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A novel recombinase polymerase amplification assay for rapid
detection of epidemic fowl adenovirus
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ABSTRACT Fowl adenovirus (FAdV) has posed a
grave threat to the health of poultry, and the sudden
outbreak highlights the importance of the new rapid
diagnostic method for the control and prevention of
transmission. Hence, in the present study, a novel
recombinase polymerase amplification (RPA) assay,
which was suitable for all 12 serotypes (FAdV-1 to 8a
and 8b to 11) had been successfully launched to detect
FAdV. Also, the entire amplification process could be
completed in the isothermal condition when tempera-
ture ranged from 26 to 42�C within no more than
14 min, which was remarkably superior to endpoint
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polymerase chain reaction (98 min) with the same
detecting sensitivity (as low as 0.1 fg viral DNA),
avoiding sophisticated thermal cyclers with simple
operation. Additionally, the same primers did not
produce positive reactions with other viruses tested,
demonstrating that the specificity of the RPA assay
was acceptable. Moreover, this developed method
could be efficiently used in the diagnosis of FAdV ref-
erences and epidemic strains from different avian ori-
gins, thus making it a rapid, reliable, and point-of-care
FAdV diagnostics tool, as well as an alternative to
endpoint PCR.
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INTRODUCTION

Fowl adenovirus (FAdV), a part of genus Aviadenovi-
rus, includes 5 species (FAdV-A to E) and12 serotypes,
which can be grouped (FAdV-1 to 8a and 8b to 11).
(Li et al., 2017). This nonenveloped virus, about 70 to
100 nm in diameter, contains double-stranded linear
DNA genome of approximately 45 kb, encoding 8 struc-
tural polypeptides (e.g., hexon, penton, and fiber pro-
tein) (Chiocca et al., 1996; Mase and Nakamura,
2014). Generally, the notable clinical symptoms associ-
ated with FAdV infection include inclusion body hepati-
tis, gizzard erosion, and hydropericardium syndrome
(HPS) (Gjevre et al., 2013; Li et al., 2016b; Schachner
et al., 2018). Most serotypes can be associated with in-
clusion body hepatitis (Vera-Hernandez et al., 2016).
But gizzard erosion, which has spread in Asia and
some Europe countries recent years, is confirmed mainly
induced by FAdV-1 (FAdV-A) (Lim et al., 2012; Grafl
et al., 2014), and the widespread HPS which is
attributed exclusively to serotype 4 (FAdV-C) is the
most serious disease caused by FAdV, especially in
broilers, resulting in tremendous economic losses
(Mazaheri et al., 1998). In particular, the reports to
date suggested that FAdV could transmit among ducks
and geese, confirming that the emerging FAdV-infection
imposes a potential danger to the whole poultry industry
(Chen et al., 2017; Pan et al., 2017; Yu et al., 2018; Wei
et al., 2019).
So far, FAdV could be diagnosed by various methods

developed such as virus isolation, agar gel precipitation
assay, virus seroneutralization, and enzyme-linked
immunosorbent assay, and over the past decades,
many endpoint PCR methods which targeting specific
regions of the FAdV genome have been effectively used
(Raue and Hess, 1998; Fitzgerald, 2008; Kaj�an et al.,
2011; Shao et al., 2019). Furthermore, the application
of real-time quantitative PCR assay further improves
the specificity and sensitivity in FAdV detection
(G€unes et al., 2012). However, these methods are often
limited because of its dependence on expensive special-
ized thermal cycling equipment or usual longer detection
cycle (Daher et al., 2016). In addition, these nucleotide
amplification methods concentrated mainly on the
limited origins (mostly chicken) but lacked specific eval-
uation for other avian species (G€unes et al., 2012; Junnu
et al., 2014; Rajasekhar and Roy, 2014).
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With the increasing advancement in molecular diag-
nosis, several novel techniques such as loop-mediated
isothermal amplification, cross-priming amplification,
fluorescent microsphere immunoassay, and droplet digi-
tal PCR assay have been successfully developed to
detect FAdV and overcome most shortcomings existing
in traditional methods (Niczyporuk et al., 2015; Dong
et al., 2018; Feichtner et al., 2018). Apart from these ap-
proaches mentioned above, recombinase polymerase
amplification (RPA), an advanced detection approach
which was firstly reported in 2006, has gained increasing
popularity as a simple and robust method of amplifying
DNA (Hu et al., 2017). Until now, it has been reported in
multiple areas, making the isothermal amplification
(usually constant at 37 to 42�C) of specific DNA frag-
ments, possible in no more than 30 min, rather than tem-
perature cycling (Hoff, 2006; Piepenburg et al., 2006; Li
et al., 2018). In RPA reaction, the phage-derived recom-
binase is utilized to bind with the single stranded oligo-
nucleotide primers to scan the complementary
template DNA sequence efficiently. The displaced tem-
plate, interacting with the single-strand DNA binding
protein, retains a stable structure and then extends as
the way of PCR by the DNA polymerase when the
recombinase is separated from 30end of the oligonucleo-
tide (Del Rio et al., 2017; Vasileva Wand et al., 2018).
Since the appearance of the RPA commercial kit from
TwistAmp Basic (TWISTDX Ltd., Babraham, UK) in
2014, this rapid amplification technique has been widely
used in diagnosis of numerous pathogens, such as human
immunodeficiency virus 1, Ebola virus, Rift Valley fever
virus, dengue virus, pseudorabies virus, foot-and-mouth
disease virus, middle east respiratory syndrome corona-
virus, and so on (Boyle et al., 2013; Yang et al., 2017;
James et al., 2018; Liu et al., 2018; Tan et al., 2018).
Here, to simplify detection conditions for FAdV, the

