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A B S T R A C T

A colorimetric loop-mediated isothermal amplification (LAMP) assay was developed for the rapid and specific
detection of the T gene of Aves polyomavirus 1 (APyV), a causative agent of budgerigar fledgling disease (BFD) in
psittacine birds. The amplification can be completed in 40min at 60 °C, and the results can be visually detected
by the naked eye using hydroxyl naphthol blue as a colorimetric indicator. The assay specifically amplified APyV
DNA but not other viral and bacterial nucleic acids. The limit of detection of the assay was 5×102 DNA copies/
reaction, which was comparable to those of previously reported conventional polymerase chain reaction assays.
In the clinical evaluation, the LAMP results showed 100% concordance with those of the previously reported
PCR assays with regard to specificity, sensitivity, and percentage of overall agreement, with a kappa value of 1.0.
These results indicate that the developed LAMP assay will be a valuable tool for the rapid, sensitive and specific
detection of APyV from BFD-suspected psittacine bird samples even in resource-limited laboratories.

1. Introduction

Budgerigar fledgling disease (BFD) was first identified in fledgling
and young budgerigars (Melopsittacus undulatus) in the United States
(Davis et al., 1981) and Canada (Bemier et al., 1981), and has subse-
quently been confirmed in various avian species such as non-budgerigar
Psittaciformes, Falconiformes, domestic geese, finches and gallinaceous
birds in other countries (Katoh et al., 2009, 2010). The causative agent
of BFD was originally designated as BFD polyomavirus (Lehn and
Müller, 1986). However, it has since been renamed as Aves polyomavirus
1 (APyV) within the genus Gammapolyomavirus of the family Poly-
omaviridae by the International Committee on Taxonomy of Viruses
based on its genomic sequences and broad avian host range (Calvignac-
Spencer et al., 2016). APyV is a small icosahedral and non-enveloped
virus with a diameter of 45–50 nm, and contains a circular double-
stranded DNA genome, which is 4981 bp in size. The genome can be
divided into early and late gene-encoding regions; the early region
encodes both large and small tumor antigens, whereas the late region
encodes a major structural protein, VP1, and three minor structural
proteins, VP2, VP3, and VP4 (Johne and Müller, 1998).

Previous reports have indicated that the degree of susceptibility to

and severity of the diseases vary depending on the avian species in-
fected as well as on the bird’s age at the time of infection. Fatal infec-
tion resulting in mortality without any premonitory sign of the disease
was reported in fledgling budgerigars at a mortality rate of nearly 100%
(Bozeman et al., 1981; Davis et al., 1981). Acute infections with poly-
uria, subcutaneous hemorrhages, dyspnea and depression as well as
chronic infections of adult psittacine birds have also been reported
(Ritchie et al., 1991; Stoll et al., 1993). Persistently or subclinically
infected birds can intermittently shed the virus through feces and
feather, and can serve as a viral reservoir for transmitting the virus to
susceptible psittacine birds (Rahaus and Wolff, 2005). Early diagnosis
and isolation of infected birds that shed or will shed virus are key
elements for preventing viral transmission to healthy birds. Therefore,
there is an urgent need to develop a diagnostic method for rapid and
sensitive detection of the virus from suspected birds (Katoh et al.,
2008).

Various assays have been used for the diagnosis of APyV infection,
including immunofluorescent antibody staining (Graham and Calnek,
1987; Phalen et al., 1996), in situ hybridization (Ramis et al., 1994),
electron microscopy (Bernier et al., 1981; Bozeman et al., 1981; Davis
et al., 1981), virus-neutralization tests (Phalen et al., 1993), enzyme-
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linked immunosorbent assay (Khan et al., 2000), polymerase chain
reaction (PCR) (Johne and Müller, 1998; Ogawa et al., 2005; Phalen
et al., 1991; Tomasek et al., 2007), and real-time quantitative PCR
(qPCR) (Katoh et al., 2008). Among these diagnostic assays, PCR and
qPCR are currently used for the routine diagnosis of APyV infection due
to their higher specificity and sensitivity, rapidity, and multiplexing
capability for concurrently detecting and differentiating multiple tar-
gets (Johne and Müller, 1998; Katoh et al., 2008; Ogawa et al., 2005;
Phalen et al., 1991; Tomasek et al., 2007). However, these PCR-based
assays require sophisticated equipment, specialized labor, and compli-
cated procedures for the detection of amplified products, making them
unsuitable for under-equipped laboratories in developing countries.
Therefore, the development of a simple, rapid, and cost-effective assay
with desirable specificity and sensitivity is imperative for the detection
of APyV from BFD-suspected bird samples.

