S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Simultaneous and visual detection of infectious bronchitis virus and
Newcastle disease virus by multiple LAMP and lateral flow dipstick

Xuan Wu, Zengxu Song, Xiwen Zhai, Lei Zuo, Xueran Mei, Rong Xiang, Zhuangzhuang Kang,
Long Zhou, and Hongning Wang'

School of Life Science, Sichuan University, Animal Disease Prevention and Food Safety Key Laboratory of
Sichuan Province, “985 Project” Science Innovative Platform for Resource and Environment Protection of
Southwestern, Key Laboratory of Bio-resources and Eco-environment, Ministry of Education,29# Wangjiang
Road, Chengdu 610065, China

ABSTRACT Infectious bronchitis virus (IBV) and
Newcastle disease virus (NDV) are both important
viruses seriously affecting poultry industry worldwide.
In this study, reverse-transcription LAMP (RT-LAMP)
was combined with lateral flow dipstick (LFD) form-
ing a novel detection tool which could simultaneously
detect IBV and NDV visually. Primers targeted the
5-untranslated region (5-UTR) of IBV genome and
the conserved region of NDV large polymerase gene
(LP). The specificity and sensitivity of this multi-
ple reverse transcription-LAMP-LFD (mRT-LAMP-
LFD) assay were compared with those of conventional
RT-PCR, nested RT-PCR (nRT-PCR), quantification
RT-PCR (qRT-PCR), and RT-LAMP monitored by
electrophoresis. No non-specific amplifications were ob-
served when the assays were tested with unrelated

viruses. According to the sensitivity study, when de-
tecting IBV or NDV alone, the lowest detection limits of
mRT-LAMP-LFD were 10*® IBV RNA copies/reaction
and 107 NDV RNA copies/reaction. Furthermore,
when detecting IBV and NDV simultaneously, the
lowest detection limit was the same as that of the
single detection assays. In the clinical sample study,
mRT-LAMP-LFD performed the best among these as-
says. When tested with IBV or NDV single infected
samples, the mean detection rates were 98.65% and
97.25%, respectively. In the IBV and NDV co-infected
sample study, the mean detection rates of IBV and
NDV were both 95%. This study showed that mRT-
LAMP-LFD was a promising qualitative detection tool
suitable for field single or multiple IBV and NDV
detection.
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INTRODUCTION

Infectious bronchitis virus (IBV) and Newcastle dis-
ease virus (NDV) are 2 of the most important viruses
seriously affecting the poultry industry and causing
huge economic losses worldwide (Bande et al., 2017;
Brown and Bevins, 2017). IBV and NDV belong to
the Gammacoronavirus of the Coronaviridae family and
the Avulavirus of the Paramyzoviridae family, respec-
tively (http://www.ictv.global). The genome of IBV is
about 27.6 kb in length. It encodes 15 non-structural
proteins, and 4 structural proteins: spike glycoprotein
(S), small membrane protein (E), membrane glycopro-
tein (M), and phosphorylated nucleocapsid protein (N).
At the 5 and 3’ ends of the genome, there is an un-
translated region (UTR) each (Armesto et al., 2009).
NDYV possesses a 15 kb long genome comprising 6 genes
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which individually encode the nucleocapsid (N), matrix
protein (M), phosphoprotein (P), fusion protein (F),
hemagglutinin-neuraminidase protein (HN), and large
polymerase protein (LP) (de Leeuw and Peeters, 1999).
IBV and NDV both have high mutation rates, mak-
ing their prevention and control difficult. Quick and
accurate detection of IBV and NDV is important for
preventing the viruses from spreading.

A wide variety of diagnostic assays for IBV and
NDV have been developed, including virus isolation,
and serological and molecular assays (Bande et al.,
2016; Brown and Bevins, 2017). Costs, requirements of
stringent techniques, and time required limit the use of
virus isolation as a routine virus detection assay (Bande
et al., 2016). Serological assays, such as hemagglutina-
tion inhibition and ELISA, are faster and simpler than
virus isolation, but tend to lack specificity and sensi-
tivity, especially in the case of IBV, and poor cross-
reactions between serotypes makes serological tests less
applicable (Cavanagh, 2007; Miller et al., 2010). In view
of their high sensitivity, specificity, and reduced flow
time, molecular assays are the most commonly used
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methods for IBV and NDV monitoring. According to
previous studies, both IBV and NDV quantification
RT-PCR (qRT-PCR) detection methods were highly
specific, and the lowest detection limits were 10>-10*
genome copies indicating that these qRT-PCR meth-
ods were highly sensitive (Callison et al., 2006; Farkas
et al., 2009; Wise et al., 2004). Another highly spe-
cific and sensitive molecular method is nested RT-PCR,
(nRT-PCR) which involves 2 rounds of PCR ampli-
fications. As previously reported, the lowest detection
limits of IBV and NDV nRT-PCR assays were 10"
and 10*" EID5,/mL, respectively (Nguyen et al., 2013).
While PCR assays are widely applied in pathogen de-
tection, the conduct of PCR requires sophisticated lab-
oratory equipment and observation of PCR product re-
quires electrophoresis, making PCR assays unsuitable
for point-of-care and visible detections, especially in
some low-resource regions.

