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A two-tube reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay was designed
for the rapid visual detection of the M gene of all subtypes of avian influenza virus (AIV) and the
H5 gene of the H5 subtype of highly pathogenic AIV (HPAIV). The reaction carried out in two tubes
in a single step at 58°C for 40 min, and the assay results could be visually detected by using hydrox-
ynaphthol blue dye. Using M or HS5 gene-specific primers, the assay successfully detected all subtypes
or H5 subtypes of AlVs, including the Korean representative HSN1 and H5SN8 HPAIVs. The detection
limit of the assay was approximately 10’ EIDso/reaction for the M and H5 genes of HSN1 HPAIV,
respectively, and was more sensitive than that of previously reported RT-LAMP and comparable to that
of real-time RT-PCR. These results suggest that the present RT-LAMP assay, with its high specificity,
sensitivity, and simplicity, will be a useful diagnostic tool for surveillance of currently circulating H5
HPAIVs and other subtypes of AIV in bird population, even in under-equipped laboratories.
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INTRODUCTION

The HS subtype highly pathogenic avian influenza vi-
ruses (HPAIVs) have caused considerable economic
losses in the poultry industry, and continue to pose po-
tential threats to animal and human health worldwide.
Furthermore, these viruses are continually evolving be-
cause of their extensive genetic diversity and reassort-
ment with other subtypes of influenza viruses (WHO,
2015). Since 2003, periodical outbreaks of HS5N1 or
H5N8 HPAI have occurred in Korea, and despite ex-
tensive national control strategies, various subtypes of
A1V, including H5 subtype HPAIVs, have been sporadi-
cally detected in domestic poultry and wild birds (Kim
et al, 2012; Lee et al, 2014). Rapid and accurate diag-
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nostic methods are essential for the surveillance, out-
break management, and early infection control of emerg-
ing HPAIVs. Currently, molecular diagnostic methods,
including the reverse transcription polymerase chain re-
action (RT-PCR) and real time RT-PCR (RRT-PCR),
have been successfully applied for rapid and reliable
AIV detection (Kim et al, 2013; WHO, 2014). However,
these techniques require sophisticated and expensive in-
strumentation and specialized technicians, thereby limit-
ing their effectiveness in smaller and under-equipped
laboratories in developed or developing countries.
Since the development of loop-mediated isothermal
amplification (LAMP) in 2000 (Notomi et al, 2000), the
assay has been considered as a valuable tool for de-
tection of various pathogens, with high sensitivity, spe-
cificity, rapidity, and simplicity (Mori and Notomi, 2009).
Recently, some reverse transcription-LAMP (RT-LAMP)
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assays have been successfully applied to detect all sub-
types of AIV with matrix (M) gene-specific primer sets
(Kim et al, 2015; Shivakoti et al, 2010; Yoshida et al,
2011) or H5 HPAIVs (Dhin et al, 2011; Imai et al, 2007,
Jayawardena et al, 2007; Postel et al, 2010) However,
considering that various subtypes of AIV and HS5 HPAIV
co-circulate among wild and domestic bird populations
in HPAI epidemic situation, a RT-LAMP assay that is
able to detect HS HPAIVs and other subtypes of AIV
simultaneously is required for rapid virus diagnosis and
surveillance. Therefore, in this study, we describe a
two-tube RT-LAMP assay with M gene-specific and HS
gene-specific primers for the simultaneous visual de-
tection of the HS and other subtypes of AIV.

MATERIALS AND METHODS

The M gene-specific RT-LAMP primers for the de-
tection of all subtypes of AIV were taken from our pre-
vious research (Kim et al, 2015), and the primers for M
gene are F3: 5’-AGTCTTCTAACCGAGGTCGA-3* (20
nt); B3; 5’-TGCAGTCCTCGCTCACTG-3’ (18 nt); FIP:
5’-ACATCTTCAAGTCTCTGCGCGATC-ACGTTCTCT
CTATCRTCCCG-3’ (44 nt); LF: 5’-GCAAAGACATC-
TTCAAGTCTCTGC-3* (24 nt); LB: 5’-GACTAARGGG-
ATTTTGGGATTTGT-3" (24 nt). The H5 gene-specific
primers for detecting HS subtypes of HPAIV were new-
ly designed using the Web-based primer design software
Primer Explorer V4 (Eiken Chemical, Japan; http://www.
primerexplorer.jp/e/) and were based on the available HS
gene sequences of HS5 subtype AIVs (including H5N1
and HSN8 HPAIVs) deposited in the Influenza Sequence
Database (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.
html) in April 2016. The primers for H5 gene are F3:
5’-TTATAGAGGGAGGATGGCAR (20 nt); B3: 5-A-
AYCCGTCTTCCATCTTCTTR-3’ (21 nt); FIP: 5°-TTG-
TCTGCAGCGTAYCCAC-AATGGTAGAYGGTTGGTA
TGG-3 (40 nt); BIP: 5-GGCAATAGAYGGAGTYAC-
CAAT-GCCTCAAAYTGRGTGTTCA (42 nt); LF: 5’-GC-
TCRTTGCTGTGGTGRTA-3’ (19 nt); LB: 5’-AAGGTCA-
ACTCRATCATTGACA-3’ (22 nt). Some of these pri-
mers were modified as degenerate primers for sequence

