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Abstract

A single tube, fluorogenic probe-based, real-time quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR) assay
was developed for detection and quantitation of bovine respiratory syncytial virus (BRSV) using BioRad’s iCycler iQ™. Real-time
Q-RT-PCR was compared with quantitative competitive RT-PCR (QC-RT-PCR) and viral titers. Viral mRNA levels were measured
in BRSV-infected bovine turbinate cell lysate harvested at eight time points (1.5, 6, 12, 24, 36, 48, 60, 72 h) post-infection. A homolo-
gous BRSV cRNA standard was used for quantitation of the mRNA by plotting a standard curve of cycle threshold (Ct) values ver-
sus standard 10-fold dilutions of cRNA of known concentrations. Detection as low as 171 copies/pl of standard BRSV cRNA was
possible. For QC-RT-PCR, a competitor RNA molecule having a deletion was designed and used for quantitation of the BRSV viral
mRNA. The results of real-time Q-RT-PCR and QC-RT-PCR assays showed a positive correlation. Real-time Q-RT-PCR was a sen-
sitive, specific, rapid, and efficient method that eliminates the post-PCR processing steps when compared to QC-RT-PCR. Quanti-

tation of BRSV using real-time Q-RT-PCR will have application in studies aimed at understanding the pathogenesis of BRSV.

Keywords: Real-time quantitative RT-PCR; Quantitative competitive RT-PCR; iCycler; Bovine respiratory syncytial virus

1. Introduction

Bovine respiratory syncytial virus (BRSV) is a ubiqui-
tous respiratory pathogen of cattle, which contributes to
causation of bovine respiratory disease complex. BRSV
belongs to the genus Preumovirus and family Paramyxo-
viridae (Murphy et al., 1995), and is closely related to
human respiratory syncytial virus (HRSV) (Lerch et al,,
1989). HRSV causes respiratory disease in young chil-
dren, the elderly and in individuals that are immuno-
compromised. Respiratory syncytial virus (RSV) has
a single-stranded, negative-sense RNA that is approx-
imately 15.2 kbp in length. The viral genome is tran-
scribed into 10 subgenomic RNA’s, which encode for 11
proteins (Huang and Wertz, 1982).

Laboratory diagnostic tests for BRSV include virus
isolation, histopathologic examination, enzyme-linked

immunosorbent serum assay (ELISA) and reverse tran-
scription-polymerase chain reaction (RT-PCR) proce-
dures. While ELISAs are sensitive and specific (Hazari
et al., 2002 and West et al., 1998), they require use of vi-
ral protein specific antibodies for detection. RT-PCR has
been used for detection of BRSV and has proven to be
more sensitive and rapid than virus isolation, indirect
immunofluorescence, enzyme immunosorbent assay,
and histopathologic examination (Oberst et al., 1993a
and Oberst et al., 1993b; Valarcher et al., 1999).

While RT-PCR can be used to detect specifically
BRSV, it cannot be used to determine the total amount
of viral mRNA present in cells or tissue. This can be
achieved using quantitative RT-PCR (Q-RT-PCR). Real-
time Q-RT-PCR involves use of an external standard to
create a standard curve to which results of assays of un-
known samples can be compared. Real-time Q-RT-PCR
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is a rapid and sensitive method that can be used to accu-
rately detect and quantify viral mRNA of BRSV-infected
cell culture and tissues.

Quantitative competitive RT-PCR (QC-RT-PCR) uses
an internal competitor that differs in size from the tar-
get, by creating a deletion or insertion and uses the same
primers as the target, leading to equal amplification effi-
ciencies and equal competition to determine the amount
of mRNA present in the unknown sample.

This study describes, for the first time, the use of real-
time Q-RT-PCR to detect and quantify viral mRNA in
cell cultures infected with BRSV. This method was com-
pared to QC-RT-PCR and virus titration.

