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A B S T R A C T

Three reverse transcription recombinase polymerase amplification assays with lateral flow dipsticks (RT-RPA-
LFD) were developed for identification of the matrix and hemagglutinin (HA) genes to detect influenza A virus
and distinguish subtypes H1 and H3. Assessment of the assays’ specificity showed that there was no cross-
reactivity with other targets. Their limits of detection were 123.6 copies per reaction for the matrix gene, 677.1
copies per reaction for the H1 HA gene, and 112.2 copies/reaction for the H3 HA gene. Of 111 samples tested by
RT-RPA-LFD assays, 27 were positive for influenza A virus, 14 were positive for H1, and 10 were positive for H3.
Compared to the results obtained from real-time RT-PCR assays, the sensitivity of RT-RPA-LFD assays was 75%,
93.33% and 71.43% for the matrix, H1, and H3, with 100% specificity. The sensitivity of RT-RPA-LFD assays is
lower than that of real-time RT-PCR, comparable or better than that of conventional RT-PCR, and much better
than that of RIDTs. In conclusion, these assays offer an efficient and reliable tool for identification and subtyping
of influenza A virus (subtype H1 and H3) in the resource-limited setting.

1. Introduction

Influenza viruses are common and major pathogens that cause viral
respiratory infections. These viruses are a serious threat to the health of
people worldwide as the severe morbidity and mortality they cause.
According to the World Health Organization (WHO), seasonal influenza
viruses cause about 290,000 to 650,000 deaths each year. Influenza
viruses belong to the Orthomyxoviridae family and are divided into
four types: type A, B, C, and D [1]. Influenza A virus (IAV) is the most
virulent of these pathogens. Based on two surface glycoproteins, he-
magglutinin (HA) and neuraminidase (NA), IAVs are further divided
into many subtypes, also known as serotypes. So far, 18 serotypes of HA
(H1–H18) and 11 serotypes of NA (N1–N11) have been described and
verified [2]. Due to reassortment or mutation, IAV subtypes evolve
constantly and can cause pandemics, with a recent example being the
influenza A(H1N1)pdm09 virus [3]. Among the IAV subtypes, H1N1
and H3N2 are the most common subtypes causing disease in humans
around the world.

Although vaccination is an effective countermeasure against

infection by influenza virus, some limitations still exist [4,5]. Clinically,
NA inhibitors and adamantanes are approved for treatment and pre-
vention of influenza virus infection. However, some subtypes with high-
level antiviral resistance currently circulate which are resistant to all
adamantanes or NA inhibitors [6]. Moreover, effective antiviral treat-
ment needs to be initiated within 48 h of illness onset. Hence, it is
necessary to rapidly identify IAVs for accurate treatment and infection
control.

Infections of IAVs can be clinically identified and diagnosed based
on patient's signs and symptoms. However, approximately 33% of in-
dividuals infected are asymptomatic [7], and others infected by bac-
teria or other viruses, such as respiratory syncytial virus, parainfluenza
virus, and rhinovirus, also show influenza-like signs and symptoms.
Compared to laboratory diagnostic technology, clinical diagnosis is
estimated to have an 18–87% positive predictive value [8]. In the la-
boratory, the long turnaround time of viral culture is unfavorable for
accurate treatment and control of IAVs. Rapid influenza diagnostic tests
(RIDTs) are widely used to identify IAVs in healthcare services because
they are simple and swift [8–10]. Although the specificity of RIDTs is up
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to 90%, the defect is an inconsistent sensitivity (10–80%) [8,9,11].
More recently, nucleic acid amplification tests (NAATs), such as reverse
transcription polymerase chain reaction (RT-PCR) [12–15], real-time
RT-PCR [16,17], and reverse transcription loop-mediated isothermal
amplification (RT-LAMP) [18,19], have been used for rapid and sensi-
tive diagnosis or subtyping of IAVs. Nevertheless, these methods require
expensive equipment and/or skilled technicians, making them in-
appropriate for use in developing countries.

