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An epidemic of human H7N9 influenza virus infection recently emerged in China whose clinical features include high mortality and
which has also resulted in serious economic loss. The novel reassortant avian-origin influenza A (H7N9) virus which was the causative
agent of this epidemic raised the possibility of triggering a large-scale influenza pandemic worldwide. It seemed likely that fast molecu-
lar detection assays specific for this virus would be in great demand. Here, we report a one-step reverse transcription–loop-mediated
isothermal amplification (RT-LAMP) method for rapid detection of the hemagglutinin (HA) and neuraminidase (NA) genes of H7N9
virus, the minimum detection limit of which was evaluated using in vitro RNA transcription templates. In total, 135 samples from clin-
ical specimens (from either patients or poultry) were tested using this method in comparison with the real-time PCR recommended by
the World Health Organization (WHO). Our results showed that (i) RT-LAMP-based trials can be completed in approximately 12 to 23
min and (ii) the detection limit for the H7 gene is around 10 copies per reaction, similar to that of the real-time PCR, whereas the detec-
tion limit for its counterpart the N9 gene is 5 copies per reaction, a 100-fold-higher sensitivity than the WHO-recommended method.
Indeed, this excellent performance of our method was also validated by the results for a series of clinical specimens. Therefore, we be-
lieve that the simple, fast, and sensitive method of RT-LAMP might be widely applied for detection of H7N9 infections and may play a
role in prevention of an influenza pandemic.

Aserious epidemic of human infections with a novel avian in-
fluenza A (H7N9) virus has emerged in China, the first case of

which was recorded in eastern China in February 2013 (1). Pa-
tients with this viral infection exhibited influenzalike illness and
severe pneumonia (2). As of 31 May 2013, it has already resulted in
no less than 131 laboratory-confirmed cases, with 39 deaths. Eco-
nomic losses due to this novel avian reassortant influenza A virus
have been pegged at more than $6.5 billion, and it still poses a
serious threat to public health (3). Of particular note, the virus is
still evolving to acquire strategies for effective human-to-human
transmission and could have the possibility to initiate the next
pandemic (4, 5).

For effective global monitoring and control of the H7N9 epi-
demic, it is necessary that the characterization of influenzalike
cases, especially severe pneumonia in humans, and H7N9 avian
influenza virus (AIV) detection in migratory birds and poultry be
stringent (6). Currently, the sensitivity of the immunological col-
loidal-gold test method is quite low (7), making it difficult to
detect H7N9 in samples from clinical cases. Quantitative real-time
reverse transcription-PCR (rRT-PCR) of the H7N9 avian influ-
enza virus hemagglutinin (HA) and neuraminidase (NA) genes (8,
9, 10), while being both sensitive and specific, requires expensive
equipment, professional technology, and a complicated method-
ology which is not suitable for on-site detection or laboratories
with poor conditions, especially in developing countries. There is,
therefore, an urgent need to establish a simple, rapid, and sensitive
method for the detection of the new H7N9 influenza virus.

Loop-mediated isothermal amplification (LAMP) is a novel
nucleic acid amplification method with only the requirement of a
temperature-controlled water bath (11). Given the rapidity, sen-
sitivity, and efficiency of the strategy, it has been modified for
application to a series of viral detections, such as H5N1 influenza

virus (12, 13). In recent years, improvements in the LAMP
method, such as visual detection of amplified product by add-
ing calcein (14) or hydroxynaphthol blue (HNB) (15), which
still require no other equipment and avoid aerosolized nucleic
acid pollution, have made it easier to use in field testing or in
resource-limited settings (16, 17). Very recently, Ge and cowork-
ers developed an RT-LAMP assay integrated with a lateral flow
device (RT-LAMP-LFD), which was successfully applied in the
detection of H7N9 in hospital clinical specimens and also vali-
dated as a fast and convenient method (18). However, this method
has limitations in that (i) the LFD device used is a patent-pro-
tected product (Bioustar), (ii) double-labeled primers are re-
quired for detection, and (iii) the cost is relatively high (19).