Since its development in 2000 (Notomi et al., 2000), loop-mediated
isothermal amplification (LAMP) assay has been widely applied in an-
imal pathogen detection owing to its rapidity, simplicity, and high
amplification efficiency (Dhama et al., 2014; Mori and Notomi, 2009).
However, there has been little report on the use of LAMP assays for the
diagnosis of parrot pathogens (Jelocnik et al., 2017; Kuo et al., 2015).
Recently, a LAMP assay was successfully developed for rapid, highly
sensitive and specific detection of psittacine beak and feather disease
virus (PBFDV) (Kuo et al., 2015), but no LAMP assay is currently
available for the detection of APyV. Considering that the clinical
symptoms of PBFDV and APyV infections are similar, and that both
viruses may be highly prevalent in global psittacine bird population, a
LAMP assay also needs to be developed for the rapid and simple diag-
nosis of APyV infection. In this study, therefore, a colorimetric LAMP
assay was developed for the rapid and visual detection of APyV DNA,
and its diagnostic efficacy was evaluated using clinical samples of BFD-
suspected psittacine birds.

2. Materials and methods

2.1. Samples and nucleic acid extraction

A Korean APyV strain (KAPV-1443; GenBank Accession No.
MK516256) that was identified in Alexandrine parakeet (Psittacula eu-
patria) was used for the construction of DNA standard (Kim et al.,
2014c). Clinical samples confirmed as positive for PBFDV (Kim et al.,
2014b), avian bornavirus (ABV) (Kim et al., 2014a), or Chlamydia
psittaci(not published) at our laboratory were selected for the specificity
test of the LAMP assay. For clinical evaluation of the developed LAMP
assay, 74 clinical samples were collected from BFD-suspected or
asymptomatic psittacine birds, which were brought from animal hos-
pitals or pet shops to the diagnostic laboratory of our veterinary hos-
pital, Kyungpook National University for routine microbiology diag-
nostic procedures during 2018–2019 (Table 1). Total nucleic acid was
extracted from each sample using a commercial nucleic acid extraction
kit (GeneAll Biotechnology, Korea) as previously described (Johne and
Müller, 1998; Ogawa et al., 2005), and used as a template for the de-
veloped LAMP and conventional PCR assays. All samples and extracted
nucleic acids were stored at −80 °C until use.

2.2. Construction of APyV DNA standard

Viral DNA was extracted from the Korean APyV strain KAPV-1443
using a commercial nucleic acid extraction Kit (GeneAll biotechnology).
The partial T gene of APyV was amplified with PCR using the forward
primer 5ʹ-TCGAGGTTTACGGGTACACT-3ʹ (Katoh et al., 2009) and re-
verse primer 5ʹ-ATGGCTTCTTTGCGCAGAT-3ʹ (the present study). PCR
was performed with a 50 μL reaction mixture containing 25 μL of 2×
reaction buffer, 0.4 μM of each primer, and 5 μL of template DNA using
a commercial PCR kit (Inclone Biotech, Korea). Amplification was
carried out in a thermal cycler (Applied Biosystems, Foster City, CA,

