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25  SHORT ABSTRACT:
26  Real-time quantitative polymerase chain reaction analysis combined with reverse transcription
27  (RT-gPCR) has been widely used to measure the level of RNA virus infections. Here we present a
28 direct RT-qPCR assay, which does not require an RNA purification step, developed for the
29  quantification of several RNA viruses, including dengue virus.
30
31 LONG ABSTRACT:
32 At present, real-time polymerase chain reaction (PCR) technology is an indispensable tool for the
33 detection and quantification of viral genomes in research laboratories, as well as for molecular
34  diagnosis, because of its sensitivity, specificity, and convenience. However, in most cases, the
35 quantitative PCR (gqPCR) assay generally used to detect virus infection has relied on the
36  purification of viral nucleic acid prior to the PCR step. In this study, the fluorescence-based
37  reverse transcription qPCR (RT-qPCR) assay is developed through the combination of a processing
38 buffer and a one-step RT-PCR reagent so that the whole process, from the harvest of the culture
39  supernatant of virus-infected cells until real-time detection, can be performed without viral RNA
40  purification. The established protocol enables the quantification of a wide range of RNA
41  concentrations of dengue virus (DENV) within 90 min. In addition, the adaptability of the direct
42  RT-qPCR assay to the evaluation of an antiviral agent is demonstrated by an in vitro experiment
43  using a previously reported DENV inhibitor, mycophenolic acid (MPA). Moreover, other RNA
44  viruses, including yellow fever virus (YFV), Chikungunya virus (CHIKV), and measles virus (MeV),
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can be quantified by direct RT-qPCR with the same protocol. Therefore, the direct RT-gPCR assay
described in this report is useful for monitoring RNA virus replication in a simple and rapid
manner, which will be further developed into a promising platform for a high-throughput
screening study and clinical diagnosis.

INTRODUCTION:

The genus Flavivirus of the Flaviviridae family comprises more than 70 enveloped, positive-
stranded RNA viruses that are transmitted by mosquitoes and ticks. Importantly, flavivirus
infection in humans often leads to severe clinical illness, such as hemorrhagic fever and
encephalitisl. Indeed, a recent outbreak of the Zzika virus (ZIKV), a flavivirus, has spread
explosively throughout the Americas and has been shown to be associated with neurological
complications, including microcephaly?3. Flaviviruses, therefore, have significant clinical and
economic impact on modern society.

An important flavivirus is dengue virus (DENV), a mosquito-borne virus widely distributed in the
tropical and subtropical areas of the world. DENV is transmitted by Aedes mosquitos, including
Aedes albopictus and Aedes aegypti, resulting in the global spread of dengue outbreaks®.
Currently, the World Health Organization (WHO) classifies dengue disease as three categories:
dengue without warning signs, dengue with warning signs, and severe dengue®. Although primary
infection with one of the four serotypes of DENV (DENV-1 to -4) is often asymptomatic or self-
limiting, epidemiologic studies have shown that the secondary infection of different serotypes
increases the risk of more serious forms of dengue. It is worth noting that antibody-dependent
enhancement of DENV infection caused by the non- or subneutralizing antibodies produced
during the primary infection has been proposed as a potential mechanism of severe dengue
which occurred as the secondary infection. However, no specific antiviral drug is available for
DENV infection®.

For the development of antiviral agents against DENV, routine and robust assays, which are
amenable to a high-throughput setting, are essential for detecting virus replication
guantitatively. Conventionally, biological assays (e.g., plague assay) for quantifying infectious
viruses and immunological assays (e.g., enzyme-linked immunosorbent assay [ELISA]) for
detecting viral antigens have been used to monitor DENV replication in vitro and in vivo®’.
However, these assays are often laborious and require several days to accomplish, which
impedes the handling of large numbers of samples. In this regard, RT-gPCR is a reliable assay for
detecting DENV infection: it is specific, sensitive, and relatively speedy’. In addition, the RT-qPCR
technique has more advantages in a high-throughput format. Nevertheless, the typical procedure
of RT-PCR for RNA viruses demands the recovery of viral nucleic acids from collected samples.
Although various extraction methods can be employed for RT-gPCR, multiple steps are still
needed to obtain purified viral RNA. Also, RT-qPCR assays usually require expensive spin columns
or hazardous organic solvents, thereby making the preparation process more cumbersome. Since
avoiding mishandling and/or cross-contamination between samples is a critical factor for the
successful quantification of viral genomes, a less laborious and time-consuming method is
preferred, particularly if the RT-qPCR is to be applied to high-throughput format.
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Here, we report a simple RT-qPCR procedure for measuring DENV RNA in a culture supernatant
of infected cells that does not involve viral RNA purification. This optimized RT-gqPCR protocol is
composed of two steps: i) the incubation of a supernatant of DENV-infected cell culture with a
processing buffer, and ii) one-step RT-qPCR on a real-time PCR instrument. Accordingly, DENV
RNA in a culture supernatant can be detected within 90 min (Figure 1). We also describe the
application of the direct RT-qPCR to other RNA virus infections.