available RPA assay has been developed. In the
following study, we would describe the superiorities us-
ing this method in detail and evaluate its performance
in diagnosing.
MATERIALS AND METHODS

FAdV References and Cells

All 12 reference serotypes of FAdV were obtained
from China Veterinary Culture Collection Center (Bei-
jing, China) and cultured on Leghorn Male-chicken He-
patocellular-carcinoma cell line (CRL-2117) which
purchased from ATCC (Manassas, VA). The cells were
grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and maintained
at 37�C with 5% CO2.
DNA Extraction

DNA was extracted using TIANcombi DNA Lyse&-
Det PCR Kit (TIANGEN, Beijing, China) according
to manufacturers’ instructions. A volume of 100 mL B1
was mixed with samples, then grind for moments.
Then, add 100 mL B2 to the column and centrifuge it
(12, 000 rpm, 2 min) for supernatants (containing viral
DNA). DNA was stored at 220�C.
Endpoint PCR and Real-Time Quantitative
PCR

Endpoint PCR was performed using primer pair as
described in Table 1, which amplified a fragment of
564 bp (Zhao et al., 2015). The reaction mixture of
25 mL contained 12.5 mL 2 ! Taq MasterMix (CWBIO-
TECH, Beijing, China), 10.5 mL RNase-free ddH2O,
0.5 mL (10 mmol) each primer, and 1 mL extracted
DNA. The initial denaturation was set at 95�C for
10 min followed by 30 cycles of denaturation at 95�C
for 1 min, 52�C for 30 s, 72�C for 30 s, and final extension
at 72�C for 10 min. Amplification of target sequences
was carried out in A300 Fast Thermal Cycler (LONG-
GENE), and the products were resolved on 2% agarose
gel with SuperBuffer and stained with SuperStain (10,
000 ! in Water) (CWBIOTECH) for visualization.

For real-time quantitative PCR, the viral DNA levels
were quantified by using ABI 7500 Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA) and Premix
Ex TAQ (Probe qPCR) (TAKARA, Dalian, China).The
real-time quantitative PCR was conducted in 20 mL, and
the initial denaturation was set at 95�C for 30 s followed
by 40 cycles of denaturation at 95�C for 5 s and 60�C for
34 s. Then, the fluorescence was obtained at the end of
each step at 60�C.
Primers for the RPA Assay

Using the ClustalW method, we selected a higher
conserved sequence among 12 different FAdV reference
sequences from GenBank and 5 epidemic strains isolated
by our lab, including FAdV-A (CELO, SDJN,
SDXT1603, SDGX1608), FAdV-B (340), FAdV-C
(Fowl adenovirus 4, SDSG, SDSX, Fowl adenovirus
10), FAdV-D (SR48, SR49, 764, 380), and FAdV-E
(CR119, SD15-21, USP-BR-453.2, SD16-116)
(Table 2). To increase speed and sensitivity of the
RPA assay, length of primers should be no less than
30 bp, 32 to 35 bp in general. The amplicon size was
designed at a range of 100 to 200 bp to get the fastest re-
action power. The primers were designed by using
Primer 5 based on the criteria suggested in the Twist-
Amp Basic (TWISTDX Ltd., Babraham, UK) kit
manual, whereas the specificity was further proved by
the BLAST search in National Center for Biotechnology
Information.
Test Conditions of the RPA Assay

The RPA assay was carried out by using TwistAmp
Basic (TWISTDX Ltd.) and performed in a 0.2 ml reac-
tion tube containing 50 mL dried enzyme volume, 4.8 mL
(10 mmol) forward and reverse primers each, 29.5 mL
rehydration buffer, and 8.4 mL template and ddH2O.



