
A
f

X
S

A
R
R
2
A
A

K
F
S
A

1

o
m
M
A
o
8
i
s
S
2

r
o
c
v
p

e
d
p
p
s

0
d

Journal of Virological Methods 155 (2009) 150–156

Contents lists available at ScienceDirect

Journal of Virological Methods

journa l homepage: www.e lsev ier .com/ locate / jv i romet

novel single-cell quantitative real-time RT-PCR method for quantifying
oot-and-mouth disease viral RNA

uan Huang, Yong Li, Cong-yi Zheng ∗

tate Key Laboratory of Virology, College of Life Sciences, Wuhan University, Wuhan 430072, China

rticle history:
eceived 3 June 2008
eceived in revised form
6 September 2008
ccepted 2 October 2008

a b s t r a c t

Foot-and-mouth disease virus is a positive-sense, single-stranded RNA virus with a negative strand as its
replication intermediate, which can cause severe acute infection in sensitive cell lines. To investigate better
the actual state of virus infection, there is a need to measure the amount of FMDV RNA in a single acutely
infected cell rather than in a large number of cells. Therefore, in the present study, a strand-specific single-
vailable online 30 November 2008

eywords:
oot-and-mouth disease virus
ingle-cell quantitative real-time RT-PCR

cell quantitative real-time RT-PCR was developed to analyze the RNA or FMDV. This new method uses two
techniques in concert with each other: a technique for isolating single cells with micromanipulators, which
is coupled to an assay for detecting viral RNA by real-time RT-PCR. In the assay of acute infection, 185 of
224 (82.6%) single-cell samples were positive and contained viral genome copies ranging from several to
thousands, and up to 1 000 000 copies. However, not all cells were infected and there were differences
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cute infection in the number of viral RN
feasible and effective.

. Introduction

Foot-and-mouth disease virus (FMDV) is the etiological agent
f an important disease of cloven-hoofed livestock and wild ani-
als, including cattle, swine, sheep and goats (Alexandersen and
owat, 2005; Alexandersen et al., 2003). FMDV belongs to the

phthovirus genus of the Picornaviridae family; the virus contains
nly one single-stranded, plus-sense RNA genome of approximately
500 nucleotides surrounded by four structural proteins to form an

cosahedral capsid (Belsham, 1993). The virus has seven different
erotypes: A, O, C, Asia1, and South African Territories 1 (SAT 1),
AT2, SAT3 with a large number of subtypes (Grubman and Baxt,
004).

FMDV, like other RNA viruses, has very high mutation rates,
anging 10−3 to 10−5 per nucleotide site per genome replication,

wing to the lack of error correction mechanisms during RNA repli-
ation (Domingo et al., 2003). The FMDV genome RNA replicates
ia a complementary negative-strand RNA, which is used as a tem-
late (Cleaves et al., 1981). When sensitive cell lines are infected

Abbreviations: BHK-21 cells, baby hamster kidney-21 cells; CPE, cytopathic
ffect; CT, cycle threshold; FBS, fetal bovine serum; FMDV, foot-and-mouth
isease virus; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; h.p.i., hours
ost-infection; MEM, minimum essential medium; RT-PCR, reverse transcriptase
olymerase chain reaction; qRT-PCR, quantitative real-time RT-PCR; sc-qRT-PCR,
ingle-cell quantitative real-time RT-PCR.
∗ Corresponding author. Tel.: +86 27 68754001; fax: +86 27 68754833.

E-mail address: cctcc202@whu.edu.cn (C.-y. Zheng).
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ies between cells. A single-cell quantitative RT-PCR was validated to be

© 2008 Elsevier B.V. All rights reserved.

e.g. BHK-21 cell lines), i.e., acute infection, cytopathic effects (CPE)
ppear, which involve cell rounding, and alteration and redistri-
ution of internal cellular membranes. However, FMDV can also
stablish persistent infection not only in live animals but also in cell
ultures. Carrier cells can be obtained by either using the ammo-
ium chloride method (Gu et al., 2003) to select rapidly target cells
r by incubating the cells surviving the cytolytic infection (De la
orre et al., 1985).