PROTOCOL:

1. Preparation of the DNA Template of RNA Standard

1.1. Prepare a PCR mix (total volume of 50 pL, Table 1) using a plasmid DNA vector containing
DENV-2 New Guinea C (NGC, accession number: AF038403.1) 3’ untranslated region (3’UTR)® and

primers (T7-DENV 3’UTR Fwd and DENV 3’UTR Rvs) in a 0.2-mL tube, as described in Table 2.

Note: This step is to be conducted under a clean hood (or in a clean room) to avoid the
contamination of any amplicon-related products.

1.2. PCR-amplify the cDNA of T7 sequence-fused DENV 3’UTR in a thermocycler, using the
following conditions: 30 cycles (of 98 °C for 10 s, 55 °Cfor 55, and 72 °C for 5 s).

1.3. Mix the PCR reaction with 10 uL of 6x gel-loading dye and load it onto a 1% agarose gel with
a DNA molecular ladder ranging from 0.1 to 10 kilobase pairs (kbp).

1.4. Visualize the PCR product (479 base pairs [bp]) under long-wavelength UV light using a DNA
visualization method and a gel imaging system. Cut out the DNA band using a clean scalpel.

1.5. Extract DNA using a DNA purification kit (Table of Materials).
Note: This purification step can be performed outside the clean hood, but it is essential to keep
a clean environment during the process to avoid RNase contamination, which is a major problem

in the following DENV RNA standard synthesis steps.

1.5.1. Weigh the gel slice and add 100 uL of capture buffer per 100 mg of gel slice in a 1.5-mL
microcentrifuge tube.

1.5.2. Dissolve the gel by incubation at 60 °C for 5 - 15 min.

1.5.3. Assemble a DNA purification column with a collection tube and transfer 600 uL of the
dissolved sample to the purification column.

1.5.4. Centrifuge at 16,000 x g for 30 s and discard the flow-through. If the sample volume is
greater than 600 pL, apply the rest of the sample to the DNA purification column after the first
spin and repeat this step.
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1.5.5. Apply 500 uL of washing buffer to the DNA purification column.

1.5.6. Centrifuge at 16,000 x g for 30 s.

1.5.7. Place the column into a new 1.5-mL microcentrifuge tube.

1.5.8. Add 50 L of elution buffer and incubate the column at room temperature for 1 min.
1.5.9. Centrifuge at the maximum speed for 1 min to elute DNA.

1.6. Measure the optical density of DNA at 260 nm on a spectrophotometer using 3 uL of the
eluted sample. Use the same volume of elution buffer as a blank.

Note: The DNA template can be stored at -20 °C until use.

2. Synthesis of the DENV 3’UTR RNA Standard

Note: Maintain the ribonuclease (RNase)-free environment as much as possible to perform the
following steps. The set-up of the reagent should be performed inside a clean hood, using
nuclease-free pipets, tips, and tubes.

2.1. Mix the in vitro transcription (IVT) reaction (of a total volume of 20 uL) with 100 ng of T7 RNA
promoter sequence-fused DENV 3’UTR DNA template (from step 1.6) in a 0.2-mL PCR tube as
described in Table 3.

2.2. Incubate the mixture at 37 °C in the thermocycler for 2 h.

2.3. Add 1 uL of DNase to the IVT reaction and continue the incubation at 37 °C for 15 min.

2.4. Purify the in vitro transcribed RNA using an RNA purification kit (Table of Materials).

2.4.1. Add 80 pL of RNase-free H,0 and 350 pl of capture buffer, including 1% B-mercaptoethanol.

2.4.2. Add 250 pL of 100% ethanol to the IVT reaction and mix it well by pipetting.

2.4.3. Assemble an RNA purification column with a collection tube and transfer the RNA sample
to the purification column.

