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Table 4
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Sensivity comparisons of the primer sets: test results (P" or N7) with the time (minutes) when turbidity signals passed the cutoff,

Strain Viral dose (PFU)
10° 107 10! 100

NSP™ ET NSP E1 NSP El NSP E1l
Rvi/Dezhou.CHN/02 1E P(19254052)"  P(23.81£139) P(27.68::1.62) P(27.924215) N(>60.0) N(>60.0) N(>60.0) N{>60.0)
Rvi/Minsk.BLR/28.05 TH P(18.33 4+ 1.40) P(24.174:1.68) P(24.01:£3.67) P(27.82+271) N(>60.0) N(»>60.0) N(>60.0) N(>60.0)
Rvi/MiyazakiJPN/10.01 CRS 1] P(18.04+0.64) P(28.81:£2.02) P(2428:£397) P(36.08£524) N(>60.0) N(>60.0) N(>60.0) N(>60.0)
Rvi/Telaviv.ISR/68 2B P(22.0842.25) N (>60.0) N (»60.0) N (>60.0) N(»60.0) N(»60.0) N(>60.0) N(>60.0)
" P: positive.
" N: negative.

"' NSP and E1 are the primer sets used in this study and previously reported, respectively.

.....

Data represent the mean values calculated from three independent experiments.

shows the average values, as the times (in minutes) when the
turbidity signal was beyond the threshold. The data indicated
that 100-1000 PFU/reaction of virus was required for detection
by the new RT-LAMP assay, except for the genotype 2C virus
(RVi/Moscow.RUS/67).

The assay failed to detect the genotype 2C virus, whereas the
TagMan real-time PCR assay could detect 10 PFU[reaction of this
virus (data not shown). The geographical location of genotype 2C
viruses was restricted to Russia, and genotype 2C viruses have not
been detected since 2005. Thus, the problem in detecting geno-
type 2C viruses is likely not an important obstacle for the new
RT-LAMP assay. However, this problem may require consideration
when using the assay.

It is necessary to distinguish rubella from measles that has the
similar clinical symptoms with rubella. The specificity of the new
RT-LAMP assay was tested using measles virus RNA derived from
genotype D3, D5, D8, and H1. No amplification was found with the
RT-LAMP assay even with about 6logjo copies/reaction, thus the
RT-LAMP assay was thought not to cross-react with measles virus
genomes (data not shown).

The sensitivity of the new NSP primer set was compared with
the primer set reported previously by Mori et al. (2006). The primer
set used by Mori et al. was targeted to the E1 structural protein
gene (Table 1), and was thus designated the “E1 primer set” in
this study. RNA extracts from virus stocks of four major genotypes
circulating in the world were subjected to the RT-LAMP assay using
either the NSP primer set or E1 primer set (Table 4). Both assays
detected 100PFU of RV genotypes 1E (Rvi/Dezhou.CHN/02), 1h
(Rvi/Minsk.BLR/28.05), and 1] (Rvi/Miyazaki.JPN/10.01 CRS), sug-
gesting that for RV genotypes 1E, 1H, and 1], the sensitivity of
the assay targeting the non-structural protein gene was compa-
rable to that targeting the E1 gene reported by Mori et al. (2008).
On the other hand, the E1 primer set failed to detect the geno-
type 2B RV (Rvi/Telaviv.ISR/68), while the NSP primer set detected
it successfully, suggesting that the NSP primer set was useful for
detection of 2B genotype viruses. Mori et al. (20086} described
that the detection limit of their assay was approximately 1 PFU
of virus. The difference in the detection limits between the assays

Table 5

may arise from differences in determination of the detection lim-
its by PFU. Specifically, diluted viral RNA serially after extraction
from virus stock was used previously while we used viral RNA
extracted from serially diluted virus stocks to more closely resem-
ble actual specimens with low amount of virus. The E1 primer set
exhibited an almost equivalent detection limit to the NSP primer
set under the conditions used in this study (Table 4). Finally,
a spike test was performed using a similar procedure to previ-
ously reported method {Okamoto et al, 2010). Briefly, four viral
strain stocks, Rvi/Dezhou.CHN/02[1E], Rvi/Minsk.BLR/28.05[1h],
Rvi/Telaviv.ISR/68[2B], and Rvi/MiyazakiJPN/10.01 CRS[1j], were
diluted to 10°, 104, 103, 102, and 10" PFU/ml with throat swabs
from healthy donors collected in Universal Viral Transport Medium
(BD, Franklin Lakes, NJ), and viral RNAs were extracted from 140 .l
aliquots of these samples. Five microliters of each viral RNA extract
was subjected to the RT-LAMP assay using the NSP primer set
(Table 5). For all of the tested genotypes, the spike test showed
similar sensitivity to that using viral RNA extracted from culture
medium (Tables 4 and 5). Therefore, neither the RNA extrac-
tion steps nor the amplification steps of the RT-LAMP assay were
affected by the presence of RNAs typically found in normal throat
swabs.

In this study, the RT-LAMP assay was improved for detection
of RV strains currently circulating in the world. The improved
assay detected successfully RV genotypes 1E, 1H, 1], and 2B,
the current major genotypes worldwide. Therefore, the improved
RT-LAMP assay should be a useful assay for laboratory diagno-
sis of rubella. The assay is less sensitive than some real-time
assays, a fact which should be considered when dealing with
samples containing small amount of RV RNA. However, the RT-
LAMP assay can be used for rapid laboratory diagnosis, does
not require sophisticated devices like real-time PCR systems, and
decreases the risk of laboratory contamination because of the
lack of handling procedures for the amplified products. Surveil-
lance for rubella and CRS using RNA detection for laboratory
confirmation is problematic in many countries; the improved
assay described here could improve RNA confirmation in these
countries.

Spike tests: test results (P’ or N) with the time (minutes) when turbidity signals passed the cutoff.

Strain Viral dose (PFU)

103 10? 10! 100
Rvi/Dezhou.CHN/02 1E P(22.74:438)" P (29.78 £4.01) N (>60.0) N (>60.0)
Rvi/Minsk.BLR/28.05 1H P(20.12+1.39) P(26.2442.57) N (>60.0) N (>60.0)
Rvi/Telaviv.ISR/68 2B P (22.30+0.30) N (>60.0) N (>60.0) N (>60.0)
Rvi/MiyazakiJPN/10.01 CRS 1] P (25.36+4.90) N (>60.0) N (>60.0) N (>60.0)
" P: positive.
" N: negative.

™ Data represent the mean values calculated from three independent experiments.
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Detection of Middle East respiratory syndrome
coronavirus using reverse transcription
loop-mediated isothermal amplification (RT-LAMP)
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Abstract

Background: The first documented case of Middle East Respiratory Syndrome coronavirus (MERS-CoV) occurred in
2012, and outbreaks have continued ever since, mainly in Saudi Arabia. MERS-CoV is primarily diagnosed using a
real-time RT-PCR assay, with at least two different genomic targets required for a positive diagnosis according to
the case definition of The World Health Organization (WHO) as of 3 July 2013. Therefore, it is urgently necessary to
develop as many specific genetic diagnostic methods as possible to allow stable diagnosis of MERS-CoV infections.

Methods: Reverse transcription-loop-mediated isothermal amplification (RT-LAMP) is a genetic diagnostic method

sensitivity similar to that of MERS-CoV real-time RT-PCR.

method

used widely for the detection of viral pathogens, which requires only a single temperature for amplification, and
can be completed in less than 1 h. This study developed a novel RT-LAMP assay for detecting MERS-CoV using
primer sets targeting a conserved nucleocapsid protein region.

Results: The RT-LAMP assay was capable of detecting as few as 3.4 copies of MERS-CoV RNA, and was highly
specific, with no cross-reaction to other respiratory viruses. Pilot experiments to detect MERS-CoV from medium
containing pharyngeal swabs inoculated with pre-titrated viruses were also performed. The RT-LAMP assay exhibited

Conclusions: These results suggest that the RT-LAMP assay described here is a useful tool for the diagnosis and
epidemiologic surveillance of human MERS-CoV infections.