USA) under the following cycling conditions: initial denaturation at
95 °C for 2min, followed by 35 cycles at 95 °C for 20 s, 60 °C for 40 s,
and 72 °C for 1min, and a final extension at 72 °C for 5min. The 1581-
bp amplified product was purified and cloned into the pTOP TA V2
vector (TOPcloner™ TA core Kit; Enzynomics, Korea), which was
transformed into Escherichia coli competent cells according to the
manufacturer’s instructions (DH5α Chemically Competent E. coli; En-
zynomics). Plasmids containing the APyV T gene were purified using a
commercial kit (GeneAll Expin™ Combo GP 200 miniprep kit, GeneAll
Biotechnology), and the sequence of the inserted DNA was confirmed
by nucleotide sequencing. The concentration and purity of the purified
plasmid constructs were measured using a NanoDrop Lite (Thermo
Fisher Scientific, USA), and the copy numbers of the target DNA were
quantified using a previously described method (Park et al., 2018). Ten-
fold dilutions of this DNA sample (from 106 to 100 copies/μL) were
stored at -80℃ and used as the DNA standard.

2.3. Primers for the LAMP assay

Based on previous reports (Henriques et al., 2018; Katoh et al.,
2009; Zhuang et al., 2012), 29 T gene sequences of APyV that origi-
nated from various species of psittacine birds were selected and re-
trieved from GenBank. Conserved nucleotide sequences within the T
gene were identified by multiple alignments using the BioEdit Sequence
Alignment Editor program (http://www.mbio.ncsu.edu/BioEdit/
bioedit.html). Based on the conserved sequences, a set of six primers,
including two outer primers (forward, F3; reverse, B3), two inner pri-
mers (forward, FIP; reverse, BIP), and two loop primers (forward, LF;
reverse, LB), were manually designed for the LAMP assay aided by
Primer Explorer V4 (Eiken Chemical, Japan). All primers were syn-
thesized by a commercial company (Bionics, Korea). Sequences or
primer binding sites are shown in Fig. 1.

2.4. LAMP conditions

The LAMP reaction was carried out in a 25 μL reaction volume using
a Mmiso DNA amplification kit (Mmonitor, Korea) and a thermal cycler
(Applied Biosystems). The reaction mixture contained 5 μL of viral
DNA, 12.5 μL of premixed 2× buffer with 240 μM of hydroxyl naphthol
blue (HNB), 8 U of Bst DNA polymerase, 1.6 μM of inner primers (FIP
and BIP), 0.2 μM of outer primers (F3 and B3), and 0.8 μM of loop
primers (LF and LB). To optimize the reaction conditions, LAMP was
first performed at a temperature range of 52–68 °C for 40min to find
the optimal reaction temperature and then with three dilutions of the
APyV T gene DNA (105, 104, and 103 copies/μL) for different reaction
times (20–50min) at the optimized reaction temperature. The reactions
were terminated by heating at 80 °C for 5min. All experiments were
repeated three times The assay was interpreted by visual detection of a
color change from purple to sky blue due to the presence of the metal
ion indicator HNB (Goto et al., 2009). Amplicons were also detected by
observing LAMP-specific ladder-like DNA bands with an ultraviolet
light transilluminator (Bio-Rad, USA) after 1.5% agarose gel electro-
phoresis and staining with NEO green dye (Neoscience, Korea).

2.5. PCR assays

To perform a comparative analysis of LAMP, two conventional PCR
assays using T gene specific primers were performed as previously de-
scribed by Johne and Müller (1998) and Ogawa et al. (2005), which
have been designated as J-PCR and O-PCR in this study, respectively.
The PCR assays were carried out using a commercial PCR kit (Excel TB
2X Taq premix; Inclone, Korea) and a thermal cycler (Applied Biosys-
tems) with previously described primers (Table 2) in a 50 μL reaction
mixture containing 25 μL of 2× premix, 0.4 μM (J-PCR) or 0.15 μM (O-
PCR) of each primer, and 5 μL of template, according to the manu-
facturer’s instructions. The J-PCR program consisted of initial
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Table 1
APyV DNA detection from clinical samples of psittacine birds by different diagnostic assays.

