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ABSTRACT. Migratory water birds are a natural reservoir for influenza A viruses. Viruses replicate in the intestines of ducks and are shed
with the fecal materials. Virus isolation from collected fecal materials, therefore, is an integral part of the surveillance of avian influenza
in water birds. In the present study, reverse transcription loop-mediated isothermal amplification (RT-LAMP) was assessed for its use-
fulness in detecting the RNA of influenza A viruses in fecal materials. It was found that, RT-LAMP specifically and sensitively detects
the matrix gene of influenza A viruses. Influenza A viruses were isolated from the fecal materials in which viral RNA were detected
by RT-LAMP in 35 min. The present findings indicate that RT-LAMP is useful as a high throughput screening method for field samples
prior to virus isolation, allowing the processing of hundreds of samples per day.
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Influenza A viruses originate from non-pathogenic
viruses that are circulating in migratory water birds, espe-
cially in ducks, and their nesting lake water [18, 29]. Influ-
enza A viruses have two surface glycoproteins, the
hemagglutinin (HA) and the neuraminidase (NA), and are
further divided into H1-16 and N1-9 subtypes based on their
antigenic specificity [5]. Each of the known subtypes of
influenza A viruses has been isolated from ducks [16, 17].
In summer, ducks are orally infected with influenza viruses
by waterborne transmission at their nesting lakes close to
the Arctic Circle in Siberia, Alaska, or Canada. The viruses
replicate in the columnar epithelial cells that form crypts in
the colon and are shed with fecal materials of ducks which
do not show disease signs [18]. However, highly patho-
genic avian influenza viruses (HPAIVs) replicate in multi-
ple tissues and lead to a high mortality in chickens. HPAIVs
are selected during multiple transmissions in chicken popu-
lations [1, 10, 13, 15, 25]. When highly pathogenic avian
influenza (HPAI) outbreaks occur in poultry, depopulation
of affected flocks is the standard strategy for the control of
HPAI. In some Asian countries, however, HPAI is not
effectively controlled within poultry and often spread over
the environment. Therefore, ducks are infected with
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HPAIVs transmitted from poultry during overwintering in
South East Asia and spread HPAIVs. Many of them are
found dead on the way back to their northern territory in
spring [2, 23, 26].

The surveillance of avian influenza is important for the
control of HPAI. Recently, the importance of the surveil-
lance has been increasing, since HSN1 HPAIVs have spread
in poultry and migratory birds in more than 60 countries
[21]. We have been conducting surveillance of avian influ-
enza in ducks for more than 30 years and have isolated more
than 1,200 strains from the fecal materials of water birds in
Japan, Alaska, Siberia, and Mongolia [14, 19, 22, 23].

Virus isolation using embryonated chicken eggs has been
the most reliable and sensitive method for the diagnosis of
influenza. However, it takes two or three days to isolate
influenza virus using embryonated chicken eggs. Thus,
nucleic acid amplification techniques such as a real-time
PCR method [7], nucleic acid sequence-based amplification
(NASBA) [4], self-sustained sequence replication (3SR)
[6], and strand displacement amplification (SDA) [27, 28]
have been developed. The loop-mediated isothermal ampli-
fication (LAMP) is one of the molecular methods to amplify
the genome under isothermal conditions with high specific-
ity, efficiency, and rapidity [20]. This method has been used
for rapid detection of influenza virus genes [3, 11, 12, 24].
In the present study, we assessed sensitivity and specificity
of the reverse transcription (RT)-LAMP of influenza virus
detection from fecal materials of ducks.
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MATERIALS AND METHODS

Viruses: Sixteen influenza viruses of H1 to H16 subtypes
and seven avian paramyxoviruses (APMVs) listed in Table
2, were used for the evaluation of specificity of RT-LAMP.
A/duck/Hokkaido/38/2009 (H4N6), A/duck/Hokkaido/152/
2009 (H4N6), and A/duck/Hokkaido/322/2009 (H4N6),
which were isolated from fecal materials of ducks in this
study, were used for the evaluation of specificity of RT-
LAMP. A/duck/Hokkaido/5/1977 (H3N2) [18] was also
used to evaluate the sensitivity of RT-LAMP. All viruses
were propagated in ten-day-old embryonated chicken eggs.