Recombinase polymerase amplification (RPA) is a low-resource di-
agnostic tool that depends on several enzymes running at a constant
temperature [20]. Previously, RPA has been used for diagnosis of many
pathogens, such as human immunodeficiency virus type 1 [21], dengue
virus [22], and Brucella [23], with great success. Therefore, detection of
IAVs and differentiation of their subtypes could be achieved with RT-
RPA with lateral flow dipstick, providing an efficient and rapid assay
for clinical diagnosis and epidemiological surveys.

In this study, we developed three reverse transcription-RPA assays
with lateral flow dipsticks (RT-RPA-LFD) for detecting IAVs and dis-
tinguishing the H1 and H3 subtypes. One assay targeted to the matrix
gene was used for diagnosis of IAVs, and IAV-positive samples were
further subtyped using the other two assays.

2. Materials and methods

2.1. Clinical specimen collection and virus isolates

Eighty-seven throat swabs were collected from children with influ-
enza-like illness at Jinling Hospital (Nanjing, Jiangsu, China) using
Virocult swabs (Yocon Biotech. Co., Beijing, China) and stored at
−80 °C within 2 h. These specimens were collected between February
2016 and March 2017.

Respiratory pathogens used in this study are listed in Table 1.
Clinical isolates including H1N1, H3N2, influenza B virus (Flu B), and
respiratory syncytial virus (RSV) subgroup A and B were previously
identified by RT-PCR and sequencing [24]. H1N1, H3N2, and influenza
B virus were designated as A/Nanjing/37/2015(H1N1), A/Nanjing/46/
2015(H3N2), and B/Victoria/117/2015, respectively. Two subtypes of

IAV strains, A/Michigan/45/2015(H1N1) and A/Hong Kong/4801/
2014(H3N2), were provided by Shanghai Institute of Biological Pro-
ducts Co., Ltd. Staphylococcus aureus (ATCC 25923), Haemophilus in-
fluenzae (ATCC 49247), Streptococcus pneumoniae (ATCC 49619),
Streptococcus hemolyticus, Chlamydia pneumonia, Mycoplasma pneumo-
niae were stored in our laboratory.

Human metapneumovirus (hMPV), herpes simplex virus 1 (HSV-1),
human coronavirus 229E (hCoV-229E), human adenovirus (hADV),
parainfluenza virus 1–3 (PIV1-3), human rhinovirus (hRV), and twenty-
four viral RNAs extracted from nasopharyngeal aspirates were supplied
by Ningbo Health BioMed Co., Ltd (Ningbo, Zhejiang, China).

This study was approved by the Human Use Ethical Committee at
Jinling Hospital. The informed consent was obtained from all patients
or guardians.

2.2. RPA primer and probe design

Since the matrix gene is conserved and usually used for detecting
IAVs in the previous reports [12,15–17], primers and nfo (Escherichia
coli endonuclease IV) probe designed for the matrix gene were used to
detect IAVs. Also, primers and probes were designed for subtyping H1
and H3. Due to antigen drift and genetic variability of IAVs, many
isolates are collected and identified in the influenza surveillance an-
nually. This makes it difficult to align all the published sequences of
IAVs. Consequently, we firstly classified the sequences in the database
based on both the geographically country/region and collection date/
release date (Influenza Virus Resource, https://www.ncbi.nlm.nih.gov/
genomes/FLU/Database/nph-select.cgi#mainform). Secondly, a con-
sensus sequence was obtained by alignment of the sequences isolated
from the same country within a five-year span. Finally, all the con-
sensus sequences were aligned using the clustalW (http://www.ebi.ac.
uk/Tools/msa/clustalo/). The primers and nfo probes were designed
according to the most conserved sequence, were synthesized by Sangon
Biotech (Shanghai, China), and are shown in Table 2 and Table S1. Each
nfo Probe was modified with fluorescein isothiocyanate (FITC) at the 5′
end, an internal abasic nucleotide analogue (tetrahydrofuran, THF) and
a 3′-polymerase extension blocking group C3-spacer. Opposing to nfo

Table 1
Influenza viruses and other respiratory pathogens used in this study.