Keywords: Meddle East respiratory syndrome (MERS), MERS coronavirus (MERS-CoV), RT-LAMP, Genetic diagnostic

Background

On 22 September 2012, a novel coronavirus sequence
was detected from a 49-year-old patient presenting with
severe pneumonia who was initially treated in an inten-
sive care unit in Qatar and then moved to London [1].
The sequence of the PCR amplicon of this isolate was a
close match with that of a coronavirus isolated from a
60-year-old patient who had died of severe pneumonia
in Jeddah, Saudi Arabia in June 2012 [1,2]. Together,
these two cases marked the beginning of an outbreak of
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severe respiratory infections caused by a newly identi-
fied coronavirus, designated the Middle East Respiratory
Syndrome coronavirus (MERS-CoV) [3]. This outbreak
is ongoing, with 836 confirmed cases to date that have
resulted in 288 deaths in 19 countries (Jordan, Qatar,
Saudi Arabia, the United Arab Emirates, Oman, Kuwait,
Yemen, Lebanon, Iran, Algeria, Tunisia, France, the
Netherlands, Germany, the United Kingdom, Greece,
Malaysia, Philippines and the United States of America)
as of 14 July, 2014 [The World Health Organization
(WHO), Global Alert and Response (GAR), Coronavirus
infections, updated on 14 July 2014, http://www.who.
int/csr/disease/coronavirus_infections/en/index.html].
Sequence analyses show that MERS-CoV clusters with
the group 2c betacoronavirus, and is closely related to

© 2014 Shirato et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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the bat coronaviruses HKU4 and HKUS5 [4]. Severe acute
respiratory syndrome coronavirus (SARS-CoV), which
caused severe pneumonia resulting in 8,098 reported in-
fections and 774 deaths between 2002 and 2003 [5], was
also derived from bat coronaviruses [6,7]. MERS-CoV,
with its similar symptoms and phylogeny, is therefore con-
sidered a cousin of SARS-CoV. The reservoir for MERS-
CoV remains unclear, but recent reports suggest that
camels are the most likely candidate, as a form of the
virus has been circulating in camels in Saudi Arabia
since at least 1992 [8-13].

MERS-CoV is primarily diagnosed using a real-time
RT-PCR assay, and at least two different genomic targets
are required for a positive diagnosis. The first probe and
primer sets for MERS-CoV detection by real-time PT-
PCR were developed by Corman et al. shortly following
the first reports of the disease [14,15]. Among them, the
probe and primer sets targeting upE and ORFla exhibit
the highest sensitivities, and remain the most widely
used targets for MERS-CoV detection. At least two dif-
ferent specific genomic targets are required for a positive
diagnosis according to the case definition announced by
the WHO as of 3 July 2013 [WHO, GAR, Revised inte-
rim case definition for reporting to WHO — Middle East
respiratory syndrome coronavirus (MERS-CoV), updated
on 3 July 2013, http://www.who.int/csr/disease/corona
virus_infections/case_definition/en/indexhtml]. A single
positive target followed by gene sequencing is also con-
sidered positive; however, the current gene sequencing
technique requires PCR amplicons, and the ability of
conventional RT-PCR to produce a sequencing-quality
template is generally lower than that of real-time RT-
PCR [16-20]. Therefore, it is urgently necessary to
develop as many specific genetic diagnostic methods
as possible to allow reliable diagnosis of MERS-CoV
infections.

The loop-mediated isothermal amplification (LAMP)
method amplifies specific nucleic acid sequences using a
set of four or six unique primers [21,22]. The LAMP
procedure is user-friendly, since the reaction mixture is
incubated at a single temperature for less than 1 h.
Amplification can be detected as the precipitation of
magnesium pyrophosphate or by fluorescence under
ultra-violet light, and also can be detected in real time
by monitoring the turbidity of the pyrophosphate [23].
The LAMP assay can also be used for the detection of
RNA by combining reverse transcription with LAMP
(RT-LAMP) [21]; RT-LAMP assays have been developed
for a variety of respiratory RNA viruses, including SARS
[24], respiratory syncytial virus [25,26], and influenza vi-
ruses [27,28]. In this study, a novel RT-LAMP method
for the detection of MERS-CoV was developed, with a
sensitivity similar to that of real-time RT-PCR targeting
upE and ORFla.

Page 2 of 11

Materials and methods

Viruses

The MERS-CoV EMC isolate was kindly provided by
Ron A. M. Fouchier, Erasmus Medical Center, Rotterdam,

“The Netherlands. MERS-CoV was propagated and titrated

using Vero cells. Human respiratory syncytial viruses
(RSV; Long, A2, B WV/14617/85 and 18537) were ob-
tained from the American Tissue Culture Collection
(ATCC). Human metapneumovirus (HMPV; Sendai-H/
2404/2003) was obtained from the Virus Research Cen-
ter, Sendai Medical Center, Japan. Human coronavirus
(HCoV)-229E isolates ATCC VR-740 and Sendai-H/1121/
04 [29] were used. HCoV-NL63 was supplied by Dr. Hoek,
University of Amsterdam, Netherlands. Isolate HCoV-
OC43 was obtained from ATCC. SARS coronavirus
(Frankfurt strain) was supplied by Dr. J. Ziebuhr, Uni-
versity of Wiirzburg, Germany. Human parainfluenza
viruses (PIV) 1 (strain C35) and 3 (strain C243) were
obtained from ATCC. Adenoviruses (ADV) (serotype
3, strain G.B.; serotype 4, strain RI-67; and serotype
7, strain Gomen) were obtained from ATCC. Viruses
were propagated and titrated using HEp-2, HeLa, RD,
Vero cells, or LLC-Mk2 cells [30]. Influenza viruses
[Flu; A/California/7/2009 (H1N1pdm), A/Victoria/210/
2009 (H3N2), and B/Brisbane/60/2008] were provided
by the Influenza Virus Research Center of the National
Institute of Infectious Diseases in Japan, and were pro-
pagated and titrated using MDCK cells.

Design of primer sets for RT-LAMP

Primer sets for the RT-LAMP assay were designed using
the online LAMP primer design software (PrimerExplorer
V4; http://primerexplorer.jp/e/) based on the nucleocap-
sid protein sequence of the EMC isolate of MERS-CoV
(GenBank JX869059.2).

Extraction of nucleic acids

RNA was extracted from viral stocks using TRIzol LS or
TRIzol reagent (Invitrogen), according to the manufac-
turer’s instructions. Viral DNA was extracted using Qiagen
Genomic-tip (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. Total RNA and genomic DNA
were quantitated using standard methods to measure the
OD value. The MERS-CoV RNA copy number was cal-
culated based upon the standard curve obtained using a
TagMan assay, as described by Corman et al. [14] (upE
probe set and the positive control template). Total RNA
was then diluted with ribonuclease-free water containing
10 pg/mL of Ribonucleic Acid from Baker’s Yeast (R6750;
Sigma-Aldrich, St. Louis, MO, USA) as carrier RNA.

RT-LAMP assay
The RT-LAMP assay was performed using the Loopamp
RNA Amplification Kit (RT-LAMP; Eiken, Tokyo, Japan)
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under the following conditions: 5-pl. sample (RNA or
DNA) was mixed with 40 pmol each of FIP and BIP
primers, 20 pmol each of LF and LB primers, 5 pmol each
of F3 and B3 primers, 1-pl. Enzyme Mix, and 12.5-uL Re-
action Mix; distilled water was added to obtain a final vol-
ume of 25 pL. For real-time monitoring of RT-LAMP
amplification, the reaction mixture was incubated at 65°C
for 30 min in a Loopamp real-time turbidimeter (LA-
320C, Eiken). For fluorescence detection, 1-puL Fluorescent
Detection Reagent (Eiken) was added to the reaction mix-
ture described above before the start of amplification, and
then, fluorescence was detected under ultraviolet light
after 30 min of amplification. Negative controls containing
only yeast RNA were included in each assay.

To synthesize control RNA for RT-LAMDP, the nucleo-
capsid protein sequence of the EMC strain (28566—
29807) was amplified and cloned into the pGEM-T easy
vector (Promega, Fitchburg, WI, USA). Point mutations
were inserted using a site-direct mutagenesis technique
to generate variations of the nucleoprotein sequence.
The nucleocapsid protein sequence was amplified by
PCR using forward (5'-TAATACGACTCACTATAGG
GATGGCATCCCCTGCTGCACC-3") and reverse (5'-
CTAATCAGTGTTAACATCAA-3") primers with Pri-
meSTAR Max DNA polymerase (Takara-Bio, Shiga,
Japan). The amplicons were gel-purified and were used
as templates for RNA transcription using a MEGAscript
T7 Transcription Kit (Life Technologies, Carlsbad, CA,
USA). The transcribed RNA was quantified using the
OD value, the copies number was calculated, and the
RNA was diluted with ribonuclease-free water contain-
ing 10 pg/mL of yeast RNA.

Real-time RT-PCR assays

Real-time RT-PCR assays using upE and ORFla sets
[14,15] were also performed for virus detection using a
QuantiTect Probe RT-PCR kit (QIAGEN) and LightCycler
480 Instrument (Roche, Basel, Switzerland) following the
manufacturers’ protocols. The amplification conditions
followed Corman et al. [14,15].