In this study, we developed a principal RT-LAMP method with
HNB dye to detect the H7N9 avian influenza virus, which was not
only validated with an array of clinical specimens (in total, 135
samples either from patients or different kinds of poultry) but also
compared with real-time fluorescent quantitative PCR detection,
the World Health Organization (WHO)-recommended method
(of note, it is the most widely used method for detection of H7N9
avian influenza virus in laboratories).
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MATERIALS AND METHODS
Strains and clinical specimens. The H7N9 avian influenza virus strain
(A/Nanjing/1/2013) was isolated from bronchoalveolar lavage fluid spec-
imens obtained from the first diagnosed patients, in Nanjing City. Three
subtypes of AIV (H7N1, H7N3, and H7N7) were kind gifts from Yuwei
Gao (The Military Veterinary Institute, Changchun City, China). The
other 11 virus samples (including H5N1 virus, H9N2 virus, H1N1 virus
strains [2009], H3N2 virus, two species of human coronaviruses [HCoV-
229E and HCoV-OC43], rhinovirus [N36], seasonal H1N1 influenza vi-
rus, adenovirus type 4, influenza B virus, and parainfluenza virus type 3)
were kind gifts from Tao Jiang of the Military Medical Science Academy of
the PLA, Beijing.

For clinical samples, 6 throat swab samples and 4 lower respiratory
tract lavage fluid samples were collected beginning in April 2013 from 10
people infected with the H7N9 avian influenza virus in the Jiangsu prov-
ince (samples are coded, completely anonymous, and approved by the
local ethical board), 90 cloacal swabs and 25 throat swabs were collected
on 3 April 2013 from chickens, ducks, and pigeons in the Nanjing Zijin
Mountain live-poultry markets, and 10 cloacal swabs, serving as controls,
were collected from specific-pathogen-free (SPF) chickens (21 days old).

Viral RNA isolation. In a biosafety level 3 (BSL-3) laboratory or an
enhanced level 2 laboratory, viral genomic RNA was extracted using the
QIAamp RNA extraction kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions and dissolved in a final volume of 50 �l of
the eluent. To this, 1 �l (40 U) of an RNA enzyme inhibitor (TaKaRa,
Dalian, China) was added, and the mixture placed at �80°C immediately.

Primer design. To design specific primers to amplify conserved re-
gions of the HA and NA genes of several subtypes, gene sequences of the
A/Nanjing/1/2013 strain and H1, H3, H5, H7, and H9 subtype influenza
viruses, as well as N1, N2, N7, and N9 subtype influenza viruses, respec-
tively, were first obtained from the GISAID database (http://www.gisaid
.org/). Subsequently, based on sequence alignments using ClustalX 2.11
(Des Higgins), followed by the use of Primer Explorer version 4 (http:
//primerexplorer.jp/elamp4.0.0/index.html), primers were obtained.
Each set of primers included 2 outer primers, F3 and B3, two inner prim-
ers, FIP and BIP, and loop primers, LB or LF. Primers were obtained from
Shanghai Invitrogen, with synthesis and purification by high-perfor-
mance liquid chromatography (HPLC). After experimental verification,
the preferred sequences were determined (Table 1).

RT-LAMP reaction. For the detection of the H7N9 avian influenza
virus H7 and N9 genes by RT-LAMP (H7-RT-LAMP and N9-RT-LAMP,
respectively), the total reaction mixture volume was 25 �l, consisting of 20
mmol/liter Tris-HCl (pH 8.8), 10 mmol/liter KCl, 10 mmol/liter (NH4)2SO4,
0.1% Triton X-100, 8 mmol/liter MgSO4, 0.8 mmol/liter betaine (Sigma,
USA), 1.4 mmol/liter deoxynucleoside triphosphates (dNTPs) (Promega,
USA), 8 U Bst DNA polymerase (New England BioLabs, USA), 10 U avian
myeloblastosis virus (AMV) reverse transcriptase (New England BioLabs),
primers (for FIP and BIP, 1.6�M each, for F3 and B3, 0.2�M each, and for LF
and LB, 0.8 �M each), and 3 �l of the template.

Real-time scanning of turbidity at the desired temperature was
achieved by using an LA-320C turbidimeter (Eiken Chemical Co. Ltd.,
Japan). The reaction was allowed to progress for 30 min at 63°C, and then
the temperature was raised to 85°C for 2 min to stop the reaction. Tur-
bidity values greater than 0.1 were considered positive. In addition to the
turbidity meter, reaction outcomes could be observed visually in the RT-
LAMP system based on a color change of blue for positive and violet for
negative outcomes by using HNB (Sigma, USA). The reaction mixture
was set up at a final concentration of 120 mM HNB and allowed to prog-
ress at 63°C for 30 min, using a common water bath or metal temperature
bath, before observing the color change.