Respiratory pathogensa Subtype/subgroup Strain name Sample Sourceb RT-RPA-LFD

matrix H1 H3

influenza A virus H1N1 A/Nanjing/37/2015(H1N1) throat swabs Our laboratory + + –
H1N1 A/Michigen/45/2015(H1N1) cell supernatant SIBPC + + –
H3N2 A/Nanjing/46/2015(H3N2) throat swabs Our laboratory + – +
H3N2 A/HongKong/480/2014(H3N2) cell supernatant SIBPC + – +

influenza B virus Victoria lineage B/Victoria/117/2015 throat swabs Our laboratory – – –
respiratory syncytial virus A / throat swabs Our laboratory – – –

B / throat swabs Our laboratory – – –
human metapneumovirus unknown / nucleic acid NHB – – –
herpes simplex virus-1 unknown / nucleic acid NHB – – –
human coronavirus 229E unknown / nucleic acid NHB – – –
human adenovirus unknown / nucleic acid NHB – – –
parainfluenza virus 1 unknown / nucleic acid NHB – – –
parainfluenza virus 2 unknown / nucleic acid NHB – – –
parainfluenza virus 3 unknown / nucleic acid NHB – – –
human rhinovirus unknown / nucleic acid NHB – – –
Staphylococcus aureus / ATCC 25923 culture ATCC – – –
Haemophilus influenzae / ATCC 49247 culture ATCC – – –
Streptococcus pneumoniae / ATCC 49619 culture ATCC – – –
Streptococcus hemolyticus / clinical isolate sputum Our laboratory – – –
Chlamydia pneumoniae / clinical isolate sputum Our laboratory – – –
Mycoplasma pneumoniae / clinical isolate sputum Our laboratory – – –

a Human metapneumovirus, herpes simplex virus-1, human coronavirus 229E, human adenovirus, parainfluenza virus 1–3, and human rhinovirus were collected
by Ningbo Health BioMed Co., Ltd, and identified in Institut Pasteur of Shanghai. Streptococcus hemolyticus, Chlamydia pneumonia, and Mycoplasma pneumonia were
isolated from patients with acute respiratory infections.

b SIBPC, Shanghai Institute of Biological Products Co., Ltd.; NHB, Ningbo Health BioMed Co., Ltd.
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probe, the primer was labeled with biotin at the 5′ end.

2.3. RNA extraction and cDNA synthesis

Viral nucleic acid was extracted from 140 μl of viral transport
medium and eluted into 50 μl of elution buffer using the TIANamp Virus
DNA/RNA Kit (Tiangen Biotech Co., Ltd., Beijing, China) as re-
commended by the manufacturer.

The complementary DNA (cDNA) was synthesized using the Reverse
Transcription System (A3500, Promega, Madison, WI, USA). Briefly, in
a 0.2 ml tube, 5 μl of RNA, 4 μl of MgCl2 (25mM), 2 μl of 10× Reverse
Transcription Buffer, 2 μl of dNTP Mixture (10mM), 0.5 μl of
Recombinant RNasin Ribonuclease Inhibitor (40 U/μl), 1 μl of Random
Primers (0.5 μg/μl), and 0.5 μl of AMV Reverse Transcriptase (5 U/μl)
were mixed. The total volume was increased to 20 μl by adding nu-
clease-free water. The mixture was incubated for 10min at room tem-
perature and subsequently at 42 °C for 30min.

2.4. PCR and real-time PCR

PCR was performed using Ex Taq Version 2.0 plus dye kit (Takara,
Dalian, China) in a total volume of 25 μl, which contained 2 μl of cDNA,
12.5 μl of Premix Taq, 0.5 μl of 10 μM forward primer (AMPB, H1F1073,
or H3F376), and 0.5 μl of 10 μM reverse primer (AMPC, H1R1540, or
H3R1156). Amplification cycles were performed as follows: 95 °C for
5min; 10 cycles of 95 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s; 30
cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s; and 72 °C for
5min. PCR products were directly analyzed by gel electrophoresis on a
1.5% agarose gel.

