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Mouse  hepatitis  virus  (MHV)  is  one  of  the  most  prevalent  viruses  detected  in  laboratory  mouse  colonies.
Enterotropic  strains  predominate  in natural  infections,  and  molecular  techniques  for  the  detection  of
MHV  shedding  in  feces  are  powerful  enough  to diagnose  active  infections.  A  reverse  transcription-
loop-mediated  isothermal  amplification  (RT-LAMP)  technique  was developed  for  the  detection  of rodent
coronaviruses  within  90 min.  The  specificity  of  this  technique  was  confirmed  by  its ability  to  detect  all
17  different  strains  of  MHV  and  6 strains  of rat  coronaviruses  as well  as  its  failure  to  detect  human,
oop-mediated isothermal amplification
ouse hepatitis virus

at coronavirus
odent coronavirus
T-LAMP

bovine,  and  porcine  coronaviruses  nonspecifically.  The  sensitivity  of  RT-LAMP  was  3.2-fold  higher  than
that  of  reverse  transcription-polymerase  chain  reaction  (RT-PCR)  and  31.6-fold  lower  than  that  of  nested
RT-PCR.  An evaluation  of  the  diagnostic  performance  of  RT-LAMP  performed  in  duplicate  using  mouse
fecal  specimens  showed  that  the  sensitivity  and  specificity  with  respect  to  nested  RT-PCR  were  85.7%
and  100%,  respectively.  RT-LAMP  assays  would  be suitable  for monitoring  active  MHV  infection  in mouse
colonies.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Mouse hepatitis virus (MHV), a species in the genus Betacoro-
avirus, family Coronaviridae,  is one of the most prevalent viruses

n mouse colonies throughout the world. MHV, which has a 31-
b single-strand positive RNA genome, changes through mutation
nd genetic recombination and can be classified serologically into
any strains (Lai, 1996; Makino et al., 1986). The strains are divided

nto two groups, enterotropic or polytropic, according to patterns of
issue tropism, tendency to disseminate, and virulence (Homberger
t al., 1998). Enterotropic strains, such as D, DVIM, and NuU, are less
irulent than polytropic strains, such as 1, 2, 3, JHM, and A59; adult
mmunocompetent mice infected with enterotropic strains show
o clinical symptoms (Homberger, 1997). However, enterotropic
trains are considered to be more contagious than polytropic
trains. MHV  infection can seriously affect the quality of biomedical
esearch (Boorman et al., 1982; Cook-Mills et al., 1992; Torrecilhas
t al., 1999). MHV  can also cause a chronic wasting disease that

ventually results in death in immunocompromised mice such as
thymic nude mice. MHV  is transmitted by contact with appar-
ntly healthy carrier mice through respiratory aerosols, feces, direct

∗ Corresponding author. Tel.: +81 19 651 5110x5390; fax: +81 19 698 1826.
E-mail addresses: hanaki@iwate-med.ac.jp, hanaki kn@me.com (K.-I. Hanaki).

166-0934/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jviromet.2012.10.008
contact, and fomites. Early detection of carrier mice is therefore
very important for eliminating this highly contagious infection
from mouse colonies. For this purpose, methods of directly
detecting viral RNA using reverse transcription-polymerase chain
reaction (RT-PCR) have been developed (Besselsen et al., 2002;
Casebolt et al., 1997; Homberger et al., 1991; Matthaei et al., 1998;
Smith et al., 2002; Wang et al., 1999; Yamada et al., 1998). However,
RT-PCR is a time-consuming and labor-intensive detection method
and is highly prone to cross contamination between samples.