Real-time fluorescent quantitative PCR. The method for detection of
H7N9 avian influenza virus by real-time reverse transcription-PCR rec-
ommended by WHO (20) was utilized in strict accordance to their rec-
ommendations for reagents, procedure, and methodology and is referred
to herein as H7-rRT-PCR and N9-rRT-PCR. H7 and N9 gene primers

were synthesized by the Shanghai Invitrogen company, and the reactions
were performed using the ABI 7500 fast real-time PCR system (Life Tech-
nologies, USA).

In vitro transcription. Following the extraction of RNA from the
A/Nanjing/1/2013 strain, fragments of the HA and NA genes were ampli-
fied by RT-PCR and TA cloned into the PCR II plasmid (Invitrogen, Inc.,
Carlsbad, CA). These were sequenced and named H7-PCR II and N9-PCR
II. The H7-PCR and the N9-PCR plasmids were linearized using the re-
striction endonucleases SpeI and BamHI (TaKaRa, Dalian), respectively,
and then used as templates for the RiboMax T7 in vitro transcription
system (Promega, Madison, WI). After DNase treatment to eliminate
template DNA, the RNA product was purified using an RNA purification
kit (Tiangen, Beijing) and its concentration was determined spectropho-
tometrically using a Nanodrop 2000 (Thermo Scientific, USA).

Sensitivity and specificity of the assay. The RNA products obtained
from the in vitro transcription of the HA and NA genes were serially
diluted to obtain a 10-fold gradient from 106 copies/�l to 1 copy/�l for
HA and 5 � 105 copies/�l to 0.5 copies/�l for NA (note that 1 �l of the
diluted transcript was added into the 25-�l-total-volume reaction mix-
ture) to serve as a standard for testing the sensitivity of this assay and to
establish detection limits for H7-RT-LAMP, H7-rRT-PCR, N9-RT-
LAMP, and N9-rRT-PCR. All reactions were performed in triplicates.

To test specificity, the RNA extracts from the reference viruses causing
influenzalike symptoms mentioned above (H7N9 virus, H5N1 virus,
H9N2 virus, H1N1 virus [2009], H3N2 virus, adenovirus type 4, influenza
B virus, and parainfluenza virus type 3) were subjected to H7-RT-LAMP
and N9-RT-LAMP detection.

Clinical sample detection. 135 clinical specimens (Table 2) were as-
sayed by RT-LAMP and real-time reverse transcription-PCR detection.

RESULTS
Detection limit of the RT-LAMP method compared to that of
real-time RT-PCR. The sensitivity of the test was established by
comparing the detection of serially diluted samples by both methods.
The lower detection limit for both H7-RT-LAMP and H7-rRT-PCR
was 101 copies per reaction mixture (Fig. 1B, C, and A). The N9-RT-
LAMP detection limit was 5 � 100 copies per reaction mixture

TABLE 1 Primers designed for the RT-LAMP assay for the H7N9 virus

Assay and
primera Sequence (5=–3=)

Target gene, GenBank
accession no.

H7-RT-LAMP HA gene, KC896774.1
B3 GAGCCATTTCATTTCTGCA
F3 TGAGAGGCGAGAAGGAAG

BIP
B1c TGACAAGGAAGCAATGGGATTC
B2 TCCTGATCTCCTACATGCA

FIP
F1c GCCTGATTCTCTGAGAATTTGCCT
F2 TGATGTCTGTTATCCTGGGA
LB TGGAATAAGAACTAATGGAGCAACC

N9-RT-LAMP NA gene, KC896776.1
B3 ATAGCAGTCCCCTTCAGC
F3 GATGGGGCTAACACTTGG

BIP
B1c TAGATCAAAGCCCATTCAAGGTC
B2 GTCCATGAAAGATCCACTGTA

FIP
F1c TCAATGCATTTGGCACTTTTAACAT
F2 TAGGGAGGACAATAAGCAC
LF CGTATCCAGACCTCGAGGCT

a The FIP primers are long primers with two recognition sequences, F1c and F2,
separated by hyphens; the BIP primers are also long primers with two recognition
sequences, B1c and B2.
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(Fig. 1E and F),while the detection limit was 5 � 102 copies per reac-
tion mixture for N9-rRT-PCR (Fig. 1D). The sensitivity of N9-RT-
LAMP is 100-fold greater than that of the real-time PCR.