matching with all of the targeted gene sequences of
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AIVs. The RT-LAMP with M or H5 gene-specific pri-
mer sets was carried out in two reaction tubes, as pre-
viously described (Kim et al, 2015). Briefly, 5 pL of
viral RNA was added to each RT-LAMP premix con-
taining 40 pmol each of the inner primers FIP and BIP,
5 pmol each of the outer primers F3 and B3, 20 pmol
each of the loop primers LF and LB, 8 U of Bst DNA
polymerase (New England Biolabs, USA), 10 U of
AMV reverse transcriptase (Promega, USA), 10 mM
dNTPs (Takara, Japan), 250 mM betaine, 150 mM MgSQOs,
and 3 mM hydroxynaphthol blue (HNB) (Lemon-Green,
China), and the final volume was adjusted to 25 puL with
diethylpyrocarbonate (DEPC)-treated water. The RT-LAMP
was performed at 58°C for 40 min, followed by heating
at 80°C for 2 min to terminate the reaction. Results of
the RT-LAMP were visually confirmed by color change
of the HNB dye (from initial purple to positive sky
blue) in the reaction tubes, and detected by 1.5% agar-
ose gel electrophoresis with NEO green dye staining
(Neoscience, Korea) and observation of the LAMP-spe-
cific ladder-like DNA bands under an ultraviolet light
transilluminator (Bio-Rad, USA).

RESULTS AND DISCUSSION

The specificity of the RT-LAMP assay was evaluated
using viral RNAs extracted from 16 reference AIV
strains with different H subtypes, one human influenza
B virus, four HSN1 and five HSN8 Korean representa-
tive HPAIV strains, and three other avian respiratory vi-
ral pathogens (viz., Newcastle disease virus, infectious
bronchitis virus, and infectious bursal disease virus vac-
cine strains) (Table 1). The RT-LAMP with M gene-spe-
cific primers successfully amplified the M genes of all
tested AIVs, and the assay with HS5 gene-specific pri-
mers also successfully amplified H5 genes of all tested
H5 subtype AlVs, including strains HSN3, H5NI1, and
H5NS, but not the influenza B virus and other avian
pathogens. Furthermore, for the HS5N1 and HSN8
Korean representative HPAIVs, the M and HS5 genes
were simultaneously detected by the RT-LAMP assay in
a one-step reaction, as expected (Table 1). Although
some researchers have previously described RT-LAMP
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Table 1. Virus strains used for validation of the reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay and its specificity

Detection of AIV gene"
Virus (clade) Subtype
M H5
Reference strains with different subtypes
A/PR/8/34 HINI + —
A/Singapore/1/57 H2N2 + —
A/duck/Ukraine/1/63 H3N8 + -
A/duck/Czechoslovakia/56 H4N6 + -
A/duck/Hong Kong/820/80 H5N3 + +
A/shearwater/Australia/1/72 HO6NS + -
A/wild duck/Kr/CSM42-34/11 H7N9 + —
A/turkey/Ontario/6118/68 H8N4 + —
A/turkey/Wisconsin/1/66 HIN2 + -
A/wild duck/Kr/CSM42-9/11 HION7 + -
A/duck/Memphis/546/74 H1IN9 + -
A/duck/Alberta/60/76 HI2N5 + —
A/wild duck/Kr/SH38-45 HI3N2 + -
A/mallard/Gurjer/263/82 HI14N5 + -
A/shearwater/West Australia/2576/79 HI15N9 + -
A/gull/Denmark/68110 HI16N3 + —
B/Wisconsin/1/2010 — -
HPALV isolates from Korean HPAI outbreaks