Real-time PCR was performed on Applied Biosystems 7500 Real-
Time PCR System (Thermo Scientific, Waltham, MA, USA) using Premix
Ex Taq™ (Probe qPCR) kit (Takara, Dalian, China). The primers and
TaqMan probes used for qPCR were reported in WHO information for
the molecular detection of influenza viruses-update (Table S2) [25]. In
a 0.2ml tube, 2 μl of cDNA, 12.5 μl of Premix Ex Taq, 0.5 μl of each
forward and reverse primers (10 μM), 0.3 μl of TaqMan probe (10 μM),
0.25 μl of 50× ROX Reference Dye II, and 8.75 μl of nuclease-free water
was added and vortex mixed. The reaction was run as follows: 95 °C for
1min; 40 cycles of 95 °C for 5 s, 60 °C for 30 s. Ct values, which are
defined as quantification cycle representing the crossing point between
fluorescent value and threshold, were calculated automatically by the
software v2.0.5 (Applied Biosystems, Foster City, CA, USA). The posi-
tive sample was defined as its Ct value less than 35, or a sample with Ct
value between 35 and 40 was confirmed again.

2.5. In vitro transcription

The forward primer with a T7 promoter at the 5’ terminus was used

to amplify the target gene (matrix, H1 HA, or H3 HA) in PCR. After gel
purification, the linear products bearing T7 promoters were blunted
with T4 DNA Polymerase, transcribed using the In vitro Transcription
T7 Kit (Takara, Dalian, China), and digested using DNase I at 37 °C for
30min. Finally, the single-stranded RNAs were purified using phenol-
chloroform extraction, and their concentration was measured by a
NanoDrop Nano-1000 spectrophotometer (Thermo Scientific, Waltham,
MA, USA).

2.6. Preparation of lateral flow dipstick

An LFD was prepared according to the previous reports [26,27],
which was composed of a sample pad, conjugate pad, nitrocellulose
membrane, absorbent pad, and plastic adhesive backing. Streptavidin-
coated gold colloid was dispensed onto the conjugate pad, and then
dried at 37 °C overnight. Anti-FITC antibody (Test line, Abcam, Cam-
bridge, MA, USA) and biotinylated bovine serum albumin (Control line,
Nanjing Runyan Biotechnology Co., Ltd, China) were striped onto the
nitrocellulose membrane, and then dried at 37 °C for 1 h. Finally, LFD
was assembled and cut into 4-mm width strips using microcomputer
automatic cutting machine (Shanghai Goldbio Co., Ltd., China).

2.7. RPA-LFD

RPA was performed in a total volume of 25 μl using TwistDx nfo kit
(TwistDX, Cambridge, UK). For each reaction, 14.75 μl of rehydration
buffer, 1 μl of each forward and reverse primers (10 μM), 0.3 μl of nfo
probe (10 μM), 2 μl of cDNA, and 4.7 μl of nuclease-free water were
mixed. Finally, 1.25 μl of 280mM magnesium acetate was added. The
mixture was incubated at 39 °C for 20min. RPA products were analyzed
using LFDs. Five microliters of RPA product was added into a tube
containing 70 μl of phosphate-buffered saline with Tween-20 (PBST;
137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 2mM KH2PO4, pH 7.4;
0.05% Tween-20). LFDs were inserted into the tube and incubated for
5min. Images were recorded using a smartphone and analyzed using
ImageJ software (National Institutes of Health, MD, USA). The images
were converted into 8-bit greyscale, and subsequently, the mean optical
density of a fixed area was determined. Relative optical density was
calculated by dividing the mean optical density by the maximum grey
value (255). The sample was defined as positive when relative optical
density was greater than the threshold (0.153), which was calculated by
the average of twenty negative samples plus three times standard de-
viation.

2.8. Statistical analysis

Experimental data were analyzed by SPSS Statistics 19 (SPSSInc.,
Chicago, USA), and the significance level was set at 0.05. Diagnostic

Table 2
Primers and probes used in this study.

