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Abstract
Murine norovirus (MNV), currently the only norovirus that efficiently replicates in cell culture, is
often used as a model system to understand the molecular mechanisms of norovirus replication.
MNV is a single stranded positive sense RNA virus of the Caliciviridae family. Replication of
MNV involves the synthesis of both full length genomic and sub-genomic RNAs. The replication
of these RNAs involves the synthesis of negative strand intermediates. To understand the
molecular mechanism of RNA replication and the role of viral and host factors in virus replication,
it is necessary to quantify accurately both positive and negative sense RNA molecules of the viral
RNA during replication. Increasingly, strand specific reverse transcription-quantitative PCR (RT-
qPCR) is becoming the method of choice for this kind of quantitation. Many strategies have been
developed to avoid the false priming property of reverse transcriptase and to amplify specifically
one strand in the presence of excess opposite strand. In this report, a SYBR based, real time RT-
qPCR assay was developed to detect and quantify specifically the negative and the positive sense
RNAs of MNV genomic RNA. This assay is based on using a tagged RT primer containing a non-
viral sequence at the 5′ end of the viral strand specific sequence. This non-viral sequence is then
used to amplify selectively the strand specific cDNA at the PCR stage. This assay can be used for
a range of MNV strains including MNV-1 and 3, as these are now widely accepted for use in
molecular studies. The specificity of this assay was determined by its ability to quantify one strand
in the presence of up to 106 copies of competitor opposite sense RNA. Using this assay, the
production of both strands of MNV-1 RNA was monitored during viral single step growth curve.
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1. Introduction
Murine norovirus (MNV) is currently used as a model for studying human noroviruses
(HuNV) due to its genetic similarity and the fact that unlike HuNV, MNV can be propagated
in cell culture, has reverse genetics systems and a small genetically defined animal model
readily available (Chaudhry, Skinner, and Goodfellow, 2007; Karst et al., 2003; Vashist et
al., 2009; Ward et al., 2007; Wobus et al., 2004; Yunus et al., 2010). MNV is a positive
sense single stranded RNA virus belonging to the Caliciviridae family. The RNA genome is
approximately 7.4 kb long with a poly A tail at the 3′ end and is covalently attached to the
viral protein VPg at the 5′ end (Chaudhry et al., 2006). To start the infectious cycle, after
entering the host cell, viral genomic RNA acts as a template for VPg-dependent translation,
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producing the various viral proteins required for replication (Chaudhry et al., 2006;
Daughenbaugh et al., 2003; Daughenbaugh, Wobus, and Hardy, 2006; Goodfellow et al.,
2005; Hardy, 2005). The genome also acts as a template for genome replication via the
synthesis of a negative strand RNA intermediate. The synthesis of negative strand RNA acts
as a marker for the active replication of positive strand RNA viruses in host cells and tissues.

RT-qPCR is now widely accepted as the method of choice for the quantitation of viral RNA.
Many RT-qPCR assays for MNV have been developed to estimate the viral load in infected
tissues, cells or stool samples (Baert et al., 2008; Bailey et al., 2010; Karst et al., 2003; Stals
et al., 2009). A significant advantage of RT-qPCR is its high sensitivity of detection and
reproducibility. However, standard RT-qPCR assays do not provide strand specificity to the
detection and hence do not determine the absolute quantity of viral RNA copies in a given
sample because of the presence of both positive and negative strands of RNA. The lack of
specificity has been attributed to the false priming property of reverse transcriptase that can
occur due to false annealing of the primers or even in the absence of any primers (Bessaud et
al., 2008; Kawakami et al., 2011; Lanford et al., 1994).

Strand specific detection of both positive and negative sense RNAs can be used as a marker
for active viral replication and also provides a tool to understand the molecular mechanism
of viral RNA replication. Several studies have recently reported the development of strand
specific detection and quantitation of RNA from a number of viral systems (Bessaud et al.,
2008; Horsington and Zhang, 2007; Kawakami et al., 2011; Komurian-Pradel et al., 2004;
Plaskon, Adelman, and Myles, 2009; Purcell et al., 2006). In these studies, various strategies
have been employed to grant specificity to the reverse transcription. These include: a) using
a tagged RT primer that contains a non-viral sequence at the 5′ end of a viral strand specific
sequence, b) use of reverse transcriptase enzymes with improved properties that minimise
false priming, c) performing cDNA synthesis at a higher temperature and d) preventing the
carry-over of RT primer and enzyme to the qPCR reaction. It is also important to remove
DNA templates from in vitro transcripts used as standards using multiple rounds of DNase
treatment and purification.