An isothermal gene amplification technique called loop-
mediated isothermal amplification (LAMP) has been developed
using a specially designed primer set and a DNA polymerase with
strand displacement activity (Notomi et al., 2000). The simple addi-
tion of a reverse transcriptase to the reaction enables the technique
to amplify RNA molecules (RT-LAMP). The principles of the LAMP
reaction have been well documented by the developers (Notomi
et al., 2000; Tomita et al., 2008). RT-LAMP has several advantages
over RT-PCR. RT-LAMP can be carried out at a constant tempera-
ture in a single tube, and the reaction can be completed typically
within 1 h (Kubo et al., 2010; Lan et al., 2009; Thai et al., 2004). The
result can be judged by the naked eye without opening the reaction

tube, using a metal indicator, hydroxy naphthol blue (Goto et al.,
2009). The theoretical specificity of RT-LAMP is superior to that of
RT-PCR because of the use of 4 oligonucleotide primers that rec-
ognize a total of 6 distinct sequences. In other words, it is more

dx.doi.org/10.1016/j.jviromet.2012.10.008
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
mailto:hanaki@iwate-med.ac.jp
mailto:hanaki_kn@me.com
dx.doi.org/10.1016/j.jviromet.2012.10.008
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ifficult to design a set of LAMP primers than to design a pair of
CR primers for RNA viruses that mutate frequently (Arita et al.,
009; Dinh et al., 2011; Fukuda et al., 2006).This study aimed to
evelop a convenient and rapid molecular diagnostic technique for
HV  infection. To accomplish this objective, a set of broadly reac-

ive LAMP primers specific for rodent coronaviruses was  designed.
he sensitivity and specificity of this assay was compared with the
xisting RT-PCR and nested RT-PCR assays using isolated viruses.
inally, the diagnostic capability of the assay was  examined using
ouse fecal specimens.

. Materials and methods

.1. Viruses and cells

MHV  strain 1 (MHV-1), MHV-2, MHV-3, MHV-JHM, MHV-A59,
nd MHV-S are prototype strains. MHV-D, MHV-DVIM, MHV-F-2D,
HV-IN-12, MHV-N, MHV-Nu, MHV-NuA, and MHV-NuU are low-

irulence isolates (Hirano and Ono, 1990; Hirasawa et al., 1988).
HV-2-CC, MHV-JHM-CC, and MHV-A59-CC are low-virulence
utants of the respective strains 2, JHM, and A59 (Hirano et al.,

984). Viruses were propagated in DBT cells cultured in Eagle’s
inimum essential medium (EMEM), and virus titers were deter-
ined using a plaque assay as reported previously (Hirano et al.,

974). Rat coronavirus Parker strain (RCV-Parker) and 5 strains of
ialodacryoadenitis virus (SDAV-681, SDAV-930, SDAV-K, SDAV-L-
, and SDAV-M) were grown in LBC cells cultured in EMEM (Hirano
t al., 1985, 1986). Porcine hemagglutinating encephalomyelitis
irus strain 67N (HEV-67N), HEV-NT9, and HEV-VW3 were grown
n SK-K cells cultured in EMEM (Hirano et al., 1990). Porcine epi-
emic diarrhea virus strain 3 (PEDV-3) and porcine transmissible
astroenteritis virus strain TO (TGEV-TO) were grown in Vero and
PK cells, respectively, cultured in EMEM (Hofmann and Wyler,
988; Honda et al., 1990). Two strains of bovine coronavirus (BCV-
akegawa and BCV-Nebraska) were grown in BEK-1 cells cultured

n EMEM containing 10% (v/v) tryptose phosphate broth (Inaba
t al., 1976). Human coronavirus strain OC43 (HCV-OC43), which
ad been stored at −80 ◦C in a suckling mouse brain, was prepared
s a 10% (w/v) mouse brain homogenate in EMEM.  Each supernatant
as collected and stored at −80 ◦C after removal of cell debris by

entrifugation at 5000 × g for 5 min.

.2. Fecal specimens

Sixty-nine fecal specimens from 45 cages (each housing 1–4
ice) were collected from 29 genetically engineered mouse strains

eposited in the RIKEN BRC, a central core facility for mouse
esources in Japan. Approximately 0.1 g of each fecal specimen
2–5 fecal pellets) was added directly to a bashing beads lysis
ube (1 mm zirconia beads; Sarstedt, Chiyoda, Tokyo, Japan) and
ysed with 0.6 mL  of sterile water by bead beating in a vor-
ex. The lysates were clarified by centrifugation at 5000 × g for

 min. Each fecal supernatant was stored at −80 ◦C until RNA
xtraction.

.3. Extraction and purification of viral RNA

Viral RNA was extracted from culture or fecal supernatant
sing the High Pure Viral RNA Kit (Roche Diagnostics, Minato,
okyo, Japan) according to the manufacturer’s instructions. Briefly,
 200 �L aliquot of the supernatant was dissolved in a lysis buffer
ontaining poly-A and then bound to a glass fiber fleece. After wash
nd spin steps, viral RNA was eluted from the fleece using 50 �L of
lution buffer and stored at −80 ◦C until use.
l Methods 187 (2013) 222– 227 223

2.4. LAMP primer design

The whole-genome sequences of 8 MHV  strains available in
GenBank (MHV-1, accession number FJ647223; MHV-2, AF201929;
MHV-3, FJ647224; MHV-JHM, NC 006852; MHV-A59, AY700211;
MHV-MI, AB551247; MHV-Penn 97-1, AF208066; and MHV-S,
GU593319) were aligned using Genetyx-Mac v16 (Genetyx Corp.,
Shibuya, Tokyo, Japan). The whole-genome sequence of RCV-Parker
(GenBank ID: FJ938068) was also aligned with the MHV  sequences.
The highly conserved 5′-terminus sequence was selected as the
target for primer design.

RT-LAMP needs a set of 4 primers comprising of 2 outer
(F3 and B3) and 2 inner (FIP and BIP) primers (Fig. 1). The F3
primer is a sense sequence of the F3 region of the target gene
and the B3 primer is an antisense sequence of the B3 region of
the target gene. The FIP primer contains an antisense sequence
of the F1c region at its 5′ end and a sense sequence of the F2
region at its 3′ end. BIP primer contains a sense sequence of
the B1c region at its 5′ end and an antisense sequence of the
B2 region at its 3′ end. Further, one or two  loop primers (LB
and/or LF) can be designed to accelerate the amplification reaction
by binding to additional sites that are not accessed by internal
primers (Nagamine et al., 2002). A set of 2 inner primers FIP (5′-
CCGAGACCGTATTTGCCCATCT-CTCTGCCAGTGACGTGTC-3′) and
BIP (5′-TGGGCCCCAGAATTTCCATGG-CCTCCTCTGACCTCTCAGG-
3′), which recognize 4 distinct regions on the target sequence,
and a loop primer LB (5′-CCGAACGCATCGGAGAAGTTG-3′)
were designed with PrimerExplorer V4 online software
(http://primerexplorer.jp/e/) developed by Fujitsu Systems
East (Bunkyo, Tokyo, Japan). However, it was not possible to
design the other loop primer (LF), located between the F2
and F1c regions, with the software. A set of 2 outer primers
consisting of F3 (5′-CYTGGTCTTGTCATAGTGCT-3′) and B3 (5′-
AAAATATCACGGATTATGGC-3′) were designed manually. Possible
mismatches between the primers and all rodent coronavirus
genes available in GenBank were also checked using the BLAST
program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The locations of
the primers are shown in Fig. 1. All primers were synthesized by
Life Technologies Japan (Chuo, Tokyo, Japan).

2.5. RT-LAMP

RT-LAMP was  performed in a 0.2 mL  microtube with a 20 �L
reaction mixture containing 4 �L of viral RNA, 1.6 �M of FIP and BIP,
0.8 �M of LB, 0.2 �M of F3 and B3, 1.4 mM of each dNTP, 0.45 U of
Cloned AMV  Reverse Transcriptase (Life Technologies Japan), 6.4 U
of the large fragment of Bst DNA polymerase (New England BioLabs,
Sumida, Tokyo, Japan), 20 U of RNasin Plus ribonuclease inhibitor
(Promega KK, Cyuo, Tokyo, Japan), and 120 �M of hydroxy naph-
thol blue trisodium salt (CAS No. 63451-35-4; Dojindo Laboratories,
Mashiki, Kumamoto, Japan) in 1× LAMP buffer [20 mM Tris–HCl (pH
8.8), 8 mM MgSO4, 10 mM KCl, 10 mM (NH4)2SO4, 0.1% Tween 20,
and 0.8 M betaine]. Unless otherwise stated, the microtubes were
incubated at 62 ◦C for 90 min  in an Applied Biosystems 2720 ther-
mal  cycler (Life Technologies Japan). Successful gene amplification
was judged by a color change of the reaction solution from purple
to sky blue under ambient light (Goto et al., 2009).