Table 1. Primers used in this study.

Num. Sequence ID Sequence (5’ - 30) Length (bp) Strain Product length (bp)

1 FAdV-PCR Fw TGCTCGTTGTGGATGGTGAA 20 AF083975 564
2 FAdV-PCR Rev CTCCGTGTTGGGCTGGTC 18
3 FAdV RT-PCR Fw CACAACGTCTGCAGATCAGATTC 23 AAU46933 74
4 FAdV RT-PCR Rev GCGCACGCGATAGCTGTT 18
5 FAdV-Probe FAM-ACCCGATCCAGACGGATGACACG-TAMRA 23
6 FAdV-RPA Fw CKCCYACTCGCAATGTCACCACCGARAAGGCH 33 KT862807.1 108
7 FAdV-RPA Rev TKAHGCTGTASCGCACGCGRTARCTGTTGGGC 32
8 FAdV-RPA Fw CTCCCACTCGCAATGTCACCACCGAAAAGGCA 33 Z67970.1 139
9 FAdV-RPA Rev CCCATGTCCAACACCCAGCTGTCCCCAACGTT 32
10 FAdV-RPA Fw AGGCAGACGGTCGTAGCTCCCACTCGCAATGT 32 Z67970.1 155
11 FAdV-RPA Rev CCCATGTCCAACACCCAGCTGTCCCCAACGTT 32
12 Vector-PCR Fw TTTTACATGAATCGCAGGGTT 21 Z67970.1 146
13 Vector-PCR Rev CCATAAGGTTCACCTCGGTA 20

K-G/T, Y-C/T, R-A/G, S-C/G, H-A/T/C, N-A/T/C/G. PCR-(endpoint PCR). RT-PCR-(real-time quantitative PCR). Fw-Forward
primer, Rev-Reverse primer.

Abbreviations: FadV, fowl adenovirus; RPA, recombinase polymerase amplification.

ZHANG ET AL.6448
The precipitate was resuspended, and 2.5 mL (280 nm)
of magnesium acetate was added to initiate the reaction.
Tubes were incubated for 10 to 30 min, and the products
were analyzed by agarose gel electrophoresis with Super-
Buffer for 10 min (25 V/cm). Negative controls used
include nontemplate control and total DNA from
healthy birds.

Amplification could be performed at 37 to 42�C for
about 20 to 30 min according to TwistAmp Basic
(TWISTDX Ltd). Different conditions were investi-
gated to evaluate the detection ranges of the RPA assay
for adapting complicated environmental factors. Keep
other factors constant, and various temperatures (22,
26, 28, 30, 37, 42�C) and time (14, 19, 24, 29, 34 min)
were used in our study.

Sensitivity and Specificity of the RPA Assay

To evaluate the sensitivity of the RPA assay, a recom-
binant plasmid constructed with a positive specimen
(GenBank Accession No. Z67970.1) was used to deter-
mine the limit. The plasmid DNA standard was
Table 2. The FAdV reference strains ret
design.

Serotype Species G

FAdV-1 (CELO) A Z
FAdV-2 (SR48) D A
FAdV-3 (SR49) D K
FAdV-4 C A
FAdV-5 (340) B K
FAdV-6 (CR119) E N
FAdV-7 (SD15-21) E K
FAdV-8a (USP-BR-453.2) E K
FAdV-8b (SD16-116) E K
FAdV-9 (764) D A
FAdV-10 C U
FAdV-11 (380) D K
FAdV-1 (SDJN) A M
FAdV-1 (SDXT1603) A M
FAdV-1 (SDGX1608) A M
FAdV-4 (SDSG) C M
FAdV-4 (SDSX) C K

Abbreviations: FadV, fowl adenovirus; RP
NCBI, National Center for Biotechnology Info
quantified via the DeNovix DS-11 Spectrophotometer
and diluted with serial 10-fold ranging from 1 ng to
0.1 fg in Easy dilution (TAKARA, Beijing, China).
These templates were then subjected to the RPA assay
in the conditions described above.
The specificity of RPA assay was assessed against

other common infecting viruses in avian including Avian
leukosis virus (DQ115805), Avian influenza virus
(MF581307), Newcastle disease virus (MF581294),
Tembusu virus (KJ740746), and Goose parvovirus
(MF581304).
Evaluation of the RPA Assay