2.4.4. Centrifuge it at 8,000 x g for 15 s and discard the flow-through.

2.4.5. Apply 500 pL of washing buffer to the RNA purification column and centrifuge it at 8,000 x
g for 2 min.
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2.4.6. Place the column into a 1.5-mL microcentrifuge tube.
2.4.7. Add 50 pL of RNase-free H,0 and incubate the column at room temperature for 1 min.
2.4.8. Centrifuge it at the maximum speed for 1 min to elute the RNA.

2.5. Measure the optical density of the RNA at 260 nm on a spectrophotometer, using 3 pL of the
eluted sample. Use the same volume of H;0 as a blank.

2.6. Determine the copy number of the synthesized DENV 3’UTR RNA. 1 ng of DENV 3’UTR RNA
(462 bases, Figure 2) is comparable to 4.05 x 10° copies.

2.7. Store the RNA standard at -80 °C until use.

3. Processing of Virus Samples for RT-qPCR

Note: Steps 3.1 - 3.3 are to be performed inside a biological safety cabinet. In particular, handling
of the culture supernatant containing an infectious virus must be conducted under the biosafety
level 2 (or higher) environment.

3.1. Mix 199 puL of a processing buffer and 1 pL of nuclease-free proteinase K.

3.2. Serially dilute the synthesized DENV 3’UTR RNA (from step 2.6) 1:10 to obtain 5 x 10° to 5 x
103 copies/uL of RNA standard using cell culture medium (e.g., DMEM supplemented with 10%
fetal bovine serum and antibiotics [DMEM/10% FBS]) containing 40 units/mL RNase inhibitor.

3.3. Mix 5 uL of the culture supernatant of DENV-infected cells and the DENV 3’UTR RNA standard
with 5 pL of processing buffer/proteinase K solution (from step 3.1) using 8-tube PCR strips or a
96-well PCR plate. As a non-template control (NTC), mix 5 pL of cell culture medium (i.e., no virus
is included) with 5 pL of the processing buffer/proteinase K solution.

3.4. After a brief centrifugation, incubate the samples in a thermocycler using the following
conditions: 1 cycle (of 25 °C for 10 min and 75 °C for 5 min).

Note: Processed samples can be kept at 4 °C if the real-time PCR analysis is done on the same
day. For long-term storage, the samples should be stored at -80 °C.

4. Real-time PCR Analysis

Note: It is highly recommended to perform steps 4.1 - 4.4 inside a clean hood to minimize the
contamination of any amplicon-related products or RNase.

4.1. Prepare an RT-qPCR master mix with a one-step RT-PCR reagent (Table of Materials) in a 1.5-
mL microcentrifuge tube (RNase-free) using DENV 3’UTR-specific primers and a fluorogenic probe



221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

(Tables 1). Scale up the volume of each component (Table 4) according to 11% more of the total
number of samples, including the standard RNA and NTC reactions.

4.2. Aliquot 8 pL of the master mix into the well to be used in a 96-well real-time PCR plate (Table
of Materials).

4.3. Briefly centrifuge the processed samples, including the DENV 3’UTR RNA standard and NTC
(from step 3.4) and add 2 uL of the samples to each well of the 96-well real-time PCR plate.

4.4. Seal the PCR plate with optically clear adhesive film.
4.5. Briefly centrifuge the plate at 200 x g to remove air bubbles.

4.6. Place the plate in a real-time PCR instrument and cycle the plate using the following
conditions: 1 cycle of the RT stage (25 °C for 10 min), 1 cycle of the polymerase activation stage
(95 °C for 2 min), 40 cycles of the amplification stage (95 °C for 10 s and 60 °C for 30 s [single data
acquisition at this step]).

4.7. Determine the copy number of the DENV RNA in samples using a real-time PCR-associated
software.

4.7.1. In the Setup window, assign the well of a reaction that is to be analyzed as Unknown
sample.

4.7.2. Assign the well of the serially diluted DENV 3’UTR RNA as Standard and type the expected
copy number of RNA standard in each well (e.g., if 5 x 103 copies/uL of RNA standard solution are
used, type 5,000). Assign the well as Negative Control for NTC.

4.7.3. In the Analysis window, click on Analyze and make sure that the correlation coefficient (R?)
of the standard curve generated is equivalent to or greater than 0.98.

4.7.4. Generally, use the default Ct settings (threshold: auto, baseline start cycle: auto, baseline
end cycle: auto) for analysis.