Loop-mediated isothermal amplification (LAMP)
amplifies DNA under isothermal conditions by the Bst
DNA polymerase large fragment (Notomi et al., 2000).
Numerous studies have demonstrated that the amplifi-
cation efficiency of LAMP is quite high (Khan et al.,
2017; Zhang et al., 2014). Moreover, the specificity of
LAMP is also satisfactory as there are 4 specially de-
signed primers recognizing 6 distinct regions on the tar-
get DNA (Asiello and Baeumner, 2011; Zhang et al.,
2014). Furthermore, unlike conventional PCR assays,
only simple devices are needed during LAMP, such as
a water bath or a heat block. LAMP is thought to rev-
olutionize molecular biology not only because of its ex-
cellent performance on DNA amplification but also due
to its diverse, simple, and intuitional reaction monitor-
ing methods. Several naked eye monitoring approaches
have been applied, such as adding color indicators into
reactions and combining with immunochromatographic
techniques (Parida et al., 2008; Zhang et al., 2014). Lat-
eral flow dipstick (LFD), an immunochromatographic
technique, utilizes antibody capture followed by sec-
ondary antibody labeling (Chen et al., 2016; Zhang
et al., 2014). LAMP combined with LFD (LAMP-
LFD) could be used for highly sensitive, simple, vi-
sual, and multiple pathogen detections (Chen et al.,
2016). LAMP products can be labeled by employing
biotin/FITC modified FIP/BIP primers, and subse-
quently, these biotin-FITC double labeled LAMP prod-
ucts can be captured by biotin-antibodies and immo-
bilized at specific locations on LFD strips (test line).
Subsequently, FITC at the other end of the products
can specifically combine with gold particles labeled with
FITC-antibodies, thus making the results readable us-
ing the naked eye (Nimitphak et al., 2008). However,
no previous studies have reported multiple detection of
avian pathogens using LAMP-LFD.

Both IBV and NDV are pathogens that cause avian
respiratory diseases, and single or multiple infection
by them may cause similar clinical signs. Studies have
shown that multiple conventional RT-PCR could be
used for detecting and differentiating respiratory dis-
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ease pathogens in poultry diseases (Pang et al., 2002;
Rashid et al., 2009). However, the sensitivity of mul-
tiple conventional RT-PCR is not satisfactory. Multi-
ple nested RT-PCR is much more sensitive than multi-
ple conventional RT-PCR but time-consuming (Nguyen
et al., 2013). Furthermore, these assays are not suit-
able for on-site pathogen detection, because products of
RT-PCR need to be monitored by electrophoresis and
qRT-PCR need to be conducted with highly accurate
instruments. Here, we developed a visual multiple RT-
LAMP-LFD (mRT-LAMP-LFD) assay which could
simultaneously detect IBV and NDV and be easily car-
ried out and monitored by the naked eye. To evalu-
ate this novel detection method, PCR assays (including
conventional RT-PCR, qRT-PCR and nRT-PCR) and
reverse-transcription LAMP (RT-LAMP) monitored
by electrophoresis were also conducted and the speci-
ficity and sensitivity of the assays were compared with
those of the mRT-LAMP-LFD assay.

MATERIALS AND METHODS

Virus Strains and Tissue Samples

A total of 13 IBV strains, 7 NDV strains, and the
PCR and LAMP target sequences of 6 NDV and 1
turkey coronavirus strains (TCoV) synthesized by San-
gon Biotech (Shanghai, China) Co, as well as 6 other
avian virus strains, were used for the determination of
the specificities of RT-PCR and RT-LAMP assays. The
GenBank numbers of IBV and NDV strains were la-
beled in Figure S1 (Supplementary Information); the
TCoV strain and the 6 other avian virus strains used
in the specificity study were listed in Table S1 (Sup-
plementary Information). Tissue samples used in this
study were stored at —80°C.

RNA Extraction and cDNA Synthesis

RNA in the samples was extracted with TRIzol (In-
vitrogen, Carlsbad, CA). Subsequently, cDNA was syn-
thesized using PrimeScript RT reagent Kit (TaKaRa,
Beijing, China) following the manufacturer’s instruc-
tions. Briefly, the reverse transcription reaction mix-
ture consisted of 2 L, 5 x PrimeScript Buffer, 0.5 uL
PrimeScript RT Enzyme Mix I, 0.5 L Oligo dT Primer,
0.5 puL. Random 6 mers, the RNA of the virus, and
RNase Free dH50, thus creating a final volume of 10 pL.

Primer Design

Complete genome sequences of 224 IBV strains and
331 NDV strains available in GenBank were aligned us-
ing MEGA 6 software. Subsequently, to determine con-
served regions in the IBV and NDV genomes, aligned
results were used for similarity plotting analysis with
the Simplot program 3.5.1. Primers for RT-PCR, nRT-
PCR, qRT-PCR, and RT-LAMP assays were designed



Table 1. Details of PCR and LAMP primers.
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Reaction or