Virus preparation for spiked samples

For sensitivity assays, Vero cells were infected with MERS-
CoV, and incubated for 4 days. Cell supernatants were then
collected and centrifuged at 1,500 x g for 30 min at 4°C,
and the supernatants were treated with RNaseA (Nippon-
gene, Tokyo Japan) at a concentration of 10 pg/mL for
30 min at 37°C to exclude miscellaneous RNA other than
viral RNA.

Pilot experiment

MERS-CoV RNA was obtained from pre-titrated viral
stocks diluted with medium containing pharyngeal swabs
obtained from healthy adults using the Universal Viral

Page 3 of 11

Transport for Viruses, Chlamydiae, Mycoplasmas and
Ureaplasmas (Becton Dickinson and Company, Sparks,
MD, USA), Viral isolation was also performed on Vero
and Vero/TMPRSS2 cells constitutively expressing type II
transmembrane serine protease (TMPRSS2) [30], which
enhances cell entry and fusion formation of MERS-CoV
[31,32]. Diluted viruses were inoculated on Vero and
Vero/TMPRSS2 cells, and incubated for 60 min. Cells
were then washed with PBS, and incubated in Dulbecco’s
modified Eagle’s medium supplemented with 5% fetal calf
serum at 37°C. The cytopathic effect was evaluated 5 days
after inoculation. Clinical specimens (nasopharyngeal
swabs) diagnosed as other respiratory pathogens by RT-
PCR assays were used as negative controls. Informed,
written consent was obtained at the time of sample collec-
tion from all patients. For the specimen diagnosed as hu-
man bocavirus, a LAMP assay was performed without the
RT reaction.

Results

RT-LAMP primer design

The primer sets used in this study are listed in Table 1.
RT-LAMP requires at least six specific sequences (F1,
F2, F3, B3, B2, and B1), targeted by a minimum of four
distinct primer sets. Two loop primers (LF and LB) are
used to enhance amplification [22]; these primers target
the regions between F1 & F2, and Bl & B2 regions, re-
spectively. Generally, the reaction of RT-LAMP is per-
formed for 1 h. However, the primers described here
tend to generate products of self-construction because
these were constructed to enhance the sensitivity of amp-
lification. Therefore, the reaction was performed within
30 min to exclude non-specific reactions. It was confirmed
that non-specific amplification did not take place within
30 min using negative control samples (data not shown).

Sensitivity and specificity of the RT-LAMP assay
The detection limit of the RT-LAMP assay was deter-
mined using serially diluted MERS-CoV, and compared
with those of real-time RT-PCR using upE and ORFla
assays [14,15] (Table 2). upE and ORFla assays were able
to detect 1.6 to 3.4 copies of MERS-CoV RNA, consist-
ent with previous reports. The threshold for RT-LAMP
within 30 min was also 3.4 copies, indicating a sensitivity
equivalent to that of real-time RT-PCR [14,15].
RT-LAMP amplification can be monitored in three
DNA contamination-free manners. First is a real-time
method that monitors the turbidity of the pyrophosphate
precipitation using a turbidimeter (LA-320C) (Figure 1a).
The differentiated value of each signal is calculated auto-
matically at the same time during amplification, with
values > 0.1 considered positive. RT-LAMP can also de-
tect MERS-CoV without any specific instruments by
detecting visible signals at the same level as real-time
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Table 1 The primer set for MERS-CoV RT-LAMP assay
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Primers Position (EMC, JX869059.2) Sequence (5' - 3) Number of matched MERS sequences*
F3 28848-28866 GCTCCCAGGTGGTACTTCT 86/88
B3 29061-29042 cagtccectcaatgtggaag 88/88
FIP (F1c + F2) 28939-28918 tcatggacccaaacgatgccatACTGGAACTGGACCCGAAG 77/88
+ 28872-28890 88/88
BIP (B1c + B2) 28956-28977 GCTCCTTCAACTTTTGGGACGCtagtaccgggegcgaatt 87/88
+ 29028-29011 83-88
LF 28906-28891 cggaatgggagtgctg 88/88
LB 28978-29000 GGAACCCTAACAATGATTCAGCT 85/88

Capital letters indicate the sense strand; lowercase letters indicate the antisense strand.

*Eighty-one sequences were obtained from GenBank (JX869059, KJ829365, KJ813439, KJ713299, KJ713298, KJ713297, KJ713296, KI713295, KI650297, KJ650296,
KJ650295, KI650098, KJ556336, KJ477102, KJ156953, KJ156952, KJ156949, KJ156944, KJ156942, KJ156939, KJ156934, KJ156932, KJ156927, KJ156917, KJ156916,
KJ156913, KJ156911, KJ156910, KJ156909, KJ156907, KJ156906, KJ156905, KJ156902, KJ156901, KJ156883, KJ156881, KI156876, KI156874, KJ156873, KJ156872,
KJ156871, KI156869, KI156866, KI156865, KJ156862, KI156861, KF961222, KF961221, KF958702, KF917527, KF811035, KF745068, KF600652, KF600651, KF600647,
KF600645, KF600644, KF600643, KF600639, KF600636, KF600635, KF600634, KFE00632, KF600630, KF600628, KF600627, KF600623, KF600621, KF600620, KF600613,
KF600612, KF192507, KF186567, KF186566, KF186565, KF186564, KC875821, KC776174, KC667074, KC164505, and KJ782550) and seven sequences were obtained
online (England2-HPA, http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1317138176202: Jeddah_2014_C7149, C7569, C7770, C8826, C9055, and C9355,

http://www.virology-bonn.de/index.php?id=46).

monitoring. Amplification can be determined through
visual detection of magnesium pyrophosphate precipi-
tation following completion of the reaction (Figure 1b).
Furthermore, amplicons can be detected by means of
green fluorescence under ultraviolet light by adding a
fluorescence detection reagent to the mixture before the
start of amplification (Figure 1c).

In addition to MERS-CoV, specific amplification via
RT-LAMP was also tested using various respiratory vi-
ruses (Table 3). RT-LAMP was performed using pre-
titrated viral stocks, as well as clinical specimens pre-
viously validated by PCR. MERS-CoV RT-LAMP was
specific for MERS-CoV; other respiratory viruses, such
as HCoV, SARS-CoV, RSV, influenza, PIV, ADV, and
HMPV could not be amplified using the MERS-CoV
primers.

Pilot experiments

As MERS-CoV clinical isolates are not available in Japan,
a pilot study was performed using MERS-CoV labora-
tory isolates diluted with medium containing pharyngeal
swabs obtained from healthy adults. Viral detection was
carried out using both RT-LAMP and real-time RT-PCR
assays, and with virus isolation using Vero and Vero/

Table 2 Sensitivity of the RT-LAMP assay

TMPRSSS2 cells (Table 4). Viral isolation from Vero
cells required at least 500 copies of MERS-CoV, followed
by incubation at 37°C for 5 days. It contrast, although it
has been reported that TMPRSS2 enhances the entry and
fusion formation of MERS-CoV [31,32], Vero/TMPRSS2
cells exhibited syncytium formation with 23.2 copies of
MERS-CoV within 2 days of incubation.

The real-time RT-PCR was highly sensitive for MERS-
CoV, with upE and ORFla assays capable of detecting as
few as 1.6 copies of MERS-CoV RNA. The RT-LAMP
was also able to detect viral RNA at levels as low as 0.7
copies, showing equivalence with the RT-PCR assay.
Viral isolation using Vero/TMPRSS2 cells was more sen-
sitive than that of Vero cells; however, genetic diagnostic
assays were consistently more sensitive than culture-
based methods. These data suggest that the RT-LAMP
assay is capable of detecting MERS-CoV with a sensiti-
vity similar to that of real-time-RT-PCR, even in clinical
specimens.