Gene Name Sequence (5′-3′)a Accession no. Reference

matrix AMPB GATCACtaatacgactcactatagggCAGAGACTTGAAGATGTCTT NC_026431 [15]
AMPC TGCTGGGAGTCAGCAATCTG
MF146 GGCTCTCATGGAATGGCTAAAGACAAGAC This study
MR425 Biotin-TTGTATATGAGGCCCATGCAACTGGCAAGTG
A-p FITC-TTCACGCTCACCGTGCCCAGTGAGCGAGGAC-THF-GCAGCGTAGACGCTTTG-spacer(C3)

H1 H1F1073 GATCACtaatacgactcactatagggGGTAGATGGATGGTACGGTT CY225830 This study
H1F1325 Biotin-TGTTGGTTCTATTGGAAAATGAAAGAACTTT
H1-P FITC-TCATAAGTCCCATTTTTGACACTTTCCATGC-THF-CGTGTTATCGCATTTG-spacer(C3)
H1R1540 TGTTTAATTTTGCTTCCTCTGAGTATTTTGG

H3 H3F376 GATCACtaatacgactcactatagggTTATGCCTCCCTTAGGTCAC CY225422 This study
H3F763 Biotin-GAATAAGCATCTATTGGACAATAGTAAAAC
H3-P FITC-ATGGGTGCATCTGATCTCATTATTGAGCTTT-THF-CCCACTTCGTATTTTG-spacer(C3)
H3R1156 CCCTCAGAATTTTGATGCCTGAAACCGTACCA

a Protecting bases are shown in boldface, and the T7 promoter at the 5′ end of forward primer is shown in lowercase.
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performance of RT-RPA-LFD assays was evaluated by comparison with
real-time RT-PCR. Clinical sensitivity and specificity were calculated
using standard formulas. Clinical test results obtained from RT-RPA-
LFD and real-time RT-PCR were analyzed with McNemar's test.

3. Results

3.1. Specificity analysis

To optimize the performance of the detection and subtyping of IAVs,
we designed and synthesized eight sets of primer and probe (Table S1).
Viral RNAs extracted from two clinical isolates, H1N1 and H3N2, were
detected by RT-RPA-LFD assays. The results indicated that set1 (ma-
trix), set5 (H1), and set8 (H3) show the best performance (Fig. S1).

IAV subtype H1N1 and H3N2, influenza B virus (Flu B), and other
respiratory pathogens were used to evaluate the specificity of three RT-
RPA-LFD assays (Table 1; Fig. 1). As shown in Fig. 1, clear bands

emerge on the test line for detecting both H1N1 and H3N2 by matrix
RT-RPA-LFD assay, and no other visible bands are present on the test
line for detecting other respiratory pathogens. The positive results ob-
tained from detection of either H1N1 or H3N2 indicated that the other
two assays were specific, and there was no cross-reactivity with other
pathogens and between these two subtypes (Fig. 1). Although the po-
sitive and negative results are visible with the naked eye, the results of
RT-RPA-LFD quantitatively analyzed using image software to diminish
the influence of subjective factors (Fig. 1B).

3.2. Sensitivity analysis

To determine the detection limits of RT-RPA-LFD assays, RNA
transcripts (matrix, H1, and H3) were diluted by nuclease-free water
and tested (Table 3; Fig. 2; Fig. S2). By calculating the copy number of
each transcribed RNA in RPA reaction, probit analysis indicated that
RT-RPA-LFD assays at 95% probability were able to detect 123.6 copies

Fig. 1. Specificity of RT-RPA-LFD assays. (A) Nucleic acid extracted from H1N1, H3N2, influenza B virus (Flu B), respiratory syncytial virus (RSV) subgroup A and B,
human metapneumovirus (hMPV) and herpes simplex virus 1 (HSV-1) was detected by three RT-RPA-LFD assays corresponding to the matrix, H1, and H3. (B)
Quantitatively measurement of results of RT-RPA-LFD assays.
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of the matrix gene, 677.1 copies of H1 HA gene, and 112.2 copies of H3
HA gene (Table 3; Fig. 2). The sensitivity of RT-RPA-LFD assays is lower
than that of real-time RT-PCR [16,17], comparable or better than that
of conventional RT-PCR [13,14], and much better than that of RIDTs
[10].