Assay Primer name Primer sequence (5'-3") anealing temprature
IBV LAMP IB-FIP TGACCCCGTATTTCACACAA-CGGGTGTGTGGAAGTAGC 65°C
IB-BIP TCCCCCCACATACCTCTAAGGG-GCCGACCTTATGCGAGAA
IB-F3 CTGGTTCATCTAGCGGTAGG
IB-B3 ACCCCCTACAAACGTCGTAT
IBV qPCR qlB-F! GTTGCTGGTATCACTGCTTG 56°C
qIB-R! ACCGCTAGATGAACCAGA
IBV nPCR nIB-outF CTCATAGGTGTTCCATTGC 53°C
nlB-outR CGTATAGCCGACCTTATG
IBV LAMP-LFD Bio-IB-FIP? Biotin-TGACCCCGTATTTCACACAA- 65°C
CGGGTGTGTGGAAGTAGC
FITC-IB-BIP? FITC-TCCCCCCACATACCTCTAAGGG-
GCCGACCTTATGCGAGAA
IB-F3 CTGGTTCATCTAGCGGTAGG
IB-B3 ACCCCCTACAAACGTCGTAT
NDV LAMP ND-FIP CAGGAACTGTGTCGGGGTCGG- 67°C
CAATACGCTTTTCTCAAATGAGA
ND-BIP CAGTCGTTTATAGGAATTTACAGGC-
ATGGACGGAATTCCTGGA
ND-F3 TGCATGTGCCACATGAGACT
ND-B3 CTTTCCTCTGTATTCTCTCTCC
NDV gPCR gqND-F! GAAACTCCTTATACTTAGCAGAAG 57°C
gND-R! GGTACTTCCGCCTGTAAATT
NDV nPCR nND-outF CCTCTTGGTATAAGGCGTCCC 58°C
nND-outR TAATGGACGGAATTCCTGGA
NDV LAMP-LFD Dig-ND-FIP? Digoxigenine-CAGGAACTGTGTCGGGGTCGG- 67°C
CAATACGCTTTTCTCAAATGAGA
FITC-ND-BIP? FITC-CAGTCGTTTATAGGAATTTACAGGC-
ATGGACGGAATTCCTGGA
ND-F3 TGCATGTGCCACATGAGACT
ND-B3 CTTTCCTCTGTATTCTCTCTCC

"Primers designed for qPCR. assays were also used in conventional PCR and nPCR assays (act as inner primers).
’In the LAMP -LFD assays, IB-FIP and ND-FIP primers were individually 5" modified by biotin (Bio) and digoxigenine (Dig), IB-BIP and ND-BIP

were both 5" modified by fluorescein isothiocyanate (FITC).

on base of IBV and NDV genome conservative re-
gions: IBV primers targeted the 5-UTR region, and
NDV primers located in the conserved region of LP
gene. Primers for RT-PCR, nRT-PCR, and qRT-PCR
were designed by Primer Premier 6 software (Premier
Inc., Palm Desert, CA); primers for RT-LAMP assays
were designed by PrimerExplorer V4 software (Fujitsu,
Tokyo, Japan). In mRT-LAMP-LFD reactions, modi-
fied FIP and BIP primers were used: Bio-IB-FIP was
modified by biotin on the 5-end, Dig-ND-FIP was
modified by digoxigenin on the 5-end, and FITC-IB-
BIP and FITC-ND-BIP were modified by FITC on
the 5-end. The sequences of the primers are listed in
Table 1.

PCR Assays

The most appropriate annealing temperatures for
each pair of primers were determined using gradient
PCR and listed in Table 1. Conventional RT-PCR reac-
tion mixture consisted of 12.5 uL. 2 x M5 Pfu PCR Mas-
terMix (Meib, Beijing, China), 10 pmol of each primer,
1 pL template and double distilled water (ddH»0O) cre-
ating a final volume of 25 pL. The PCR parameters
included an initial denaturation step for 5 min at 94°C
followed by 32 cycles of denaturation at 94°C for 50 s,
annealing for 50 s, extension at 72°C for 10 to 30 s

depending on the sizes of the products and a final ex-
tension step at 72°C for 10 min.

nRT-PCR involved 2 rounds of amplifications. The
reaction mixture and parameters of each round of am-
plification were the same as that of conventional RT-
PCR. The products of conventional RT-PCR and nRT-
PCR were monitored by electrophoresis in 1% agarose
gels.

qRT-PCR assays were conducted with 10 uL 2 x Sso-
Fast EvaGreen Supermix (BIO-RAD, Hercules, CA),
10 pmol of each primer, 1 uL. template and ddH,O mak-
ing the final volume to 20 pL. The parameters were: ini-
tial denaturation for 30 s at 95°C followed by 39 cycles
of denaturation at 95°C for 5 s, annealing/extension for
5 s, and a final melting curve at 65 to 95°C with incre-
ment 0.5°C/5 s. Data was analyzed by Bio-Rad CFX
Maestro 1.1 software (BIO-RAD, Hercules, CA). Plate
read was added during the extension and melting curve
steps. To establish IBV and NDV qRT-PCR standard
curves, fragments amplified using qIB-F/R and qND-
F/R were individually cloned into pEASY-T1 vector
(Transgen, Beijing, China). Plasmids were extracted us-
ing TIANprep Mini Plasmid Kit (TTANGEN, Beijing,
China). Subsequently, IBV plasmids were 10-fold serial
diluted from 5.09 x 107 to 5.09 x 10* copies/uL and
NDV plasmids were 10-fold serial diluted from 3.97 x
10° to 3.97 x 10" copies/uL. Diluted plasmids were
used as standard samples during the establishment of
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Figure 1. Principle of mRT-LAMP-LFD. IBV and NDV LAMP amplify products were labeled with FITC/Biotin and FITC/Digoxigenin,
respectively. Gold particles modified with FITC-antibodies can combine with the labeled IBV and NDV products. Subsequently, IBV products
will be captured by Biotin-antibodies immobilized on the test line 1, NDV products will be captured by Digoxigenin-antibodies immobilized on
the test line 2, and the free gold particles will be immobilized on the control line. Thus, the products are visualized.

IBV and NDV RT-PCR standard curves. Slopes and
intercepts of standard curves, amplification efficiency
(E) and corresponding correlation coefficients (R?) were

generated using Bio-Rad CFX Maestro 1.1 software
(BIO-RAD, Hercules, CA).