Next, clinical specimens previously diagnosed as other
respiratory pathogens were tested using the RT-LAMP
assay (Table 5). All reactions were negative, with no cross
reactivity for other respiratory viruses, indicating a high
degree of specificity for the RT-LAMP assay. Collectively,

Copies/reaction 500,000 50,000 5000 500 50 5 0.5 Negative control Sensitivity (copies)
Real-time RT-PCR*

upE 212 244 279 313 342 366 > 40 > 40 1.6

ORF1a 216 244 276 304 32 318 > 40 > 40 34
RT-LAMP** 11.33 1213 13.07 1544 2144 2233 > 30 > 30 34

*Threshold cycle.
**Time (min. s).
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Figure 1 Sensitivity of the MERS-CoV RT-LAMP assay. a) Real-time amplification of MERS-CoV by RT-LAMP. Ampilification of serially diluted
MERS-CoV RNA was measured in real-time using a Loopamp real-time turbidimeter (LA-320Q). The differentiated value at each dilution was
calculated automatically, with values > 0.1 within 30 min (red line) considered positive. b, c) Detection of RT-LAMP amplicon by b) precipitation
of magnesium pyrophosphate and c) fluorescence under ultra violet light. For fluorescence detection, 1-uL Fluorescence Detection Reagent was
added to each reaction mixture. Fluorescent signals were detected under ultraviolet following completion of the amplification reaction. Successful
amplification could be detected as green fluorescent light.
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Table 3 Specificity of the RT-LAMP assay

Virus

Titer/reaction

Results (min)

Coronaviruses

MERS-CoV (EMC) 410" TQIDsy 1424
HCoV 229E (VR-740) 3x10% PFU > 30
HCoV 229E (Sendai-H/1121/04) 5x10° PFU > 30
HCoV NL63 25x10% FFU > 30
HCoV OC43 (VR-1558) 13x10° TCIDso > 30
SARS-CoV (Frankfurt) 1%10° PFU > 30
Other Respiratory Viruses

RSV A (Long) 1x10' PFU > 30
RSV A (A2) 1x10% PFU > 30
RSV B (18537) 1x10% PFU > 30
RSV B (WV/14617/85) — >30
HMPV (Sendai-H/2404/2003) —* > 30
PIV 1 (C-35) 3x10% PFU > 30
PIV 3 (C-243) 5% 10° PFU > 30
ADV 3 (GB) 2.5 % 10% TCIDsg > 30
ADV 4 (R-67) 1% 102 TCIDsg > 30
ADV 7 (Gomen) 25 x10% TCIDsp > 30
Flu A/California/7/2009 (HIN1pdm) 8% 10° TCIDsq > 30
Flu A/Victoria/210/2009 (H3N2) 25% 10° TCIDsg > 30
Flu B/Brisbane/60/2008 25x10* TCIDsg > 30

*Titer unknown, but was confirmed by PCR.

PFU: plaque forming unit.
FFU: focus forming unit.

TCID50: 50% tissue culture infectious dose.

these results suggest that the MERS-CoV RT-LAMP assay
is useful for epidemiological surveillance in suspected cli-

nical cases.

RT-LAMP validation for mismatched sequences

The primer set was constructed based on the conserved
region of the nucleocapsid protein sequence of the EMC
isolate of MERS-CoV (GenBank accession no JX869059.2).

Page 6 of 11

Table 5 Detection of MERS-CoV using clinical specimens
diagnosed as other respiratory viral infections

Diagnosed pathogen Results (min)

Positive control

*MERS-CoV (10* copies) 9.00
Coronaviruses

HCoV 0C43 > 30
HCoV NL63 > 30
HCoV HKU1 > 30
Other Respiratory viruses

RSV A > 30
RSV B > 30
HMPV > 30
PIV1 > 30
PV 2 >30
PIV3 >30
PIV 4 > 30
Rhinovirus > 30
Bocavirus > 30
Flu A H1 (Russian) > 30
Flu A H1 (2009 pdm) > 30
Flu A H3 > 30
Flu B (Yamagata) > 30
Flu B (Victoria) > 30
FluC > 30
Measles virus > 30
Rubella virus > 30

*Synthesized RNA obtained from N protein region.

The number of sequences deposited in GenBank is
increasing, and this region of MERS-CoV exhibits sev-
eral sequences variation. Therefore, the primer sequences
were checked against the available MERS-CoV sequences.
Eighty-one MERS-CoV nucleocapsid sequences were col-
lected from GenBank, along with seven other sequences

Table 4 Detection of MERS-CoV diluted with medium containing pharyngeal swabs

Copies/50 pL 500,000 50,000 5000 500 50 5 0.5 Negative control ~ Sensitivity (copies)  Time required
Virus isolation®

Vero 6/6 6/6 6/6 3/6 0/6 0/6 0/6 0/6 500 5d
Vero/TMPRSS2 6/6 6/6 6/6 6/6 5/6 0/6 0/6 0/6 232 2d
Copies/reaction 50,000 5000 500 50 5 0.5 0.05

Real-time RT-PCR**

upE 220 253 287 323 332 >40  >40 > 40 16 2 hr
ORF1a 219 252 285 322 325 >40  >40 > 40 16 2 hr
RT-LAMP*** 11.00 11.16 1218 1348 1804 2312 >30 > 30 07 30 min

*Positive number/tested number.
**Threshold cycle.
***Time (min. s).
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JXE69059 : : 28935
EnglandZ : 28902
RJ7BZ550 : 370
RJ650098 : 28934
RJ713295 : ¢ 28935
KJ713296 : 28935
RJIB2O365 T 28935
c7149 : 28907
Ci569 28907
<7770 28907
ceg26é 28887
C9055 28907
€98355 T 28507
KJI156905 8562
RJ156883 497
KJ156944 T 28884
KJIS56336 28719
KF958702 28929
KF917527 28929
RJ477102 : 28811
RJIB13439 : 28935
KF961221 : 28917
F1 B1 LB B2
JXBEO0S9 : 29037
England2 1 29004
KJ782550 H 472
RJ650098 : 29036
KJ713295 : 29037
RJ713296 1 29037
RJB29365 1 29037
C7149 : 29009
c7569 1 29009
¢7170 : 25009
ces26 1 28989
C905S : 29009
C9355 1 29009
KJ156905 1 9664
KJ156883 H 599
KJI156944 : 28986
KJI556336 28821
KF958702 T 29031
KF917527 T 29031
RJ477102 1 28979
KJI8L3439 1 29037
KF961221 T 29019
B3
JX869059 : . : 29098
England2 : . : 23065
KJ782550 : . : 533
RJIE50098 : 1 28097
RJ713295 : 1 29098
RJIT13296 T 29098
KJ829365 : T 29098
C7149 H 1 29070
C7569 H 1 29070
c7770 H t 29070
c8826 H : 29050
3055 H : 29070
€9355 : : 29070
KJ156905 : : 9728
KJ156883 : H 660
RJ156944 : 29047
KJ556336 : : 28882
RF958702 : . : 29092
RF917527 : . : 290982
RJ477102 : . : 29040
RJ813439 : . 3 29088
RF961221 : : 29080

ARAACTTCCACATT ACTGGAGGCAATAGTCAATCATCTITCAAGAGCCTCTAGCLT

Figure 2 (See legend on next page)
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(See figure on previous page)

Figure 2 Nucleotide mismatches in the MERS-CoV sequences. The MERS-CoV sequences that have mismatches with the RT-LAMP primer sets
were identified in an alignment based on the sequence of the EMC isolate (JX869059.2). The positions of six essential regions (F3, F2, F1, B3, B2,
and B1) and loop primers (LF and LB) are indicated. The accession numbers of the MERS-CoV sequences used in the alignment were as follows:
JX869059, KJ782550, KI650098, KJ713295, KJ713296, KI829365, KJ156905, KJ156883, KJ156944, KI556336, KF958702, KF917527, KI477102, KI813439
and KF961221. Seven MERS-CoV sequences available online (England2, Jeddah_2014_C7149, C7569, C7770, C8826, C9055 and C9355) were also

used. The alignment was performed using GeneDoc ver. 2.7 (http//www.nrbsc.org/gfx/genedoc/).

reported online (England2-HPA, Jeddah_2014_C7149,
C7569, C7770, C8826, C9055, and C9355]. An align-
ment was constructed using the EMC isolate and mis-
matched sequences (Figure 2). The RT-LAMP primers
matched most of the 88 sequences. Primers B3 and LF
matched them completely. Primer F3 had one nucleo-
tide mismatch for two sequences. Primer LB had one
nucleotide mismatch for one sequence and had another
mismatch for two sequences. Primer BIP had one nu-
cleotide mismatch in Bl region of one sequence and
had another mismatch in the B2 region of five sequences.
Primer FIP had a one-nucleotide mismatch in the F1
region of 11 sequences (Table 1). The efficiency of RT-
LAMP for these mismatched sequences was evaluated
using an RNA template transcribed from a 1242-bp of
PCR amplicon from the nucleocapsid gene sequence of
MERS-CoV (Table 6). The sensitivity of RT-LAMP using
the RNA control template of the EMC isolate was 15.8
copies and tended to be lower than that using viral RNA
as the template. This might be caused by a difference in
RT efficiency or the secondary structure of RNA due to
the difference in length. The mismatches in the F3, F2, Bl,
and LB region did not markedly affect the amplification
efficiency, and the sensitivity was equal to or twice that
of the EMC isolate. The mismatch in the B2 region
affected amplification slightly, and showed a fivefold
decrease in the sensitivity (73.4 copies). This mismatch
in B2 was seen in 5 sequences (KJ156883, KJj156944,
KF556336, KF958702, and KF917527) of the 88 MERS-
CoV sequences checked in this study. Nevertheless, these

results suggest that the RT-LAMP primer set facilitates
amplification of the remaining 83 sequences to the same
level as the EMC isolate.