This study reports the development of a strand specific RT-qPCR assay for detection of both
of positive and negative sense RNA molecules of the MNV genome. Furthermore this assay
can be used to detect several strains of MNV including MNV-1 and MNV-3, currently
widely used for many molecular studies.

2. Material and Methods
2.1 Cell culture and cell lines

The murine microglial BV2 cell line (Blasi et al., 1990) was kindly provided by Jennifer
Pocock (University College London). BV2 cells were maintained in Dulbecco’s modified
eagle’s medium (DMEM) (Gibco, New York, USA) supplemented with 10% fetal calve
serum (FCS) (Biosera, East Sussex, UK), 2 mM L-glutamine, 0.075% sodium bicarbonate
(both Gibco) and antibiotics (100 units/ml penicillin and 100 μg/ml streptomycin).

2.2 Generation of RNA standards representing positive and negative strands of genomic
RNA

The standards representing positive and negative strands of genomic RNA were synthesized
using T7 RNA polymerase. The DNA representing both RNAs of MNV-1 was PCR
amplified from an infectious clone pT7:MNV 3′Rz already described (Chaudhry et al.,
2007) using specific primers with the forward primer containing a T7 promoter sequence at
the 5′ end (Table 1a). The PCR products were gel purified and used for in vitro transcription
reactions at 37°C for 4 hours. DNase I was then added to the reaction in presence of 10X
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DNase buffer and incubated at 37°C for 30 minutes. The RNA transcript was purified over
poly-acrylamide gel; phenol chloroform extracted, precipitated using ethanol and dissolved
in RNA storage solution (Applied Biosystems, California, USA). The RNA was then
quantitated using spectrophotometry and the concentration of each RNA strand was adjusted
to values equivalent to 1011 copies per μl, aliquoted and stored at −20°C for further use.

2.3 Growth kinetic samples
BV-2 cells were seeded at 3 ×105 cells per well of a 24-well plate and subsequently infected
with the MNV-1 virus at multiplicity of infection (MOI) of 5 TCID50 per cell. At given time
points the cells were collected for RNA isolation and washed with PBS. Total RNA was
isolated using Genelute Total RNA isolation kit (Sigma, Missouri, USA) as per the
manufacturer’s protocol. The concentration of RNA isolated from each time point was
determined using spectrophotometry and adjusted to 50 ng/μl for cDNA synthesis.

2.4 cDNA synthesis
A series of pre-determined copies of standard RNA or 100ng of total RNA from each time
point of infection were used for reverse transcription using Superscript-III enzyme
(Invitrogen, New York, USA). The reverse transcription primer (RT-primer) contained a
non-viral tag sequence attached at the 5 end of the strand specific viral sequence (see table
1b). The RT reaction contained, 5X buffer, 20mM DTT, 0.5mM dNTPs, 100nM RT-primer
and 2 units of SUPERSCRIPT-III enzyme in a volume of 20 μl. The reaction was carried
out at 55°C for 30 minutes, stopped by heating at 90°C for 5 minutes and then diluted to 200
μl (1:10) with nuclease free water. A previously described method was used to generate
cDNA for the purpose of qPCR using non-tagged primers (Bailey et al., 2010; McFadden et
al., 2011).

2.5 Real Time qPCR
Real time qPCRs were performed on a ViiA 7 real time PCR machine and analyzed using
software version ViiA™v1.1 (Applied Biosystems, Californial, USA). qPCR reactions were
prepared using the MESA Blue qPCRMasterMix Plus for Syber Assay (Eurogentech,
Seraing, Belgium). Briefly, 2 μl of diluted cDNA was mixed with 2X Mesa blue master mix
and the respective primers (see table 1b) for each strand at a final concentration of 125 nM,
prior to enzyme activation by incubation at 95°C for 10 min. Reactions were then subjected
to 50 cycles of 94°C, 15 sec; 58°C, 20 sec; 72°C, 20 sec. The standard curve was generated
using in vitro transcribed RNA representing each strand, serially diluted from 107 to 25
copies in the presence of 10ng yeast total RNA as carrier. The viral genome copy numbers
were determined by interpolation of the standard curve for the respective strand of RNA.
The specificity of this assay was determined by including cDNA representing 106 copies of
opposite strand in all the samples for the standard curve. Each sample and standard curve
was run in triplicate to ensure reproducibility.