LAMP Assays

The RT-LAMP reactions were conducted under gra-
dient temperatures (50 to 68°C) to determine optimal
reaction temperatures. The concentration of MgSO, (4
to 10 mM) and dosage of Bst 2.0 WarmStart DNA
Polymerase (New England Biolabs, Ipswich, MA) (1 to
8 U) were also optimized. The optimal reaction mixture
contains 2.5 ul. 10 x Isothermal Amplification Buffer
(contains 2 mM of MgSOy), 4 mM of MgSO, (6 mM
of MgSO, total), 1.4 mM of each ANTP, 1.6 uM of
FIP/BIP, 0.2 uM of F3/B3, 8 U of Bst 2.0 WarmStart
DNA Polymerase, 1 pL template, and ddHsO creating
a final volume of 25 pL. The mixture was incubated
for 60 min. Products of LAMP were monitored visually
using 2% agarose gel electrophoresis.

mRT-LAMP-LFD was performed to detect IBV and
NDV either singly or simultaneously. The reaction
mixture of mRT-LAMP-LFD contained 2.5 pl 10 x
Isothermal Amplification Buffer (contains 2 mM of
MgSOy), 4 mM of MgSO, (6 mM of MgSO, total),
1.4 mM of each dANTP, 1.6 M of each modified primer
(Bio-IB-FIP, Dig-ND-FIP, FITC-IB-BIP, and FITC-
ND-BIP), 0.2 uM of F3/B3, 8 U of Bst 2.0 WarmStart
DNA Polymerase 1 pyL template, and ddH5O creating
a final volume of 25 uL. After incubation for 60 min,
20 pL of reaction product and 80 pL of HybriDetect
Assay Buffer (Milenia biotec, Gieflen, Germany) were

mixed in a new tube, and subsequently an LFD strip
(Milenia biotec, GieBen, Germany) was dipped into this
mixture. After 3 to 5 minutes, test lines appeared in
positive reactions (Figure 1).

Specificity and Sensitivity Studies

To evaluate the specificities of the assays, the phylo-
genetic analyses on PCR and LAMP target sequences
of 224 IBV and 331 NDV strains were conducted.
According to the phylogenetic trees, 224 IBV strains
were grouped into 4 clades, and 331 NDV strains were
grouped into 6 clades. A total of 13 IBV strains were
used to determine the specificities of the assays dis-
tribute in all 4 clades, likewise, 13 NDV strains were
used to determine the specificities distribute in all 6
clades (Figure S1, Supplementary Information).

In addition, cDNA of avian reovirus (ARV), infec-
tious bursal disease virus (IBDV), and avian influenza
virus (AIV), DNA of gallid alphaherpesvirus 2 (GaHV-
2) and fowl adenovirus (FAdV), as well as synthesized
sequence of 1 TCoV strain were used as templates
for further evaluation of the specificities of the assays
(Table S1, Supplementary Information).

To determine the lowest detection limits of the assays
in terms of RNA copy numbers, 10-fold serial diluted
in vitro-transcribed RNA of target regions was used as
templates. Briefly, fragments containing IBV 5-UTR
and NDV LP target regions were separately ampli-
fied using primer pairs 5-ATCACACTAGCCTTGC
GCTAGA-3'/5-GCAAAAGCATCAGCGTAATCC-3
and 5-AATCTGTATTACATGTCTAGG-3'/5-AGA
GAGAATATATCCTTTCGC-3'. Subsequently, the

fragments were separately ligated downstream T7
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promoter. In vitro-transcriptions were conducted using
HiScribe T7 High Yield RNA Synthesis Kit (NEB,
Beijing, China). The concentrations of the RNA
transcripts were measured using NANO DROP 2000
(Thermo, Shanghai, China), and the copy numbers
of IBV and NDV RNA molecules were calculated
following the formula reported previously (Fronhoffs
et al., 2002). The copy numbers of IBV and NDV RNA
molecules were 10%® and 10°7 copies/uL, respectively.
IBV RNA was 10-fold serial diluted into 10%% to 10°8
copies/uL; NDV RNA was 10-fold serial diluted into
10°7 to 10°7 copies/uL. Whereafter, 1 uL. RNA from
each concentration was used in reverse transcription
reaction (10 uL reaction volume). After reverse tran-
scription, 1 uL. cDNA was used in the PCR and LAMP
assays. Thus, the concentrations of serial diluted IBV
and NDV RNA, which was finally used as templates,
were separately 10>® to 107%? copies/reaction and 10*7
to 1073 copies/reaction.

Furthermore, serial diluted IBV and NDV RNA was
mixed to test the lowest detection limit of mRT-LAMP-
LFD when simultaneously detecting IBV and NDV.
Negative control reactions in specificity and sensitivity
studies were conducted with total RNA extracted from
allantoic fluid of health specific pathogen-free (SPF)
chick embryo as templates.

IBV and NDV Clinical Samples

IBV-positive samples, including 144 tissue samples
(78 tracheas and 66 lungs), 124 swabs (82 oral swabs
and 42 cloacal swabs), NDV-positive samples, includ-
ing 87 tissues (52 tracheas and 35 lungs), and 76
swabs (40 oral swabs and 36 cloacal swabs) were
used to examine the performance of the assays in de-
tecting IBV and NDV in clinical samples. In addi-
tion, to further investigate the specificities of the as-
says when detecting clinical samples, 33 negative tis-
sues (including 10 tracheas, 10 lungs, and 13 kidneys),
10 FAdV positive livers, and 7 AIV H9N2 positive
lungs were also tested by the assays. All these samples
were collected from 32 chicken farms distributed in 7
provinces, China, during our routine monitor on avian
diseases.