Discussion

As described above, definitive MERS-CoV diagnosis
requires amplification of at least two different virus-
specific genomic targets according to the case definition
reported on 3 July 2013 by the WHO. However, only two
real-time RT-PCR targets, upE and ORFla, are currently
available for MERS-CoV detection with high specificity
and sensitivity [14,15]. Indeed, two previous cases repor-
ted by the Italian government had to be reclassified as
probable MERS-CoV infections, as they were unable to
fulfill these criteria (WHO, GAR, MERS-CoV summary
and literature update — as of 20 September 2013, http://
www.who.int/csr/disease/coronavirus_infections/update_
20130920/en/index.html). Additional sensitive and spe-
cific genetic diagnostic methods are therefore needed to
provide reliable MERS-CoV diagnoses.

This study describes a novel genetic diagnostic method
for MERS-CoV based on the RT-LAMP assay, with a
sensitivity and specificity equal to that of the upE and
ORFla RT-PCR assays. This assay was also able to detect
MERS-CoV RNA in experimentally obtained nasopharyn-
geal swabs, and never showed cross reactivity to other re-
spiratory viruses, even in the case of clinical specimens.

The RT-LAMP method requires only a single tem-
perature for amplification, with results usually available
in less than 1 h by observing magnesium pyrophosphate

Table 6 Evaluation of RT-LAMP amplification using mismatched sequences

Accession Name Sensitivity (copies)
JX869059 EMC 158
Representative sequence Nucleotide position” Substitution Region in primer Sensitivity (copies)

England2 28862 CtoT F3 73
KJ782550 Greece-Saudi Arabia_2014 28862 CtoT F3 158

28880 TtoC FIP (F2)

KJ650098 Camel/Qatar_2_2014 28880 TtoC FIP (F2) 341
KJ156905 Riyadh_7b_2013 28958 TtoC BIP (B1) 158
KF917527 Jeddah-Camel-1 29018 GtoT BIP (B2) 734
KJj477102 NRCE-HKU205 28982 CtwoT LB 397
KF961221 Qatar3 28996 CtoT LB 73

*Based on EMC isolate (JX869059.2).
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precipitate or fluorescence signals by the naked eye
[21,22]. Although RT-LAMP amplification can be moni-
tored in real-time using a turbidimeter [23], the assay
can also be performed using basic laboratory equip-
ment, such as a heat block and water bath. The method
has been validated using various respiratory viruses, as
well as more diverse pathogens, such as bacteria [33-35],
protozoa [36-38], and parasites [39,40]. Furthermore, the
reagents necessary to perform RT-LAMP are commer-
cially available. Recently, Abd EI Wahed et al., reported a
genetic diagnostic method for MERS-CoV based on re-
verse transcription isothermal recombinase polymerase
amplification (RT-PPA) assay. The method is highly sensi-
tive and can detect 10 copies of virus RNA within 3
to 7 minutes. Therefore, it is useful for the diagnosis of
MERS-CoV as well. However, RT-RPA requires a specific
tubescanner for detection. By contrast, the RT-LAMP
assay enables detection of amplicons by observing a mag-
nesium pyrophosphate precipitate or fluorescence signals
with the naked eye with no requirement for any spe-
cialized instruments. Taken together, the specificity and
sensitivity of the RT-LAMP assay described here, in com-
bination with its accessibility and ease of use, make this
assay a valuable tool for the diagnosis and epidemiologic
surveillance of human MERS-CoV infection, especially for
field use.

The primer sets described in this study matched to
most of the available sequences. However, several se-
quences had mismatches with the primers. The effect of
these mismatches on the RT-LAMP efficiency was evalu-
ated using a synthesized control RNA template: most of
the mismatches did not affect the amplification effi-
ciency of RT-LAMP. However, the substitution in B2
region of the primer, namely, a G to T substitution at
position 29018 in the nucleocapsid gene sequence of the
EMC isolate, was present in five MERS-CoV sequences
and caused a slight decrease in sensitivity. Of the five
sequences, KJ156883 (Asir_1_2013) belongs to the
Buraidah_1 clade, and is the only sequence in this
clade with such a substitution [41]. The other sequences
(KJ156944, Riyadh_5_2013; KJ556336, Jeddah_1_2013;
KF958702, Jeddah_humanl; KF917527, Jeddah_Camell)
belong to the Riyadh_3 clade [42,43]; none of the other se-
quences in this clade have a substitution according to the
alignment analysis. Therefore, the substitution does not
represent a major population in this clade. Although it is
important to improve the primers to increase their sensi-
tivity for sequences in the Riyadh_3 clade by using mixed
bases, the results of this study suggest that the RT-LAMP
primer is useful for detecting the majority of the prevalent
MERS-CoV strains.

The success rate of MERS-CoV detection is dependent
on the collection of clinical specimens. Drosten et al.,
reported that up to 10° copies/mL of MERS-CoV RNA

Page 9 of 11

are present in lower respiratory tract specimens, such as
tracheobronchial secretions, and bronchoalveolar lavage.
In contrast, only small amounts of viral RNAs were de-
tected in upper respiratory tract specimens and other
tissue [44]. The RT-LAMP primers described here were
designed based upon the nucleocapsid protein sequence
of MERS-CoV, due to the unique coronaviral replication
system. Although coronaviruses generate subgenomic
mRNAs to produce each viral protein, all subgenomic
mRNAs contain nucleoprotein sequences, as they are lo-
cated on the 3’end of the coronavirus genome [45-47].
This implies that the RT-LAMP procedure described
here will exhibit a high degree of sensitivity for speci-
mens containing cellular components.

Conclusions

This study developed a RT-LAMP assay for the MERS-
CoV, which was capable of detecting as few as 3.4 copies
of MERS-CoV RNA, and was highly specific, with no
cross-reaction with other respiratory viruses. These re-
sults suggest that the RT-LAMP assay described here is
a useful tool for the diagnosis and epidemiologic surveil-
lance of human MERS-CoV infections.
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SUMMARY: Viruses are the major etiological agents of acute respiratory infections (ARIs) in young
children. Although respiratory virus co-detections are common, analysis of combinations of co-detected
viruses has never been conducted in Japan. Nineteen respiratory viruses or subtypes were surveyed using
multiplex real-time PCR on 1,044 pediatric (patient age < 6 years) ARI specimens collected in Osaka
City, Japan between January 2010 and December 2011. In total, 891 specimens (85.3%) were virus posi-
tive (1,414 viruses were detected), and 388 of the virus-positive specimens (43.5%, 388/891) were posi-
tive for multiple viruses. The ratio of multiple/total respiratory virus-positive specimens was high in
children aged 0-35 months. Statistical analyses revealed that human bocavirus 1 and human adenovirus
were synchronously co-detected. On the other hand, co-detections of human parainfluenza virus type 1
(HPIV-1) with HPIV-3, HPIV-3 with human metapneumovirus (hMPV), hMPV with respiratory syncy-
tial virus A (RSV A), hMPV with influenza virus A (HIN1) 2009 (FLUA (HIN1) 2009), RSV A with
RSV B, and human rhinovirus and FLUA (H1N1) 2009 were exclusive. These results suggest that young
children (<3 years) are highly susceptible to respiratory viruses, and some combinations of viruses are

synchronously or exclusively co-detected.

INTRODUCTION

More than 200 viruses have been identified as major
etiological agents of acute respiratory infections (ARIs)
(1,2). Respiratory virus co-detections in clinical speci-
mens have been reported in ARI patients from infants
to adults (3-5). The effects of virus co-detections on
clinical severity have been analyzed (6-9). Although
some reports have analyzed pairs of co-detected respira-
tory viruses throughout the world, no analysis has been
performed in Japan (10-13). The purpose of this study
was to survey multiple respiratory viruses in young
children with ARIs; to examine the prevalence of co-
detections in virus-positive specimens; to examine the
seasonality of virus co-detections; to analyze the combi-
nations of co-detected respiratory viruses; and to exa-
mine the ratio of multiple/total virus-positive specimens
in different age groups.

Virus isolation tests in cultured cells have been the
gold standard method for detecting viruses in clinical
specimens. However, some respiratory viruses such as
human bocavirus 1 (HBoV 1) and human coronavirus
(HCoV) HKUI1 do not produce clear cytopathic effects
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in cultured cells (14,15). Indeed, their discovery was
dependent on molecular analyses (14,15). Gene
amplification is generally regarded as a highly sensitive
and specific method compared with virus isolation using
cultured cells (16,17). Multiplex PCR can be used for
the simultaneous detection of multiple pathogens in
clinical specimens. This study was performed using mul-
tiplex real-time PCR to detect multiple respiratory
viruses in clinical specimens from young children with
ARI over a period of 2 years.