2.6 Primer Design
A sequence alignment of 38 strains of MNV was performed using AlignX (Invitrogen, new
York, USA). This alignment was used to design primers for qPCR (Gpos and Gneg) using
the software Visual OMP (DNA Software Inc). The primers used in this study are presented
in table 1b. The list of MNV strains containing exact sequence match with these primer pairs
include DQ223042, EU004654, EU004655, EU004656, EU004657, EU004460, EU004462,
EU004658, EU004659, EU004661, EU004662, AY228235. This primer pair can also be
used for many other strains of MNV that have 1 mismatched base in the primer sets. Two
different non-viral tag sequences were added at the 5′ end of either primers to make RT
primers for respective strands.

Vashist et al. Page 3

J Virol Methods. Author manuscript; available in PMC 2012 September 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



3. Results
3.1 Generation of standard RNAs representing MNV positive and negative sense genomic
RNA

Standard RNA representing 902 bases of the positive and 905 bases of the negative strand of
genomic RNA were synthesized by in vitro transcription as described in materials and
methods. The RNA region was selected to include the qPCR primer binding sites and to
include any regions predicted to fold into RNA structures in the region surrounding primer-
binding sites (Figure 1). Including the complexity of RNA folding in the surrounding
sequence was chosen to determine primer-binding to standard RNA in a near native state of
viral RNA i.e. where primer accessibility may be reduced to local RNA structure. The
MNV-1 infectious clone pT7:MNV 3′Rz, already described (Chaudhry et al., 2007), was
used as template for PCR amplification of the region of interest. The primers used for PCR
amplification are shown in table 1a. In each case, the forward primers contained a T7 RNA
polymerase promoter. The purified PCR product was subjected to in vitro transcription using
T7 RNA polymerase. The RNA preparation was digested twice with DNase I to ensure
complete DNA removal and was extracted three times using phenol and chloroform. The
RNA was then precipitated using ethanol, dissolved in RNA storage solution and quantified
using spectrophotometry. The RNA was diluted to 1011 copies/μl, aliquoted and stored for
later use. The integrity of RNA was checked by denaturing PAGE and single band was
detected (data not shown).

3.2 A conventional real-time RT-qPCR assay is unable to quantify specifically one strand
of RNA in the presence of an opposite sense strand

Due to the polarity of positive strand RNA virus replication at any given time during virus
replication, the positive strand infectious viral RNA is present at higher levels than the
negative strand. Due to this bias, the quantitation of positive strand RNA using a standard
RT-qPCR does not typically pose any problem. A 2 step RT-qPCR method has been used
previously to quantify the positive strand of viral genomic RNA (Bailey et al., 2010;
McFadden et al., 2011). In this previous method, cDNA was generated using reverse
transcription (RT) with an antisense primer that was designed to bind positive strand RNA
specifically (Gpos, Figure 1). The cDNA was later amplified by qPCR using same primer
and a negative strand specific primer (Gneg, Fig 1), as forward and reverse primers
respectively (Table 1b). This method was able to reproducibly detect as few as 100 copies of
the positive strand genomic RNA within a complex RNA mixture, consisting of RNA from
the opposite strand and yeast total RNA. To examine if this assay was capable of detecting
only positive or negative sense RNA genomes of MNV, the specificity and sensitivity of this
assay was examined in the presence of an excess of the opposite polarity RNA. A known
amount of either the positive or negative sense standard RNA was serially diluted 10 fold in
the presence or absence of 106 copies of the opposite strand. Strand specific primers (Gpos
for positive strand and Gneg for negative strand) were used for the RT of each RNA dilution
to obtain strand specific cDNA synthesis of either strand. After a 10-fold dilution, the
cDNAs were then amplified by qPCR using the primers Gpos/Gneg. The standard curve was
plotted with RNA copy number on the X axis and Ct values on the Y axis (Figure 2). Here
presented results indicate that in the absence of an excess of opposite polarity RNA, the
standard curve has a linear range with a detection limit of at least 100 copies. However, in
the presence of an excess of the opposite sense RNA, the standard curve does not remain
linear and the parameters of an efficient qPCR (slope and R2) deviate from the expected
values (Figure 2). This suggests that, due to false priming, the presence of high
concentrations of the opposite strand hinders the accurate quantitation of either strand.
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3.3 Strand Specificity cannot be obtained by a superior RT enzyme and high temperature
It is well documented in the literature that false priming is a common problem associated
with quantitation of strand specific RNA (Kawakami et al., 2011; Moison, Arimondo, and
Guieysse-Peugeot, 2011; Tuiskunen et al., 2010). It has been demonstrated that RT enzymes
can cause false priming, which affects detection of low copy number of RNA in presence of
an excess of the opposite sense RNAs (Moison et al., 2011). Previous reports suggest that
nature of the RT enzyme and incubation temperature can be used to grant some specificity.
To test if using an enzyme with increased activity at higher incubation temperatures
improved the specificity of the previously established method, these conditions were tested
on 108 copies of positive and negative strand standard RNAs. Both standards were amplified
using Gpos as well as Gneg as RT primers using Superscript-III instead of Superscript-II, as
used in figure 2. The enzyme Superscript-III is known to function at increased incubation
temperatures, minimising false priming and potentially increasing the specificity of the
assay (Moison et al., 2011), therefore the RT temperature was raised to 55°C and the
reaction time reduced to 30 minutes. After RT, the cDNAs were used for qPCR using the
primers Gpos and Gneg to determine the Ct value (Table 2). The Ct values obtained from
either the positive or the negative sense control RNAs were similar, irrespective of which
strand was being detected, confirming that the modified RT conditions did not improve
specificity.