Note: The copy number of Unknown samples are automatically calculated based on the
threshold cycle (Ct) values of the individual reactions. The calculated copy number of each sample
is considered as RNA copies per 10 pL RT-qPCR reaction (e.g., if 12,345 is indicated in an
Unknown sample, this means that 12,345 copies of DENV RNA are present in the reaction).

REPRESENTATIVE RESULTS:

For the quantification of DENV RNA by RT-gPCR analysis, a standard of the known copy number,
which can be detected by the same primer set, is a prerequisite. In this protocol, the 462
nucleotide-long RNA containing the 3’UTR sequence of the DENV-2 NGC strain was in vitro
transcribed from the T7 RNA promoter-fused DENV-2 3’'UTR DNA template, which had been
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amplified by PCR and purified (Figures 2A and 2B). When a serial 10-fold dilution of the standard
DENV RNA (from 5 x 10° to 5 x 10? copies in a 10-uL RT-qPCR reaction) was subjected to a direct
RT-gPCR analysis using 3’UTR-specific primers and a fluorogenic probe®, a linear curve with a
good correlation coefficient (R, = 0.98726) was obtained (Figure 2C).

Next, this direct RT-qPCR assay was applied to quantify the DENV in the culture supernatant of
virus-infected cells. DENV-2 (Singapore isolate EDEN2 3295%°), which had been propagated in
C6/36 mosquito cells and titrated by plaque assay using BHK-21 cells'!, was serially diluted (from
8 x 10° to 80 plagque formation units [PFU]/mL). DENV samples were then treated with an equal
volume of processing buffer containing proteinase K to deproteinize virions and subjected to a
direct RT-qPCR assay targeting the DENV 3’UTR RNA sequence. Again, a good correlation (R? =
0.99981) between the DENV infectious titer and the Ct, a cycle number that is considered to be
the point where the fluorescent signal rises with exponential growth above the background, was
obtained (Figure 3A). When Ct values generated from a serial dilution of the DENV stock with
known infectious titers were plotted on the standard curve made with in vitro transcribed 3’'UTR
RNA, all of the plots obtained from 8 x 108 to 80 PFU/mL (equal to 8 x 103 to 8 x 102 PFU in a 10-
uL RT-gPCR reaction) were within the range of those subjected to standard RNA (5 x 10° to 5 x
103 copies in a 10-uL RT-qPCR reaction, Figure 3B), indicating that DENV samples with a wide
range of infectious titers can be analyzed at the same time, using this direct RT-qPCR. In parallel
experiments, the effect of processing buffer or proteinase K treatment on the detection of viral
RNA by RT-qPCR analysis was investigated. Although treating a log dilution of the DENV sample
(8 x 108 to 8 x 10? PFU/mL) with phosphate-buffered saline (PBS) alone prior to RT-qPCR (1:1
dilution of the virus sample with PBS and an incubation of 25 °C for 10 min and 75 °C for 5 min)
elicited a regression curve (Figure 3C, black line), and the mean Ct values obtained by the PBS
treatment were delayed 2.6 - 3.2 cycles when compared to the Ct obtained by processing
buffer/proteinase K treatment (Figure 3C, dotted line). Additionally, the highest dilution of the
virus (8 x 10?2 PFU/mL [8 x 10! PFU per 10-uL RT-qPCR reaction]) could not be detected with this
PBS treatment (Figure 3C). In the absence of proteinase K during the processing buffer treatment
(Figure 3C, gray line), a similar regression was generated; however, the delay in amplification (0.1
- 0.8 cycles) was still observed relative to the processing reaction containing proteinase K (Figure
3C, dotted line). These data indicate that, among the conditions tested, treatment of the DENV
sample with processing buffer together with proteinase Kimproves the sensitivity of the RT-qPCR
assay.