MATERIALS AND METHODS

Clinical specimens: Between January 2010 and De-
cember 2011, 1,044 specimens (844 nasal mucus, 121
throat swab, 54 sputum, 15 mouth wash, and 10
tracheal aspirate specimens) were obtained from chil-
dren (<6 years of age) with suspected viral ARI. Speci-
mens were collected from 6 hospitals/clinics at the dis-
cretion of the treating physician and were subsequently
used in molecular analyses as part of the passive surveil-
lance program initiated in Osaka City, Japan, which
includes ethical consideration (18). The patients (male,
588; female, 456) enrolled in this study were aged be-
tween 0-71 months (median age, 15 months; interquar-
tile range, 9-27 months). Most specimens (82.5%) were
obtained from young children of <36 months.

Molecular analysis: Viral nucleic acid was extracted
using the QIAamp Viral RNA mini kit (Qiagen, Hilden,
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Germany), which is useful for the simultaneous extrac-
tion of RNA and DNA (19). ¢cDNA was synthesized
with random hexamer primers using SuperScript III
(Life Technologies, Tokyo, Japan) as described previ-
ously (18). Multiplex real-time PCR was conducted us-
ing the QuantiTect multiplex PCR kit (Qiagen) for mul-
tiple viruses, including human metapneumovirus
(hMPYV), respiratory syncytial virus (RSV) A, B, human
parainfluenza virus (HPIV) types 1-4, HBoV 1, HCoV
(229E, 0OC43, HKUI1, NL63), influenza virus
(A [FLUAV], A (HIN1) 2009 [FLUA (HINI) 2009], B
[FLUBYV], C [FLUCV]), human adenovirus (HAdV),
human enterovirus (HEV), and human rhinovirus
(HRV). Sequence information for the primers and
probes and the combinations used to detect viruses are
shown in Table 1 (18,20-25). The detection limit of the
established real-time PCR system was 5-500 copies of
virus gene. The PCR conditions were as reported previ-
ously (18). In addition, 2 independent methods (real-
time PCR and conventional RT-PCR) were used to con-
firm the detection of HRV and HEV (26).

Statistical analysis: Randomization tests were con-
ducted to determine whether given pairs of viruses in-
fected hosts synchronously or exclusively (27) and were
flexibly applied to test the significance of observations.
The test repeatedly produced simulations of epidemic
case numbers of co-detection under the null hypothesis
that infections with 2 viruses were independent. To cor-
rect for seasonal bias and to avoid type I errors, data
were stratified by a quarterly period, and calculations
were separately applied to each. Likely density distribu-
tions of co-detection cases were produced for each
quarter. The distribution of all co-detections through-
out the 2-year study period was then calculated as the
sum of stratified co-detections. Significant differences
in co-detection rates were identified by comparison with
this expected distribution. In this study, 100,000 trials
were performed using the Monte Carlo method. Confi-
dence intervals with probability P were defined as inter-
vals between percentiles that corresponded with
probability P/2 and 1-P/2 (2-sided estimation). When
intervals did not include the observed numbers of multi-
ple infections, the null hypothesis was rejected and cases
of multiple infections were regarded as significantly less
frequent. Adjustment of significance levels for multiple
comparisons was not applied to tests for frequencies of
multiple virus infections. These calculations were per-
formed using R 2.15.1 (28).

RESULTS

Detection of multiple respiratory viruses in clinical
specimens: Of the 1,044 specimens analyzed, 891
(85.3%) were virus positive (including 1,414 virus infec-
tions), and 388 of these (43.5%, 388/891) were positive
for multiple virus infections.

Monthly distribution of individual virus detections
and ratios of multiple/total respiratory virus infections:
The numbers of individual virus detections per month
are shown in Table 2. The most commonly detected vi-
rus was HRV (n = 390, 27.6% of all viruses detected),
followed by HBoV 1 (n = 176) and HAdV (n = 158).
When RSV A (n = 118) and B (n = 80) detections were
grouped together, RSV (n = 198) was the second most
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commonly detected virus.

The following viruses were detected in increasing
numbers: HBoV 1, April-June; HPIV-3, April-June;
hMPV, March-May; HRV, April-December; FLUAV
and FLUA (HINI1) 2009, January-March; and RSV,
July-December. Co-detection of another virus was ob-
served in 50% or less of FLUAYV, FLUA (HIN1) 2009,
FLUBV, HPIV-1, and HPIV-2, The other viruses
showed more than 50% in terms of the ratio of mul-
tiple/total respiratory virus infections, and among
them, HBoV 1, HCoV (NL63, HKUI1, 229E), and
FLUCYV showed more than 80%.

Seasonality of multiple virus-positive specimens: The
monthly distributions of single, dual, and >triple virus
infections are shown in Fig. 1. The virus detection rates
in all tested samples were higher than 80%, except be-
tween August 2010 and September-December 2011, The
proportion of multiple/total virus-positive specimens
showed no clear seasonality in this study but appeared
to peak in April 2010 and May 2011, which is springtime
in Japan.

Proportions of multiple respiratory virus infections
among age groups: The virus detection rates in clinical
specimens and ratios of multiple/total respiratory virus
infections among children of different age groups (0-5,
6-11, 12-23, 24-35, 36-47, 48-59, and 60-71 months)
are shown in Fig. 2. The virus detection rate in clinical
specimens and ratios of multiple/total respiratory virus
infections were as follows: 0-5 months (virus positivity
rate, 78.3%; ratio of multiple/total respiratory virus in-
fections, 36.5%), 6-11 (90.0%, 51.5%), 12-23 (90.4%,
52.8%), 24-35 (85.3%, 40.3%), 36-47 (76.7%, 30.3%),
48-59 (80.7%, 17.4%), and 60-71 (77.5%, 22.6%).

The virus positivity rate in clinical specimens was
76.7-80.7% in the 0-5, 36-47, 48-59, and 60-71 month
age groups and increased to approximately 85.3-90.4%
in the 6-11, 12-23, and 24-35 month age groups. The
ratio of multiple/total respiratory virus infections in
clinical specimens peaked at 51.5-52.8% in the 6-11 and
12-23 month age groups and was 36.5-40.3% in the 0-5
and 24-35 month age groups. In contrast, children aged
=36 months had proportionately fewer multi-viral in-
fections (17.4-30.3%).

Synchronous or exclusive co-detection of respiratory
viruses: The details of co-detections of 2, 3, or more
viruses are shown in Table 3. For dual co-detections, vi-
rus combinations of HPIV-3 with HBoV 1; HRV with
HAdV, HBoV 1, HPIV-3, hMPV, or RSV (A, B); and
HAdV with RSV B were most frequent. Triple or more
co-detected viruses were most commonly detected as
follows: HAAV with HBoV 1, HPIV-3, or RSV (A, B);
HBoV 1 with HPIV-3; and HRV with HAdV, HBoV 1,
HPIV-3, hMPV, or RSV A.

The associations between co-detected viruses were
statistically analyzed. Significant exclusive co-detection
relations were found for the combinations of HPIV-1
and HPIV-3 (randomization test, P = 0.0056), HPIV-3
and hMPV (P < 0.0001), hMPV and RSV A (P <
0.0001), hMPYV and FLUA (HIN1) 2009 (P = 0.0001),
RSV A and RSV B (P = 0.0002), and HRV and FLUA
(HINI1) 2009 (P = 0.0016). In contrast, a significant
synchronous co-detection relation was found between
HAdV and HBoV 1 (P = 0.001). No other combina-
tions of viruses were significantly synchronously or ex-