3.4 Use of a tagged RT primers increase the specificity of the detection of in vitro
transcribed RNAs

Another common strategy used to increase the strand specificity is the addition of a non-
viral tag sequence to the 5′ end of each strand specific RT primer, such that the tag sequence
can then be used as one of the primers in PCR amplification. Since the tag sequence is not
present in the viral RNA, the PCR will only amplify the cDNA synthesised by the specific
tagged RT primer. Thus, even if cDNA synthesis occurs due to false priming, it would not
be able to participate as a template in the PCR and hence would not be detected. This
strategy has been shown to render specificity to the RT-PCR for a number of RNA viruses,
including foot and mouth disease virus and dengue virus (Escaffre, Queguiner, and
Eterradossi, 2010; Horsington and Zhang, 2007; Purcell et al., 2006; Tuiskunen et al., 2010).
One issue with this approach however is possible carry-over of the tagged RT primer into
the PCR reaction i.e. if the RT primer is carried forward for PCR, it may amplify the non-
specific cDNA produced due to false priming. To avoid carry-over of the RT primer, only
the minimum amount required was included in the RT reaction. Further, the cDNA reaction
was diluted to reduce the net amount of the RT primer carried through to the PCR reaction,
as well as all other constituents of the RT reaction that might interfere with efficiency of the
PCR.

Using this approach, two tagged RT primers were designed; TposGpos and TnegGneg, for
the generation of cDNA from positive and negative strand viral RNA respectively. To test if
employing tagged RT primers was sufficient to achieve strand specificity, the assay was
again used to quantify 108 copies of in vitro transcribed RNAs. The primers TposGpos or
TnegGneg were used as RT primers for their respective RNAs using the Superscript-III
enzyme as described in the material and methods. qPCR was then performed using primers
pairs that hybridised to the non-viral tag sequences and a corresponding primer (virus
specific) on the opposite strand; Tpos/Gneg or Tneg/Gpos for the detection of positive and
negative sense RNAs respectively (Figure 1B and Table 3). Using this approach a
substantially improved specificity was observed, with an increase in the differential Ct
values when detecting one strand with the opposite polarity RT qPCR assay (compare with
section 3.3 and table 2); a difference in Ct of 18, equivalent to an approximately 5.5 log10
difference in copy number, was obtained when detecting 108 copies of in vitro transcribed
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positive strand RNA. Similarly, the amplification of the negative strand standard RNA using
TnegGneg as the RT primer and qPCR using Tneg/Gpos, resulted in a Ct differential of
18.4. These data confirmed that the combination of using tagged primers during the
synthesis of cDNA and other changes to the experimental setup was able to grant specificity
to the detection of positive and negative sense viral RNA.