No. Scientific name Common name Samplesa Detection of APyV DNAc

J-PCR O-PCR LAMP

1 Agapornis lilianae Nyasa lovebird B – – –
2 Agapornis lilianae Nyasa lovebird B – – –
3 Agapornis lilianae Nyasa lovebird B – – –
4 Amazona Amazon parrot C – – –
5 Amazona Amazon parrot B – – –
6 Amazona Amazon parrot B – – –
7 Amazona Amazon parrot B – – –
8 Amazona aestiva Blue-fronted amazon B – – –
9 Ara ararauna Blue and yellow macaw B – – –
10 Ara ararauna Blue and yellow macaw F – – –
11 Ara ararauna Blue and yellow macaw B – – –
12 Ara ararauna Blue and yellow macaw B – – –
13 Ara chloropterus Green-winged macaw B – – –
14 Ara chloropterus Green-winged macaw B – – –
15 Ara chloropterus Green-winged macaw B – – –
16 Aratinga solstitialis Sun conure T + + +
17 Aratinga solstitialis Sun conure Tb + + +
18 Aratinga solstitialis Sun conure B + + +
19 Diopsittaca nobilis Hahn’s macaw B – – –
20 Diopsittaca nobilis Hahn’s macaw B – – –
21 Diopsittaca nobilis Hahn’s macaw B – – –
22 Diopsittaca nobilis Hahn’s macaw B – – –
23 Diopsittaca nobilis Hahn’s macaw B – – –
24 Eclectus Parrot Eclectus roratus B – – –
25 Eclectus Parrot Eclectus roratus F – – –
26 Eclectus Parrot Eclectus roratus B – – –
27 Eclectus Parrot Eclectus roratus B – – –
28 Melopsittacus undulatus Budgerigar B – – –
29 Myiopsitta monachus Quaker parrot Cb + + +
30 Myiopsitta monachus Quaker parrot Cb + + +
31 Myiopsitta monachus Quaker parrot Cb + + +
32 Myiopsitta monachus Quaker parrot Cb + + +
33 Myiopsitta monachus Quaker parrot Bb + + +
34 Myiopsitta monachus Quaker parrot Tb + + +
35 Myiopsitta monachus Quaker parrot Tb + + +
36 Myiopsitta monachus Quaker parrot Tb + + +
37 Myiopsitta monachus Quaker parrot F – – –
38 Myiopsitta monachus Quaker parrot B – – –
39 Nymphicus hollandicus Cockatiel C – – –
40 Nymphicus hollandicus Cockatiel B – – –
41 Nymphicus hollandicus Cockatiel B – – –
42 Nymphicus hollandicus Cockatiel B + + +
43 Nymphicus hollandicus Cockatiel B – – –
44 Nymphicus hollandicus Cockatiel B – – –
45 Nymphicus hollandicus Cockatiel B – – –
46 Nymphicus hollandicus Cockatiel B – – –
47 Pionites melanocephalus Black-headed caique B – – –
48 Pionites melanocephalus Black-headed caique B – – –
49 Poicephalus senegalus Senegal parrot B + + +
50 Poicephalus senegalus Senegal parrot B – – –
51 Psittacula eupatria Alexandrine parakeet T + + +
52 Psittacula krameri Ring-necked parakeet F – – –
53 Psittacula krameri Ring-necked parakeet F – – –
54 Psittacus erithacus Grey parrot B – – –
55 Psittacus erithacus Grey parrot F – – –
56 Psittacus erithacus Grey parrot B – – –
57 Psittacus erithacus Grey parrot B – – –
58 Psittacus erithacus Grey parrot B + + +
59 Pyrrhura molinae Green-cheeked conure B – – –
60 Pyrrhura molinae Green-cheeked conure Tb + + +
61 Pyrrhura molinae Green-cheeked conure Tb + + +
62 Pyrrhura molinae Green-cheeked conure Tb + + +
63 Pyrrhura molinae Green-cheeked conure Tb + + +
64 Pyrrhura molinae Green-cheeked conure Tb + + +
65 Pyrrhura molinae Green-cheeked conure Tb + + +
66 Pyrrhura molinae Green-cheeked conure Cb + + +
67 Pyrrhura molinae Green-cheeked conure Cb + + +
68 Pyrrhura molinae Green-cheeked conure Cb + + +
69 Pyrrhura molinae Green-cheeked conure Cb + + +
70 Pyrrhura molinae Green-cheeked conure Cb + + +
71 Pyrrhura molinae Green-cheeked conure Cb + + +
72 Pyrrhura molinae Green-cheeked conure Cb + + +