H7-RT-LAMP and N9-RT-LAMP were completed the most

quickly, taking 12 to 13 min to obtain positive results. At the mini-
mum detection limit, results were available within 22 to 23 min (Fig.
1B and E). Direct visualization of the HNB dye-aided color change
not only determined amplification but also did not require excess
instruments, needing only a temperature-controlled bath, and the
HNB dye results were consistent with the turbidity data.

Analysis of cross-reactivity of H7N9 AIV RT-LAMP. Using
various types of viral genomic RNA sample preparations, we con-
ducted RT-LAMP tests specific for either the HA gene or the NA
gene. The results of H7-RT-LAMP were positive with H7N9,
H7N1, H7N3, and H7N7 viruses (Fig. 2A and C), suggesting that it
can be applied to the H7 subtype of avian influenza virus. With the
exception of H7N9, the results of N9-RT-LAMP detection were neg-
ative with H7N1, H7N3, and H7N7 viruses (Fig. 2B and D), further
indicating that this method has good discrimination of H7 subtype
H7N9 avian influenza virus. As expected, other viral nucleic acid ex-
tracts (H5N1 and H9N2 AIV and other common respiratory viruses)
did not give any positive results in either H7-RT-LAMP or N9-RT-
LAMP, validating the high specificity of this method.

Evaluation of H7N9 AIV RT-LAMP assay using clinical and
field samples. To evaluate the sensitivity of RT-LAMP in clinical
practice, 135 samples were subjected to both RT-LAMP and rRT-
PCR detection simultaneously (Table 2). The sensitivities of both
H7-RT-LAMP and H7-rRT-PCR were the same, with 34 of 135

TABLE 2 Comparison of RT-LAMP and rRT-PCR for detection of
H7N9 AIV in 135 clinical samples

Specimen type

Total
no. of
samples

No. of samples positive for indicated
subtype using:

H7-rRT-
PCR

H7-RT-
LAMP

N9-rRT-
PCR

N9-RT-
LAMP

Oral swabs from H7N9
patients

6 6 6 5 6

BALFa samples from
H7N9 patients

4 4 4 4 4

Oral swabs from chickens 25 3 3 0 3
Cloacal scrapings from:
Chickens 58 15 15 4 14
Ducks 20 4 4 1 3
Meat pigeons 12 2 2 0 2
SPF chickensb 10 0 0 0 0

Total 135 34c 34 14 32
a BALF, bronchoalveolar lavage fluid.
b Cloacal scrapings from SPF chickens served as the negative controls in the
experiments.
c These 34 positive sample were further confirmed by sequencing analyses.

FIG 1 Limit of detection of H7N9 virus by RT-LAMP and rRT-PCR. The RNA products obtained from the in vitro transcription of the HA and NA genes were
serially diluted to obtain 10-fold gradients from 106 copies/�l to 1 copy/�l for the HA gene and 5 � 105 copies/�l to 0.5 copies/�l for the NA gene for use as
templates for amplification by rRT-PCR (A and D) and RT-LAMP (B, C, E, and F). Threshold cycle crossing values for rRT-PCR are indicated (Ct). RT-LAMP
results were analyzed using an LA-320C turbidimeter (O.D., optical density) (B and E), as well as by color change using HNB (C and F). Two target genes were
used in the assays; one is the HA gene (A to C) and the other is the NA gene (D to F).
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samples detected as positive (confirmed by sequencing; the rest
were negative). The sensitivity of NA-RT-LAMP was higher than
that of NA-rRT-PCR, with 32 N9 RNA positives out of the 34 H7
nucleic acid-positive samples being detected by NA-RT-LAMP
and only 14 of the 34 detected by NA-rRT-PCR. All of the above-
described HA-positive but NA-negative specimens were confirmed
to be due to infections of H7N9 virus by using viral cultivation com-
bined with genomic sequencing. The positive coincidence rate of RT-
LAMP was 94.12%, while that for rRT-PCR was only 41.18%.