2.6. RT-PCR

RT-PCR targeting a highly conserved viral membrane E1
glycoprotein gene was  originally reported by Homberger

et al. (1991).  The primer sequences amplifying a 375-bp
genome fragment were 5′-AATGGAACTTCTCGTTGGG-3′ and
5′-TAGTGGCTGTTAGTGTATGG-3′. The RT-PCR was carried out
with PrimeScript One Step RT-PCR Kit Ver. 2 (Takara Bio., Otsu,

http://primerexplorer.jp/e/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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ig. 1. Sequence alignment of rodent coronavirus genes between the F3 and B3 pr
f  MHV-2 (GenBank ID: AF201929). Arrows indicate the sequences from the 5′ to 3
epresented as dots. FIP and BIP primers contain two  distinct sequences: F1c plus F

higa, Japan). A 20 �L reaction mixture containing 2 �L of the RNA
xtract, 0.4 �M of each of the primers, 0.4 mM of each dNTP, and
.8 �L of PrimeScript One Step Enzyme Mix  in 1× One Step buffer
as used. The samples were placed in a thermocycler (Mastercy-

ler ep gradient S; Eppendorf, Chiyoda, Tokyo, Japan) and were
ubjected to the following thermocycling parameters in the given
rder: RT reaction at 50 ◦C for 30 min; an initial denaturation step
t 94 ◦C for 2 min; 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C
or 60 s; and a final elongation step at 72 ◦C for 5 min. Amplification
roducts were electrophoresed on 1.2% agarose gels, stained with
thidium bromide, and visualized by UV illumination.

.7. Nested RT-PCR

A nested RT-PCR targeting a highly conserved nucleocapsid gene
as originally reported by Yamada et al. (1998).  The RT followed by

he first PCR was carried out with PrimeScript One Step RT-PCR Kit
er. 2 as described above, and the primer sequences amplifying a
89-bp genome fragment were 5′-GTTCCTGGGCAAGAAAATGC-3′

nd 5′-ACCAATTCTAAT TTAGATCC-3′. The samples were sub-
ected to the thermocycling parameters described above. The
econd PCR was carried out with Platinum PCR SuperMix
Life Technologies Japan), and a 575-bp genome fragment
as amplified with primers 5′-AAGCAGACTGCAACTACTCA-3′ and

′-ACAAGAGCAGCAATTTCTTC-3′. Each 20 �L reaction mixture

onsisted of 1 �L of the first PCR product, 0.4 �M of each of the
rimers, and 10 �L of Platinum PCR SuperMix and was subjected
o the following thermocycling parameters in the given order: an
nitial denaturation step at 94 ◦C for 2 min; 30 cycles of 94 ◦C for
, Numbers at the beginning and end of sequences denote the nucleotide positions
used for the respective primers, and nucleotides that matched those of MHV-2 are
B1c plus B2, respectively.

15 s, 55 ◦C for 15 s, and 72 ◦C for 40 s; and a final elongation step at
72 ◦C for 3 min. The amplification products were electrophoresed
and visualized as described above.

2.8. Limiting dilution assay

To evaluate the detection limits of the nucleic acid tests (NATs)
RT-LAMP, RT-PCR, and nested RT-PCR, viral RNA was purified from
6 × 106 PFU/mL of MHV-3 culture supernatant as described above.
Serial 10-fold dilutions of the extracted RNA were prepared in
nuclease-free water and tested in quadruplicate by the NAT. The
nucleic acid test end-point at which 50% of the reactions were pos-
itive (NAT50) was  calculated by the method of Reed and Muench
(1938).