The direct RT-qPCR assay was further assessed for its applicability to validating antiviral agents
against DENV. Mycophenolic acid (MPA), a nonnucleoside inhibitor of inosine monophosphate
dehydrogenase that is used as an immunosuppressant in transplantation, has been reported to
inhibit DENV in vitro'>'3, Although the previous studies employed a conventional plaque assay or
a flow cytometry assay to detect viral antigens to demonstrate the inhibitory effect of MPA on
DENV infection'*!3, in the present study, direct RT-qPCR was applied to evaluate the MPA’s
antiviral activity. HeLa cells, which had been seeded at a density of 5 x 10* cells/well in a 24-well
plate 1 day prior to infection, were exposed to DENV-2 at an MOI of 1 for 1 h and, after washing,
cultured with DMEM/10% FBS in the presence of 50 - 0.016 ug/mL MPA (or 0.1% dimethyl
sulfoxide [DMSO]). The culture supernatant was collected 3 days after infection and subjected to
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the direct RT-gPCR assay using DENV 3’UTR specific primers and a fluorescent probe. Figure 4
shows the DENV RNA copies (per reaction) in the culture supernatants of infected cells treated
with increasing concentrations of MPA, which were determined by an in vitro transcribed 3’"UTR
RNA standard. With a treatment of 50 pug/mL (156 uM) MPA, a reduction to 99.87 + 0.02% of the
DMSO-treated control culture was observed (Figure 4). Importantly, the ICso (50% inhibitory
concentration) value for MPA determined by the data shown in Figure 4 was 0.79 uM, which is
similar to the values reported previously!?13, This result, therefore, indicates that this direct RT-
gPCR assay is a useful and reliable method for assessing the inhibitory effect of antiviral agents
on DENV infection.

Finally, applications of the direct RT-gPCR assay to other RNA viruses were tested. When a stock
of yellow fever virus (YFV) 17D vaccine strain (Flaviviridae), which had been amplified in Vero
cells and titrated on BHK-21 cells, was subjected to direct RT-qPCR using YFV-17D-specific primers
and a fluorogenic probe!4, as described in Table 1, a standard curve with good direct correlation
between virus titers and Ct values could be generated with a 10-fold serial dilution of the virus
stock (3.2 x 10° to 3.2 PFU/mL, Figure 5A). Likewise, direct RT-qPCR analysis of Chikungunya virus
(CHIKV, Togaviridae) Ross strain stock, which had been amplified in Vero cells and titrated on
BHK-21 cells, using CHIKV-specific primers and a fluorogenic probe'> (Table 1), gave a good
regression between infectious titers (4.4 x 108 to 4.4 x 103 PFU/mL) and Ct values (Figure 5B).
This was also the case for the detection of a serial dilution (8 x 102 to 8 x 102 PFU/mL, Figure 5C)
of the measles virus (MeV, Paramyxoviridae) that had been propagated and titrated with Vero
cells, using previously reported primers and a fluorogenic probe'® (Table 1). These data
demonstrate the adaptability of the direct RT-qPCR assay for the quantitative detection of
various RNA viruses.

FIGURE AND TABLE LEGENDS:

Figure 1: Workflow of the direct RT-qPCR assay. The culture supernatant of DENV-infected cells
is treated with a processing buffer containing proteinase K to release viral RNA (sample-
processing step). The processed sample is then mixed with a one-step RT-PCR reagent and
subjected to the real-time PCR assay using DENV 3’UTR-specific primers and a fluorogenic probe.
The levels of viral RNA detected in the respective samples can be determined by a serially diluted
standard using in vitro transcribed DENV RNA.

Figure 2: A standard curve generated by DENV 3’UTR RNA. (A) Standard RNA containing 3’'UTR
of DENV-2 NGC was transcribed in vitro from a T7 RNA promoter sequence-fused PCR fragment.
(B) Purified DENV 3’UTR RNA (250 ng) was visualized on a 1% agarose gel (right lane). The left
lane shows the molecular weight marker for RNA electrophoresis. (C) A log dilution of the DENV
3'UTR RNA standard was treated with the processing buffer containing proteinase K and
subjected to a real-time PCR analysis using a one-step RT-gPCR reagent and DENV 3’UTR-specific
primers and a fluorogenic probe set. The mean Ct values (n = 3) obtained in respective dilutions
were plotted against the estimated quantity of 3’'UTR RNA (5 x 10° to 5 x 102 RNA copies in a 10-
uL RT-gPCR reaction). R? is the correlation coefficient.
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Figure 3: The quantification of DENV RNA in virus stock by direct RT-qPCR. (A) The high-titer
DENV-2 stock produced in C6/36 cells was serially diluted 10-fold (8 x 10° to 8 x 10 PFU/mL) with
DMEM/10% FBS containing an RNase inhibitor and subjected to the direct RT-qPCR assay using
DENV 3’UTR-specific primers/probe. (B) Ct values obtained by RT-qPCR of log-diluted DENV stock
(circles) were plotted on a standard curve of the 3’UTR RNA (triangles) transcribed in vitro. The
use of 8 x 10° PFU/mL stock in a direct RT-qPCR assay corresponds to 8 x 10® PFU of virus in a 10-
uL RT-gPCR reaction. (C) This panel shows the effect of processing buffer and proteinase K
treatments on the detection of viral RNA. DENV diluted stock (8 x 10° to 8 x 102 PFU/mL) was
incubated with an equal volume of processing buffer containing proteinase K (white circles),
processing buffer alone (gray circles), or PBS (black circles) and then subjected to the direct RT-
gPCR assay.