A/chicken/Korea/ES/2003 (2.5) H5NI1 + +
Alchicken/Korea/IS/2006 (2.2) H5N1 + +
A/chicken/Korea/Gimje/2008 (2.3.2.1) H5N1 + +
A/duck/Korea/Cheonan/2010 (2.3.2.1) H5N1 + +
A/breeder duck/Korea/Gochang1/2014 (2.3.4.4)b H5N8 + +
Albroiler duck/Korea/Buan2/2014 (23.4.4)b H5N8 + +
Afbroiler duck/Korea/H1731/2014 (2.3.4.4)° H5N8 + +
A/domestic mallard duck/Korea/H1924/201 (2.3.4.4)b H5N8 + +
A/mallard duck/Korea/H2102/2015 (2.3.4.4)b H5N8 + +

Other avian pathogens
Newcastle disease virus (La Sota strain)
Infectious bronchitis virus (AVR1 strain)
Infectious bursal disease virus (W2512 strain)

*Viral RNA amplification was evaluated bythe developed two-tube RT-LAMP using M and H5 gene-specific primers (+, RT-LAMP positive; —,

RT-LAMP negative).

*This group of hemagglutinin gene segments was re-designated as clade 2.3.4.4 from the original clade of 2.3.4.6 according to a recommendation of

the WHO/OIE/FAO H5 working group.

assays for the detection of the HS gene of HPAIVS,
these assays targeted for the gene of HSNI1 but not
HS5N8 HPAIV, and never evaluated for the current cir-
culating HSN8 subtype (Dhin et al, 2011; Imai et al,
2007; Jayawardena et al, 2007). The RT-LAMP assay
developed in this study was capable of detecting both
H5N1 and H5N8 HPAIVs, and expected to be more
useful than previously reported RT-LAMP assays in
countries where avian populations are infected by differ-
ent HS subtype HPAIVs, including H5N1 and HS5NS8
subtypes.

The sensitivity of the RT-LAMP assay was evaluated
with Korean representative HSN1 [A/chicken/Korea/Gim-
je/2008 (H5N1)] HPAIVs (Kim et al, 2012). The viruses
were propagated in specific pathogen-free (SPF) em-
bryonated chicken eggs (ECEs), and the 50% egg in-
fectious dose (EIDs) titers were determined in 11-day-old
SPF ECEs using the Reed and Muench method (Reed
and Muench, 1938). To calculate the limit of detection
(LOD) of the assay, viral RNAs were extracted with tit-
ers of 10"° EIDsy/0.1 mL, serially 10-fold diluted in
DEPC-treated water, and tested by the RT-LAMP assay,
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and the results were compared with those of the pre-
viously reported RRT-PCR assay (Kim et al, 2013). The
RRT-PCR for detection of M or H5 gene of HPAIV
was performed using a one-step PrimeScript RT-PCR kit
(Takara Bio, Inc., Shiga, Japan) and a CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad, USA) as
previously described (Kim et al, 2013). For interpre-
tation of the RRT-PCR results, samples producing a cy-
cle threshold (Ct) of less than 37 were considered to be
positive, and a high Ct value (>37) was considered to
be negative. The LOD of the RT-LAMP assay for the
M and HS genes of HSN1 HPAIV was determined to
be about 10*° EIDsy/0.1 mL, and consistent with the
LOD of the RRT-PCR assay (Fig. 1). Previously, some
RT-LAMP assays were described for the detection of all
ALV subtypes using M gene-specific primers (Shivakoti
et al, 2010; Yoshida et al, 2011) or H5 HPAIVs using
H5 gene-specific primers (Dhin et al, 2011; Imai et al,
2007; Jayawardena et al, 2007; Postel et al, 2010). In
those studies, the sensitivity of each RT-LAMP assay
was different according to the target gene or tested
virus. Shivakoti et al, (2010) reported the sensitivity of
the RT-LAMP assay for detection of the AIV M gene

M gene
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to be 10* ElDsy/reaction (Shivakoti et al, 2010). Postel
et al, (2010) reported the sensitivity of the RT-LAMP
assay for the AIV H5 gene to be 1,000-fold lower than
that of RRT-PCR assay (Postel et al, 2010). Considering
these earlier results, the sensitivity of the RT-LAMP as-
say in this study should be sufficient for the monitoring
and surveillance of H5 and other AIV subtypes in bird
populations with suspected HPAI (Lee et al, 2005; Zhao
et al, 2013).