3. Results

3.1. Design of rodent coronavirus-specific RT-LAMP primers

The nucleotide sequence of MHV-2 was aligned with 7 other
strains of MHV  and RCV-Parker using the Genetyx-Mac program,
and the highly conserved 5′ end region of their genomes was
selected as the target for primer design. The positions of the primers
in 6 of the 8 MHV  and RCV-Parker nucleotide sequences are shown

in Fig. 1. Primers FIP, LB, BIP, and B3 matched 100% with the
rodent coronavirus genes. There was a mismatch only between the
F3 primer and the rodent coronavirus genes; however, the mis-
match was  located in the 5′-terminal area of the F3 primer. BLAST
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Table 1
Analytical specificities of the RT-LAMP, RT-PCR, and nested RT-PCR assays.

Host Virus strains/variants RT-LAMP RT-PCR Nested RT-PCR

Mouse MHV-1 + + +
MHV-2 + − +
MHV-2CC + − +
MHV-3 + + +
MHV-JHM + + +
MHV-JHM-CC + + +
MHV-A59 + + +
MHV-A59-CC + + +
MHV-D + + +
MHV-DVIM + + +
MHV-F-2D + + +
MHV-IN-12 + + +
MHV-N + + +
MHV-Nu66 + + +
MHV-NuA + + +
MHV-NuU + + +
MHV-S + + +

Rat RCV-Parker + + +
SDAV-681 + + +
SDAV-930 + + +
SDAV-L-1 + + +
SDAV-M + + +
SDAV-K + + +

Human HCV-OC43 − − −
Swine HEV-67N − − −

HEV-NT9 − − −
HEV-VW3 − − −
TGEV-TO − − −
PEDV-3 − − −

s
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Fig. 2. Visual inspection of sensitivities of NATs, A, RT-LAMP after 90 min  incubation;
B,  RT-PCR; and C, nested RT-PCR. Lane M, 1 kb Plus DNA ladder (Life Technologies
Japan); tubes (lanes) 1–7, 10-fold serially diluted MHV-3 RNA from 103 to 109; tube
Bovine BCV-Kakegawa − − −
BCV-Nebraska − − −

earching revealed that the primer set could amplify no genes avail-
ble in GenBank except rodent coronavirus genes.

.2. Analytical specificity of the RT-LAMP assay

The specificities of the NATs were analyzed using RNA extracted
rom the 17 strains of MHV, 6 strains of rat coronaviruses, and

 non-rodent coronaviruses listed in Table 1. The RT-LAMP assay
s well as the nested RT-PCR assay detected all the rodent coron-
viruses and no non-rodent coronaviruses. By contrast, the RT-PCR
ssay failed to detect MHV-2 and MHV-2-CC.

.3. Detection limit of the RT-LAMP assay

The sensitivity of the RT-LAMP assay was analyzed in quadru-
licate using 10-fold serial dilutions of MHV-3 genomic RNA and
ompared with those of the RT-PCR and nested RT-PCR assays

Table 2). Representative raw data of each assay are shown in Fig. 2.
he detection limit of the RT-LAMP assay was found to be 107-fold
iluted RNA. However, only one of the quadruplicate tests was  pos-

tive after a 60 min  incubation, and 2 were positive after a further

able 2
etection limits of the RT-LAMP, RT-PCR, and nested RT-PCR assays.

Assay MHV-3 RNA dilution NAT50(log10)a

104 105 106 107 108 109

RT-LAMP
60 min  4 4 4 1 0 NT 6.7
90  min  4 4 4 2 0 NT 7.0

RT-PCR 4 4 4 0 0 NT 6.5
Nested RT-PCR 4 4 4 4 4 0 8.5

he results are shown as the number of positives (n = 4). NT: not tested.
a Dilution of MHV RNA for which 50% of the nucleic acid tests are positive.
(lane) 8, negative control.

30 min  incubation. By contrast, the detection limits of the RT-PCR
and nested RT-PCR assays were found to be 106-fold and 108-fold
diluted RNA, respectively. The NAT50 (log10) values for the 60 min
RT-LAMP, 90 min  RT-LAMP, RT-PCR, and nested RT-PCR assays were
estimated as 6.7, 7.0, 6.5, and 8.5, respectively.