Figure 4: Evaluation of the inhibitory effect of MPA by direct RT-qPCR. Hela cells were infected
with DENV-2 at a MOI of 1 and cultured in the presence of increasing concentrations of MPA, a
previously reported inhibitor of DENV (or 0.1% DMSO). Three days after infection, culture
supernatants of the infected cells were collected and subjected to the direct RT-qPCR assay using
DENV 3’UTR-specific primers/probe. The copy number of viral RNA was determined by DENV
3’UTR RNA standard transcribed in vitro.

Figure 5: The application of direct RT-qPCR for the detection of other RNA viruses. Serially
diluted virus stocks of (A) YFV, (B) CHIKV, and (C) MeV were subjected to the direct RT-qPCR assay
using PCR primers and fluorogenic probes specific to their respective viral RNA sequences.

Table 1: Oligonucleotide primer and fluorogenic probe sequences used in this study.
Table 2: Components of a PCR mix for the preparation of DENV 3’UTR template DNA.
Table 3: Components of an IVT mix for synthesizing the DENV 3’UTR RNA standard.

Table 4: Components of a master mix for real-time RT-qPCR analysis of DENV RNA. Note that 2
uL of the processed DENV sample (or standard RNA) should be added to the 8-uL master mix (a
total of 10 pL per reaction).

DISCUSSION:

Today, viral nucleic acid detection by fluorescent-based real-time PCR is becoming a gold
standard for the molecular diagnosis of pathogenic human viruses, due to its sensitivity and
rapidity’. This is particularly important for confirming virus infection in the early phase of acute
infectious diseases such as dengue fever!’. Also, in the field of basic DNEV research, RT-gPCR
assay is an indispensable tool for monitoring virus replication in in vitro culture, which will lead
to an understanding of the replication biology of DENV and the discovery of antiviral inhibitors.
In this study, the fluorescent-based real-time PCR assay was further developed by a combination
of a processing buffer and a one-step RT-PCR reagent so that DENV RNA in the culture
supernatant of infected cells was able to be quantified by RT-gPCR without purifying the viral
RNA genome. When compared to routine assays to detect virus replication, such as plaque assay,
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ELISA, or conventional RT-qPCR employing RNA purification®’, a simplified protocol of the RT-
gPCR assay resulted in a great reduction of the time and steps necessary to quantify DENV RNA.
This is also an important feature that has advantages in minimizing the contamination and loss
of genetic materials. Nevertheless, it should be noted that the use of a clean hood is essential in
the set-up of the IVT (step 2.1) and RT-gqPCR (steps 4.1 - 4.4) reactions to avoid the cross-
contamination of any amplicon-related products or RNase. It is also crucial to handle the culture
supernatant, including infectious virus, inside a biosafety cabinet (step 3.3) to reduce a risk of
laboratory infection.

Another significance of the direct RT-qPCR assay is that a wide range of viral RNA copies can be
analyzed at the same time without dilution or concentration of the sample. When a serially
diluted DENV 3’UTR RNA standard was used, the direct RT-gPCR protocol produced a linear
standard curve over seven orders of magnitude, and the lower quantification limit was 500 RNA
copies (Figure 2). For the detection of DENV in the culture supernatant of infected cells, 8 x 103
to 8 x 10”2 PFU viruses in a 10-uL RT-gPCR were within the range of DENV 3’UTR RNA standard,
and the lower detection limit (8 x 102 PFU) was calculated to contain 11,400 + 7,077 RNA copies
(Figure 3B). Of note, as reported in several flavivirus studies®2°, the larger ratio of viral RNA
copies to virus infectious titer (i.e., PFU) in DENV samples was also observed in this study. This
overestimation is assumed to be largely due to the presence of defective (i.e., non-infectious)
viruses or free viral RNA released from infected and dead cells. Although the ratio of RNA
copies:PFU obtained in this study (1.1 x 10° to 1.3 x 10° RNA copies/PFU) was inconsistent with
the data shown previously (ratios range from 1 to 3 log)?¥?°, this may be attributed to the
difference in virus strains, cells, or culture conditions employed. Another likely explanation for
the discrepancy is that, since no RNA purification process was involved in the direct RT-qPCR
assay described herein, more DENV RNA in the culture supernatant could be detected by real-
time PCR analysis without the loss of viral genetic materials.