(continued on next page)
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denaturation at 95 °C for 5min, followed by 35 cycles of PCR (94 °C for
30 s, 60 °C for 30 s, and 72 °C for 30 s) amplification, and a final ex-
tension at 72 °C for 5min. The O-PCR program consisted of initial de-
naturation at 95 °C for 5min, followed by 35 cycles of PCR (94 °C for
30 s, 62 °C for 30 s, and 72 °C for 30 s) amplification, and a final ex-
tension at 72 °C for 5min. The expected 310-bp amplicons for J-PCR or
298-bp amplicons for O-PCR were visualized with an ultraviolet light
transilluminator (Bio-Rad) after 1.5% agarose gel electrophoresis and
staining with NEO green dye (Neoscience).

2.6. Specificity and sensitivity of the LAMP assay

To test the specificity of the LAMP assay, the assay was performed
using psittacine pathogen nucleic acid extracted from an APyV- positive
or -negative samples, including PBFDV-, ABV-, and C. psittaci- positive
samples, five avian pathogens including Newcastle disease virus (NDV,
La sota vaccine strain), Marek’s disease virus (MDV, SB-1 vaccine
strain), infectious bronchitis virus (IBV, K2 vaccine strain), fowl ade-
novirus (FAdV, Kr-Changnyeong Korean isolate), subtype H9N2 avian
influenza virus (AIV, A/Chicken/Korea/01310/2001 strain), a negative
psittacine tissue sample confirmed by previously reported PCR assays,
and negative control (nuclease free water). The limit of detection (LOD)
of LAMP was determined using 10-fold serial dilutions of DNA standard,
ranging from 106 to 100 copies/μL. Subsequently, the LOD of the LAMP
assay was compared with those of the J-PCR and O-PCR assays using
the same DNA templates as described above. The sensitivity of the
LAMP assay was repeated three times and compared with PCR assays.

2.7. Comparative evaluation of LAMP and PCR assays

For clinical evaluation of the LAMP assay, 74 clinical samples (12
tissue, 43 blood, 13 cloacal swab, and 6 feather samples) were collected
from different species of psittacine birds and tested using the LAMP, J-
PCR or O-PCR assays. The LAMP results were compared with those of
the PCR assays, and the concordance was analyzed using Cohen’s kappa
statistics at 95% confidence interval (CI) (Kwiecien et al., 2011). When
the calculated Kappa coefficient value (κ) was 0.81 or more, the
agreement between the LAMP and each PCR assay was considered to be

almost perfect.

3. Results

3.1. Optimization of the LAMP assay

In the LAMP reaction with APyV DNA templates, a positive color
change, from purple to sky blue was visually detected in the reaction
tubes at temperatures ranging from 52 °C to 68 °C (Fig. 2A), and all
color-positive reactions produced a characteristic ladder of bands on an
agarose gel (Fig. 2B). However, the color change and electrophoretic
band were clearer at 60, 62, and 65 °C than at 52, 55, 58, and 68 °C.
Subsequently, the LAMP assay was performed with three dilutions of
DNA samples from the cloned T gene plasmid with different copy
numbers (105, 104, and 103 copies/μL) for various reaction times
(20–50min). The color change and electrophoresis results indicated
that amplification was initiated within 20min. however, the optimal
reaction time was 40min, since a definite positive color change and
strong specific DNA bands were observed at that time point for reac-
tions with DNA samples containing 103 copies/μL of the DNA standard
(Fig. 2C and 2D). Based on these results, the optimal reaction tem-
perature and time for the LAMP assay were confirmed to be 60 °C and
40min, respectively. Therefore, all subsequent experiments were car-
ried out using these optimized reaction conditions.