3.4. Diagnostic performance of the duplicate RT-LAMP assay

The diagnostic performance of the RT-LAMP assay was  fur-
ther examined with mouse fecal specimens collected from mouse
cages in a conventional mouse facility, and compared with that
of the nested RT-PCR assay. In this examination, the RT-LAMP and
nested RT-PCR assays were carried out in duplicate and single trials,
respectively. The results are summarized in Table 3. Of the 69 sam-
ples, 6 were found to be positive by the duplicate RT-LAMP assay.
Of the 7 positive samples in the nested RT-PCR assay, 1 sample was
negative in the duplicate RT-LAMP assay. None of the 62 negative
samples in the nested RT-PCR assay were positive in the duplicate
RT-LAMP assay. Thus, the duplicate RT-LAMP assay displayed 85.7%

of the sensitivity and 100% of the specificity of the nested RT-PCR
assay.
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Table 3
Diagnostic performance of RT-LAMP assay compared with nested RT-PCR assay.

Nested RT-PCR Duplicate RT-LAMPa

Positive Negative Correlation (%)

Positive 7 6 (5) 1 85.7
Negative 62 0 62 100
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a RT-LAMP assay are carried out in duplicate, and the number in the parenthesis
hows one of the duplicates is positive.

. Discussion

MHV  is one of the most prevalent viruses of laboratory mice,
ollowing murine noroviruses and mouse parvoviruses (Pritchett-
orning et al., 2009). Mice infected with the enterotropic strains
f MHV  shed the viruses in feces for long periods, although the
nfected mice show no clinical symptoms (Compton et al., 2004;
mith et al., 2002). Endemic infection in mouse colonies is main-
ained by the continual arrival of susceptible mice, including
ewborns. Thus, controlling and detecting MHV  in mouse colonies

s very important for microbiological quality control in labora-
ory animal facilities. In this study, a broadly reactive RT-LAMP
ssay specific for rodent coronaviruses was developed. As in the
ase for PCR, primer design is the most crucial step for develop-
ng a successful LAMP assay. In general, specific gene amplification
equires perfect base pairing between the 3′ end of a primer and
he target gene (Dieffenbach et al., 1993). In the case of the LAMP
eaction, perfect base pairings between the 5′ end of both F1c and
1c primer regions and the target gene are also necessary for spe-
ific gene amplification. The perfect base pairings of both the 3′

nd 5′ ends of F1c and B1c primer regions enable the formation of a
umbbell-shaped stem-loop DNA in the LAMP reaction that serves
s the starting template for exponential DNA synthesis (Notomi
t al., 2000; Tomita et al., 2008). At first, the primers against the
ucleocapsid gene were designed, because RT-LAMP primers spe-
ific for other coronaviruses such as HCV-NL63 (Pyrc et al., 2011),
nfectious bronchitis virus (IBV) (Chen et al., 2010a,b), TGEV (Chen
t al., 2010a,b; Li and Ren, 2011), and PDEV (Ren and Li, 2011)
ere designed for the gene encoding the nucleocapsid. In addition,

he number of subgenomic mRNAs encoding the nucleocapsid is
igher than those of any other genomic and subgenomic mRNAs
Pyrc et al., 2004). However, the RT-LAMP primers designed by
he PrimerExplore software in the gene encoding the nucleocap-
id did not satisfy the criteria for LAMP primers, i.e., the melting
emperature, stability of each primer end, GC content, and sec-
ndary structure, when tested against the genes of several MHV
trains available in GenBank. It was then investigated whether RT-
AMP primers for other coronaviruses satisfy the criteria of LAMP
rimers against all target genes available in GenBank. The investi-
ation showed that for several isolates, the primers for IBV, TGEV,
nd PDEV did not satisfy the criteria (data not shown). We  accord-
ngly abandoned the plan of designing broadly reactive RT-LAMP
rimers in the nucleocapsid gene of rodent coronaviruses. Finally,
e succeeded in designing the RT-LAMP primers in the 5′ end of the

iral genome that satisfied the criteria of LAMP primers against all
odent coronavirus genes available in GenBank. With the designed
rimers, gene amplification occurred only in the presence of rodent
oronavirus RNA. Sequence specificity was confirmed by the lack
f amplification of non-rodent coronavirus RNA from species in the
enera Betacoronavirus (HCV-OC43, HEV, and BCV) and Alphacoro-
avirus (TGEV and PEDV). Sequence specificity was also confirmed
y the absence of gene amplification in the presence of RNA purified

rom MHV-free mouse fecal specimens (data not shown).