3.3. Performance of LF-RT-RPA assays on clinical specimens

Both Eighty-seven throat swab specimens and twenty-four nucleic
acids were tested using RT-RPA-LFD assays and real-time RT-PCR as-
says (Table 4; Table S3). Compared to real-time RT-PCR assays as the
reference method, diagnostic parameters of RT-RPA-LFD assays, in-
cluding sensitivity, specificity, positive predictive value (PPV) and ne-
gative predictive value (NPV), were calculated as shown in Table 4.
Overall, twenty-seven samples were positive for IAVs by matrix RT-

RPA-LFD assay, while thirty-six samples were positive by matrix real-
time RT-PCR. We further found that Ct values of nine discordant sam-
ples were greater than 37. Fourteen samples were H1-positive by RT-
RPA-LFD, while fifteen samples were positive by real-time RT-PCR.
Only one sample with a Ct value of 36.9 was negative by H1 RT-RPA-
LFD assay. Additionally, four of fourteen H3-positive samples con-
firmed by real-time RT-PCR were negative by H3 RT-RPA-LFD assay. Ct
values of four discordant samples were greater than 37. McNemar's test
indicated that the difference between RT-RPA-LFD and real-time RT-
PCR for distinguishing H1 and H3 subtypes is not significant
(P > 0.05), but for detection of IAVs (P=0.004). Agreement of RT-
RPA-LFD and real-time RT-PCR was evaluated by kappa test. The cor-
relation kappa values were 0.802 (matrix), 0.960 (H1) and 0.814 (H3),
demonstrating that these assays had a good agreement for the detection
of IAV and subtyping of H1 and H3.

In order to comprehensively evaluate the performance of RT-RPA-
LFD, 28 positive throat swab specimens by matrix real-time RT-PCR
were tested by RIDTs (Rapid influenza A virus antigen test kits,
Guangzhou Wondfo Biotechnology Co., Ltd, China). Although com-
mercial antigen test kit is rapid, only fourteen samples are positive for
IAV (Table 5; Table S3), and its positive rate is much lower than that of
matrix RT-RPA-LFD assay. McNemar's Test suggested that there was a
significant difference between matrix RT-RPA-LFD and RIDTs
(P=0.008). Matrix RT-RPA-LFD assay could be sensitively used for
diagnosis of IAV in comparison to RIDTs.

4. Discussion

In this study, we developed three RT-RPA-LFD assays for detection
and subtyping of IAVs. The targets of these three assays were the ma-
trix, H1 HA, and H3 HA genes. The matrix gene is considered to be
conserved among IAVs and was selected for identification of IAVs
[12,15–17]. Primers and nfo probe were designed according to the
alignment of matrix gene sequences. During the past several decades,
subtypes H1N1 and H3N2 have been circulating worldwide [28]. Ac-
cording to the latest influenza surveillance [29], H3N2 and A(H1N1)
pdm09 accounted for the majority of circulating viruses. Therefore, we
designed another two assays for subtyping H1 and H3, thus providing a
rapid and convenient method for subtyping of H1 and H3.

Specificity of the RT-RPA-LFD assays indicated that the expected
signals were generated on the test line and no cross-reactivity was
observed. The sensitivity of RT-RPA-LFD assays was evaluated using
each single-stranded RNA transcripts of the matrix, H1, and H3 genes,
and the limits of detection were determined to be 123.6, 677.1, and
112.2 copies per reaction, respectively. Clinical samples were used to
evaluate the performance of RT-RPA-LFD assay and to compare its
performance with real-time RT-PCR. A total of 111 samples were tested.
Although the sensitivity of RT-RPA-LFD assays was slightly worse than
real-time RT-PCR, the former is a better choice for the point-of-care test

Table 3
Probit regression to calculate the detection limits of RT-RPA-LFD assays.

Amount of RNA transcripts
(Copies/reaction)

Replicates detected/Replicates tested by RT-RPA-
LFD assays

matrix H1 H3

5000 8/8 8/8 8/8
500 8/8 7/8 8/8
100 7/8 2/8 7/8
50 5/8 0/8 6/8
10 0/8 0/8 0/8
LOD (95% probability) 123.6 677.1 112.2

Fig. 2. Probit regression of RT-RPA-LFD assays (matrix, H1, and H3) using the
data of 8 independent assays.

Table 4
Comparison of diagnostic performance between RT-RPA-LFD and real-time RT-PCR on clinical samples.