2. Materials and methods

2.1. Cells and virus

Bovine turbinate (BT) cells (USDA, Animal and Plant
Health Inspection Service- Center of Veterinary Biolog-
ics, Ames, IA) were infected in duplicate with BRSV
strain 236-652 (Brodersen, B. and Kelling, C., 1998) us-
ing a multiplicity of infection of 0.05. Viral inoculum
(0.8 ml/well) was allowed to adsorb to BT cells in 6-well
tissue culture plates for 1.5 h on a rocking platform at
37 °C. The viral inoculum was removed and replaced
with 3 mls Dulbecco’s modified eagle medium (DMEM)
(Invitrogen, Carlsbad, CA) supplemented with 2%
horse serum (Hyclone, Logan, UT). The virus-infected
cells were incubated at 37 °C, 5% CO,, harvested at 1.5,
6, 12, 24, 36, 48, 60, and 72 h post-infection, and stored
at —80 °C. Samples were then thawed on ice, vortexed
and aliquoted into 1 ml Wheaton cryule vials (Wheaton,
Millville, NJ) and stored at —80 °C until used for RNA
extraction.

2.2. RNA extraction

Total RNA was extracted in duplicate from the cell ly-
sate of two separate BRSV-infected cell cultures at each
time point using TRIZOL® LS reagent (Invitrogen, Carls-
bad, CA) according to the manufacturer’s recommen-
dations. Extracted RNA was stored in 75% ethanol at
—80 °C until used. Prior to use, RNA was pelleted, dried,
and resuspended in 10 pl diethylpyrocarbonate-treated
water and used immediately.

2.3. Virus titration

Virus was diluted serially, 10-fold (107'-1077) in DMEM,
and each dilution of virus was aliquoted into each of 8
wells/dilution (50 pl/well), of a 96-well tissue culture
plate. To each well, a 100 pl suspension of BT cells (2 x
10* cells/ pl), in DMEM supplemented with 3% horse se-
rum, 1.5X gentamicin (Sigma, St. Louis, MO) and 1.5X
fungizone (Invitrogen, Carlsbad, CA), was added. After
incubating for 10 days at 37 °C, 5% CO,, cells were fixed
in 20% acetone (v/v) in phosphate buffered saline for

15 min at room temperature and allowed to dry over-
night. An immunoperoxidase staining protocol (Brod-
ersen and Kelling, 1998) was performed which used
the monoclonal antibody 8G12, specific for the F pro-
tein of BRSV (Klucas and Anderson, 1988), as the pri-
mary antibody and biotinylated horse anti-mouse im-
munoglobulin (Vector Laboratories, Burlingame, CA)
as the secondary antibody. Antibody binding was de-
tected using streptavidin horseradish peroxidase conju-
gate (Zymed, San Francisco, CA) and 3-amino-9-ethyl-
carbazole (Sigma, St. Louis, MO). All staining was done
in duplicate.

2.4. Synthesis of RNA standard

Viral cDNA was synthesized by RT-PCR from BRSV
236-652 F protein, using forward primer 1029F and re-
verse primer 1292R, and cloned into pCR 2.1 (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s di-
rections. Plasmid DNA containing the BRSV F coding
region was isolated from transformed bacteria using the
Wizard® Plus Minipreps DNA purification system (Pro-
mega, Madison, WI) according to the manufacturer’s di-
rections. Plasmid DNA was digested with restriction en-
donucleases Kpnl and Xbal (Invitrogen, Carlsbad, CA)
followed by agarose gel electrophoresis and visualiza-
tion of digested products by ethidium bromide staining
to verify the correct DNA insertion. The proper DNA se-
quence was confirmed further by automated sequencing
(Genomics Core Facility, UNL, Lincoln, NE). The DNA
insert was modified by addition of a 30 bp T-7 promoter
using PCR with the forward primer, T7-1029F, and re-
verse primer, 1292R. This resulted in an amplified region
of 264 bp (not including the T7 promotor) to be used in
an in vitro transcription reaction. The T7-promoter mod-
ified PCR product was used to transcribe the cDNA to
cRNA in the presence of [a-*?P]ATP using the RT-PCR
Competitor Construction Kit (Ambion, Austin, TX) ac-
cording to the manufacturer’s directions. The concentra-
tion of the standard was determined by measuring the
counts per minute (cpm)/pl of the purified competitor
RNA and the cpm/pl of the transcription reaction using
a Wallac 1410 scintillation counter according to the man-
ufacturer’s directions. The standard concentration was
determined to be 1.71 x 108 copies/pl and was stored at
=20 °C until used for Q-RT-PCR. Serial dilutions of the
standard concentration were prepared and used for gen-
eration of the standard curve during Q-RT-PCR.