On the basis of the characteristics of FMDV genome, a number of
ethods for detection have been established, including hybridiza-

ion assays (Verheyden et al., 2003), conventional RT-PCR (Moss and
ass, 1999; Hofmann et al., 2000) and real-time RT-PCR (Callahan
t al., 2002; King et al., 2006; Gu et al., 2007; Horsington and
hang, 2007; Shaw et al., 2007; Fosgate et al., 2008). Undoubt-
dly, real-time RT-PCR has advantages compared with the other
echniques, including greater sensitivity, reproducibility, reduced
isk of carry-over contamination, and greater rapidity, as results
an be obtained in about 2 h. To date, all of these techniques are
imited in that they require a large number of cells either within

certain tissue or a specific cell line; thus, only generalized data
ere obtained instead of precise and specific information at the

evel of the individual cell. Nevertheless, techniques for research on
ingle cells to detect and quantify the viral RNA copies have been

valuated.

In the late 1980s, the feasibility of single-cell PCR as well as
ingle-cell RT-PCR was explored. Jeffreys et al. (1988) amplified
ypervariable minisatellites from single human cells using PCR.
attano et al. (1992) and Krapf and Solioz (1991) performed RT-PCR

http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
mailto:cctcc202@whu.edu.cn
dx.doi.org/10.1016/j.jviromet.2008.10.007
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n single cells. After the emergence of quantitative real-time RT-
CR, the technique was applied successfully to quantify the number
f mRNA copies in single neurons (Alsbo et al., 2001; Parhar et
l., 2003; Hillman et al., 2005; Wagatsuma et al., 2005), in single
ells during embryonic development (Rice et al., 2002; Pierce et al.,
002, 2003; Hartshorn et al., 2005, 2007) and in individual muscle
bers (Jemiolo and Trappe, 2004; Wacker et al., 2008). The present
tudy combines real-time RT-PCR with single-cell techniques for
etecting FMDV genomic RNA copies in single cells during acute

nfection.

. Materials and methods

.1. Cells and viruses

The virus strains of serotype O FMDV used in the present study
ere obtained from the Lanzhou Veterinary Research Institute,
hinese Academy of Agriculture Sciences. BHK-21 cells were pro-
ided by the China Center for Type Culture Collection (CCTCC). Cells
ere cultured in Minimum Essential Medium (MEM, GiBCO, U.S.A.)

upplemented with 10% heat-inactivated fetal bovine serum (FBS)
GiBCO, U.S.A.) at 37 ◦C with 5% CO2.

.2. Isolation and preparation of single cells

.2.1. Isolation of single cells
Acutely infected cells, with CPE, were rinsed with PBS three

imes and then trypsinized at 37 ◦C for 5 min; 9 ml 10% FBS MEM
as then added to end trypsinization. 1 ml of the mixed liquor was

ransferred to a dish at a density of 105 cells per dish. Cells were
isualized using a phase-contrast microscope (Olympus, Japan) and
solated using a micromanipulator (Narashige, Japan) fitted with

microcapillary attached to a microinjector (Narashige, Japan)
Ponnaiya et al., 2007). Single cells were put into 0.2 ml DEPC-
reated PCR tubes containing 5 �l 0.9% NaCl solution and 10 U RNase
nhibitor (TAKARA, China) kept at room temperature (Liu et al.,
004). Approximately 30 individual cells can be picked and placed

n individual tubes in 30 min. Every 30 min, the single-cell samples
ere frozen rapidly in liquid nitrogen for more than 2 min.

.2.2. Lysis of single-cell samples
Frozen cells were heat-denatured at 98 ◦C for 3 min to break

he cell membranes and were then immensed in liquid nitrogen as
uickly as possible. The frozen samples were then digested with
�g proteinase K and 10 U RNase inhibitor at 53 ◦C for 1 h (Parhar
t al., 2003). This was followed immediately by single-cell RT-PCR
nd real-time RT-PCR.

.3. Virus infectivity assay (co-cultivation)

Monolayer BHK-21 cells were infected with FMDV (100 plaque
orming units; PFU) and incubated in MEM supplemented with 2%
BS. When CPE appeared, single cells were isolated and put onto a
6-well plate (one cell per well) containing confluent normal cells.
orphologic alterations were observed under a microscope.

.4. Single-cell RT-PCR

As not all cells were infected (Kullberg et al., 2006),

APDH mRNA was determined as a positive control to pre-
ent the emergence of false negative results and guarantee
solation of single cells. Specific primers for GAPDH (GenBank
ccession no. DQ403055) were designed using Primer Express
.0 (Applied Biosystems, Foster City, CA) with the forward
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rimer 5′-TGGCAAGTTCAAAGGCACA-3′ and the reverse primer 5′-
GATCCACGACGGACACG-3′, amplifying a 576 bp fragment.

Reverse transcription was performed using M-MLV Reverse
ranscriptase (Promega, U.S.A.) at a final volume of 25 �l according
o the protocol. 1 �l of the treated single-cell sample was added to
he mixture for a final concentration of 1 �M RT primer, 500 �M of
ach dNTP, 40 U RNase inhibitor (TAKARA, China), 50 mM Tris–HCl
pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM DTT and 200 U M-MLV
everse Transcriptase. The mixture was vortexed and briefly cen-
rifuged, then placed at 42 ◦C for 50 min, followed by 98 ◦C for
0 min to inactivate reverse transcriptase.

PCR reactions were performed in a final volume of 50 �l using
remix Taq (TAKARA, China), including 1.25 U Taq DNA polymerase,
00 �M of each dNTP, 4 mM Mg2+, 0.5 �M of both the forward
rimer and reverse primer, 2 �l RT products. The reaction com-
rised 2 min of initial denaturation at 95 ◦C followed by 45 cycles
onsisting of 95 ◦C for 40 s, 55 ◦C for 30 s and 72 ◦C for 2 min, and
final extension step at 72 ◦C for 10 min. The PCR products were

hen cooled and displayed on an ethidium bromide-stained 1.5%
garose gel. Gels were imaged using a bio-imaging system (Gene
enius, U.S.A.).

.5. One-step single-cell real-time RT-PCR assay

RT-PCR was performed using the Platinum® Quantitative
T-PCR ThermoScriptTM one-step Mastermix Reagents Kit (Invit-
ogen, U.S.A.), which combines cDNA synthesis and PCR in a
ingle tube without additional handling between the two reac-
ions. The PCR primers and probe for detecting FMDV RNA
ere located within the viral 3D genes encoding RNA-dependent
NA polymerase, which shows the least variation between
erotypes, which is based on nucleotide sequencing of serotype

(Akesu/58/2002, GenBank accession no. AF511039; Gu et al.,
007). Primers and probes were designed using Primer Express
.0; the primers were 5′-GAACACATTCTTTACACCAGGAT-3′ and
′-CATATCTTTGCCAATCAACATCAG-3′, and the probe was 5′-FAM-
CAACCTACCGCCGAGCCAATTC-TAMRA-3′, amplifying a 120 bp

ragment.
The standard RNA templates were prepared as follows. First,

ragments within a 3D region were reverse transcribed using
uperScriptTM III Reverse Transcriptase (Invitrogen, U.S.A.) and
mplified by PCR using pfu ultraTM High-Fidelity DNA polymerase
Stratagene, U.S.A.). The RT-PCR products were subjected to agarose
el electrophoresis to identify the target band, which was excised
rom the gel and DNA was isolated and purified using a Gel
xtraction Kit (Omega, U.S.A.) according to the manufacturer’s
nstructions. Second, this purified fragment was ligated into a
GEM-T plasmid vector (Promega, U.S.A.) and cloned to E. coli DH5�
ells, and the recombinant was sequenced to confirm the orienta-
ion. Finally, after linearizing with the NcoI, target fragments were
mployed as templates for in vitro transcription using SP6 RNA poly-
erase (TAKARA, China) and the transcripts were digested with

nase-free DNase I (Promega, U.S.A.), prior to purification with the
Neasy Mini Kit (Qiagen, Germany). The concentration of purified
NA transcripts was detected by a Bio Photometer (Eppendorf, Ger-
any) at 260 nm. The RNA transcripts were aliquoted and stored at
80 ◦C until use.

The RT-PCR reaction was performed in a final volume of
0 �l consisting of 3 mM MgSO4, 0.2 mM of each dNTP, 1 �l
hermoScriptTM Plus/Platinum® Taq Enzyme Mix, 40 U RNase

nhibitor, 300 nM Fluorogenic probe, 500 nM forward primer and
everse primer, 5 �g bovine serum albumin (New England BioLabs,
.S.A.) and 10 �l RNA sample or standard RNA samples. In addition,
ne drop of mineral oil was added to each tube to prevent vapor-
zing. The RT-PCR reaction was carried out on Rotor-Gene 2000
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Fig. 1. Quantitation curve of FMDV RNA amplification. A 10-fold serial dilution of
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Table 1
Reproducibility of the qRT-PCR assay.

Sample number Average CT
a S.E.b

1 19.29 ±0.048
2 25.97 ±0.052
3 30.14 ±0.032

a Average CT value from three independent assay runs.
b Standard error of the average CT values.

Fig. 3. Detection limits of the house keeping gene GAPDH mRNA in single-cell
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lus-stranded RNA transcribed in vitro was used as standard templates to produce
standard curve on the Rotor Gene 2000 real-time thermal cycler. The lower detec-

ion level was 10 copies per reaction. As given by the Rotor-Gene 4.6 software:
lope = −3.497; R = 0.9999.

eal-Time thermal cycle (Corbett, Australia). Based on the man-
facturer’s protocol, cDNA was synthesized at 50 ◦C for 30 min, and
he PCR profile was 95 ◦C for 5 min, followed by 45 cycles of 94 ◦C
or 30 s and 60 ◦C for 90 s. Data analyses were carried out using
otor-Gene 4.6.

. Results

.1. Specificity and quantitation limits of the real-time RT-PCR
ssay

The primers and Taqman probe were designed based on the
MDV 3D region, which is the most conserved and shows the great-
st difference compared with the host cell genomes. The specificity
f the assay was evaluated previously (Gu et al., 2007). After the
eal-time RT-PCR assay, the products were run on a 2% agarose gel
nd only a band between 100 and 250 bp was visualized.

The detection and quantitation limits were determined using
T values obtained for ten serial dilutions ranging from 109 to

1
0 copies of the standard RNA. The values were plotted against
he log10 of the number of template copies and a linear equa-
ion (copy number = 10(−0.286*CT+11.629)) was generated with a R2

alue = 0.9999 (Fig. 1). The assay maintained linearity for at least
ine orders of magnitude. Using the slope from the linear equa-

e
o
c
fi
o

ig. 2. Amplification curve of FMDV genome RNA. Three different samples (marked with
ample overlapped perfectly and confirmed reproducibility of the assay. (For interpretati
ersion of the article.)
amples. M, molecular weight marker. Lanes 1–4 represent different dilutions of
single-cell sample. Lane 1: 1/5th of the single-cell sample; lane 2: 1/50th of the

ingle-cell sample; lane 3: 1/500th of the single-cell sample; lane 4: 1/5000th of the
ingle-cell sample; lane 5: negative control.

ion, the overall efficiency of the assay was estimated to be 93%. The
ssay was negative below 10 template copes and, based on these
esults, samples with CT value ≥37 were considered to be negative.

.2. Reproducibility of the assay

Three different samples were tested in triplicate to verify the
eproducibility of the assay. For each group, the three amplification
urves overlapped with the standard error of the average CT values
f less than 0.1, which confirms the reproducibility of the assay
Fig. 2 and Table 1).

.3. Isolation and lysis of single-cell samples

.3.1. Single-cell RT-PCR of GAPDH
The detection limits of this RT-PCR were carried out using serial

ilutions of single-cell samples (from 2 × 10−1 to 2 × 10−4). In the
xperiment the threshold for detection was 0.2% of the content of

ne cell (Fig. 3). Therefore, as described in Section 2.4, one-fifth of a
ell was used as template, which was sufficient for analysis. To con-
rm the accuracy of isolating single cells, this assay was undertaken
n real-time RT-PCR with single-cell samples (Fig. 4 shows one of

green, violet and red curves) underwent qRT-PCR. The amplification curve in each
on of the references to color in this figure legend, the reader is referred to the web
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F plification curve obtained by sc-qRT-PCR. (B) Corresponding RT-PCR assay results of nine
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Table 2
The stability of RNA in lysis of cell samples.

CT value RNA copies

Controla 27.61 1042
Sample 1b 27.54 1089
Sample 2 27.66 1004
Sample 3 27.65 1009
Sample 4 27.63 1025
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ig. 4. Representative RT-PCR assay of GAPDH mRNA in single-cell samples. (A) Am
ingle-cell samples.

he assays). All single-cell samples tested at random were positive
esults, which demonstrated that the process of cell isolation was
eliable and reproducible for real-time RT-PCR.

.3.2. Lysis of single-cell samples
Standard RNA templates were introduced as control RNAs to

valuate RNA degradation during cell lysis. 5 �l control RNA (1000
opies of standard RNA) was added to 0.9% NaCl containing one
ormal BHK-21 cell and 20 U of RNase inhibitor. This was followed
y heat denaturation and protease lysis. The solution containing
oth the single-cell and control RNA underwent real-time RT-PCR
Table 2). The average CT value (27.62) of the treated samples was
lmost equal to or only slightly lower than that of the untreated
amples (27.61). Consequently, this result indicated that the cell
ysis process used in the present study (including heat denaturation
nd protease lysis) did not lead to RNA degradation.
.4. Virus infectivity assay

After the development of CPE, single cells were isolated for co-
ulture with normal BHK-21 cells laid on a 96-well plate. This assay

a
t
t
a
c

able 3
nfectivity of single cells inoculated with FMDV.

ours post-infectiona The number of cells isolated The number o

8 96 46
90 45
92 45

4 88 68
96 86
90 68

0 92 68
85 61
94 69

a The post-infection morphological features are shown in Fig. 3.
b The number of cells with CPE was calculated within 120 h.
c The positive ratio equals the number of cells with CPE dividing by the total number of

ositive, which means the single-cell contained FMDV particles.
a Control RNA refers to untreated standard RNA. The CT value and copy number
ere the average of three replicates.
b Samples 1–4 represent standard RNAs, which underwent cell lysis.

as used to determine the percentage of cells possessing infectivity
n a certain population (cells growing in T-25 flask), which were
noculated with viruses by the single-cell isolation method. At 18,
4 and 30 h post-infection (h.p.i.), infected cells were isolated and

dded to the wells of a 96-well plate, which was observed every 8 h
o monitor alterations in cell appearance. Three different sampling
ime-courses were tested in triplicate; results are shown in Table 3
nd Fig. 5. As shown in Table 2, not all of the infected cells contained
omplete virions, even although most cells exhibited cytopathic

f cells appearing CPEb Positive ratio (%)c Average ratio (%)

47.9 48.9
50
48.9

77.3 76.3
75.9
75.6

73.9 73.0
71.8
73.4

cells isolated. Once the cells in a well, showed CPE within 120 h, it was regarded as
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ig. 5. Morphological features of BHK-21 cells infected with FMDV (200×). (A) Negat

ffects (30 h.p.i.). According to these results, the maximum ratio of
irulence-positive cells (76.3%) appeared at 24 h.p.i. It is likely that
here is an upper limit for the positive ratio in virulence-positive
ells.

.5. Single-cell real-time RT-PCR

Based on the results in Section 3.4, the conditions for single-

ell isolation for the qRT-PCR assay was as follows: 100 PFU FMDV
as used to infect cells and 24 h later single cells were isolated and

xamined by qRT-PCR.
In total, 224 single-cells were isolated and run on sc-qRT-PCR.

f these, 185 single-cell samples contained more than 10 copies of

l
w
a
p

trol cells, (B) 18 h post-infection, (C) 24 h post-infection and (D) 30 h post-infection.

iral RNA (ranging from several to thousands, up to 1 000 000), and
ere considered to be positive. In contrast, 39 single-cell samples
ere considered to be negative (Fig. 6). The ratio of viral RNA posi-

ive to negative cells was 82.6%. Most positive samples carried viral
NA copies ranging from 1000 to 10 000.

. Discussion
Single-cell PCR, including sc-qRT-PCR, came into use in the
ate 1980s, and have subsequently been validated to work well

ith both DNA and mRNA in single-cell samples. It was generally
ccepted that the difficulties in performing single-cell PCR were
artly due to difficulties in isolating and lysing single-cell samples,
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Fig. 6. Results of sc-qRT-PCR assays. (A) The scattered distribution of 185 single-cell
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amples that carried different numbers of FMDV RNA copies (one red dot represents
single-cell sample). The dots retained good linearity. (B) Grouping of 224 single-

ell samples according to viral RNA copies. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)

specially for single-cell RT-PCR assays. Liu et al. (2004) intro-
uced single-cell cytoplasm into a pipette containing 3 �l 0.9% NaCl
olution and 6 U RNase inhibitor. Meanwhile, Parhar et al. (2003)
igested single cells with 1 �g proteinase K and 10 U ribonuclease

nhibitor at 53 ◦C for 1 h after cell lysis. Other researchers have used
ysis buffer or QuantiLyse buffer for cell lysis (Alsbo et al., 2001;
ierce et al., 2002; Rice et al., 2002; Wagatsuma et al., 2005). In the
resent study, different methods were used to optimize the process
f cell lysis. In conclusion, the method described above was consid-
red to be reasonable and feasible. Samples were heat-denatured
t 98 ◦C for 3 min, digested with 1 �g of proteinase K and 10 U
ibonuclease inhibitor at 53 ◦C for 1 h and then frozen. Freeze–thaw
nd protease-based lysis were used in the assay for cell lysis after
eat denaturation. Little differences were found between these two
ethods of cell lysis, which is consistent with that of Pierce et al.