3.2. Specificity of the LAMP assay

The specificity of the LAMP assay for detecting APyV was de-
termined by assessing the cross-reactivity of the assay with an APyV-
positive sample, other psittacine pathogen-positive samples (PBFDV,
ABV, and C. psittaci), five avian pathogens (NDV, MDV, IBV, FAdV and
AIV), a negative psittacine tissue sample, and a negative control. The
LAMP assay yielded positive results for the APyV-positive sample, but
negative results for all other pathogens and negative samples.
Therefore, the primer set used for this assay shows a high degree of
specificity for the T gene of APyV (Fig. 3).

Table 1 (continued)

No. Scientific name Common name Samplesa Detection of APyV DNAc

J-PCR O-PCR LAMP

73 Pyrrhura molinae Green-cheeked conure B – – –
74 Pyrrhura molinae Green-cheeked conure B – – –
No. of positive/tested samples 28/74 28/74 28/74

a B, blood; C, cloacal swab; F, feather; T, tissue.
b These samples of 1 sun conure, 8 quaker parrots, and 13 green-cheeked conures were collected from the same aviary located at Gyeongnam Province in Korea.
c + or – indicates positive or negative results by each diagnostic assay.

Fig. 1. Primer-binding sites and orientations of the LAMP primers. Locations of the primer sequences were derived from the NCBI reference sequence of Aves
polyomavirus 1 (GenBank Accession No. NC-004764).
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3.3. Comparison of sensitivity between the LAMP and PCR assays

To compare the sensitivities of different molecular assays, the
LAMP, J-PCR, and O-PCR assays were performed using serial dilutions
of DNA standard, and the LODs of the assays were compared with each
other. The LODs of the LAMP, J-PCR, and O-PCR assays were de-
termined as 5×102 copies/reaction, showing that the analytical sen-
sitivity of LAMP was comparable to those of PCR assays (Fig. 4).

3.4. Diagnostic performance of the LAMP assay

Out of 74 samples from different species of psittacine birds, 28 were
confirmed as APyV DNA-positive by the LAMP, J-PCR, and O-PCR as-
says (Table 2). The percentages of positive, negative, and overall
agreement of the developed LAMP assay compared with the two con-
ventional PCR (J-PCR and O-PCR) assays were 100% (28/28), 100%
(46/46), and 100% (74/74) for the detection of APyV DNA from the

clinical samples, with a kappa value (95% CI) of 1.0 (1.000 – 1.000).
These results demonstrated that the LAMP assay was specific and sen-
sitive and could be an alternative to conventional PCR assays for the
detection of APyV in clinical samples. The 28 APyV-positive samples
were obtained from four species of psittacine birds, namely three sun
conures (Aratinga olstitialis), eight quaker parrots (Myiopsitta monachus),
one cockatiel (Nymphicus hollandicus), one senegal parrot (Poicephalus
senegalus), one grey parrot (Psittacus erithacus), one Alexandrine para-
keet (P. eupatria) and 13 green-cheeked conures (Pyrrhura molinae).
Among them, 22 samples (one sun conure, eight quaker parrots, and 13
green-cheeked conures) were from the same aviary located in
Gyeongnam Province, and the other six samples (two sun conures, one
cockatiel, one senegal parrot, one grey parrot, and one Alexandrine
parakeet) were from individuals of parrot lovers, respectively (Table 2).

Table 2
Primers used in this study.

Method Primer Sequence (5′-3′) set Genome position a Reference

LAMP F3 TTCTGCAAGCACAGCATC 3824-3841 This study
B3 CGATGCCCTATTGTTACTTGC 4034-4014
FIP
(F1C+F2)

CATATCGACGACCACCCACGAC
+ TGGCATAGGCGTTTTTGATCC

3928-3907
3852-3872

BIP
(B1C+B2)

CTCTTGCGCTTCACCGTGTC
+AACGATTAGCACAGCCCAC

3936-3955
4005-3987

LF CGCCTCACTATTTCTGCACATC 3896-3875
LB CTTGTCCTTCTGGCACTCG 3956-3974

J-PCR Forward CAAGCATATGTCCCTTTATCCC 4303-4324 Johne and Müller (1998)
Reverse CTGTTTAAGGCCTTCCAAGATG 4612-4591

O-PCR BFDdupF CAGGCCTTATATCCTGTTTGCGTC 4624-4647 Ogawa et al. (2005)
BFDdupR GATATCAAGACTGCCTATCGTCGC 4921-4898

a Locations of all primer sequences for the LAMP, J-PCR, and O-PCR assays were derived from the NCBI reference sequence of Aves polyomavirus 1 (GenBank
Accession No. NC-004764).