DNA from infected chickens, ducks, and geese (previ-
ously collected 28 FAdV-infected cases including 13 field
variant strains) were subjected to RPA analysis to vali-
date the diagnostic ability of the new assay. The results
were further confirmed by real-time quantitative PCR,
whereas endpoint PCR was also used as comparison
(Table 3).
rieved from NCBI for RPA primers

enBank accession no. Submitted

67970.1 Russia/1995
F508946.1 Belgium/2002
T862807.1 Austria/2015
J431719.1 Russia/2002
C493646.1 Austria/2013
C_038332.1 USA/2018
Y364398.1 China/2017
Y229177.1 Brazil/2018
Y426984.1 China/2017
F508958.2 Belgium/2003
26221.1 USA/2000
T862812.1 Austria/2015
F198255 China/2016
N329737 China/2016
N329736 China/2016
K424834 China/2018
T899325 China/2015

A, recombinase polymerase amplification;
rmation.



Table 3. Detection results from the RPA assay (including field variant strains).

Serial no.
FAdV field variant strains and infected

cases Serotype Species
Real-time quantitative PCR results

(copies/mg total DNA)
Endpoint

PCR results
RPA assay
results

1 Broiler/SDJN/MF198255/China/2016 1 A 7.07 E105 1 1
2 Broiler/SDLC/MG869820/China/2015 4 C 3.52 E106 1 1
3 Layer/SDJX/MF198254/China/2015 4 C 3.98 E106 1 1
7 Layer/SDD01/MG869819/China/2015 4 C 8.41 E106 1 1
6 Broiler/LC1611/MN316650/China/2016 4 C 1.00 E106 1 1
4 Layer/SDDZ/MH159176/China/2017 4 C 8.31 E105 1 1
5 Layer/SDWF/MH159177/China/2017 4 C 4.92 E105 1 1
8 Breeder/SDSG/MK424834/China/2018 4 C 3.61 E107 1 1
9 Broiler/SDRZ/MF198256/China/2011 8 E 5.97 E107 1 1
10 Duck/SDXT1603/MN329737/China/

2016
1 A 2.45 E106 1 1

11 Duck/SDSX/KT899325/China/2015 4 C 1.04 E106 1 1
12 Goose/SDGX1608/MN329736/China/

2016
1 A 4.68 E106 1 1

13 Goose/SDJN/MK335954/China/2016 4 C 3.46 E106 1 1
14 Broiler/LYFAdV013/Laiyang/China/

2015
1 A 4.14 E108 1 1

15 Broiler/ZZFAdV125/Zaozhuang/China/
2016

1 A 4.56 E107 1 1

16 Broiler/LYFAdV001/Linyi/China/2015 2 D 2.22 E107 1 1
17 Broiler/LYFAdV007/Laiyang/China/

2015
3 D 7.07 E105 1 1

18 Ma-chicken/IMFAdV127/Inner
Mongolia/China/2016

4 C 6.13 E106 1 1

19 Broiler/XTFAdV120/Xintai/China/2015 4 C 9.85 E107 1 1
20 Broiler/JXFAdV119/Juxian/China/2015 4 C 7.58 E105 1 1
21 Broiler/SXFAdV131/Shanxi/China/2016 4 C 1.26 E106 1 1
22 Pheasant/RZFAdV133/Rizhao/China/

2016
4 C 4.90 E108 1 1

23 Layer/JXFAdV135/Juxian/China/2016 4 C 8.44 E107 1 1
24 Native chicken/JXFAdV138/Juxian/

China/2016
4 C 1.02 E106 1 1

25 Cock/JXFAdV140/Juxian/China/2016 4 C 9.55 E105 1 1
26 Layer/HBFAdV143/Hebei/China/2017 4 C 4.27 E106 1 1
27 Layer/CFFAdV144/Inner Mongolia/

China/2017
4 C 6.96 E105 1 1

28 Duck/SZFAdV118/Suzhou/China/2015 4 C 1.03 E106 1 1

Abbreviations: FadV, fowl adenovirus; RPA, recombinase polymerase amplification.
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RESULTS

The Epidemic Status of FAdV

To our knowledge, since July 2015, infectious diseases
caused by virulent strains of FAdV have been increased
suddenly, especially the HPS in China (Figure 1A). We
analyzed 28 positive FAdV-infected cases mostly
focusing on 2015 to 2018 and found that they were clas-
sified into 4 types of species (4 as FAdV-A, 20 as FAdV-
C, 2 as FAdV-D, and 1 as FAdV-E). