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Abstract Enterovirus 71 (EV71) is one of the major cau-
sative agents of outbreaks of hand, foot, and mouth disease
(HFMD). A commercial TagMan probe-based real-time
PCR assay has been widely used for the differential
detection of EV71 despite its relatively high cost and
failure to detect samples with a low viral load (Ct
value > 35). In this study, a highly sensitive real-time
nested RT-PCR (RTN RT-PCR) assay in a single closed
tube for detection of EV71 in HFMD was developed. The
sensitivity and specificity of this assay were evaluated
using a reference EV71 stock and a panel of controls
consisting of coxsackievirus A16 (CVA16) and common
respiratory viruses, respectively. The clinical performance
of this assay was evaluated and compared with those of a
commercial TagMan probe-based real-time PCR (qRT-
PCR) assay and a traditional two-step nested RT-PCR
assay. The limit of detection for the RTN RT-PCR assay
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was 0.01 TCIDsy/ml, with a Ct value of 38.3, which was
the same as that of the traditional two-step nested RT-PCR
assay and approximately tenfold lower than that of the
gRT-PCR assay. When testing the reference strain EV71,
this assay showed favorable detection reproducibility and
no obvious cross-reactivity. The testing results of 100
clinical throat swabs from HFMD-suspected patients
revealed that 41 samples were positive for EV71 by both
RTN RT-PCR and traditional two-step nested RT-PCR
assays, whereas only 29 were EV71 positive by qRT-PCR
assay.

Introduction

Hand, foot, and mouth disease (HFMD) is a common
contagious illness that occurs worldwide both sporadically
and in epidemics. The syndrome of HFMD includes fever,
vesicular eruptions on the hands, feet, and the anterior part
of the buccal mucosa and is caused by members of the
species Enterovirus A, family Picornaviridae [1-4].
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HFMD affects more than one million children less than
5 years of age and is responsible for the deaths of several
hundred children every year, causing widespread concern
in society [5-7].

The common etiologic agents for HFMD are enterovirus
71 (EV71) and coxsackievirus A16 (CVA16) [3, 4, 8-10].
EV71 infection is associated more frequently with severe
neurologic diseases, such as aseptic meningitis and brain-
stem and cerebellar encephalitis, which are rarely observed
with CA16 infection [3, 4, 8, 11, 12]. Therefore, rapid and
sensitive detection of EV71 in the early phase of HFMD
infection is important. Current laboratory detection meth-
ods for EV71 such as traditional virus isolation and neu-
tralization are insensitive, labor-intensive and time-
consuming. Nucleic acid amplification techniques such as
reverse transcription PCR (RT-PCR) [12, 13] and reverse
transcription-quantitative PCR (qRT-PCR) [14-17] take
less time (2 to 3 h) and are generally used due to their high
sensitivity and specificity. Although a few commercial
gRT-PCR-based diagnostic kits for EV71 are available for
HFMD pathogen surveillance in China, their detection
limit is not adequate for assessing clinical specimens with a
low viral load in the early phase of HFMD, which can lead
to a false-negative diagnosis. The two-step nested RT-PCR
assay has sufficient sensitivity, but it is time-consuming
and susceptible to cross-contamination during the experi-
ment [18, 19], making it unsuitable for HFMD pathogen
surveillance.

In the present study, we developed a real-time nested
RT-PCR (RTN RT-PCR) assay in a single closed tube.
This assay exhibits superior sensitivity to TagMan probe-
based real-time PCR (qQRT-PCR) and has the advantages of
low cost and easy performance. In the light of the ongoing
endemic spread of HFMD in China, this assay will con-
tribute to enhanced HFMD surveillance in budget-limited
rural clinics of provincial and municipal regions in China
and aid in the detection of EV71 pathogen in patients with
suspected HFMD in the early phase.

Materials and methods
Viruses and clinical samples

This project was approved by the Institutional Review
Boards of the Centre of Disease Control and Prevention of
China, the Ethical Review Committee of the Institute for
Viral Disease Control and Prevention, Center for Disease
Control and Prevention of Hebei. Individual written
informed consent was obtained from the parents or guar-
dians of all of the participants.

The EV71 subgenotype C4 isolate (strain FY17.08/AN/
CHN/2008, GenBank accession no. EU703812), with an
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infectivity titer of 107 50 % tissue culture infective doses
(TCIDsg)/ml on human rhabdomyosarcoma (RD) cells, was
used as a reference virus to evaluate the sensitivity of the
RTN RT-PCR assay. A CVA 16 isolate (strain FY18/AN/
CHN/2008, GenBank accession no. EU812514) and other
positive clinical samples containing RNA viruses com-
monly found in the respiratory tract were used as controls
to determine the specificity of the ORTN RT-PCR assay.
The panel of controls was described previously [20] and
included CVA16, human coronavirus NL63, human coro-
navirus 229E, human coronavirus OC43, human coron-
avirus HKUI, influenza virus A and B (FluA and FluB),
human rhinovirus (HRV), respiratory syncytial virus
(RSV), parainfluenza viruses 1, 2, 3 and 4 (PIV1-4), ade-
novirus (ADV), human metapneumovirus (hMPV), and
human bocavirus (HBoV). The control and reference iso-
lates were all obtained from the National Laboratory for
Poliomyelitis (NLP), National Institute for Viral Disease
Control and Prevention (IVDC), Chinese Center for Dis-
ease Control and Prevention (CDC). A total of 100 throat
swabs were selected from the collection from during hos-
pitalized children or outpatients under 5 years old diag-
nosed with HFMD during 2014. All of the specimens and
clinical data were collected and provided by staff members
of Hebei Center for Disease Control and Prevention, China.
This entire study was approved by the local ethics com-
mittee. The parents or grandparents of each child in the
study provided informed consent for sample collection.

Nucleic acid extraction

Nucleic acid from 140 pl of each reference virus stock,
control, and clinical throat swab was extracted using a
QIAamp Viral RNA Mini Kit according to the manufac-
turer’s instructions. The extracts were eluted in 30 pl of
DNase and RNase-free water and stored at —80 °C until
use.

RTN RT-PCR primer design

One-step nested primer sets for EV 71 were derived from
previously published two-step nested primers with slight
modifications [18]. The inner primers (R2, F2) of both
nested PCR assays were the same, while the outer primers
(R1, F1) of both nested PCR assay were 19 nucleotides (nt)
longer. The outer primer sets (R1, F1) used in the one-step
nested PCR maintained the 21-nt sequences of the original
outer primer sets for two-step nested PCR but had an
additional 19 nt at the 3’ ends of the original primers. The
specificity of the new outer primers was extensively ana-
lyzed in silico based on the EV 71 genome sequences
currently available in GenBank. The strategy for primer
design was to maximize the difference in the annealing
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temperatures (64 °C versus 52 °C) of the outer and inner
primer sets. This allowed one-step nested amplification to
be carried out via temperature switch PCR (TSP) [21]. The
one-step nested primer sequences and working concentra-
tions as well as the primers and the probe for qRT-PCR are
listed in Table 1. A schematic description of the primer
design is shown in Figure 1.

RTN RT-PCR and melting curve analysis

One Step RT-PCR Enzyme Mix (QIAGEN, USA) was
used in the construction of the assays for detection of
EV71. In a 25-pl reaction system, 5 of ul 5x PCR buffer,
2.5 pl of enzyme mix, 1 mM dNTP mix, 0.7 uM SYTO 9
(Life Technologies, USA), and 2 pl of template nucleic
acid were added. Nested primers were added in a 10x mix.
Final working concentrations are listed in Table 1.

RTN RT-PCR for EV71 was carried out using a
CFX96™ Real-Time PCR System (Bio-Rad, USA) under
the following conditions: a 45-min reverse transcription
step at 42 °C, a 10-min denaturation step at 95 °C, and 20
cycles of 94 °C for 30 s, 64 °C for 30 s and 72 °C for 30 s,
followed by 35 cycles of 94 °C for 30 s, 52 °C for 30 s and
72 °C for 30 s. The assays for dissociation were done by
incubating the reaction mixture at 65 °C for 5 s and then
increasing the temperature to 95 °C over a period of
20 min. Positive and negative controls were included in
each run. The PCR products were analyzed and confirmed
by agarose gel electrophoresis (2.0 % agarose gels) to
ensure that no undesirable DNA bands were seen and that
only the product of the predicted size was found.

Two-step nested RT-PCR and qRT-PCR assays

The two-step nested RT-PCR was carried out as a refer-
ence as described [18]. The commercial qRT-PCR assay of
EV 71 was also carried out using a CFX96™ Real-Time
PCR System (Bio-Rad, USA) under the following condi-
tions: a 45-min reverse transcription step at 42 °C, a 10-s
denaturation step at 95 °C, and 40 cycles of 95 °C for 10 s
and 62 °C for 45 s. Positive and negative controls were
included in each run.

Sensitivity of the RTN RT-PCR assay

To determine the analytical sensitivity of the assay, tenfold
serial dilutions (ranging from 10™' to 107%, equal to
10° TCIDso/ml to 0.01 TCIDsy/ml) of viral RNA prepa-
ration from a reference EV71 isolate were analyzed in
triplicate by the RTN RT-PCR assay as described above.
For comparison, a TagMan probe real-time RT-PCR assay
and a traditional two-step nested PCR assay were also
performed in parallel.

Table 1 Primers designed for the RTNRT-PCR assay, the two-step nested RT-PCR assay, and the qRT-PCR assay

References

Product size (bp) Product Tm (°C) Concentration® (nM)

Primer lengths (bp)

Sequence

Primer

15
15

240
240

40

5’GCAGCCCAAAAGAACTTCACAATGAAATTGTGTAAGGATG3’
5"TAGCATTTGATGATGCTCCAATTTCAGCAGCTTGGAGTGC3’

5’CTGGAACCTTACCTGTGTCCA3’

ORTN F1

247 83.5+0.5

40
21

ORTN R1

ORTN F2

(18]

144 83+0.5

21

5’CCATCCAGGGAGATAGGGTAG3’
5’GCAGCCCAAAAGAACTTCAC3’

Outer primer R 5’ATTTCAGCAGCTTGGAGTGC3’

ORTN R2

21

Outer primer F

(18]

247

21

21

5’CTGGAACCTTACCTGTGTCCA3’

Inner primer F

144

21

5’CCATCCAGGGAGATAGGGTAG3’

Inner primer R

480
480
240

24
20
25

5"TGATTGAGACACGSTGTGTYCTTA3Z’
5’CCCGCTCTGCTGAAGAAACT3’

Primer

Primer
Probe

(31

HEX-TCGCACAGCACAGCTGAGACCACTC-BHQI

@ Primer concentrations in a 25-ul PCR mixture
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Fig. 1 Schematic description of the primer design for the RTN RT-
PCR assay. F1 and R1 are the outer primers with 40 nt in length,
which has an annealing temperature of 64 °C. F2 and R2 are the inner
primers with 21 nt in length, which has an annealing temperature of
52 °C. For primer sequences, see Table 1

Specificity of the novel RTN RT-PCR assay

To determine the specificity of the assay, viral RNA
preparations from a panel of controls were analyzed in
triplicate by the novel RTN RT-PCR assay as described
above. The panel included CVA16 and other DNA/RNA
viruses commonly found in the respiratory tract.

Evaluation of the clinical performance of the novel
RTN RT-PCR assay

A total of 100 throat swabs samples were used for the
clinical evaluation of the RTN RT-PCR assay for the
detection of EV71 according to the protocol described
above. For comparison, traditional two-step nested RT-
PCR assay and qRT-PCR assay were also performed in
parallel. Sequencing was used to resolve discrepant results
among the three assays.

Results

Specificity of the nested primer sets and 7m of PCR
products

As expected, the nested primer sets amplified only the
reference EV71, with a single peak in the dissociation plot
and no cross-reaction with the other RNA/DNA viruses in
the panel of control.

The melting temperature (7m) is defined as the tem-
perature at which 50% of the DNA amplicons are in a
double-stranded configuration [22]. The Tm value for each
amplicon is listed in Table 1. As the Tm determines the
specificity of the PCR products in the melting curve anal-
ysis, the positive samples (144-bp product of the inner
PCR) generated an obvious peak in the dissociation plot at
83 + 0.5 °C, while the negative controls produced a peak
in the dissociation plot at 74 °C (primer dimer), and no
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amplification or dissociation profile at 83 £ 0.5 °C was
observed (Fig. 2A). The results of melting curve analysis
were further verified by 2 % agarose gel electrophoresis
(Fig. 2B).

Sensitivity of the RTN RT-PCR assay

The RNA of reference EV71 with a tenfold serial dilution
(equal to 10° TCID5o/ml to 0.01 TCIDsy/ml) was extracted
and tested in triplicate to determine the endpoint dilution at
which the positive amplification signal (peak in the disso-
ciation plot) was obtained from all the three replicates in
the RTN RT-PCR assay. The qRT-PCR results were
defined as positive if the Ct value was not higher than 35.
The limit of detection for the RTN RT-PCR assay was
0.01 TCIDsy/ml with a Ct value of 38.3 and shown to be
equal to that of the traditional two-step nested RT-PCR
assay and approximately tenfold lower than that of the
gRT-PCR assay. The results of both RTN RT-PCR and
two-step nested RT-PCR were confirmed by agarose gel
electrophoresis (data not shown). The standard curve of the
RTN RT-PCR assay is shown in Figure 3.

Clinical evaluation

A total of 100 throat swabs collected from patients clini-
cally diagnosed with HFMD were tested by the RTN RT-
PCR assay, two-step nested RT-PCR assay, and gqRT-PCR
assay. The results are shown in Table 2. When 100 samples
were tested, both the RTN RT-PCR assay and the two-step
nested RT-PCR assay detected 41 (41 %) EV71-positive
samples, while only 29 (29 %) samples were EV71 posi-
tive, with Cr values ranging from 26.5 to 35 by the qRT-
PCR assay. The 59 clinical specimens testing negative for
EV71 by the RTN RT-PCR assay and two-step nested RT-
PCR assay were tested using our previously reported assay
(a two-tube multiplex reverse transcription PCR assay for
simultaneous detection of sixteen human respiratory virus
types/subtypes [20]).

Discussion

The development of PCR techniques has contributed sig-
nificantly to laboratory diagnosis of EV71 infections in
terms of the turnaround time, sensitivity, specificity, and
the rate of detection in comparison with the cell culture and
neutralization tests. However, traditional PCR methods
require amplification in a thermocycler followed by pro-
duct separation by gel electrophoresis [23], fluorescent
capillary electrophoresis [24], or biochip [25], which are
time-consuming and laborious procedures. The TagMan
probe real-time RT-PCR assays developed in recent years
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Fig. 2 A. Dissociation plots of the RTN RT-PCR products. The
ordinate shows the fluorescence intensity, and the abscissa shows the
temperature. 1, the melting curve of the negative control; 2, the
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Fig. 3 Standard curve of the RTN RT-PCR assay. Samples 1-8
represent serial tenfold dilutions (log ~' to ~®) of viral RNA
containing amounts equivalent to 10° - 0.01 TCIDsy/ml

have been routinely performed in well-equipped laborato-
ries for the surveillance of EV71 with improved sensitivity,
specificity, and reproducibility [15, 26-28]. However the
TagMan probe real-time RT-PCR assays are expensive in
budget-limited rural clinics of provincial and municipal

products of the assay; M100, 100-bp DNA ladder marker; Lane 1,
negative control; lane 2, 144-bp positive control. The low-molecular-
weight bands in lanes L1 and L2 are primer dimers and products of
nonspecific amplification

regions in China and the sensitivity is not adequate for the
detection of the virus in samples from the early phase of
infection, which have a lower viral load [16]. The reported
two-step nested PCR is more sensitive than the gqRT-PCR
assay [3, 18], which was confirmed in the present study.
However, an inherent drawback of the two-step nested
PCR is the need to open tubes after the first round of
amplification to transfer amplicons to a second tube for
another PCR amplification, followed by gel electrophore-
sis, which significantly increases the risk of cross-con-
tamination with amplicons derived from positive
specimens during the first round of amplification [29-31].
In the present study, we have adapted and modified a
previously described two-step nested RT-PCR [18] using a
carefully designed primer and TSP amplification strategy
to develop a highly sensitive real-time nested RT-PCR
format in a single closed tube that is less prone to cross-
contamination, more cost-effective and sensitive.
Previously, we developed a novel multiple PCR plat-
form based on the use of chimeric and fluorescent-dye-
labeled universal tag primers and the TSP strategy [32, 33].
In the proposed single-tube RTN RT-PCR assay, the inner
primer sets (R2, F2) and outer primer sets (R1,F1) were

Table 2 Comparison of positive and negative results of the RTN RT-PCR, two-step nested RT-PCR and qRT-PCR assays

Assay No. positive and percentage of EV71 No. negative and percentage of EV71 Ct value
RTN RT-PCR 41(41 %) 59%(59 %) 26-38

Two-step nested RT-PCR 41(41 %) 59%(59 %) 26.2-38
qRT-PCR assays 29(29 %) 71(71 %) 26.5-35

* The 59 clinical specimens were tested using our previously reported assay [20], and the test found ADV in four samples, HboV in three

samples, RSV in three samples, and HRV in one sample

@ Springer
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intentionally designed so that the length difference between
R2 and F2 and between R1 and F1 would be 19 nt, making
a significant difference in the annealing temperatures
(64 °C for R1 and F1 and 52 °C for R2 and F2) and pos-
sibly allowing an independent (individual) reaction during
the following amplification. We postulated that TSP
amplification includes two steps with different annealing
temperatures, and only one band (the amplified 144-bp
product of the inner primer sets) of the positive sample
would be visualized by gel electrophoresis. The products of
PCR in this assay could then be readily detected by melting
curve analysis using SYTO9 [34, 35]. To date, few studies
have reported nested-PCR performed in a single tube
[36-38]. Unlike those described single-tube nested RT-
PCR assays using either fluorescent probes [36], gel elec-
trophoresis [37] or spatial separation of the outer and inner
primer sets [38], the RTN RT-PCR assay described in this
study combines the reaction and detection steps in a single
closed tube, which can effectively prevent contamination
and eliminates the needs for post-PCR electrophoresis or a
fluorescent probe. It only took three hours for the whole
test. The cost of the SYTO9 dye (about $380/100 pl,
20,000 reactions, $0.01/reaction) is much lower than that of
a fluorescent probe (about $160/primer; 200 reactions,
$0.8/reaction). Therefore, the proposed assay offers the
advantage of being a real-time, faster, cost-effective, con-
tamination-free and highly sensitive assay. More detailed
comparison of RNT RT-PCR with other available methods
is summarized in the supplementary material (Table S1)

The working concentration of each primer, the reaction
parameters, and the running conditions of the RTN RT-PCR
assay were optimized, and this enabled the detection of
EV71 with extremely high sensitivity while maintaining
good specificity. The reported sensitivity of the commercial
gRT-PCR kit was 0.1 TCIDsy/ml [3], while the sensitivity of
the RTN RT-PCR was demonstrated to be 0.01 TCIDsy/ml,
which is equal to that of the two-step nested RT-PCR assay
and 10 times more sensitive than gqRT-PCR. The specificity
of the original two-step nested RT-PCR was tested with
RNAs extracted from other enteroviruses, including CA16,
CA24, CB2-5, ECV9 and ECV30 [18], and the specificity of
the RTN RT-PCR derived from the original two-step nested
RT-PCR was extensively analyzed further in silico and
verified using CVA 16 and other common respiratory viru-
ses to ensure accurate detection of EV71.

This RTN RT-PCR assay was further evaluated and
compared with two-step nested RT-PCR assay and qPCR
assay using 100 clinical specimens. As shown in Table 2,
both the RTN RT-PCR and the two-step nested RT-PCR
assay detected a total of 41 (41 %) EV71-positive samples
with the Ct values ranging from 26 to 38, which is superior
to the QRT-PCR assay, in which only 29 (29 %) samples
were EV71 positive, with the Ct values ranging from 26.5
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to 35. The 12 samples that were positive by nested RT-PCR
but negative by qRT-PCR were confirmed as true positives
by sequencing (data not shown). This result suggested the
RTN RT-PCR assay possessed higher sensitivity than the
gRT-PCR assay and retained the sensitivity of the two-step
nested RT-PCR while simplifying the experimental pro-
cedures and reducing the handling time.

Additionally, in testing the clinical samples on other
different real-time PCR machines (Roche LightCycler 480,
ABI 7900HT), we found that the 7m values for the
amplicons were very similar but not identical to those that
we describe. However, the peaks were still well defined,
indicating a potential wide adaptability of this assay.

Conclusion

In summary, this RTN RT-PCR assay exhibits extremely
high sensitivity and specificity. More importantly, this
assay is affordable and convenient for routine use in pri-
mary laboratories. The assay is more sensitive than qRT-
PCR and has the potential to be widely used as a platform
for the rapid screening of EV71 and other virus infections
in the early phase in budget-limited rural clinics of
provincial and municipal regions in China.

Compliance with ethical standards

Informed consent All aspects of the study were performed in
accordance with national ethics regulations and appraised by the
Institutional Review Boards of the Center for Disease Control and
Prevention of China. Children’s parents were apprised of the study’s
purpose and of their right to keep information confidential. Written
informed consent was obtained from parents or caregivers.

Funding This study was funded by the China Mega-Project for
Infectious Disease (2016ZX10004001-002, 2016ZX10004-001),
Beijing Municipal Science & Technology Commission Project
(D151100002115003), and Guangzhou Municipal Science & Tech-
nology Commission Project (2015B2150820)

Conflict of interest All authors declare that they have no competing
interests.

Disclaimers The views expressed in this article are those of the
authors and do not necessarily represent the views of the Chinese
Center for Disease Control and Prevention.

References

1. Bendig JW, O’Brien PS, Muir P (2001) Serotype-specific
detection of coxsackievirus A16 in clinical specimens by reverse
transcription-nested PCR. J Clin Microbiol 39(10):3690-3692.
doi:10.1128/JCM.39.10.3690-3692.2001

2. Chen TC, Chen GW, Hsiung CA, Yang JY, Shih SR, Lai YK,
Juang JL (2006) Combining multiplex reverse transcription-PCR


http://dx.doi.org/10.1128/JCM.39.10.3690-3692.2001

RTN RT-PCR for detection of EV 71 in HFMD

3009

10.

11.

12.

13.

14.

15.

and a diagnostic microarray to detect and differentiate enterovirus
71 and coxsackievirus A16. J Clin Microbiol 44(6):2212-2219.
doi:10.1128/JCM.02393-05

. Cui A, Xu C, Tan X, Zhang Y, Zhu Z, Mao N, Lu Y, Xu W

(2013) The development and application of the two real-time RT-
PCR assays to detect the pathogen of HFMD. PLoS One
8(4):e61451. doi:10.1371/journal.pone.0061451

. Ge S, Yan Q, He S, Zhuang S, Niu J, Xia N (2013) Specific

primer amplification of the VP1 region directed by 5 UTR
sequence analysis: enterovirus testing and identification in clini-
cal samples from hand-foot-and-mouth disease patients. J Virol
Methods 193(2):463-469. doi:10.1016/j.jviromet.2013.06.009

. Zhang S, Wang J, Yan Q, He S, Zhou W, Ge S, Xia N (2014) A

one-step, triplex, real-time RT-PCR assay for the simultaneous
detection of enterovirus 71, coxsackie A16 and pan-enterovirus in
a single tube. PloS One 9(7):e102724. doi:10.1371/journal.pone.
0102724

. Wang Q, Zhang W, Zhang Y, Yan L, Wang S, Zhang J, Sun J,

Chang Z, Wang Z (2014) Clinical features of severe cases of
hand, foot and mouth disease with EV71 virus infection in China.
Arch Med Sci AMS 10(3):510-516. doi:10.5114/a0oms.2014.
43745

. Liu N, Xie J, Qiu X, JiaL, Wu Z, Ma Y, Wang Z, Li P, Ren X,

Hao R, Wang L, Wang Y, Qiu S, Song H (2014) An atypical
winter outbreak of hand, foot, and mouth disease associated with
human enterovirus 71, 2010. BMC Infect Dis 14:123. doi:10.
1186/1471-2334-14-123

. Tan EL, Chow VT, Quak SH, Yeo WC, Poh CL (2008) Devel-

opment of multiplex real-time hybridization probe reverse tran-
scriptase polymerase chain reaction for specific detection and
differentiation of enterovirus 71 and coxsackievirus A16. Diagn
Microbiol Infect Dis 61(3):294-301. doi:10.1016/j.diagmicrobio.
2008.02.009

. Xiao XL, He YQ, Yu YG, Yang H, Chen G, Li HF, Zhang JW,

Liu DM, Li XF, Yang XQ, Wu H (2009) Simultaneous detection
of human enterovirus 71 and coxsackievirus Al6 in clinical
specimens by multiplex real-time PCR with an internal amplifi-
cation control. Arch Virol 154(1):121-125. doi:10.1007/s00705-
008-0266-8

Shi W, Li K, Ji Y, Jiang Q, Shi M, Mi Z (2011) Development and
evaluation of reverse transcription-loop-mediated isothermal
amplification assay for rapid detection of enterovirus 71. BMC
Infect Dis 11:197. doi:10.1186/1471-2334-11-197

McMinn P, Lindsay K, Perera D, Chan HM, Chan KP, Cardosa
MIJ (2001) Phylogenetic analysis of enterovirus 71 strains isolated
during linked epidemics in Malaysia, Singapore, and Western
Australia. J Virol 75(16):7732-7738. doi:10.1128/JVI1.75.16.
7732-7738.2001

Jiang B, Zhang J, You X, Dong C, Cheng X, Dai X, Meng J
(2012) Diagnosis of hand, foot, and mouth disease caused by
EV71 and other enteroviruses by a one-step, single tube, duplex
RT-PCR. J Med Virol 84(11):1803-1808. doi:10.1002/jmv.23391
Singh S, Chow VT, Phoon MC, Chan KP, Poh CL (2002) Direct
detection of enterovirus 71 (EV71) in clinical specimens from a
hand, foot, and mouth disease outbreak in Singapore by reverse
transcription-PCR with universal enterovirus and EV71-specific
primers. J Clin Microbiol 40(8):2823-2827

Hwang S, Kang B, Hong J, Kim A, Kim H, Kim K, Cheon DS
(2013) Development of duplex real-time RT-PCR based on
Tagman technology for detecting simultaneously the genome of
pan-enterovirus and enterovirus 71. J Med Virol
85(7):1274-1279. doi:10.1002/jmv.23588

Tan EL, Yong LL, Quak SH, Yeo WC, Chow VT, Poh CL (2008)
Rapid detection of enterovirus 71 by real-time TagMan RT-PCR.
J Clin Virol 42(2):203-206. doi:10.1016/j.jcv.2008.01.001

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Tan EL, Chow VT, Kumarasinghe G, Lin RT, Mackay IM, Sloots
TP, Poh CL (2006) Specific detection of enterovirus 71 directly
from clinical specimens using real-time RT-PCR hybridization
probe assay. Mol Cell Probes 20(2):135-140. doi:10.1016/j.mcp.
2005.11.003

Tan CY, Gonfrier G, Ninove L, Zandotti C, Dubot-Peres A, de
Lamballerie X, Charrel RN (2012) Screening and detection of
human enterovirus 71 infection by a real-time RT-PCR assay in
Marseille, France, 2009-2011. Clin Microbiol Infect 18(4):E77-
E80. doi:10.1111/j.1469-0691.2012.03769.x

Han J, Ma XJ, Wan JF, Liu YH, Han YL, Chen C, Tian C, Gao C,
Wang M, Dong XP (2010) Long persistence of EV71 specific
nucleotides in respiratory and feces samples of the patients with
hand—foot—-mouth disease after recovery. BMC Infect Dis 10:178.
doi:10.1186/1471-2334-10-178

Klungthong C, Manasatienkij W, Phonpakobsin T, Chin-
nawirotpisan P, Rodpradit P, Hussem K, Thaisomboonsuk B,
Ong-ajchaowlerd P, Nisalak A, Kalayanarooj S, Buddhari D,
Gibbons RV, Jarman RG, Yoon IK, Fernandez S (2015) Moni-
toring and improving the sensitivity of dengue nested RT-PCR
used in longitudinal surveillance in Thailand. J Clin Virol
63:25-31

LiJ, Qi S, Zhang C, Hu X, Shen H, Yang M, Wang J, Wang M,
Xu W, Ma X (2013) A two-tube multiplex reverse transcription
PCR assay for simultaneous detection of sixteen human respira-
tory virus types/subtypes. BioMed Res Int 2013:327620. doi:10.
1155/2013/327620

Tabone T, Mather DE, Hayden MJ (2009) Temperature switch
PCR (TSP): robust assay design for reliable amplification and
genotyping of SNPs. BMC Genom 10:580. doi:10.1186/1471-
2164-10-580

De Medici D, Croci L, Delibato E, Di Pasquale S, Filetici E, Toti
L (2003) Evaluation of DNA extraction methods for use in
combination with SYBR green I real-time PCR to detect Sal-
monella enterica serotype enteritidis in poultry. Appl Environ
Microbiol 69(6):3456-3461

Rohayem J, Berger S, Juretzek T, Herchenroder O, Mogel M,
Poppe M, Henker J, Rethwilm A (2004) A simple and rapid
single-step multiplex RT-PCR to detect Norovirus, Astrovirus
and Adenovirus in clinical stool samples. J Virol Methods
118(1):49-59. doi:10.1016/j.jviromet.2004.01.016

Oh MH, Paek SH, Shin GW, Kim HY, Jung GY, Oh S (2009)
Simultaneous identification of seven foodborne pathogens and
Escherichia coli (pathogenic and nonpathogenic) using capillary
electrophoresis-based single-strand conformation polymorphism
coupled with multiplex PCR. J Food Protect 72(6):1262—-1266
Liu Y, Xu ZQ, Zhang Q, Jin M, Yu JM, Li JS, Liu N, Cui SX,
Kong XY, Wang H, Li HY, Cheng WX, Ma XJ, Duan ZJ (2012)
Simultaneous detection of seven enteric viruses associated with
acute gastroenteritis by a multiplexed Luminex-based assay.
J Clin Microbiol 50(7):2384-2389. doi:10.1128/JCM.06790-11
Li LQ, Zhong J, Zhou LF, Qian FC, Wang JW, Dai LC (2013)
Development of EV71, CA16 and other enterovirus viral real-
time qualitative PCR diagnostic kit. Zhonghua shi yan he lin
chuang bing du xue za zhi (Zhonghua shiyan he linchuang
bingduxue zazhi). Chin J Exp Clin Virol 27(3):224-227

Xiao X, He Y, Yu Y, Yang H, Li H, Yang X, Zhang J, Chen G,
Liu D, Li X, Wu H (2009) Simultaneous detection of enterovirus
71 and coxsackievirus A16 by multiplex real-time PCR with an
internal control. Wei sheng wu xue bao. Acta Microbiol Sin
49(1):98-104

Teng Z, Kuang XZ, Wang JY, Zhang X (2013) Research on
human enterovirus 71 infectivity assay based on a real-time cell
analysis. Bing du xue bao. Chin J Virol (bian ji, Bing du xue bao
bian ji wei yuan hui) 29(4):392-397

@ Springer


http://dx.doi.org/10.1128/JCM.02393-05
http://dx.doi.org/10.1371/journal.pone.0061451
http://dx.doi.org/10.1016/j.jviromet.2013.06.009
http://dx.doi.org/10.1371/journal.pone.0102724
http://dx.doi.org/10.1371/journal.pone.0102724
http://dx.doi.org/10.5114/aoms.2014.43745
http://dx.doi.org/10.5114/aoms.2014.43745
http://dx.doi.org/10.1186/1471-2334-14-123
http://dx.doi.org/10.1186/1471-2334-14-123
http://dx.doi.org/10.1016/j.diagmicrobio.2008.02.009
http://dx.doi.org/10.1016/j.diagmicrobio.2008.02.009
http://dx.doi.org/10.1007/s00705-008-0266-8
http://dx.doi.org/10.1007/s00705-008-0266-8
http://dx.doi.org/10.1186/1471-2334-11-197
http://dx.doi.org/10.1128/JVI.75.16.7732-7738.2001
http://dx.doi.org/10.1128/JVI.75.16.7732-7738.2001
http://dx.doi.org/10.1002/jmv.23391
http://dx.doi.org/10.1002/jmv.23588
http://dx.doi.org/10.1016/j.jcv.2008.01.001
http://dx.doi.org/10.1016/j.mcp.2005.11.003
http://dx.doi.org/10.1016/j.mcp.2005.11.003
http://dx.doi.org/10.1111/j.1469-0691.2012.03769.x
http://dx.doi.org/10.1186/1471-2334-10-178
http://dx.doi.org/10.1155/2013/327620
http://dx.doi.org/10.1155/2013/327620
http://dx.doi.org/10.1186/1471-2164-10-580
http://dx.doi.org/10.1186/1471-2164-10-580
http://dx.doi.org/10.1016/j.jviromet.2004.01.016
http://dx.doi.org/10.1128/JCM.06790-11