To investigate whether the mRT-LAMP-LFD assay
could detect IBV and NDV in co-infected samples, both
accurately and simultaneously, ten 4-wk-old SPF chick-
ens were inoculated with 10?7 EID5, IBV M41 and 10%*
EID;y NDV F48E9 by the nasal route to mimic IBV-
NDYV co-infected chickens. Oral and cloacal swabs were
collected on 3 and 6 days-post-infection (dpi) from each
bird. On 6 dpi, all the chickens were sacrificed, and
lungs and tracheas were collected.

The animal experiment in this study was approved by
the Animal Ethics Committee of the College of Life Sci-
ences, Sichuan University (license: SYXK-Chuan-2013-
185). All experimental procedures and animal welfare

5405

standards strictly followed the guidelines of Animal
Management at Sichuan University.

Statistical Analysis

Statistical significance differences in the mean detec-
tion rates of the assays, when detecting different kinds
of samples, were evaluated by One-way ANOVA using
GraphPad Prism version 6 (GraphPad Software Inc.,
San Diego, CA). Differences were considered to be sig-
nificant at *P < 0.05.

RESULTS

Optimization of PCR, nPCR, qPCR, LAMP,
and LAMP-LFD Assays

Under optimal annealing temperatures, RT-PCR and
nRT-PCR amplified specific products of the expected
lengths, and there were no non-specific bands observed
in the negative controls (Figure 2A).

Both in IBV and NDV qRT-PCR assays, fluorescent
signals were detected with the target IBV or NDV tem-
plates, while no fluorescent signals were detected in neg-
ative control reactions (Figure 2B). According to the
standard curves, C; values (y), and log of copy num-
bers (z) were linearly correlated (IBV: y = —3.323z +
41.249, E = 99.9%, R?> = 0.999; NDV: y = —3.369x
+ 41.444, E = 98.1%, R?> = 0.999). The melting curve
showed a single peak indicating no primer dimer formed
(Figure 2C).

After IBV and NDV RT-LAMP amplification, sym-
bolic ladder-like bands were observed in a 2% agarose
gel (Figure 3A). As for mRT-LAMP-LFD assays, IBV-
positive reactions generated test line 1 and the control
line; NDV-positive reactions generated test line 2 and
the control line; and test lines 1, 2, and the control line
appeared when both IBV and NDV were present; only
the control line was generated when neither virus was
present (Figure 3B).

Specificity Study

As Figure 4A shows, there were no positive re-
actions observed when IBV assays were tested with
other pathogen templates except for TCoV. The re-
sults are not unexpected, because TCoV and IBV are
very closely related in terms of both antigenic and ge-
nomic characterizations (Guy, 2000). Target sequence
(5-UTR) nucleotide identities between TCoV and 224
IBV strains are 91.3 to 97.7% (data not shown). More-
over, according to the new 2018 taxonomy of viruses
published by International Committee on Taxonomy
of Viruses, IBV, and TCoV are classified as 1 specie
(http:/ /www.ictv.global).

NDV detection assays were specific to the NDV tem-
plates (Figure 4B). Conventional RT-PCR, nRT-PCR,
and RT-LAMP assays yielded specific products only
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Figure 2. RT-PCR, nRT-PCR, and qRT-PCR assays. (A) Product of conventional RT-PCR and nRT-PCR analyzed by electrophoresis. The
molecular weights of the marker were labeled on the left. All the RT-PCR and nRT-PCR amplified specific bands with expected lengths, 130 bp
for IBV and 190 bp for NDV. (B) Amplification signals were detected in IBV and NDV positive qRT-PCR reactions. NC in (A) and (B) represents
negative control. (C) The standard curves of IBV and NDV qRT-PCR. The standard curves were generated by plotting the Cr (y) values vs. log
copy numbers (z). The reaction efficiencies (E) of IBV and NDV qPCR were 99.9% and 98.1%, respectively. For IBV, y = —3.323z + 41.249; for

NDV, y = —3.3692 + 41.444.

when tested with target NDV templates. In mRT-
LAMP-LFD assays, test lines were observed when tar-
get templates were contained in the reaction mixture.
As for qRT-PCR assays, fluorescent signals were de-
tected only when tested with the NDV templates.

Sensitivity Study

The lowest detection limits of IBV conventional RT-
PCR, nRT-PCR, qRT-PCR, RT-LAMP, and mRT-
LAMP-LFD assays, when detecting IBV alone, were
10%8, 10°%, 101%, 10°%, and 10%® copies/reaction, re-
spectively (Figure 5A). The lowest detection limits
of NDV conventional RT-PCR, nRT-PCR, qRT-PCR,
RT-LAMP, and mRT-LAMP-LFD assays, detecting
NDV alone, were individually 10*7, 10%7, 107, 10°7,
and 10%7 copies/reaction (Figure 5B).

When simultaneously detecting IBV and NDV, mRT-
LAMP-LFD produced clear visible test lines at con-
centration of 10°* IBV + 10%7 NDV copies/reaction,
and the lowest detection limit was the same as that of
mRT-LAMP-LFD when detecting IBV or NDV alone
(Figure 5C).

Detection of IBV and NDV from Clinical
Samples

As Figure 6A shows, mRT-LAMP-LFD exhibited the
highest mean detection rates in the detection of differ-
ent types of clinical samples when conducting IBV or
NDV single detection, 98.65% for IBV and 97.25% for
NDV. Statistical significance difference studies showed
that the mean detection rates of mRT-LAMP-LFD were
significantly higher than that of conventional RT-PCR
assays when detecting IBV or NDV alone (P < 0.05).
No positive results were observed when the assays were
tested with negative tissues, FAdV positive livers, and
ATV positive lungs.