Isolation of influenza viruses from the fecal materials: A/
duck/Hokkaido/5/1977 (H3N2) was inoculated intranasally
at 107°50% egg infective dose (EIDsj) into 4-week-old
ducks (Chelly Valley strain, Japan) and fecal materials were
collected. We also collected 342 fecal materials from ducks
during September to December in 2009 at Ono Pond of
Hokkaido University, Sapporo, Japan. Each sample was
added to transport medium containing minimum essential
medium (Nissui, Tokyo, Japan), 10,000 U/m/ penicillin G
(Meiji Seika, Tokyo, Japan), 10 mg/m/ streptomycin (Meiji
Seika), 0.3 mg/m/ gentamicin (Merck, Whitehouse station,
NJ, U.S.A.), 250 U/m! nystatin (Sigma, St. Louis, MO,
U.S.A.), and 0.5% bovine serum albumin fraction V (Roche,
Basel, Switzerland) to yield a 10-20% suspension. The sus-
pension was centrifuged at 2,000 rpm for 5 min at 4°C. The
supernatant was used for virus isolation and RT-LAMP.

RNA extraction and RT-LAMP: Viral RNA was extracted
from 50 ul of supernatant of the fecal materials and the
allantoic fluids using a MagMAX-96 AI/ND Viral RNA
Isolation Kit (Applied Biosystems, Foster City, CA,
U.S.A)), according to the manufacturer’s protocol. These
RNAs were eluted in a final volume of 50 u/ of elution
buffer. RT-LAMP was carried out using a Loopamp RNA
Amplification Kit (Eiken Chemical, Co, Ltd., Tokyo, Japan)
and the primer set of the matrix (M) gene for the evaluation
of influenza A viruses provided by Eiken Chemical Co.,
Ltd. This primer set comprising two outer, two inner, and
two loop primers, which recognizing eight distinct regions
on the target sequence were chosen [20]. The locations,
names, and sequences of the primers are given in Table 1.
Five microliters of extracted RNA were added to 20 u/ of

reaction mixture. The amplification reaction was performed
using a Loopamp Real-time turbidimeter (LA-320C; Eiken
Chemical) at 62.5°C for 35 min and then at 80°C for 5 min
to terminate the reaction. Amplification of viral RNA was
determined by real-time turbidity detection using LA-320C
software (Threshold Value: 0.05).

Evaluation of the diagnostic sensitivity of RT-LAMP: To
evaluate the sensitivity of RT-LAMP, the detection limit of
the assay was determined by serial two-fold dilutions of the
allantoic fluid of the embryonated chicken egg infected with
A/duck/Hokkaido/5/1977 (H3N2) and the supernatant of
fecal materials collected from domestic ducks experimen-
tally infected with A/duck/Hokkaido/5/1977 (H3N2). Viral
RNA was extracted in 50 u/ of elution buffer from 50 u/ of
each diluted virus, and tested by RT-LAMP as described
above. Furthermore, the number of copies of each RNA was
estimated by real-time RT-PCR using a LightCycler 480
Instrument (Roche). The reaction mixture consisted of a
QuantiTect Probe RT-PCR kit (QIAGEN, Hilden, Ger-
many), primers and a probe for detection M gene of influ-
enza A viruses [Forward primer: 5°-
CCMAGGTCGAAACGTAYGTTCTCTCTATC-3",
Reverse primer: 5’-TGACAGRATYGGTCTTGTCTT-
TAGCCAYTCCA-3’, Probe: 5’-(FAM) ATYTCG-
GCTTTGAGGGGGCCTG (MGB)-3’]. Five microliters of
extracted RNA were added, and RT-PCR was performed at
50°C for 30 min, 95°C for 15 min, followed by 50 cycles of
94°C for 15 sec, 54°C for 75 sec per cycle, and 40°C for 30
sec. The circular plasmid, M gene of A/Puerto Rico/8/1934
(HIN1) are cloned into the pHW2000 vector [8], was used
for the calibration curve. The profile of fluorescence inten-
sity during PCR was analyzed using LCS480 software
(Roche).