-90 -



Co-Detected Virus Associations in ARI Children

Table 1. Sequence information on primers and probes in multiplex real-time PCR

Set (T ar\gj;ugen ) Name Sequence, 5 —3’ N; g;?t(i)(t)lg ¢ Gei}gfmk Reference
1 hMPV hMPV F ARYTGCCRATCTTTGGBGTYATAG 3866-3889 AF371337 (20)
(Fusion) hMPV R TYTKACAATACCAYCCTTGRTCYTC 3988-3964
hMPYV Probe (FAM) MAARGCAGCYCCYTCTTGYTCMGRA (BHQ-1) 3909-3933
RSV B RSVBF AAGATGCAAATCATAAATTCACAGGA 1303-1328 AFO013254 (23)
(Nucleoprotein) RSVBR TGATATCCAGCATCTTTAAGTATCTTTATAGTG 1405-1373 Modified
RSV B Probe (VIC) CTGGACATAGCATATAAC (MGB) 1357-1340
RSV A RSV AF AGATCAACTTCTGTCATCCAGCAA 1175-1198  JX069802 (23)
(Nucleoprotein) RSV AR TTCTGCACATCATAATTAGGAGTATCAAT 1258-1230 Modified
RSV A Probe (Cy5) CACCATCCAACGGAGCACAGGAGAT (BHQ-3) 1202-1226
2 HPIV-3 HPIV-3 F ATGGACATGGCATAATGTGCTAT 8149-8171 FJ455842  Designed
(HN) HPIV-3 R AATGCTYCCTGTGGGATTGAG 8275-8255
HPIV-3 Probe (FAM) TCCCCATGGACATTCATTGTTTCCTGGTCT (BHQ-1) 8203-8174
HPIV-4 HPIV-4 ABF CAAAYGATCCACAGCAAAGATTC 225-247  ABS543336 (23)
(Nucleoprotein) HPIV-4 AB R ATGTGGCCTGTAAGGAAAGCA 347-327 Modified
HPIV-4 AB Probe (VIC) GTATCATCATCTGCCAAAT (MGB) 278-296
HPIV-1 HPIV-1F CCATCCTTTTTCTGCAATGTATCC 7844-7867 NC_003461 Designed
(HN) HPIV-1R ATTGCAAACACTCTGATTAACATTGG 8000-7975
HPIV-1 Probe (Cy5) CGGTGGCTTAACAACTCCGCTCCAAGG (BHQ-3) 7919-7945
3 HBoVI1 HBoV 2693f GTCAACACAGAGCTTCCAATCC 2693-2714 NC_007455 21)
(NP-1) HBoV 2781r TGAATTAGTACCATCTCTAGCAATGC 2781-2756
HBoV 2724-TP (FAM) AGTGCCAGTAGAACCCACACCACCCT (BHQ-1) 2749-2724
FLUA (HIN1) 2009 NIID-swH1 TMPrimer-F1 AGAAAAGAATGTAACAGTAACACACTCTGT 143-172  JX403978 (25)
(Hemagglutinin) NIID-swH1 TMPrimer-R1 TGTTTCCACAATGTARGACCAT 329-308
NIID-swH1 Probel (VIC) CAATRTTRCATTTACC (MGB) 255-240
HPIV-2 HPIV-2 F GGACGCCTAAATATGGACCTCTC 7244-2266 NC_003443 Designed
(HN) HPIV-2 R GTGAGTGTAACACCAATGGGTCT 7365-7343
HPIV-2 Probe (Cy5) CCCAGCTTTATCCCCTCAGCAACATCTCCC (BHQ-3) 7276-7305
4 FLUAV MP-39-67For CCMAGGTCGAAACGTAYGTTCTCTCTATC 39-67 JX163259 25)
(Matrix) MP-183-153Rev TGACAGRATYGGTCTTGTCTTTAGCCAYTCCA 184-153
MP-96-75ProbeAs (FAM) ATYTCGGCTTTGAGGGGGCCTG (MGB) 96-75
FLUBV Flu BF TGGGAACAACAGCAACAAAAAA 257-278  AB120274 (18)
(Matrix) Flu BR GCTGAGCTTTCATGGCCTTCT 368-348
Flu B Probe (VIC) CATGAAGCATTTGAAATAG (MGB) 328-346
FLUCV FluCF GACGACTACACACCAGACATCC 401-422  AB000721 Designed
(Matrix) Flu CR CTGAGACATTACTCCTGTATCTTTCAC 494-468
Flu C Probe (Cy5) TTGCATCTCAACCAAGCTGTGATTGTTCCT (BHQ-3) 456-427
5 HCoV-NL63 HCoV-NL63 F CTCTTTCTCAACCCAGGGCTG 26788-26808 NC_005831 Designed
(Nucleocapsid) HCoV-NL63 R CGAGGACCAAAGCACTGAATAAC 26890-26868

HRV/HEV
(5" UTR)

HCoV-0C43
(Nucleocapsid)

6 HCoV-HKU1
(orflab)

HEV
(5" UTR)

HCoV (229E)
(Nucleocapsid)

7 HAdAV
(Hexon)

HAdV
(Hexon)

HCoV-NL63 Probe
Panenterhino/Ge/08 F2
Panenterhino/Ge/08 F1

Entero/Panenterhino/Ge/08 R

Panenterhino/Ge/08-probe
HCoV-OC43 F
HCoV-0C43 R
HCoV-0C43 Probe

HCoV-HKUI1 F
HCoV-HKU1 R
HCoV-HKU1 Probe
Entero/Ge/08 F

Entero/Panenterhino/Ge/08 R

Panenterhino/Ge/08 Probe
HCoV-229E F

HCoV-229E R
HCoV-229E Probe

Ad2-F
Ad2-R
Ad2-probe
Ad4-F
Ad4-R
Ad4-probe

(FAM) ACCTCGTTGGAAGCGTGTTCCTACCA (BHQ-1)
CYAGCCTGCGTGG

AGCCTGCGTGGCKGCC
GAAACACGGACACCCAAAGTAGT

(VIC) CCCTGAATGYGGCTAA (MGB)
GGGTACTGGTACAGACACAACAG
GGTGCCGTACTGGTCTTTAGC

(Cy5) CCGATGGCAACCAGCGTCAACTGCT (BHQ-3)

CCTTGCGAATGAATGTGCTCAA
GAGAACAAACATTAGCAGTAACAGC

(FAM) ACCACCAGGCTTAACATAATAGCAACCGCC (BHQ-1)

GCTGCGYTGGCGGCC
GAAACACGGACACCCAAAGTAGT

(VIC) CCCTGAATGYGGCTAA (MGB)
GAGTCAGGCAACACTGTGGTC
TGTTGTTGCATTTCTCTAGTGAATG

(Cy5) AGAGTGACTGTGCCCAAAGACCATCCAC (BHQ-3)

CCAGGACGCCTCGGAGTA
AAACTTGTTATTCAGGCTGAAGTACGT
(FAM) AGTTTGCCCGCGCCACCG (BHQ-1)
GGACAGGACGCTTCGGAGTA
CTTGTTCCCCAGACTGAAGTAGGT

(Cy5) CAGTTCGCCCGYGCMACAG (BHQ-3)

26831-26856
364-376
366-381
569-547
459-474

29398-29420

29523-29503

29438-29462

15525-15546
15682-15658
15600-15571
359-373
564-542
454-469
26619-26639
26737-26713
26655-26682

1888818905
18972-18946
18926-18943
18307-18326
18390-18367
1834618364

EF173422  (22)

Modified

NC_005147 Designed

NC_006577 Designed

JQ965759 22)

Modified

NC_002645 Designed

AC_000007  (24)

Modified
AY458656  (24)
Modified

HAGdV, human adenovirus; HBoV 1, human bocavirus 1; HCoV, human coronavirus; HEV, human enterovirus; HPIV, human parainfluenza virus; hMPV,
human metapneumovirus; HRV, human rhinovirus; FLUAYV, influenza virus A; FLUBV, influenza virus B; FLUCV, influenza virus C; RSV, respiratory syncytial
virus; HN, hemagglutinin-neuraminidase; UTR, untranslated region.
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Table 2. Monthly distribution of respiratory viruses detected between January 2010-December 2011