DISCUSSION

We developed two sets of one-step RT-LAMP detection methods,
one specific for the HA gene and the other for the NA gene. The
sensitivities to the H7 gene by RT-LAMP and rRT-PCR (WHO
recommended) were the same, and the sensitivity to the NA gene
by RT-LAMP was 100 times greater than that of rRT-PCR (WHO
recommended). Clinical application of the WHO-recommended
method of N9-rRT-PCR in the China CDC laboratory has shown
a high level of inconvenience and confusion due to a weak fluo-
rescence signal detection rate. In addition, the use of HNB to
observe a visible color change, using just an ordinary water bath,

offers a detection sensitivity similar to that of the turbidity meter-
based method. The major characteristics of the set of two RT-
LAMP methods are that they are both rapid and specific, requiring
only 11 to 23 min to determine the detection results and having no
observed cross-reactivity to other respiratory viruses (H5N1,
H9N2, H3N2, H1N1, etc.) that display infection symptoms simi-
lar to H7N9 infection scenarios.

Recently, Nie et al. also utilized the LAMP method for the
detection of the H7N9 virus (21), but the detection time for the
NA gene was relatively longer, about 38 to 58 min, and its sensi-
tivity was low, i.e., similar to that of the WHO-recommended
N9-rRT-PCR method for detection of the NA gene. This is still
100-fold lower than that of the RT-LAMP method we developed
here, hence reducing its value for clinical application.

The high sensitivity of the RT-LAMP method in this study was
confirmed by the detection of H7N9 in clinical samples. Ten con-
firmed cases were detected as positive using this method; poultry
samples from a live-poultry market were detected with a positive
rate of 20.87% (24/115), similar to a previous report (22). In the
H7 DNA-positive samples, the rate of detection of the N9 gene by
N9-RT-LAMP was significantly higher than that of the corre-

FIG 2 Specificity of the RT-LAMP assay. Viral RNAs extracted from various control viruses and the reference virus were used. 1, H7N9 virus; 2, avian influenza
A H7N1 virus; 3, avian influenza A H7N3 virus; 4, avian influenza A H7N7 virus; 5, avian influenza A H5N1 virus; 6, avian influenza A H9N2 virus; 7, human
seasonal influenza A H3N2 virus; 8, 2009 swine-origin influenza virus A H1N1 virus; 9, human seasonal influenza A H1N1 virus; 10, HCoV-229E; 11,
HCoV-OC43; 12, human rhinovirus N36; 13, influenza B virus; 14, adenovirus type 4; 15, parainfluenza virus type 3; NTC, no-template control. Detection by the
HA-RT-LAMP (A) and NA-RT-LAMP (B) reactions was assessed by real-time turbidity assay using an LA-320c turbidimeter. Detection by the HA-RT-LAMP
(C) and NA-RT-LAMP (D) reactions was also assessed by visible detection methods using hydroxynaphthol blue. The dashed gray lines in panels A and B and
the red vertical dotted lines in panels C and D indicate the cutoffs for positive versus negative.
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sponding N9-rRT-PCR. The high-resolution detection of the N9
gene fragment can contribute to better differentiation from
H7N1, H7N2, H7N3, H7N7, and other H7 virus subtypes (23).
When the samples (especially poultry samples) are found to be H7
positive but N9 negative, they probably belong to H7N1, H7N2,
H7N3, or H7N7 avian influenza viruses. Two alternative options
are proposed here: (i) determination by both viral cultivation and
viral genomic sequencing in a well-equipped laboratory and (ii)
verification using the sensitive molecular method that is highly
specific for only one out of the N1, N2, N3 and N7 genes (24). If
the sample is found to be negative for H7 but positive for N9, the
possibility of either H11N9 or a new recombinant virus could not
be ruled out. That is why we strongly recommended that other
approaches, especially those such as deep sequencing, be em-
ployed to address this further (25).

In summary, this study establishes a simple RT-LAMP method for
fast detection of the H7N9 avian influenza virus, which was con-
firmed and evaluated using clinical specimens. The RT-LAMP
method has the advantages of high sensitivity and accuracy and of not
needing special equipment. For detection of the N9 subtype, the sen-
sitivity was higher than that of the real-time fluorescent quantitative
PCR method recommended by the World Health Organization
(WHO). Therefore, we believe that the simple, fast, and sensitive
method of RT-LAMP might be applied to the field detection of H7N9
infections (such as in poultry specimens and clinical patients) and
could play a role in prevention of an influenza pandemic.
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