3010

P. Niu et al.

29.

30.

31.

32.

33.

Binduga-Gajewska I, Gut W, Wielkopolska A, Jarzabek Z (1999)
Use of RT-PCR and nested PCR for diagnosing enterovirus
infections. Med Mikrobiol 51(3-4):375-381

Palacios Poggio G, Cisterna D, Freire MC, Cello J (2000) RT-
nested PCR for the detection of enterovirus in biological samples
from patients with suspected enteroviral infections. Rev Argent
Microbiol 32(4):165-172

Takami T, Kawashima H, Takei Y, Miyajima T, Mori T,
Nakayama T, Takekuma K, Hoshika A (1998) Usefulness of
nested PCR and sequence analysis in a nosocomial outbreak of
neonatal enterovirus infection. J Clin Virol 11(1):67-75

Niu PH, Zhang C, Wang J, Tan WJ, Ma XJ (2014) Detection and
identification of six foodborne bacteria by two-tube multiplex
real time PCR and melting curve analysis. Biomed Environ Sci :
BES 27(10):770-778. doi:10.3967/bes2014.112

Wang J, Xu Z, Niu P, Zhang C, Zhang J, Guan L, Kan B, Duan Z,
Ma X (2014) A two-tube multiplex reverse transcription PCR
assay for simultaneous detection of viral and bacterial pathogens
of infectious diarrhea. BioMed Res Int 2014:648520. doi:10.
1155/2014/648520

@ Springer

34.

35.

36.

37.

38.

Monis PT, Giglio S, Saint CP (2005) Comparison of SYTO9 and
SYBR Green I for real-time polymerase chain reaction and
investigation of the effect of dye concentration on amplification
and DNA melting curve analysis. Anal Biochem 340(1):24-34.
doi:10.1016/j.ab.2005.01.046

Gudnason H, Dufva M, Bang DD, Wolff A (2007) Comparison of
multiple DNA dyes for real-time PCR: effects of dye concen-
tration and sequence composition on DNA amplification and
melting temperature. Nucleic Acids Res 35(19):e127. doi:10.
1093/nar/gkm671

Dey KK, Lin H, Borth WB, Melzer MJ, Hu JS (2012) A highly
sensitive single-tube nested PCR assay for the detection of
Pineapple mealybug wilt associated virus-2 (PMWaV-2). J Virol
Methods 183(2):215-218. doi:10.1016/j.jviromet.2012.03.025
Moser DA, Neuberger EW, Simon P (2012) A quick one-tube
nested PCR-protocol for EPO transgene detection. Drug Test
Anal 4(11):870-875. doi:10.1002/dta.1348

Hu Y, Arsov I (2014) A rapid single-tube protocol for HAV
detection by nested real-time PCR. Food Environ Virol
6(3):189-195. doi:10.1007/s12560-014-9152-6


http://dx.doi.org/10.3967/bes2014.112
http://dx.doi.org/10.1155/2014/648520
http://dx.doi.org/10.1155/2014/648520
http://dx.doi.org/10.1016/j.ab.2005.01.046
http://dx.doi.org/10.1093/nar/gkm671
http://dx.doi.org/10.1093/nar/gkm671
http://dx.doi.org/10.1016/j.jviromet.2012.03.025
http://dx.doi.org/10.1002/dta.1348
http://dx.doi.org/10.1007/s12560-014-9152-6

	Development of a highly sensitive real-time nested RT-PCR assay in a single closed tube for detection of enterovirus 71 in hand, foot, and mouth disease
	Abstract
	Introduction
	Materials and methods
	Viruses and clinical samples
	Nucleic acid extraction
	RTN RT-PCR primer design
	RTN RT-PCR and melting curve analysis
	Two-step nested RT-PCR and qRT-PCR assays
	Sensitivity of the RTN RT-PCR assay
	Specificity of the novel RTN RT-PCR assay
	Evaluation of the clinical performance of the novel RTN RT-PCR assay

	Results
	Specificity of the nested primer sets and Tm of PCR products
	Sensitivity of the RTN RT-PCR assay
	Clinical evaluation

	Discussion
	Conclusion
	References