To further evaluate mRT-LAMP-LFD, 10 chickens
were experimentally co-infected with IBV and NDV.
Results showed that mRT-LAMP-LFD could not only
detect 2 pathogens simultaneously, but also showed
higher mean detection rates than the other assays pre-
sented here. The mean IBV and NDV detection rates of
different samples, detected by mRT-LAMP-LFD, were
both 95%, and were significantly higher than those de-
tected by conventional RT-PCR and qRT-PCR (P <
0.05, Figure 6B).
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Figure 4. Specificity study of PCR and LAMP assays of (A) IBV and (B) NDV. In specificity study, cDNA of 13 IBV, 7 NDV, 1 ARV, 1 IBDV,
and 1 ATV and DNA of 1 GaHV-2 and 2 FAdV, as well as the synthesized PCR and LAMP target sequences including 6 NDV and 1 TCoV were
used as templates. In the IBV detection assays, positive results were detected with IBV and TCoV templates. In IBV qRT-PCR, other viruses
include NDV, ARV, GaHV-2, IBDV, FAdV, and AIV. As for NDV detection assays, positive results were observed only when NDV templates
existed. In NDV qRT-PCR, other viruses refer to IBV, ARV, GaHV-2, IBDV, FAdV, TCoV, and AIV. NC means negative control reactions
which were conducted using total RNA extracted from allantoic fluid of healthy SPF chick embryo as template. Markers in the electrophoresis

were the same as that in Figure 2A.

DISCUSSION

Timely and accurate diagnostic methods are very im-
portant for the control of infectious diseases, especially
for IBV and NDV which are 2 of the most important
contagious viruses seriously affecting the poultry indus-
try. Furthermore, IBV and NDV produce clinical pic-
ture somewhat resembling each other, it is very much
crucial not only to detect but also differentiate simulta-
neously. Existing IBV and NDV diagnostic methods, in-
cluding virus isolation and PCR assays, are specific and
sensitive. However, they are not suitable for timely on-
site pathogen detection. Although portable PCR ma-
chines are gradually applied in the field, in most ar-
eas, especially in undeveloped and developing countries,

these sophisticated equipments are too expensive to be
popularized, and the sensitivity of PCR is not satisfac-
tory. Multiple RT-LAMP-LFD developed in this study
could detect and differentiate IBV and NDV, both
simultaneously and accurately. When IBV and NDV
cDNA co-exist in the same reaction system, an IBV
and NDV double-positive result was observed. To eval-
uate the sensitivity of mRT-LAMP-LFD, conventional
RT-PCR, nRT-PCR, qRT-PCR, and RT-LAMP assays
detecting IBV or NDV alone were also conducted to
compare with mRT-LAMP-LFD. When detecting IBV
or NDV alone, mRT-LAMP-LFD performed as sensi-
tive as nRT-PCR and RT-LAMP did, in a directly vi-
sual way. It is always thought that qRT-PCR methods
provided high sensitivity during pathogen diagnoses.
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According to the result of detection limit study, nRT-
PCR, and LAMP assays, established in this study, pos-
sessed 10 times higher sensitivity than qRT-PCR. In
the first round of amplification of nRT-PCR, the orig-
inal template was amplified with the outer primers.
Thus, the number of the fragments containing the in-
ner primer target sequence is greatly improved com-
pared with the original template. As a result, the num-
ber of templates in the second round of amplification
of nRT-PCR is much higher than that in qRT-PCR.
This is the reason why nRT-PCR could detect lower
concentration of original templates than qRT-PCR do.
Similarly to our results, previous study conducted by
Weng and Chen indicated that nPCR showed higher
sensitivity than real-time PCR when detecting Phy-
tophthora infestans (Khan et al., 2017). LAMP is one
of the most widely used isothermal nucleic acid am-
plification techniques (INATSs). Several studies on the
diagnostic methods of other pathogens had showed that
these INAT's possessed equal or even higher sensitivities
compared with qPCR assays (Gao et al., 2018; Khan
et al., 2017; Yang et al., 2015). Our results indicated
that LAMP assays possessed higher sensitivities than
gPCR when detecting IBV and NDV (Figure 5).

Several multiple RT-PCR assays detecting avian res-
piratory pathogens have been developed in previous
studies, while the sensitivity of these multiple as-
says was lower than single pathogen detection assays
(Nguyen et al., 2013; Pang et al., 2002). This may
be due to the competition among different sets of
primers. However, when detecting with IBV and NDV
co-existing samples, the lowest detection limit of mRT-
LAMP-LFD was the same as that of mRT-LAMP-
LFD when detecting a single pathogen (i.e., 10%%
copies/reaction for IBV and 10%7 for copies/reaction for
NDV), indicating that the sensitivity of mRT-LAMP-
LFD was not affected when the components of the re-
action system became more complex.