Fig. 2. Optimization of LAMP conditions for the amplification of APyV DNA at different reaction temperatures and times. (A and B) Visual (A) and electrophoretic
detection (B) of the LAMP results at different reaction temperatures. Tubes and lanes 1–7, different reaction temperatures of 52 °C, 55 °C, 58 °C, 60 °C, 62 °C, 65 °C,
and 68 °C, respectively; tube and lane NC, negative control (nuclease free water); lane M, 100-bp DNA marker. (C and D) Visual (C) and electrophoretic detection (D)
of the LAMP results in different times. Tubes and lanes 1–3, 10-fold dilutions of APyV DNA standard with viral DNA copies of 105, 104, and 103 copies/μL,
respectively; tube and lane NC, negative control (nuclease free water); lane M, 100-bp DNA marker.
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4. Discussion

APyV is an important viral pathogen that causes a lethal multi-
systemic disease in different species of psittacine birds around the
world. Since clinically or subclinically infected birds can shed the virus
for a long time, early detection and isolation of infected birds are of the
utmost importance in the prevention of disease transmission and con-
trol (Tomasek et al., 2007). The LAMP assay has been recognized as a
valuable tool for the detection of various animal and human pathogens
due to its high sensitivity and specificity, rapidity, simplicity, and field-
applicability (Dhama et al., 2014; Mori and Notomi, 2009). Although
some LAMP assays have been reported for psittacine pathogens, no
method of LAMP assay has yet been developed for the detection of
APyV in psittacine birds (Jelocnik et al., 2017; Kuo et al., 2015).
Therefore, a LAMP assay was first developed and evaluated for the
rapid and specific detection of APyV DNA from clinical samples of
psittacine birds in the present study.

The LAMP assay in our study is advantageous as it has high speci-
ficity because it uses six primers that recognize eight regions of the
target gene sequences. However, the difficulty in designing primers that
specifically target the desired gene has been a limiting factor in the
development of this assay (Dhama et al., 2014). Previous researchers
have successfully designed specific primers for APyV PCR assays from
the T antigen region, which is the most conserved region of the APyV
genome (Johne and Müller, 1998; Katoh et al., 2009; Ogawa et al.,
2005). Therefore, in this study, three pairs of LAMP primers (F3 and B3,
FIP and BIP, and LF and LB) recognizing 6 regions of the target T gene
in the most conserved region of the APyV T gene sequences were suc-
cessfully designed (Table 2 and Fig. 1). The LAMP assay results showed
that the newly designed primers specifically amplified the APyV T gene,
but not the other psittacine and avian pathogens, negative tissue sample
and the negative control, suggesting that the primers are highly specific
to the APyV T gene (Fig. 2).

The LAMP reaction was completed in 40min at 60 °C, and the re-
sults were directly detected with the naked eye using HNB as a col-
orimetric indicator, without any additional detection process (Fig. 2).
HNB can be added to the reaction mixture before the LAMP reaction,
and the results can be monitored immediately after the reaction is
completed without opening the reaction tube, which prevents DNA
cross-contamination by pre-amplified products (Goto et al., 2009; Park
et al., 2018). Therefore, the developed LAMP assay is more convenient
and useful as a field diagnostic method compared with previously re-
ported PCR assays, which require an additional electrophoresis step for
amplicon detection.