The simplicity of the direct RT-qPCR enhances the ability to handle a large number of samples in
multi-well formats, such as a 96-well plate. Therefore, this property will assist the future
application of the direct RT-qPCR assay to a high-throughput screening study for the discovery of
anti-DENV drugs. Indeed, in this report, application of the direct RT-qPCR assay for the validation
of an anti-DENV inhibitor, MPA, was examined, and the result showed that an ICso value of MPA
obtained by the direct RT-qPCR assay (Figure 4) was comparable to that reported in previous
studies using plaque assay'?>'3. This demonstrates that direct RT-qPCR is a useful assay for
appropriately evaluating the inhibitory effect of antiviral agents and can be adopted into a drug
screening study in future.

In this study, attempts were made to apply the direct RT-gPCR to the detection of other RNA
viruses. As shown in Figure 5, when 10-fold dilutions of three other RNA viruses (YFV, CHIKV, and
MeV) classified into different genera (Flaviviridae, Togaviridae, and Paramyxoviridae,
respectively) were examined using previously reported primers and fluorogenic probes specific
to the respective viral RNA sequences. Good correlations between infectious titers and Ct values
were obtained by direct RT-qPCR assays, and the correlations were 4-6 linear orders of magnitude.
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This suggests that the direct RT-qPCR protocol is adaptable to various types of RNA viruses by
simply changing the virus-specific primers and fluorogenic probes.

Nevertheless, the sensitivity of detection varied among the viruses tested in this study (Figure 5).
One modification of the protocol that can improve the detection of target virus RNA should be
to use a new set of primer/probe sequences. Additionally, a key step for the successful direct RT-
gPCR assay is thought to be the efficient release of the viral genome during the sample processing
step (steps 3.1 - 3.4). This would be of particular importance for the quantitative detection of
stable viruses such as a non-enveloped virus. Although as a preliminary experiment,
Coxsackievirus B3 (CVB3), a non-enveloped RNA virus belonging to Picornaviridae, was subjected
to the direct RT-gPCR assay using previously described CVB3-specific primers and fluorescent
probe??, a positive amplicon signal could not be detected even with a high-titer (1 x 10° PFU/mL)
virus stock. This is considered to be largely attributed to the high physical integrity of the non-
enveloped virus. So far, some RT-PCR assays that do not require the purification of nucleic acid
have been developed to detect several RNA viruses, which employ different protocols in the RNA
release step?326. Thus, use of the alternative (or additional) treatments, such as an incubation of
a virus sample at a high temperature, potentially increases the sensitivity of detection.

In summary, the direct RT-gPCR protocol developed in this study was a simple and rapid but
reliable method for quantifying viral RNA in a culture supernatant of infected cells. Because of
this simplicity, the direct RT-qPCR assay could process a number of samples in a short time, which
holds promise for the high-throughput analysis of virus replication. Furthermore, the application
of the direct RT-qPCR protocol to other RNA viruses was also demonstrated. This approach should,
therefore, be a useful tool for efficiently monitoring the RNA virus infections in a research
laboratory setting and, possibly, in clinical diagnoses.
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Table 1
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Purpose

Name

Sequence (5'- 3')

Note

T7 promoter-fused DENV-2 3'UTR cDNA amplification

T7-DENV 3'UTR Fwd

TAA TAC GAC TCA CTA TAG GG c gaa tTA GAA GGC AAA ACT AAC ATG AAA

Italic,T7 promoter; lower-case, spacer; bold, DENV-2 NGC nucleotides 10,270-10,292

DENV 3'UTR Rvs

AGA ACC TGT TGA TTC AAC AGC

DENV-2 NGC i 10,723-10,703

RT-qPCR analysis of DENV

DENV-2 3'UTR F

AAG GAC TAG AGG TTA GAG GAG ACC C

DENV-2 3'UTRR

GGC GTT CTG TGC CTG GAATGA TG

Probe 2 Den-2-4

6FAM-AAC AGC ATA TTG ACG CTG GGA AAG ACC-TAMRA

Reference 9

RT-gPCR analysis of YFV YFVNSS F GAA CAG TGA TCA GGA ACC CTCTCT Reference 14
YFV NS5 R GGATGT TTG GTT CACAGT AAATGT G
YFV NS5 Probe 6FAM-CTA CGT GTC TGG AGC CCG CAG CAA T-TAMRA