The purpose of this study was to develop a novel
detection tool which could simultaneously accurately
detect IBV and NDV on site. Previous studies on
PCR methods detecting IBV and NDV showed that
these PCR methods are specific and sensitive, but the
need for expensive thermal cycling equipments makes
them not suitable for on-site IBV and NDV detec-
tion. Portable PCR machines are gradually applied
in the field. While, in most areas, especially in unde-
veloped and developing countries, these sophisticated
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Figure 6. Detection rates of the assays when detecting with IBV- or NDV-infected samples (A) and IBV-NDV co-infected samples (B). (A)
Different kind of IBV and NDV positive samples collected from the field were used to examine the performance of the assays in detecting IBV
and NDV in clinical samples. (B) To further evaluate mRT-LAMP-LFD, 10 chickens were experimentally co-infected with IBV and NDV. The
mean detection rates of the assays, when detecting different kinds of samples, are labeled above the histograms. The fraction numbers under the
X-axis represent (positive sample numbers detected by the assays)/(total sample numbers). * indicate P < 0.05.

equipments are too expensive to be popularized. Thus,
simpler and visible IBV and NDV detecting methods
are urgently needed. High specific and sensitive sin-
gle IBV and NDV RT-LAMP assays have been de-
veloped in previous studies (Chen et al., 2010; Pham
et al., 2005). In these assays, products were visualized
by electrophoresis or by adding color indicators. When
detecting multiple pathogens, the products must be
easily differentiated. When visualized by electrophore-
sis, LAMP products could be distinguished by observ-
ing bands with different molecular weights, however,
this method is not suitable for on-site pathogen detec-
tion. By adding color indicators, the change in color
could be easily observed, but this change is non-specific.
Obviously, these two LAMP monitoring methods are
not applicable for on-site multiple pathogens detection.
Multiple LAMP-LFD has been applied in the detec-
tion of some pathogens, and it showed great advances
compared with common PCR and LAMP assays, such

as the requirement for little equipment, short reac-
tion time, and the ability to detect multiple genes or
pathogens (Chen et al., 2016; Lalle et al., 2018). To
our knowledge, RT-LAMP-LFD has not been applied
to IBV or NDV detection and no studies on an mRT-
LAMP-LFD technique that detects multiple avian res-
piratory viruses have been reported. In this study, the
products generated in IBV and NDV RT-LAMP were
differentiated by Biotin/FITC and Digoxigenin/FITC
labeling, respectively. The products could bind with
Biotin- or Digoxigenin-antibodies fixed on different test
lines on the LFD strip, and then products were visu-
alized by combining with gold particles modified with
FITC-antibodies (Figure 1). When tested with clini-
cal samples, the mean detection rate of mRT-LAMP-
LFD was higher than that of the other assays. These
results indicate that mRT-LAMP-LFD is not only able
to detect IBV and NDV simultaneously, but is also suit-
able for field testing in both technical (more sensitive
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than PCR and LAMP assays) and practical aspects
(more simple to put out and no specialized equipment
needed).

This study combined RT-LAMP and LFD conduct-
ing a novel IBV and NDV mRT-LAMP-LFD detection
assay which is specific and sensitive in detecting IBV
and NDV simultaneously. Furthermore, mRT-LAMP-
LFD does not require specialized instrumentations,
making it suitable for on-site detection. In conclusion,
mRT-LAMP-LFD is a promising qualitative detection
tool, and is even applicable in some low-resource
locations.

SUPPLEMENTARY DATA

Supplementary data are available at Poultry Science
online.

Table S1. The TCoV strain and 6 other avian virus
strains used in the specificity study

Figure S1. Phylogenetic analyses based on PCR and
LAMP target sequences of (A) IBV and (B) NDV.
Strains used in specificity study are in bigger font. Wild
strains detected during our avian virus monitoring, of
which genome sequences have not been submitted to
GenBank, were labeled by solid circles; artificially syn-
thesized sequences were labeled by solid triangles. Ac-
cording to the trees, 224 IBV strains were grouped into
4 clades, and the IBV strains used in this study dis-
tribute in all 4 clades; 331 NDV strains were grouped
into 6 clades, and the NDV strains used in this study
distribute in all 6 clades.

ACKNOWLEDGMENTS

This research is funded by the National Key R&D
Program of China (2017YFD0500703), the China Agri-
culture Research System (CARS-40), the National Sys-
tem for Layer Production Technology (CARS-40-K14),
and the Project for Science and Technology Support
Program of Sichuan Province (2018NZ0009).

CONFLICT OF INTEREST STATEMENT

We declare that we have no conflict of interest.

REFERENCES

Armesto, M., D. Cavanagh, and P. Britton. 2009. The replicase gene
of avian coronavirus infectious bronchitis virus is a determinant
of pathogenicity. PLoS ONE 4:e7384.

Asiello, P. J., and A. J. Baeumner. 2011. Miniaturized isother-
mal nucleic acid amplification, a review. Lab Chip 11:1420-
1430.

Bande, F., S. S. Arshad, A. R. Omar, M. H. Bejo, M. S. Abubakar,
and Y. Abba. 2016. Pathogenesis and diagnostic approaches of
avian infectious bronchitis. Adv. Virol. 2016:1-11.

Bande, F., S. S. Arshad, A. R. Omar, M. Hair-Bejo, A. Mahmuda,
and V. Nair. 2017. Global distributions and strain diversity of
avian infectious bronchitis virus: a review. Anim. Health. Res.
Rev. 18:70-83.

WU ET AL.

Brown, V. R., and S. N. Bevins. 2017. A review of virulent Newcastle
disease viruses in the United States and the role of wild birds in
viral persistence and spread. Vet. Res. 48:68.

Callison, S. A., D. A. Hilt, T. O. Boynton, B. F. Sample, R.
Robison, D. E. Swayne, and M. W. Jackwood. 2006. Development
and evaluation of a real-time Tagman RT-PCR assay for the de-
tection of infectious bronchitis virus from infected chickens. J.
Virol. Methods 138:60-65.

Cavanagh, D. 2007. Coronavirus avian infectious bronchitis virus.
Vet. Res. 38:281-297.