2.5. Synthesis of RNA competitor

The same BRSV ¢cDNA prepared from the F protein of
BRSV 236-652 using PCR as previously described in Sec-
tion 2.4 was used for RNA competitor construction. Re-
striction endonuclease digestions were then performed
using restriction endonucleases, Mfel and BsrGl (New
England Biolabs, Beverly, MA) to excise a 45 bp segment
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Table 1. Sequences of primers and probe for real-time Q-RT-PCR and QC-RT-PCR

Primer/probe Position on BRSV F coding region ~ Composition

BRSV-probe 1113-1143 5'-FAM-CTCTGCCTACTGATGTTAACTTATGCAACAC-3'-TAMRA-3’

1085F 1085-1104 5-GTGTTCTGTGACACAATGAA-3’

1210R 1191-1210 5'-CACAGAGCTACTTATATCAG-¥

1292R 1273-1292 5-TCTTTATGATTCCACGATTT-3’

1029F 1029-1047 5'-CAGGCTCTGTGTCTTTTTT-3’

T7-1029F 1029-1047 5'-GCGTAATACGACTCACTATAGGGAGAGGAGCAGGCTCTGTGTCTTTTTT-3

Underlined sequence is T-7 promoter sequence.

from the BRSV F protein coding region. The ends were di-
gested with Mung Bean nuclease (New England Biolabs,
Beverly, MA) and re-ligated. The modified DNA sequence
was confirmed by automated sequencing (Genomics Core
Facility, UNL, Lincoln, NE). PCR was then performed
on the plasmid DNA, with the deletion, using forward
primer T7-1029F and reverse primer 1292R. The T7-mod-
ified PCR product was then used to transcribe the cDNA
into cRNA using the RT-PCR Competitor Construction
Kit (Ambion, Austin, TX). Competitor concentration was
determined to be 7.41 x 107 copies/ ul (see Section 2.4) and
was stored at —20 °C until used for QC-RT-PCR.

2.6. Primers and probe

Primer and probe sequences were designed based on se-
quence homology of the F protein among six different
BRSV strains that were aligned using Wisconsin package
version 10.2, Genetics computer group (GCG, Madison,
WI) and using the parameters outlined by the TagMan
probe design. The BRSV probe was labeled with a fluo-
rescent reporter dye (6-carboxyfluorescein, FAM) at the
5" end with a quencher dye (6-carboxytetramethylrhoda-
mine, TAMRA) at the 3' end (Qiagen, Alameda, CA). Se-
quences of primers and probe are listed in Table 1.

2.7. Real-time Q-RT-PCR

The real-time Q-RT-PCR was performed in single wells
of a 96-well plate (BioRad, Hercules, CA) in a 25 pl re-
action volume using components of the AccessQuick™
RT-PCR system (Promega, Madison, WI). The 25 pl re-
action mixture contained, 12.5 pl AccessQuick™ master
mix (2X), 2.5 pl of 3 pM forward primer, (1085F), 2.5 pl
of 3 pM reverse primer (1210R), 1 pl of 2 pM fluorogenic
probe, 3 pl of ddH,O, 1 ul 50 mM MgCl,, 0.5 pl of AMV
RT (5 U/pl), and 2 pl of BRSV RNA sample. The RT-PCR
thermocycling program consisted of 50 °C for 30 min,
95 °C for 5 min, followed by 35 cycles of 95 °C for 15s
and 55 °C for 50 s. Both reverse transcription and PCR
were carried out in the same well of a 96-well plate us-
ing the iCycler iQ™ (BioRad, Hercules, CA).
Fluorescence was measured following each cycle and
displayed graphically (iCycler iQ Real-time Detection

System Software, version 2.3, BioRad, Hercules, CA).
The software determined a cycle threshold (Ct) value,
which identified the first cycle at which the fluores-
cence was detected above the baseline for that sample or
standard. The standard curve, Ct values versus starting
standard mRNA amounts, was used to determine initial
starting quantity of BRSV mRNA from each time point
based on the Ct values of the BRSV samples.