Isolation and identification of viruses: Fecal materials of
ducks were assayed as described above and inoculated into
allantoic cavities of ten-day-old embryonated chicken eggs.
After 48 hr of incubation at 35°C, allantoic fluids were
tested for hemagglutinating activity. All allantoic fluids that
were HA activity-positive were identified by hemagglutina-
tion inhibition (HI) and neuraminidase inhibition (NI) using
specific antisera to the reference strains of influenza viruses
[17]. Allantoic fluids that were HA activity-negative were
inoculated again and tested for HA activity. Second allan-

Table 1. RT-LAMP primer set designed for the M gene of influenza A viruses
Primer name Sequence (5°-37) Genome position?
FIuAF3 GACTTGAAGATGTCTTTGC 80-98
FluAB3 TGTTATTTGGATCCCCATT 259-277
FIuAFIP (Flc + F2)® TTAGTCAGAGGTGACAGGATTG- 149-170 (Flc)-

CAGATCTTGAGGCTCTC 110-126 (F2)
FIUABIP (Blc + B2)® TTGTGTTCACGCTCACCGTG- 185-204 (Blc)-

TTTGGACAAAGCGTCTACG 226-244 (B2)
FIuAFL GTCTTGTCTTTAGCCA 133-148
FluABL CAGTGAGCGAGGACTG 207-222

a) Positions of RT-LAMP primers from start codon of the M gene of A/Panama/2007/
1999 (H3N2) (Accession number: DQ508868). b) FIuAFIP primer consisted of Flc and
F2 regions. c) FIuABIP primer consisted of Blc and B2 regions.
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Table 2.  Specificity of RT-LAMP for the detection of influenza viruses and avian paramyxoviruses
. . RT-LAMPY
Virus Lineage of the M gene®
Results Threshold time
Influenza A virus
Swine/lowa/15/1930 (HINT1) Swine + 11:24
Singapore/1/1957 (H2N2) Human + 13:00
Duck/Hokkaido/5/1977 (H3N2) Eurasian Avian + 12:24
Duck/Czechoslovakia/1956 (H4N6) Eurasian Avian + 11:30
Swan/Hokkaido/51/1996 (HSN3) Eurasian Avian + 12:24
Turkey/Massachusetts/3740/1965 (H6N2) North American Avian + 14:24
Seal/Massachusetts/1/1980 (H7N7) North American Avian + 12:42
Turkey/Ontario/6118/1968 (H8N4) North American Avian + 13:24
Turkey/Wisconsin/1966 (HIN2) North American Avian + 13:18
Chicken/Germany/N/1949 (H10N7) Eurasian Avian + 14:06
Duck/England/1/1956 (H11N6) Eurasian Avian + 13:06
Duck/Alberta/60/1976 (H12NS) North American Avian + 13:42
Gull/Maryland/704/1977 (H13N6) Eurasian Avian + 19:36
Mallard/Astrakhan/263/1982 (H14N5) Eurasian Avian + 12:42
Duck/Australia/341/1983 (H15N8) Eurasian Avian + 12:24
Black-headed gull/Sweden/5/1999 (H16N3) Eurasian Avian + 19:12
Avian paramyxovirus
APMV-1/Miyadera N/A - -
APMV-2/chicken/Yucaipa/1956 N/A - -
APMV-3/turkey/Wisconsin/1968 N/A - -
APMV-4/duck/Mississippi/320/1975 N/A - -
APMV-5/TI N/A - -
APMV-6/duck/Hong Kong/199/1977 N/A - -
APMV-7/dove/Tennessee/4/1975 N/A - -

a) The lineages of the M gene (Swine, Human, Eurasian Avian, and North American Avian) were identified according
to the phylogenetic tree analysis. N/A; not applicable. b) Amplification of viral RNA was evaluated by LA-320C
software (Eiken Chemical Co., Ltd.). +: RT-LAMP-positive, —: RT-LAMP-negative. Threshold time is the reaction
time as over turbidity. Threshold Value: 0.05 was determined by LA-320C software.

toic fluids that were HA activity-negative were considered
as virus isolation-negative.

Phylogenetic analysis: Viral RNA of influenza viruses
listed in Table 2 were extracted from infectious allantoic
fluids using a commercial kit (TRI LS reagent, Sigma) and
reverse transcribed with the Unil2 primer and M-MLV
Reverse Transcriptase (Invitrogen, Carlsbad, CA, U.S.A.).
The full-length of the M gene was amplified using M gene-
specific primer set (Bm-M-1 and Bm-M-1027R) [9].
Nucleotide sequences were determined from these RT-PCR
products using a 3500 Genetic Analyzer (Applied Biosys-
tems) and analyzed by the neighbor-joining method along
with those of other influenza viruses to classify the lineages
of M genes.