To evaluate the clinical performance of the developed
RT-LAMP assay, a total of 627 fecal samples of domes-
tic chickens (n=252) and wild birds (n=375) were col-
lected from domestic chicken farms and migratory bird
habitats in 2014~2015 (Table 2), and tested by the
RT-LAMP with M gene or H5 gene-specific primer set.
For further evaluation of virus-positive samples, the HA
protein was subtyped as previously described (Kim et al,
2012). The RT-LAMP assay with M or H5 gene-specif-
ic primers detected 15 samples as IAV-positive or one
sample as H5 [AV-positive, respectively, which was con-
sistent with the RRT-PCR results, Subtypes of IAV-pos-
itive cases were confirmed as H5 (n=1), H6 (n=3), HS
(n=10) and HI1 (n=1), respectively (Table 2).
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Fig. 1. Comparison of the sensitivity of reverse transcription loop-mediated isothermal amplification (RT-LAMP) and real time reverse tran-
scription polymerase chain reaction (RRT-PCR) assays with serially diluted RNAs of HSN1 HPAIV. (A) Detection of the RT-LAMP results by the
hydroxynaphthol blue dye-mediated colorimetric method. Tubes 1~7, 10-fold dilutions of viral RNAs from 10" to 10" EIDs/0.1 mL; tube NC,
negative control. (B) Detection of the RT-LAMP results by agarose gel electrophoresis. Lane M, 100 bp DNA marker; lanes 1 ~7, 10-fold dilutions
of viral RNAs from 10" to 10" EIDs¢/0.1 mL; lane NC, negative control. (C) Results of RRT-PCR. Lines 1 ~7, 10-fold dilutions of viral RNAs
from 107 to 10" EIDs0/0.1 mL; line NC, negative control. The Ct values for the detection of M gene were determined as 17.3, 21.06, 23.92, 27.37,
30.35 and 35.51 for each serial viral diluent (from 10™° to 10" EIDs¢/0.1 mL), respectively. The Ct values for the detection of H5 gene were de-
termined as 18.72, 22.11, 25.45, 28.58, 31.87 and 36.27 for each serial viral diluent (from 10" to 10, EIDs¢/0.1 mL), respectively.
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Table 2. Results of virus detection in clinical samples by the M or H5 gene-specific reverse transcription loop-mediated isothermal amplification
(RT-LAMP) and real time reverse transcription polymerase chain reaction (RRT-PCR)

No. of virus positive

Fecal samples No. of tested RRT-PCR RT-LAMP HA subtype (No. of virus)
M gene HS gene M gene HS gene
Domestic chicken 252 8 0 8 0 H9 (8)
Wild bird 375 7 1 1 HS5 (1), H6 (3), H9 (2), H11 (1)
Total 627 15 15 1

With regard to the detection methods for the ampli-
cons, previously described RT-LAMP assays for the de-
tection of the AIV M or H5 gene determined the ampli-
fication results by gel electrophoresis, real-time turbidity
monitoring (derived by phosphate precipitates), and/or
fluorescence dye-mediated colorimetric detection (Shivakoti
et al, 2010; Yoshida et al, 2011; Dhin et al, 2011; Imai
et al, 2007; Jayawardena et al, 2007; Postel et al, 2010).
However, these detection methods require complicated,
bulky, and specialized instrumentations, which diminish
the point-of-care testing capability of RT-LAMP, and
may increase the potential risk for contamination of am-
plified RT-LAMP products by opening the lid of the re-
action tube. Therefore, to take full advantage of the
RT-LAMP assay, the detection methodology should be
simple, rapid, and cost-effective (Mori and Notomi,
2009). In this study, we were able to visually detect
RT-LAMP results with the naked eye by adding HNB
into the pre-reaction solution without opening the tubes,
and without any additional detection process or appara-
tus after amplification (Fig. 1), thereby reducing the chance
of carryover contamination by the amplified product
(Mori and Notomi, 2009; Goto et al, 2009; Cardoso et
al, 2010).

Recently, some multiplex RT-LAMP (mRT-LAMP)
assays were developed for the simultaneous detection of
more than two specific genes in a single reaction tube
(Kouguchi et al, 2010; Jung et al, 2015; Mahonya et al,
2013). However, further processing and additional equip-
ment are required for these methods including restriction
enzyme digestion (Kouguchi et al, 2010), immunoch-
romatographic detection system (Jung et al, 2015), or

real time fluorometer (Mahonya et al, 2013), making it
more laborious, time and cost consuming. Moreover, the
high sensitivity of the RT-LAMP assay raises the con-
cern of carry-over contamination during post-amplifica-
tion analysis (Kouguchi et al, 2010; Jung et al, 2015).
Despite the inconvenience of using two tubes, the
two-tube RT-LAMP assay that can visually detect the
result of the assay and prevent a carry-over contamination
thought to be more preferable than mRT-LAMP for si-
multaneous detection of M and H5 genes of AIV. The
highly specific and sensitive RT-LAMP assay developed
in the study can serve as a rapid, cost-effective, and
user-friendly diagnostic tool for currently circulating HS
subtype of HPAIVs, and other subtypes of AIV in avian

populations, even in under-equipped laboratories.
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