2.8. Quantitative competitive RT-PCR

QC-RT-PCR was performed in a single tube using the
same AccessQuick™ master mix. The reaction mixture
consisted of 12.5 pl of master mix, 2.5 pl of 3 pM for-
ward primer (1085F), 2.5 pul of 3 uM reverse primer,
(1292R), 5 pl of ddH,O, 0.5 pl of AMV RT (5 U/pl), 1 ¢l
of unknown RNA, and 1 pl of RNA competitor with
known concentration. The RT-PCR thermocycling pro-
gram consisted of 48 °C for 30 min, 95 °C for 5 min, fol-
lowed by 35 cycles of 95 °C for 1 min, 55 °C for 1 min,
72 °C for 2 min, followed by a 10 min extension cycle of
72 °C. Both reverse transcription and PCR were carried
out in the same tube using the Perkin Elmer Cetus, DNA
Thermal Cycler (Perkin Elmer, Shelton, CT). Amplified
samples were then electrophoresed in a 2% agarose gel
for 75 min. Following ethidium bromide staining, bands
were visualized and relative intensities determined us-
ing Kodak Digital Science™ 1D software (Eastman Ko-
dak Co., Rochester, NY).

2.9. Statistical analysis

Analysis of variance (ANOVA) was performed on
eight mRNA values (duplicate samples of four extrac-
tions) for each time point to assess the reproducibility
of the real-time assay, except where seven observations
were made at time points 12 and 24 h. Reproducibil-
ity was evaluated with the coefficient of variation
based on the error variance from the ANOVA on the
real-time Q-RT-PCR values. A two-sample f-test, us-
ing the mean square error from the ANOVA on the Q-
RT-PCR was used to compare means of real-time Q-
RT-PCR, QC-RT-PCR and viral titer at each time point
post-infection.
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Figure 1. Amplification plot of real-time Q-RT-PCR of BRSV
samples at each time-point. A typical amplification plot is
shown with the negative control remaining below the base-
line. The y-axis represents the PCR base line subtracted RFU
(relative fluorescence units) with the baseline being set at 2-10
cycles. Cycle number is displayed on the x-axis.

3. Results and discussion

This study was conducted to detect BRSV and to mea-
sure levels of viral mRNA in BRSV-infected cell cultures
using real-time Q-RT-PCR. Real-time Q-RT-PCR viral
mRNA levels were compared to QC-RT-PCR and vi-
ral titers using a time course assay of virus infection in-
cluding eight time points (1.5, 6, 12, 24, 36, 48, 60, 72 h)
post-infection.

3.1. Real-time Q-RT-PCR

Amplification plots and standard curves were gener-
ated upon completion of the Q-RT-PCR reaction (Fig-
ure 1 and Figure 2). The standard curve, with a slope of
—2.992 and a correlation coefficient of 0.971, was created
from 10-fold serial dilutions of the standard cRNA from
107 to 10° copies/reaction. Standard input copy numbers
were plotted against the Ct values, which were between

Table 2. Reproducibility of real-time Q-RT-PCR

Hours, log mRNA copies/ml Cycle threshold
post-infection range (mean) range (mean)
15 5.61-7.88 (7.05) 20.93-27.15 (24.26)
6 5.17-7.80 (7.05) 20.87-26.39 (24.18)
12 4.88-7.77 (6.20) 22.62-32.04 (26.35)
24 5.88-7.81 (7.06) 21.33-29.13 (24.18)
36 7.57-9.14 (8.19) 18.32-22.08 (20.52)
48 7.44-8.98 (8.36) 18.71-21.69 (20.03)
60 7.43-8.51 (8.16) 19.02-22.77 (20.71)
72 7.78-9.10 (8.65) 18.40-20.74 (19.37)

14 and 28 cycles. The sensitivity of this assay was as low
as 171 copies. All BRSV infected samples from each time
point (1.5-72h) tested positive with mean Ct values
ranging from 20 to 25 cycles, showing that all samples
were within the range of the standard Ct values.

Results of the Q-RT-PCR were highly reproducible
(coefficient of VARIATION = 10.4%) based on ANOVA
of mRNA values for each time point (Table 2). This is
consistent with the high reproducibility of the TagMan
assay results for quantitation of hepatitis C virus (Puig
et al., 2002).