3.5 Standard curves generated using in vitro transcribed RNAs have high strand
specificity and sensitivity

To determine the sensitivity of the strand specific assays, serial dilutions of in vitro
transcribed RNAs were used for cDNA synthesis using the tagged RT primers in the
absence or presence of an excess of opposite polarity RNA (105 copies). cDNA reactions
were diluted tenfold to minimise any inhibitory effect of the components of the cDNA
synthesis reaction and to reduce the carry-over of the unused RT primer. Two μl of the
diluted cDNA reactions containing, in addition to the serial dilution of the standard RNA,
106 copies of the opposite strand, was used in the qPCR reaction to generate standard curves
for both positive and negative strand of the genome (Figure 3a and b). This revised strategy
was able to quantify RNA in a strand specific manner even in the presence of an excess of
the opposite polarity RNA. The standard curve displayed a linear response down to 25
copies of either strand in presence or absence of 106 copies of opposite strand. The
parameters of qPCR are presented in figure 3. The detection limit of the assay was set to 25
copies, the minimum amount of standard RNA used in this assay. To further confirm the
robustness of this method, known quantities of either strand of standard RNA in the
presence of excess amount of opposite strand were tested. The data suggests that this method
is able to detect ~12.5 copies of RNA with acceptable standard deviation (Table 4).

3.6 Absolute quantitation of viral positive and negative strands of MNV genomic RNA
during virus replication in cell culture

To begin to understand the dynamics of norovirus RNA synthesis during virus replication,
the assay developed above was used to characterise the kinetics of RNA synthesis during
MNV replication in cell culture. The MNV-permissible microglial cell line BV-2 (Cox, Cao,
and Lu, 2009) was infected with MNV-1 at MOI of 5 and cells were harvested at various
time-points post infection for virus titre and RNA extraction. A viral growth curve was
generated from the samples collected at various time points by plotting the viral titre against
time (Figure 4a). Total cellular RNA was extracted from the infected cells at various times
post infection and subjected to the strand specific RT-qPCR as described above. The copy
number of each RNA strand in samples was determined by extrapolation from standard
curves (Figure 4b). Prior to 8 hours post infection, the positive strand RNA quantity
remained constant while that of the negative strand RNA increased. After 8 hours, the
positive strand RNA as well as negative strand RNA synthesis continued to increase. The
ratio of positive to negative strand RNA was found to vary over the viral life cycle (Figure
4c); the ratio of positive to negative strand decreases initially, before subsequently
increasing after 15 hours, followed by a subsequent reduction again in the later stages of the
viral life cycle.

4. Discussion
The development of an assay to distinguish specifically the negative strand viral RNA
produced during virus replication is essential for the study of various aspects of the
norovirus life cycle and provides an additional tool to indicate that active replication is
occurring. In this study a strand specific RT-qPCR assay for the accurate quantitation of
both positive and negative sense RNA genomes of the MNV was developed enabling the
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synthesis of negative sense genomic RNA to be accurately monitored during an MNV
infection in vitro for the first time.

The synthesis of non-specific cDNA during an RT reaction, hampering strand specific
detection, has previously been reported (Beiter et al., 2007; Gunji et al., 1994; Lanford et al.,
1994; Peyrefitte et al., 2003). These cDNAs are typically generated by false priming events
that might arise due to the presence of short nucleic acids in the samples prepared from
infected cells/tissues, secondary structures in RNA, or in fact from the RT enzyme itself
(Haddad et al., 2007; Moison et al., 2011; Piche and Schernthaner, 2003; Plaskon et al.,
2009; Timofeeva and Skrypina, 2001; Tuiskunen et al., 2010). It is shown in this report that
the absolute quantitation of a standard RNA in the presence of high concentrations of the
opposite strand is not possible when unmodified primers are used for the RT (Figure 2a and
b).

