, 3, 4, 6, 11). From
our result and five other independent laboratories (1, 3,
4, 6, 11), the N gene was more sensitive than the
Replicase 1b both in cell culture and patient materials,
which makes it suitable for molecular detection of

SARS-CoV.
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