3.2. QC-RT-PCR

Following QC-RT-PCR, products were resolved in a 2%
agarose gel followed by ethidium bromide staining. Rel-
ative intensities of bands were evaluated using the Ko-
dak Digital Science™ 1D software. Values were compared
to determine the point of equal amplification (Figure 3).
BRSV mRNA measured by QC-RT-PCR was comparable
to the amount of BRSV mRNA determined by real-time
Q-RT-PCR at the time points evaluated (Table 3).

3.3. Virus titration

The TCID,,/ ml of BRSV-infected cells, harvested at each
time point post-infection, were determined in duplicate.
BRSV titers were 10*® TCID,,/ml at 1.5 h post-infection

35

30

25

20

Threshold Cycle

[ e

3 4 5

Log Starting Quantity, copy number

6 7 8
y =-2.992x + 36.777
R?=0.971

Figure 2. Standard curve of a BRSV Q-RT-PCR assay. Serial 10-fold dilutions of in vitro transcribed standard BRSV cRNA (1.71 x
107-1.71 x 10° copies/pl) were plotted against the threshold cycle. The quantity of unknown BRSV RNA in samples was then de-
termined by comparing the cycle threshold of the sample to the standard curve. The unknowns are duplicates of BRSV-infected
cell culture from 1.5 to 72 h. (¢) Represents standard cRNA samples, (=) represents BRSV RNA samples.
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Table 3. BRSV viral titers, real-time Q-RT-PCR and QC-RT-
PCR log mRNA copies/ml at each time point post-infection

Hours, Viral titer log Real-time C-RT-PCR log
post- TCID;,/ml Q-RT-PCR  mRNA copies/ml
infection log mRNA

copies/ml
1.5 2.8 7.05 7.48
6 2.6 7.05 7.36
12 2.6 6.20 7.27
24 2.9 7.06 7.57
36 3.7 8.19 7.87
48 4.1 8.36 8.00
60 3.8 8.16 7.97
72 3.9 8.65 8.27

and 10%9 TCID,,/ml at the conclusion of the time course
assay (72 h post-infection). The BRSV titer dropped to
its lowest value (10%¢ TCID,,/ml) at 6 and 12 h post-in-
fection and reached its highest value (10*! TCID,,/ml)
at 48 h post-infection (Table 3).

3.4. Comparison of methods

BRSV mRNA levels determined by real-time Q-RT-PCR
and by QC-RT-PCR assays were plotted against viral ti-
ters at each time point post-infection (Figure 4). To com-
pare viral titers and QC-RT-PCR assay results with real-
time Q-RT-PCR assay results, we assumed the error of
variance for the Q-RT-PCR assay was the same as the vi-
ral titer and QC-RT-PCR assay and used a two-sample ¢-
test. It was found that viral titers differed significantly
(P <0.05) from QC-RT-PCR and Q-RT-PCR assay results
at all time points, post-infection. The results of QC-RT-
PCR and Q-RT-PCR assays were comparable since there
were no significant differences between mRNA levels
from real-time Q-RT-PCR and QC-RT-PCR assays at all
time points, except 12 h post-infection (P < 0.05). This
was evidence that the real-time Q-RT-PCR BRSV as-
say is an accurate, reproducible assay. The assay is also
time-efficient and can be used to advantage to replace
traditional techniques such as virus titration and QC-
RT-PCR. mRNA levels determined by either assay were
significantly higher than viral titers, but the pattern of

< 208 bp
« 163 bp

1 2 3 4

Figure 3. BRSV QC-RT-PCR ethidium bromide stained gel at
48 h post-infection. Each lane shows amplification of the BRSV
sample at 208 bp with the BRSV competitor at 163 bp. Each re-
action is comprised of 1 pl of BRSV RNA sample plus 1 pl of
competitor cRNA (copies/ml) at differing concentrations. Rel-
ative intensities of bands were analyzed using Kodak Digital
Science 1D software. At 48 h post-infection (copies/ml): Lane
13.7 x 108; Lane 2 1.85 x 10%; Lane 3 1.0 x 10%; and Lane 4 9.25
x 107. The bands were equal in intensity in Lane 3 with the
amount of 48 h BRSV mRNA being 1.0 x 10® copies/ml. Simi-
lar methods were done for the quantitation of viral mRNA in
samples from each time point.