The LODs of previously reported J-PCR or O-PCR assays were ori-
ginally reported as 0.01 pg or 0.01 fg of the total template DNA, re-
spectively (Johne and Müller, 1998; Ogawa et al., 2005), but they used
different DNA samples total extracted DNA from organs of infected
birds for J-PCR or purified target DNA for O-PCR as template for APyV,
respectively. Therefore, it is not possible to compare the sensitivities of
the assays with each other. To objectively compare the sensitivities of
diagnostic methods, a DNA standard containing all the target gene re-
gions to be amplified by each diagnostic method was cloned in this
study, and the LOD of each diagnostic method was comparatively
evaluated using this DNA standard as the common template. The results
showed that the LODs of the LAMP and the two conventional PCR as-
says were equal at 5× 102 copies/reaction, suggesting that the devel-
oped LAMP assay was sufficiently sensitive to replace the previously
reported PCR assays (Fig. 4).

To evaluate the usefulness of the LAMP assay, the assay was per-
formed with 74 clinical samples obtained from various species of

Fig. 3. Specificity of the LAMP assay for the detection of APyV. Visual detection
(A) and electrophoretic patterns (B) of the LAMP assay results. Tube and lane 1,
DNA standard of the APyV T gene; tube and lane 2, APyV positive clinical
sample; tubes and lanes 3–5, PBFDV-, ABV-, C. psittaci-positive clinical samples;
tubes and lanes 6–10, Newcastle disease virus (La sota vaccine strain), Marek’s
disease virus (SB-1 vaccine strain), infectious bronchitis virus (K2 vaccine
strain), fowl adenovirus (Kr-Changnyeong Korean isolate), subtype H9N2 avian
influenza virus (A/Chicken/Korea/01310/2001 strain); tube and lane 11, ne-
gative psittacine tissue sample; tube and lane NC, negative control (nuclease
free water), respectively.

Fig. 4. Comparative sensitivity of the LAMP and PCR assays for APyV. Limit of detection of the LAMP (A and B), J-PCR (C), and O-PCR (D) assays for the
amplification of APyV DNA. Tubes and lanes 1–7, 10-fold serial dilutions (from 5×106 copies to 5 copies/reaction) of the APyV T gene; lane M, 100-bp DNA marker;
NC, negative control (nuclease free water).
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psittacine birds, and the obtained results were compared with those of
the J-PCR and O-PCR assays. The percentages of positive, negative, and
overall agreement of the LAMP assay compared with the PCR assays
were all 100%. (Table 1), showing that the newly developed LAMP
assay can be used as an alternative to the PCR assays for the diagnosis of
APyV infection from various clinical samples. APyV infection was first
identified from Alexandrine parakeet in 2014 in Korea (Kim et al.,
2014c). In this study, APyV infections were further identified in sun
conures, quaker parrots, cockatiel, senegal parrot, grey parrot, and
green-cheeked conures. These results demonstrated that APyV was
widely distributed in the Korean psittacine bird population and can be
transmitted from bird to bird. Therefore, further epidemiological and
etiological studies on APyV are needed to prevent APyV infection in
Korea. Clinical samples for evaluation of the developed LAMP assay
were limited in this study. Therefore, further validation using addi-
tional clinical samples is required to determine the utility of the LAMP
assay. Nevertheless, comparative evaluation of the LAMP assay with
previously reported PCR assays showed that the results of the LAMP
assay were 100% agreed with those of the PCR assays, suggesting that
the LAMP assay can serve as useful diagnostic tool for APyVs infection
in psittacine birds.

The established LAMP assay was specific and sensitive for the de-
tection of APyV DNA, and the amplification can be accomplished with a
conventional, constant-temperature water bath without a specialized
thermocycler. The LAMP results can be rapidly confirmed within
40min, whereas PCR or qPCR requires 2–3 h. Furthermore, the LAMP
results can be observed with the naked eye as soon as the reaction is
complete, allowing rapid and easy monitoring of the test results while
avoiding the need for electrophoresis or other monitoring apparatus.
Taken together, these advantages indicate that the LAMP assay devel-
oped in this study will be a valuable tool for the rapid and specific
diagnosis of APyV in psittacine bird disease diagnostic laboratories as
well as under-equipped veterinary hospitals.
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