Chen, H. T., J. Zhang, Y. P. Ma, L. N. Ma, Y. Z. Ding, X. T. Liu, X.
P. Cai, L. Q. Ma, Y. G. Zhang, and Y. S. Liu. 2010. Reverse tran-
scription loop-mediated isothermal amplification for the rapid de-
tection of infectious bronchitis virus in infected chicken tissues.
Mol. Cell. Probes 24:104-106.

Chen, Y., N. Cheng, Y. Xu, K. Huang, Y. Luo, and W. Xu. 2016.
Point-of-care and visual detection of P. aeruginosa and its toxin
genes by multiple LAMP and lateral flow nucleic acid biosensor.
Biosens. Bioelectron. 81:317-323.

de Leeuw, O., and B. Peeters. 1999. Complete nucleotide sequence
of Newcastle disease virus: evidence for the existence of a new
genus within the subfamily Paramyxovirinae. J. Gen. Virol. 80:
131-136.

Farkas, T., E. Szekely, S. Belak, and I. Kiss. 2009. Real-time PCR-
based pathotyping of Newcastle disease virus by use of Tag-
Man minor groove binder probes. J. Clin. Microbiol. 47:2114—
2123.

Fronhoffs, S., G. Totzke, S. Stier, N. Wernert, M. Rothe, T. Bruning,
B. Koch, A. Sachinidis, H. Vetter, and Y. Ko. 2002. A method for
the rapid construction of cRNA standard curves in quantitative
real-time reverse transcription polymerase chain reaction. Mol.
Cell. Probes 16:99-110.

Gao, W., H. Huang, P. Zhu, X. Yan, J. Fan, J. Jiang, and J. Xu.
2018. Recombinase polymerase amplification combined with lat-
eral flow dipstick for equipment-free detection of Salmonella in
shellfish. Bioprocess Biosyst. Eng. 41:603-611.

Guy, J. S. 2000. Turkey coronavirus is more closely related to avian
infectious bronchitis virus than to mammalian coronaviruses: a
review. Avian Pathol. 29:207-212.

Khan, M., B. Li, Y. Jiang, Q. Weng, and Q. Chen. 2017. Evalua-
tion of different PCR-based assays and LAMP method for rapid
detection of phytophthora infestans by targeting the Yptl Gene.
Front. Microbiol. 8:1920.

Lalle, M., A. Possenti, J. P. Dubey, and E. Pozio. 2018. Loop-
mediated isothermal amplification-lateral-flow dipstick (LAMP-
LFD) to detect Toxoplasma gondii oocyst in ready-to-eat salad.
Food Microbiol. 70:137-142.

Miller, P. J., E. L. Decanini, and C. L. Afonso. 2010. Newcastle dis-
ease: evolution of genotypes and the related diagnostic challenges.
Infect. Genet. Evol. 10:26-35.

Nguyen, T. T., H. J. Kwon, I. H. Kim, S. M. Hong, W. J. Seong,
J. W. Jang, and J. H. Kim. 2013. Multiplex nested RT-PCR for
detecting avian influenza virus, infectious bronchitis virus and
Newcastle disease virus. J. Virol. Methods 188:41-46.

Nimitphak, T., W. Kiatpathomchai, and T. W. Flegel. 2008.
Shrimp hepatopancreatic parvovirus detection by combining
loop-mediated isothermal amplification with a lateral flow dip-
stick. J. Virol. Methods 154:56-60.

Notomi, T., H. Okayama, H. Masubuchi, T. Yonekawa, K.
Watanabe, N. Amino, and T. Hase. 2000. Loop-mediated isother-
mal amplification of DNA. Nucleic Acids Res. 28:E63.

Pang, Y., H. Wang, T. Girshick, Z. Xie, and M. I. Khan. 2002. Devel-
opment and application of a multiplex polymerase chain reaction
for avian respiratory agents. Avian Dis. 46:691-699.

Parida, M., S. Sannarangaiah, P. K. Dash, P. V. Rao, and K. Morita.
2008. Loop mediated isothermal amplification (LAMP): a new
generation of innovative gene amplification technique; perspec-
tives in clinical diagnosis of infectious diseases. Rev. Med. Virol.
18:407-421.

Pham, H. M., C. Nakajima, K. Ohashi, and M. Onuma. 2005. Loop-
mediated isothermal amplification for rapid detection of Newcas-
tle disease virus. J. Clin. Microbiol. 43:1646-1650.

Rashid, S., K. Naeem, Z. Ahmed, N. Saddique, M. A. Abbas, and
S. A. Malik. 2009. Multiplex polymerase chain reaction for the


https://academic.oup.com/ps/article-lookup/doi/10.3382/ps/pez372#supplementary-data

SIMULTANEOUS AND VISUAL DETECTION OF IBV AND NDV 5411

detection and differentiation of avian influenza viruses and other Yang, Q., F. Wang, K. L. Jones, J. Meng, W. Prinyawiwatkul, and

poultry respiratory pathogens. Poult. Sci. 88:2526-2531. B. Ge. 2015. Evaluation of loop-mediated isothermal amplifica-
Wise, M. G., D. L. Suarez, B. S. Seal, J. C. Pedersen, D. A. Senne, tion for the rapid, reliable, and robust detection of Salmonella in

D. J. King, D. R. Kapczynski, and E. Spackman. 2004. Devel- produce. Food Microbiol. 46:485-493.

opment of a real-time reverse-transcription PCR for detection of Zhang, X., S. B. Lowe, and J. J. Gooding. 2014. Brief review of

Newcastle disease virus RNA in clinical samples. J. Clin. Micro- monitoring methods for loop-mediated isothermal amplification

biol. 42:329-338. (LAMP). Biosens. Bioelectron. 61:491-499.