values obtained from each of the three assays over the
infection time course correlated closely. This is consis-
tent with a previous report by Garcia et al. (2001), which
showed that viral titers were lower when compared to
mRNA levels obtained by real-time Q-RT-PCR assay of
rift valley fever virus (RVFV) in cell culture and mouse
sera. In that study, during a time course of RVFV infec-
tion, viral titers of infected cell culture ranged from 1.7
to 6.0 TCID5,/ml and were significantly lower at the
same time points post-infection than real-time Q-RT-
PCR values, which ranged from 5.1 and 9.0 log RNA
copies/ml. They also concluded that the difference in
viral titers and real-time Q-RT-PCR values could be due
to the presence of non-infectious viral RNA, or over-ex-
pression of the RVFV S segment in the cells. Similarly
in our study, the comparatively higher levels of BRSV
mRNA compared to BRSV titers, could be attributable
to the presence of non-infectious BRSV RNA or due to
the over-expression of BRSV F RNA in the infected cells.

Development of the real-time Q-RT-PCR assay for
BRSV, described in this report, is significant because the
assay is sensitive and reproducible so that it will be use-
ful for diagnostic applications. The assay is also efficient
since use of test plates specifically designed for the iCy-
cler iQ™ allowed assay of up to 384 samples/plate. The

N

Log mRNA copy
number/ml

oN b O ® o

36 48 60 72

Time (hours)

Figure 4. Comparison of the amounts of viral mRNA determined by real-time Q-RT-PCR or QC-RT-PCR, with virus titers (Log
TCIDy). Values were not significantly different between real-time Q-RT-PCR and QC-RT-PCR at all time points except 12 h post-
infection. There was a correlation between all three methods showing the same pattern of values. (¢) Represents Real-time Q-RT-

PCR, (m) represents QC-RT-PCR, (A) represents Viral titer.
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software facilitated relaying positive assay results af-
ter completion of minimal cycles. Those assay features
are desirable when large numbers of samples are tested
with time limitations. Real-time RT-PCR procedures
have been recently adapted for diagnostic applications
to detect other viral infections, which include: bovine
viral diarrhea virus (BVDV) (Bhudevi and Weinstock,
2001 and Mahlum et al., 2002), foot and mouth disease
virus (Callahan et al., 2002), porcine endogenous retro-
virus (Argaw et al., 2002), and rotavirus (Schwarz et al.,
2002). Real-time RT-PCR assays were shown to be most
efficient and sensitive for assay of clinical specimens in-
fected with BVDV, when compared to gel-based RT-PCR
assays, virus isolation tests, immunoperoxidase mono-
layer assays, and immunohistochemistry assays. Gel-
based RT-PCR was more sensitive than cell culture virus
isolation tests, but gel-based PCR results can be com-
promised by contamination during nucleic acid ampli-
fication. Contamination during amplification is avoided
by using real-time RT-PCR assays. (Bhudevi and Wein-
stock, 2003 and Mahlum et al., 2002).

The adaptability of real-time RT-PCR assays was dem-
onstrated when a portable real-time system was used to
detect foot-and-mouth disease virus (FMDV) in the field.
All seven serotypes of FMDV grown in tissue culture
were detected with viral RNA detectable 24-96 h before
development of clinical signs. The efficiency of the as-
say in this application was evident when test results were
available within two hours (Callahan et al., 2002).

Real-time Q-RT-PCR has also been used in disease
pathogenesis studies to determine viral load and viral
gene expression. Real-time Q-RT-PCR was five orders
of magnitude more sensitive than Northern dot blot hy-
bridization for determining viral load in spinal cords of
mice infected with Theiler’s virus. The high sensitivity
of real-time Q-RT-PCR was clearly evident when as few
as 20-30 copies of Theiler’s virus RNA copy equivalents
were detectable (Trottier et al., 2002).

In summary, the real-time Q-RT-PCR and QC-RT-
PCR assays described can be used reliably to detect
BRSV and measure BRSV mRNA levels in infected cell
cultures with comparable results. The Q-RT-PCR assay
is sensitive, specific, rapid and efficient, eliminating the
post-PCR processing steps required for QC-RT-PCR.
The Q-RT-PCR assay may be applied, with advantage,
to measuring viral mRNA levels in tissues of BRSV-in-
fected calves in diagnostic testing or in experimental
studies directed toward understanding the pathogene-
sis of BRSV-induced disease.
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