RESULTS

The evaluation of sensitivity and specificity of RT-LAMP:
To evaluate specificity of RT-LAMP, the assay was per-
formed using influenza viruses and APMVs listed in Table
2. Viral RNAs of influenza A viruses of H1 to H16 subtypes
were detected by RT-LAMP using the primer set of the M
gene of influenza A viruses, whereas RNAs of APMVs were
not detected (Table 2). From the results of phylogenetic
analysis, M genes of these influenza viruses were classified
to four lineages, Swine, Human, Eurasian Avian, and North

American Avian lineages. To evaluate the sensitivity of
RT-LAMP, viral RNA in the allantoic fluids and in the fecal
materials collected from ducks experimentally infected with
A/duck/Hokkaido/5/1977 (H3N2), were examined for the
infectivity titer of EIDs,, the number of viral RNA copies
estimated by Real-time RT-PCR, and viral RNA detected by
RT-LAMP (Table 3). For fecal materials, the detection
limit of RT-LAMP was 10 copies of viral RNA, which
was equivalent to 10! EIDsy. For the infectious allantoic
fluids of embryonated chicken eggs, the detection limit of
RT-LAMP was 10%° copies of viral RNA, which was equiv-
alent to 10%° EIDsy.

Correlation between viral RNA detection and virus isola-
tion from fecal materials: A total of 342 fecal materials from
ducks were examined for comparative sensitivity by RT-
LAMP and by virus isolation using embryonated chicken
eggs (Table 4). Thirty-one samples were positive for influ-
enza viruses by RT-LAMP, and fifteen of these samples
were positive by virus isolation. These isolated viruses were
divided into six HA subtypes, H1, H4, HS5, H6, H11, and
H12. The threshold time, at which a sample was determined
to be positive for influenza viruses, was within 24 min for
the positive samples. Among 311 samples that were nega-
tive for influenza viruses on RT-LAMP, viruses with the
HA activity were isolated from 12 samples. These isolates
included three H4N6 influenza viruses, four APMV-1s, and
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Table 3.
(H3N2) and the infection allantoic fluid
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Sensitivity of RT-LAMP for the fecal material collected from experimentally infected ducks with A/duck/Hokkaido/5/1977

Fecal material®

Allantoic fluid®

Infectivity titer ~ Genome copy number® RT-LAMP® Infectivity titer Genome copy number® RT-LAMP®
(log EIDsg) (log) Results Threshold time  (log EIDs) (log) Results Threshold time
32 42 + 16:30 3.0 4.2 + 16:30
2.9 3.9 + 17:36 2.7 39 + 17:06
2.6 3.7 + 18:54 2.4 3.9 + 17:36
2.3 34 + 19:18 2.1 35 + 19:18
2.0 3.1 + 19:48 1.8 33 + 20:48
1.7 2.9 + 23:54 1.5 3.1 + 21:48
1.4 2.7 + 24:42 1.2 3.0 + 24:18
1.1 2.5 + 31:42 0.9 2.9 + 24:36
0.8 2.5 - - 0.6 2.7 — -
0.5 2.5 - — 0.3 2.7 - -
0.2 2.4 - - 0.0 32 - -
Negative control? ND - - Negative control?¥ ND - -

a) The fecal material was collected at 3 dpi from ducks experimentally infected with A/duck/Hokkaido/5/1977 (H3N2). The allantoic fluid was
prepared in embryonated chicken eggs inoculated with A/duck/Hokkaido/5/1977 (H3N2). b) Average of duplicate experiments of Real-time RT-
PCR. ND; not detected. ¢c) Amplification of viral RNA was evaluated by LA-320C software (Eiken Chemical Co., Ltd.). +; RT-LAMP-positive,
— RT-LAMP-negative. Threshold time is the reaction time as over turbidity. Threshold Value: 0.05 was determined by LA-320C software.

d) MilliQ water was used as negative control.

five APMV-4s.

To examine the reason why influenza viruses were iso-
lated from samples that were negative on RT-LAMP, allan-
toic fluids from which A/duck/Hokkaido/38/2009 (H4N6),
A/duck/Hokkaido/152/2009 (H4N6), and A/duck/
Hokkaido/322/2009 (H4N6) were isolated, were directly
subjected to RT-LAMP. As a result, these three isolates
were positive on RT-LAMP, indicating that the discrepancy
between the results of virus isolation and RT-LAMP was
because virus isolation is more sensitive than RT-LAMP.

DISCUSSION

Recently, the importance of surveillance for avian influ-
enza has been further increasing. It takes two or three days
to isolate viruses using embryonated chicken eggs. There-
fore, a rapid, sensitive, and specific method for detecting
viruses would expect a screening procedure. In the present
study, we assessed the usefulness of RT-LAMP as a screen-
ing method for detection of avian influenza virus from the
fecal materials of ducks.