The quantitation of positive sense viral RNA during infection of any positive strand RNA
virus is usually not affected by false priming as the ratio of positive to negative polarity
RNA is generally high at any given point during infection. However, for the same reason,
the quantitation of negative strand RNA is inhibited. Previous reports have used a variety of
methods to overcome this issue including the use of a two-step RNase protection assay
where excess positive sense RNA is first removed by RNAses digestion leaving a 1:1 ratio
of negative to positive strand. This improves the availability of the negative strand for
hybridisation with the probe in the second step, with minimal interference form the positive
strand (Novak and Kirkegaard, 1991). Recent work has however relied on RT qPCR as a
more high-throughput method for the quantitation of viral RNA. In the current report, the
use of tagged RT primers, along with other modifications, was found to be essential to
achieve strand specificity. These additional modifications included using an RT enzyme
with improved properties that minimise false priming by functioning at a higher extension
temperature. Using these modifications, it was possible to quantify very low levels of
positive and negative strands of standard RNA, as well as viral RNA, during authentic virus
replication in host cells. Previous reports have described using a strategy of column
purifying the cDNA reaction to remove any inhibitory components prior to qPCR (Bessaud
et al., 2008; Escaffre et al., 2010). However, in the assay described here, this additional
modification did not improve the qPCR reaction beyond that obtained by the dilution of the
cDNA reactions (data not shown). Furthermore, this additional step could contribute to
increased variation in the assay by virtue of minor differences in the column yield.

In the assay described above, an excess of at least 5 log10 of the opposite strands was
maintained to determine specificity in the standard curves. The RT-qPCR assays for both the
positive and negative sense strands of the MNV genome were evaluated for its specificity,
sensitivity and reproducibility. The standard curves generated both in the presence as well as
the absence of the opposite strands was evaluated for the mean linear correlation coefficients
(y intercept, expected Ct value at quantity equal to 1; slope, indicates PCR efficiency and R2

value, closeness of fit between the regression line and individual data points). The
correlation coefficients were calculated from the regression line in standard curves both in
the presence as well as the absence of an excess amount of opposite strand (Figures 2 and 3).
The use of tagged RT-primers lead to robust and reproducible values for the correlation
coefficients even in the presence of an excess of the opposite strand, between 107 to 25
copies per sample (Figure 3). Known amounts of the standard RNA of both RNAs were
used to evaluate the accuracy of the standard curve. The amounts extrapolated from the
standard curve matched with the input known amounts (Table 4).

It is worth noting that T7 RNA polymerase produces low amount of opposite sense RNA
during in vitro transcription (Konarska and Sharp, 1989; Melton et al., 1984; Schenborn and
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Mierendorf, 1985). The degree to which this occurs is dependent on the reaction conditions,
incubation time and the sequence/structure adopted by the RNA transcript. Whilst any
appreciable levels of opposite strand was not detected in the preparations of standard RNA
in this study, further improvements could be made by shifting from a SYBR Green based
assay to TaqMan DNA hydrolysis probe based assay. SYBR Green dye non-specifically
detects dsDNA produced during higher cycle number of qPCR decreasing its sensitivity.
TaqMan probe based assay has been shown to improve the sensitivity by at least one log
(Plaskon et al., 2009).

The assay developed above was used to study the kinetics of the production of both strands
of MNV genomic RNA during high MOI infection in cell culture (Figure 4b). To understand
the kinetics of positive versus negative strand genomic RNA replication, the ratio was
examined during the course of virus infection. Note that only data after 4 hours was used to
determine the relative ratios as at 0 hours, the ratio of positive to negative strand does not
indicate the ratio during replication but the ratio of RNAs present in the virions adsorbed on
cells. Prior to 8 hours post infection, there was no detectable increase in production of
infectious virus. Between 8 and 15 hours there was an exponential increase of infectious
virus, prior to entering stationary phase by 24 hours, where extensive cytopathic effect and
cell death was observed. The levels of viral positive sense genomic RNA remained largely
unaltered during first 8 hours, whilst the negative sense RNA increased. The observed
increase in viral negative strand RNA clearly reflects the initial rounds of viral RNA
synthesis that occurs after the ‘pioneer round’ of translation of the incoming viral RNA.
From 8 hours to 24 hours, both strands of genomic RNA production increases during the
multiple cycles of positive and negative strand RNA synthesis. The ratio of positive to
negative strand genomic RNA decreased during the early stages of infection. This ratio
increased along with the production of viral negative strand RNA until 15 hours post
infection, after which time although there is still production of both strands, the ratio begins
to decline. The observed decline in the ratio of viral positive to negative sense RNA later in
the viral life cycle is most likely due to the encapsidation and release of viral positive strand
RNA. Data obtained at this later time point (24 hours post infection) is also further
compromised due to the increased apoptosis and cell death that occurs as a result of virus
replication.