2002 and 2003) (data not shown). To minimize the influence of
roteins on PCR, protease-based lysis was preferred and chosen

or pretreatment of single-cell samples. Standard RNA templates
ere introduced as control RNAs to confirm that the RNA did not
egrade during cell lysis. Furthermore, RNaseZap Solution (Ambion,
.S.A.) was used to clean the work surfaces and lab apparatus at the
eginning of every experiment to remove RNase contamination.
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FMDV is a positive-sense, single-stranded RNA virus, which
an cause severe acute infection of BHK-21 cell lines. The virus
nfectivity assay was introduced to identify the peak-time of virus
eplication and release in its life cycle. Single acutely infected cells
ere isolated and added to the supernatant of normal BHK-21 cells

rowing in a 96-well plate (one cell per well). Approximately 80 h
ater, mature virions were released from the single-cell and then
aused acute infection that can be observed easily under a micro-
cope. The results of the virus infectivity assay indicated that the
aximum ratio of virulence-positive cells was at 24 h.p.i. In these

onditions, it was possible to identify the maximum number of viral
NA copies that one cell can endure. Surprisingly, in one cell the

argest number of viral genome RNA copies reached 900 000, which
ay be the upper limit of viral load that one cell can endure before

ysis of the cell membrane and release of virions. The maximum
atio of virulence-positive cells was 76.3%, which is slightly less
han that of viral RNA positive cells (82.6%). These results indicate
hat cells containing the FMDV genomic RNA were not always lysed
nd did not release viral particles. It is likely that there is a threshold
ower limit of viral RNA copies in one cell to cause lysis. Considering
his, the results of the virus infectivity assay and sc-qRT-PCR in this
tudy were consistent.

Since this was the first time that sc-qRT-PCR had been per-
ormed for viral RNA quantitation rather than host mRNA, which
aused some uncertainty whether every single host cell would be
nfected, the GAPDH gene was used as a control gene for the con-
entional single-cell RT-PCR to confirm the feasibility of single-cell
solation and pretreatment. Although the amounts of GAPDH dif-
ered between single-cell samples, the threshold for detection was
.2% of the content of one cell, which was found to be reliable
nd reproducible. Thus, including GAPDH as a control can limit the
mergence of false negative results.

In the present study, sc-qRT-PCR of the viral genome RNA was
stablished, and was sensitive for detection of viral RNA copies
reater than 10 per cell. Previous studies on the time-course of viral
eplication were based on a large number of cells or a block of tis-
ues and samples were obtained at different times post-infection
Gu et al., 2007). However, sc-qRT-PCR offers a new method for this
ind of research, because the viral loads in a single-cell differs sub-
tantially between cells in a certain population (e.g. T-25 flask) at
ny time after inoculation of FMDV. In the assay, viral RNA copies in
ne cell were different from the others in 185 positive samples, and
anged from several to millions. One reason for this finding is that
he efficiency of viral RNA replication differs between cells. In addi-
ion, the starting time of viral RNA replication varies between cells,
hich results in differing accumulation of viral RNA. The group-

ng and distribution of FMDV RNA copies in the 224 single-cell
amples broadly reflects the process of genome RNA replication.
urthermore, sc-qRT-PCR can be combined with plaque assays to
etter clarify the latent period of the viral one-step growth curve
o calculate the negative ratio.

Little is known about the mechanism of FMDV replication.
evertheless, it has been suggested that a negative-sense RNA

ntermediate is produced and used as a template for the synthe-
is of new single-stranded positive-sense RNA molecules during
MDV replication (Cleaves et al., 1981). (1) Research on quanti-
ation of negative-sense RNA was carried on in our laboratory
sing sc-qRT-PCR assay, focusing on the ratio of positive-sense to
egative-sense RNA copies, which represents the replication level
data not shown). (2) Although FMDV is highly cytolytic, it can also

stablish persistent infections not only in live animals but also in
ell cultures. This new sc-qRT-PCR assay was used to quantify FMDV
NA copies in single persistently infected cells (data not shown).

To our knowledge, this is the first report to use sc-qRT-PCR for
etection and quantitation of viral genomic RNA rather than host
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