- Z6 -
(457

Virus 2010 2011 Total/Single/Multiple Proportion
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec detections (%)Y
2 2 4 7 10 6 6 2 17 9 5 14 5 8 2 9 10 6 7 9 8 4 3 3
HAdY P H e O e @ © OwW e e nn 06 6 60 6 6 6 6 0 158/33/125 79.1
1 1 3 20 13 7 9 8 4 2 2 5 7 4 27 33 15 4 4 3 2 2
HBoV 1 M O @ U dy ©® ©® T 6 6 @ e & ® @ e ey @ e T 176/247152 86.4
1 1 2 6 2 1 2 5 1 1
HCoV-NL63 B ) B e B N 2 N ) B S ) € ¢ /A8 5.8
HCoV-229E - - (i) - - (i) S 2/0/2 100
1 1 5 4 1 1 2 1 3 5 7 3 4 1 1 )
HCov-0C43 - T o0 T e e 0o o o0 o 06 60 06 - T oo - oo - T = 0716724 60.0
HCoV-HKUI - (}) H - - - - = - - - - - - - é) ({) - - (é) - - - = 6/1/5 83.3
1 2 2 2 9 7 5 2 1 1 1 2 2 3 4 6 2
HEY m T T e o 0 e e 6 o0 o - T T 0 0 0 6 6 6 o - = 52/16/36 692
2 1 1 3 1 2 1 5 1 2 3 7 4 3 1
HPIV-1 - T T o e o0 T 0o 0 - T T T o0 o0 o0 o o0 0 0 726 w7
1 3 2 3 1 1 <
HPIV-2 - - - - - - - % 0 - O - - - - - = = ©o - - - o 11/6/5 45.5
1 1 17 15 4 3 1 2 7 25 21 9 4 3 1 472
HPIV-3 O T o mooo e - o0 - T T T e T o mae o - o - 114734780 702
1 2 2 3 4 1 4 2 5 1 1 1 3 4 S 1 3 ey
HPIV-4 - T T T T e 0 n @ n e T o 0 T o o 0 0 o o 43717726 603
1 2 12 6 2 2 1 12 28 10 7 6 3 1 1 p
mMEY © o 6o » o - - - T T T T om0 & o a6 o o o - 7 94/43/51 543
4 1 7 20 16 16 13 5 12 12 23 16 12 12 13 34 32 31 19 27 19 24 13 9
HRY @ O @ U a3 ® © O D B (O (2 (10 0 & @3 @26 Q) (12) (12 (12 (O (5 (6 39071537237 60.8
1 1 4 3 2 1 2
FLUAVY -0 - - - o - - - - - ~— o o0 oo - - - - - - @ - 1171 300
FLUA (HIN1) 2009 (g) ((5,) (%) - - - - - - - - (g) (143) ((5)) - - - - - - = = (%) 43/30/13 30.2
1 1 1 1 1 3 1
FLUBV — — — — e — — — —_ © © — © o) © ) 0] — — — — o e — 97772 22.2
1 1 1 1 1
FLUCV M I m —_ — W — — — — — — — © — —_ —_ —_ —_ —_ —_ — — — 5/1/4 80.0
6 2 5 2 1 4 9 4 10 6 6 5 1 3 1 2 4 17 11 5 5 4 5 /
RSV A ®» O o o 0o 66 6 O O - o 6 @ o O O 0 @ 9O O O O @ O 118/52/66 55.9
2 2 11 10 5 12 12 1 4 4 1 3 5 3 2 1 2 .
RSV B - T T e T T T e e e me 000 O o O S0733747 388
. 26 16 39 80 60 49 62 22 78 48 48 70 71 55 45 127 119 91 75 77 56 47 24 29 ;
Total detection W ® @) 69 @) G) @) © GH 69 @) @) @) @) @) ©) ©) 69 @) 69 6y ay @ ay B
Virus-positive specimens 18 12 26 41 29 31 34 19 45 28 37 44 50 32 35 72 64 58 51 55 36 37 18 19 391 (388)0 435
(Multiple-virus positives)  (6) @ (10 (6 18 €3 (19 G @ Jdy» Jqo @ e dJdH AqY G6 (BN @6 (1Y (e U (¥ (6) (8) :
No. tested specimens 19 14 28 44 32 34 39 27 52 33 43 48 61 38 39 76 69 63 63 65 51 48 32 26 1,044%
Virus positivity rate i g4 9§57 929 932 90.6 91.2 87.2 70.4 86.5 84.8 86.0 917 82.0 842 89.7 947 92.8 921 810 $4.6 70.6 77.1 563 T3.1 85.3

specimens (%)

: Proportion: Multiple virus-positive specimens/total virus-positive specimens.

2: Number of virus-positive specimens (number of multiple virus-positive specimens).

3: FLUAV: Numbers were counted as number of FLUAV-positive detections minus number of FLUA (HINI1) 2009-positive detections.
4: Total number of virus-positive specimens (total number of multiple virus-positive specimens).

9): Total number of specimens tested.

—, not detected.
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Fig. 1. Monthly distribution of respiratory virus infections in ARI children (<6 years of age) bétween January
2010~-December 2011. The unbroken line with closed squares and the broken line with closed triangles represent
percentages of virus-positive rates and the proportion of virus-positive specimens with multiple viruses, respec-
tively. Numbers of specimens are shown as open bars. Cases of mono, dual, and >triple virus co-detections are

shown as closed, hatched, and shaded bars, respectively.
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Fig. 2. Age-group stratified rates of multiple respiratory virus in-
fections. Age groups were 0-5, 6-11, 12-23, 24-35, 36-47,
48-59, and 60-71 months. Numbers of specimens tested are
shown as shaded bars. The unbroken line with closed squares
and the broken line with closed triangles represent percentages
of virus-positive rates and the proportion of virus-positive
specimens with multiple viruses, respectively.

clusively co-detected.

DISCUSSION

In this study, multiple virus genes were detected in
single specimens from children (<6 years), and a high
ratio of multiple/total virus-positive specimens was ob-
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served in young children (<3 years).

In statistical analyses of pairs of co-detected viruses,
we also obtained evidence that some combinations of
viruses are synchronously or exclusively co-detected.

The combination of HBoV 1 and HAdV was demon-
strated to be synchronously co-detected in the present
study. Frequent co-detection of HBoV with HAdV was
also reported previously (12). A high rate of co-detec-
tion of HBoV with HAdV was reported in hospitalized
Israeli children and was not dependent on the HAdV
serotype (29). Prolonged shedding of the HBoV 1 virus
may partially contribute to the high rate of co-detection
with other respiratory viruses (30). To our knowledge,
this is the second report of synchronous co-detection of
HBoV 1 with HAdV by statistical analysis (12). Our
results also suggested that the increased frequency of co-
detection does not overlap with the respective viral epi-
demic seasons, indicating a more complex causation
mechanism. Tanner et al. suggested that co-detections
are not random and that most associations are either
positively or negatively reciprocal (13). It would be
worthwhile to investigate whether HAJV affects HBoV
replication or function or vice versa.

Exclusive co-detection of some combinations of
viruses was observed in the present study. Most combi-
nations were between viruses of the family Paramyxo-
viridae. This is consistent with a previous report of
negatively correlated single-stranded RNA virus infec-
tions (10). In addition, exclusive co-detection of RSV A
and RSV B was also suggested in a previous study (10).
Greer et al. reported that RSV, hMPV, and HPIV infec-
tions did not occur together (11). In contrast, no statisti-
cally significant associations were reported between
RSV, hMPV, and HPIV (13).

Considering that only a few studies have analyzed the
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Table 3. Number of co-detections with each respiratory virus between January 2010-December 2011

- V6 -
YLy

HAdV HBov 1 H¢oY HCoV HCoV HCoV HEV HPIV-1 HPIV-2 HPIV3 HPIV-4 hMPV HRV FLUAV (%;%?) FLUBV FLUCV RSV A RSV B
HAdQV 6 1 — — 1 2 1 — 3 — 5 28 — 3 — — 5 10
HBoV 1 35 — — 2 1 2 2 1 15 1 8 28 1 i 1 — 8 4
HCoV-NL63 4 1 — — — 1 — — 1 1 2 5 — — — — 1 1
HCoV-229E —_ — — — — — — — — — i — _ — _ — — —
HCoV-0C43 3 6 — — — — — — 1 3 4 1 1 — — 2 -
HCoV-HKU1 — 1 — — — — — — 1 — — 1 — - — _ _
HEV 6 5 — 1 2 - - 1 3 2 1 6 - - - — 3 —
HPIV-1 — 1 — — — — — — — — — 7 — — — - - -
HPIV-2 1 — — — — — — — — — - 2 — — — — — —
HPIV-3 16 31 — - 1 — 3 — — 1 1 18 — 1 — — 1 —
HPIV-4 5 3 2 — — — 1 — — — 1 6 — 1 — — 1 2
hMPV 6 10 — — - 1 — — — 1 — 14 — — 1 ! - —
HRV 43 55 2 - 5 1 9 1 1 28 6 12 1 1 — — 21 12
FLUAVYD 1 2 — — — 1 — — — — — 1 ?\ — — — — 1
FLUA (HIN1) 2009 1 2 — — — — — — — — — — 2 — \\ — — 1 2
FLUBV — - — — — — — — — — — — — — - T — — -
FLUCV — 1 — 1 — — 1 — — — — — 1 — — _\ —
RSV A 12 9 1 — 1 — 3 — — 4 1 — 15 1 — — 1 -
RSV B 11 6 2 —_ 2 — 3 — — 1 2 — 8 — — —_ —_ T

Upper right: Number of dual co-detections with each respiratory virus.

Lower left: Number of triple or more co-detections with each respiratory virus.

D: FLUAV: Values were counted as number of FLUAV-positive detections minus number of FLUA (HINI) 2009-positive detections.
—, not detected.

Abbreviations are in Table 1.
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pairs of co-detected respiratory viruses and no study
had reported their associations in vitro or in vivo, the
significance of the specific combinations of co-detected
viruses is uncertain (10-13). In addition, this study was
very limited because the specimens were collected from
patients in only 1 city during a 2-year virus surveillance
program. Therefore, further studies are required to con-
firm the associations between co-detected respiratory
viruses and to demonstrate the mechanism underlying
the associations that may lead to cooperation or compe-
tition between these pairs of viruses.
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