Real-time RT-PCR Sensitivity Specificity PPVa NPVb P value Kappa value

Positive Negative Total

matrix RT-RPA-LFD Positive 27 0 27 75.00% 100% 100% 89.29% 0.004 0.802
Negative 9 75 84
Total (n= 111) 36 75 111

H1 RT-RPA-LFD Positive 14 0 14 93.33% 100% 100% 98.97% 1 0.96
Negative 1 96 97
Total (n= 111) 15 96 111

H3 RT-RPA-LFD Positive 10 0 10 71% 100% 100% 96.04% 0.125 0.814
Negative 4 97 101
Total (n= 111) 14 97 111

a PPV, positive predictive value.
b NPV, negative predictive value.
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in resource-limited settings.
RIDTs are widely used for screening the influenza virus in official

clinics or primary healthcare services. However, the detection limit of
RIDTs is 10000 times higher than that of real-time RT-PCR [30]. That
induces a false-negative result, which can result in inappropriate anti-
biotic use, treatment failure for patients, and further viral spread. The
negative result of RIDTs does not rule out influenza infection, particu-
larly in the season of high influenza activity. When a negative result of
RIDT is inconsistent with clinical signs and symptoms, RT-RPA-LFD
assays can be used as an effective supplement for IAV diagnosis. In
addition, RT-RPA-LFD assays can be used to identify the subtype for
IAV epidemiological investigations.

Although it is relatively rapid, specific and sensitive for diagnosis of
IAVs and subtyping of H1/H3 by RT-RPA-LFD assays, there are two
major drawbacks for these assays. One is that reverse transcription and
RPA are two separate reactions. To further simplify the process, one-
step RT-RPA was performed in a single tube containing TwistDx nfo kit
(TwistDX, Cambridge, UK), reverse transcriptase XL (AMV, Takara,
Dalian, China) and RNase Inhibitor (Takara, Dalian, China), and used to
detect IAV and discriminate H1 and H3. Compared to two-step RT-RPA,
the performance of one-step RT-RPA is unsatisfactory. This is probably
because that there exists an inhibitory effect between the biotin-labeled
reverse primer and reverse transcriptase, or between RT and RPA. This
needs to try different strategies to make RT and RPA harmoniously run
in a single tube. The other is that exists potential amplicons con-
tamination. RPA product was pipetted to LFD for analysis by opening
the reaction tube, which can cause amplicon contamination. This is a
very prominent concern for quality control of these assays, especially
which are used in a small hospital or rural areas with untrained staff.
Previous studies indicate that Uracil-N-glycosylase (UNG) and dUTP
can effectively eliminate amplicon contamination in PCR [31,32] or
LAMP [33]. It is possible that the elimination of RPA amplicon con-
tamination uses UNG and dUTP. Importantly, many sealed devices are
developed for analysis of RPA product, and this can also avoid amplicon
contamination [34–37]. Therefore, the combination of RPA, UNG/
dUTP, and/or a sealed LF device to reduce amplicon contamination will
be performed in the future. Cost of the test per sample is approximately
$2.5 (RT, $0.5; RPA reaction, $1.5; LFD, $0.5). A 25-μl reaction system
and LFD assembled by ourselves greatly reduce the cost of test. With the
improvement of availability and throughput, cost of RT-RPA-LFD will
decrease in the further. For example, multiplexed recombinase poly-
merase amplification assay has been developed to detect intestinal
protozoa reducing the cost of a lateral flow strip to $1 [26]. Further-
more, using LFDs can effectively save the cost of fluorescent detectors.

Overall, the RT-RPA-LFD assays developed in this study were ad-
vantageous for detection and subtyping of IAVs. They are suitable for
low-resource settings because they are performed at a relatively low
temperature of 39 °C and do not require expensive instruments.
Moreover, they are sensitive and specific enough for routine clinical
diagnosis and epidemiological investigations. In conclusion, RT-RPA-
LFD assays were described here for detection and subtyping of IAVs,
which offers relatively rapid, sensitive, and specific assays for diagnosis
of IAVs and subtyping of H1 and H3.
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