In summary, an RT-qPCR assay was developed that can be used to quantify MNV positive
and negative sense genomic RNA accurately and robustly. This assay will be a useful
addition to the variety of methods currently available to monitor active replication of MNV
during infection. In addition it may enable the finer details of viral and host factors that
contribute to negative strand RNA synthesis to be understood.
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Figure 1. Schematic illustration of the positions of the primers used in this study
The MNV genome is approximately 7.3 kbases, which encodes four open reading frames
that are processed into two structural and seven non-structural proteins as depicted in the
genome cartoon. The approximate positions of the PCR primers (Gpos and Gneg) used in
this study are shown on the positive and negative strands of RNA. In order to generate the
RT primer, a specific tag sequence (table 1b) was added to each respective primer at the 5′
end.

Vashist et al. Page 11

J Virol Methods. Author manuscript; available in PMC 2012 September 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. Standard RT-qPCR does not display strand specificity
The specificity of normal RT-qPCR was tested by generating standard curves of either
positive (Panel A) or negative strand (Panel B) in presence and absence of a fixed amount of
in vitro transcribed opposite polarity RNA. The experiment was performed in triplicate and
mean Ct value with standard deviation were plotted against RNA absolute copy number.
The correlation coefficients of the qPCRs are presented in a table below each curve.
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Figure 3. Strand specific RT-qPCR of MNV genomic RNA
The standard curves were generated by quantifying in vitro transcribed RNA using the
strand specific RT-qPCR as described in the text. cDNAs synthesised by reverse
transcription of either positive (Panel A) or negative strand (Panel B) in presence or absence
of a fixed amount of opposite strand using tagged RT primer were quantified using qPCR.
The experiment was performed in triplicate and mean Ct value with standard deviation were
plotted against RNA absolute copy number. The correlation coefficients of the qPCRs are
presented in table below each curve.
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Figure 4. Quantitation of MNV positive and negative sense genomic RNA during replication in
cell culture
BV-2 cells were infected at MOI of 5 TCID50 per cell and samples for TCID50 and RNA
isolation were harvested in triplicate at stated time points post infection. The virus titre was
plotted over time to generate one step growth curve of MNV (A). The production of positive
and negative sense genomic RNA during one step growth curve were estimated by
extrapolation of standard curves generated in figure 3 and plotted against time-points post
infection (B). The ratio of positive and negative strands of genomic RNA during the course
of infection(C).
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Table 2

RNA RT primer PCR primers Ct Valuea) St. Dev.

G positive Gpos Gneg + Gpos 14.9 0.1

Gneg Gneg + Gpos 16.1 0.1

G negative Gpos Gneg + Gpos 18.0 0.5

Gneg Gneg + Gpos 17.0 0.1

a)
CT values obtained by RT-qPCR using untagged RT- primer. 108 copies of the positive or negative strand control RNA were subjected to

RT using an untagged primer specific for both strand and amplified by qPCR using PCR primers. The respective Ct value with standard deviation
of three individual replicates is displayed. The experiment was repeated at least three times.
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Table 3

RNA RT primer PCR primers Ct Valuea) St.Dev.

G positive TposGpos Tpos + Gneg 13.6 0.1

Tneg + Gpos 31.5 0.2

G negative TnegGneg Tpos + Gneg 34.0 1.2

Tneg + Gpos 15.6 0.0

a)
108 copies of the positive or negative strand were subjected to RT using a tagged primer specific for each strand and quantified by qPCR using

PCR primers as described in the text. The respective Ct value with standard deviation of three individual replicates is shown. The experiment was
repeated at least three times.
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Table 4

RNA Absolute
Quantity

Quantity extrapolated
from St. curve
(Mean)a)

St. Dev.
(%)

G Positive

2.0 E+08 1.9 E+08 1.4

100 110.7 8.1

50 57.1 11.6

12 14.1 7.6

G Negative 2.0 E+08 1.5 E+08 1.9

100 122.6 16.7

50 50.4 15

12 18.2 14.3

a)
Known amounts of either strand of RNA were re-quantified standard curve in figure 3. The standard deviation in % is also presented to determine

the accuracy of the quantitation. The values presented are representative of experiment repeated at least twice.
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