The primer set used in this study was designed specifi-
cally for the M gene, which is highly conserved and homol-
ogous within all influenza A viruses. Practically, HA
subtypes and genetic background of the M gene of influenza
viruses evaluated in this study were various, suggesting that
the primer set used in this study is able to detect the M gene
of multiple influenza viruses. In addition, by using loop
primers (FIuAFL and FluABL), viral gene is amplified
efficiently and the amplification time is shortened to 35 min
compared to previous reports [3, 12, 24].

The detection limit of RT-LAMP using fecal material for
experimentally infected ducks was 10%° copies of viral
RNA, indicating that a very small amount of viral RNA was

detectable by this assay. In the experiment using field sam-
ples, 15 influenza viruses were isolated from 31 fecal mate-
rials that were positive on RT-LAMP. Influenza viruses
were isolated from samples in which viral RNA was
detected by RT-LAMP, suggesting that most viruses were
isolated from fecal materials containing high copy number
of viral RNA. The reason why no influenza viruses were
isolated from 16 positive samples by RT-LAMP is consid-
ered that complete infectious virus was not contained in
fecal materials. On the other hand, three influenza viruses
of H4NG6 subtype were isolated from fecal materials that
were negative on RT-LAMP. The nucleotide sequence of
the primer set for RT-LAMP had a high homology with the
M gene of these H4N6 viruses and viral RNA was actually
amplified by RT-LAMP from allantoic fluids of embryo-
nated chicken eggs (data not shown). Thus, it was con-
cluded that viral RNA concentration in these fecal materials
containing H4N6 viruses, which showed negative results on
RT-LAMP, were less than the detection limit of RT-LAMP.

RT-LAMP appears to be a useful screening method prior
to virus isolation. In addition, processing of multiple sam-
ples was available using 96-well plates for viral RNA
extraction and then for RT-LAMP. Compared to previous
reports [3, 12, 24], we clearly indicated RT-LAMP as a
promising tool with a high throughput capability before
virus isolation using embryonated chicken eggs. We con-
sider that using this assay as a part of the isolation procedure
for influenza viruses will facilitate surveillance and timely
control of avian influenza.
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Table 4. Results of RT-LAMP and virus isolation from fecal mate-
rials of ducks
Sample No. RT-LAMP® Virus
Results  Threshold time isolation®

1 + 15:06 -

2 + 15:36 -

3 + 16:00 ALV (HIN5)
4 + 16:00 AIV (H6N1)
5 + 16:00 ATV (HI1N9)
6 + 16:06 AIV (H11N9)
7 + 16:12 ATV (H6N1)
8 + 16:12 ALV (H6N1)
9 + 16:24 AIV (H11N9)
10 + 17:18 ATV (HI2N5)
11 + 17:18 -

12 + 18:30 AIV (HIN3)
13 + 18:42 ALV (H6NS)
14 + 18:48 ATV (H6NB)
15 + 20:12 -

16 + 20:18 AIV (H5N1)
17 + 20:24 ATV (H4N6)
18 + 20:24 ALV (H6N1)
19 + 22:18 —
20 + 23:48 ALV (H4NG6)
21 + 24:30 -
22 + 25:54 —
23 + 26:54 -
24 + 27:30 -
25 + 27:30 -
26 + 27:42 —
27 + 27:54 —
28 + 30:00 -
29 + 30:54 —

30 + 32:00 -

31 + 32:30 -

32 - - AIV (H4N6)
33 - - ALV (H4N6)
34 - - AIV (H4N6)
35 — - APMV-1
36 - - APMV-1
37 — - APMV-1
38 — - APMV-1
39 - - APMV-4
40 — - APMV-4
41 - - APMV-4
42 — — APMV-4
43 - - APMV-4

Other 299 samples - - _

a) Amplification of viral RNA was evaluated by LA-320C software
(Eiken Chemical Co., Ltd.). +; RT-LAMP-positive, —; RT-LAMP-
negative. Threshold time is the reaction time as over turbidity.
Threshold Value: 0.05 was determined by LA-320C software. b) AIV;
Avian influenza virus, APMV-1; Avian paramyxovirus type 1,
APMV-4; Avian paramyxovirus type 4. HA and NA subtypes of
isolated AIVs were indicated in parentheses. —; Virus isolation-
negative.
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