In contrast to the RT-LAMP assay, the RT-PCR assay developed
y Homberger et al. (1991) failed to detect MHV-2 and MHV-2-CC
Table 2). The specificity of the assay for MHV-2 was not verified
l Methods 187 (2013) 222– 227

in their study. However, a homology analysis using the Genetyx-
Mac  program showed that there are four mismatches between the
sense primer and MHV-2 gene, three of which are located in the 3′-
terminal area (data not shown). Thus, the RT-PCR assay using this
particular set of E1 primers may not be suitable for screening mice
naturally infected with MHV.

The detection limit of the RT-LAMP assay was  assessed using
quadruplicate testing of 10-fold serially diluted MHV-3 RNA (Fig. 2
and Table 2). The detection sensitivity of the RT-LAMP assay was
3.2 times higher than that of the RT-PCR assay and 31.6 times lower
than that of the nested RT-PCR assay. This sensitivity was lower
than expected, given that RT-LAMP had been reported to show 100-
fold higher sensitivities than conventional RT-PCR (Thai et al., 2004;
Lan et al., 2009). The inferior performance may  have been due to
the use of different target genes, given that the 5′-end sequence
(target of RT-LAMP) is contained only on the full-length viral RNA.
By contrast, the E1 gene (target of RT-PCR) and the N gene (tar-
get of nested RT-PCR) are contained on not only the genomic RNA
but also numerous subgenomic mRNAs. The limiting dilution assay
also indicated that the replicate RT-LAMP would improve detection
sensitivity over single RT-LAMP particularly at lower concentra-
tions of the target gene. Accordingly, the diagnostic performance of
the RT-LAMP assay was  examined in duplicate. In 69 mouse fecal
specimens, the sensitivity and specificity of the duplicate RT-LAMP
assay with respect to the nested RT-PCR assay were 87.5% and 100%,
respectively.

The primary advantages of the RT-LAMP assay are that it
requires half the time of the nested RT-PCR assay and that the
result can be judged by an inspection of color change of the
reaction mixture without opening the tubes (Goto et al., 2009).
These advantages make the assay amenable to high-throughput
diagnostics by eliminating both post-amplification processing and
the risk of carryover contamination. The defects of the RT-PCR
and nested RT-PCR assays have also been solved by real-time
RT-PCR technology (Smith et al., 2002). However, real-time RT-
PCR needs expensive detection instrument and restricts its use
to laboratories with good financial resources. Thus, it is another
advantage for laboratories with limited financial resources that the
isothermal RT-LAMP assay can be carried out with conventional
instrument.

The diagnosis of MHV  infection is generally performed by sero-
logic assays, given that seroconversion occurs at least 5–7 days after
the infection and anti-MHV antibodies persist for a long time. A
serological assay is therefore the most efficient method to expose
the history of MNV  contamination rather than the current status
of infection in a mouse colony. However, the assay does not work
in immunocompromised mice or immunocompetent mice in the
early phase of infection. To compensate for these limitations, fecal
RT-PCR and nested RT-PCR have often been employed for screening
mice actively infected with MHV. Casebolt et al. (1997) reported
that an enterotropic MHV  genome was  detected in mouse fecal
specimens by nested RT-PCR beginning on day 3 through day 21
after oral inoculation. However, it is dangerous to put too much
trust in the NAT, given that MHV  strains vary in organotropism and
that not all feces from the same mouse may  contain viral genes.
In conclusion, a combination of RT-LAMP and serological assays is
proposed be a more convenient and effective method of diagnosis
for MHV  infection in mouse colonies.
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