RT-gPCR analysis of CHIKV CHIKE1F TCG ACG CGC CCT CTT TAA Reference 15
CHIKE1R ATC GAA TGC ACC GCA CACT
CHIKE1P 6FAM-ACC AGC CTG CAC CCA TTC CTC AGA C-TAMRA

RT-gPCR analysis of MeV/ MeVNF TGG CAT CTG AACTCG GTATCAC Reference 16
MeV N R TGT CCT CAG TAG TAT GCA TTG CAA
MeV N P 6FAM-CCG AGG ATG CAA GGC TTG TTT CAG A-TAMRA

*
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Components Stock concentration Volume (pL) Final concentration
PrimeSTAR Max Premix 2x 25 1x

T7-DENV 3’UTR Fwd 1uM 10 200 nM

DENV 3’UTR Rvs 1uM 10 200 nM

pEU/DENV 3'UTR 1 ng/uL 1 20 pg/uL

Nuclease-free H20

Total

50

*
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Table 3
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Components Stock concentration Volume (uL) Final concentration
T7 sequence-fused DENV 3’UTR DNA template (variable) X 100 ng per reaction
ATP solution 75 mM 2 7.5 mM

CTP solution 75 mM 2 7.5 mM

GTP solution 75 mM 2 7.5 mM

UTP solution 75 mM 2 7.5 mM

Reaction Buffer 10x 2 1x

T7 Enzyme Mix 2

Recombinant RNase Inhibitor 40 units/pL 1 2 units/pL
Nuclease-free H20 7-x

Total

*
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Table 4
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Components Stock concentration Volume (uL) Final concentration in an RT-qPCR reaction
iTaqg universal probes reaction mix 2X 5.00 1x
iScript advanced reverse transcriptase 40x 0.25 100 ng per reaction
Primer/probe mix DENV-2 3'UTR F: 3 uM 1.00 300 nM
DENV-2 3'UTRR: 3 uM 300 nM
Probe 2 Den-2-4: 2 uyM 200 nM
Nuclease-free H20 1.75

Subtotal

8.00

*
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Name of Material/ Equipment

Company

Catalog Number

Comments/Description

PrimeSTAR Max DNA Polymerase Takara Bio. Inc RO45A Comparable PCR reagent kit can be used.

SimpliAmp Thermal Cycler Thermo Fisher Scientific A24811 Comparable thermal cycler instrument, but PCR cycle condition needs to be optimized.
6x Gel Loading Dye New England BioLabs B7024S Comparable gel loading dye can be used.

2-Log DNA Ladder New England BioLabs N3200 0.1-10.0 kilobase pairs. Comparable DNA molecular ladder can be used.

Gel Scene Tablet Astec GST-33 Comparable gel imaging system can be used.

illustra GFX PCR Purification Kit GE Healthcare Life Sciences 28-9034-70 Comparable gel extraction kit can be used.

BioSpectrometer Eppendorf 6135000905 Comparable spectrophotometer can be used.

MEGASscrip T7 Transcription Kit Thermo Fisher Scientific AM1334

TURBO DNase Thermo Fisher Scientific AM?2238 Included in MEGASscrip T7 Transcription Kit.

Recombinant RNase Inhibitor Takara Bio. Inc 2313A 40 units/pL

RNeasy Mini Kit Qiagen 74104 Comparable RNA purification kit can be used.

CellAmp Direct RNA Prep Kit Takara Bio. Inc 3733Q

Proteinase K Nacalai Tesque 15679-06 > 600 units/mL. Comparable reagent can be used.

iTaq Universal Probes One-Step Kit Bio-Rad 1725141

MicroAmp Fast Optical 96-Well Reaction Plate, 0.1 mL Thermo Fisher Scientific 4346907 Comparable plate or tube can be used dependent on the real-time PCR instrument, but PCR cycle condition needs to be optimized.
MicroAmp Optical Adhesive Film Thermo Fisher Scientific 4311971 Comparable film or optical cap can be used dependent on the real-time PCR plate or tube.

StepOnePlus Real-Time PCR System

Thermo Fisher Scientific

StepOnePlus-01

Comparable real-time PCR instrument, but PCR cycle condition needs to be optimized.

*
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(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JOVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVFE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a USS$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVFE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe document to +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Response to editor’s comments

Revised manuscript #Jo0VE58407 “Development of a simple and rapid protocol to measure dengue
virus RNA in the culture supernatant of infected cells by real-time quantitative PCR” by Suzuki et
al.
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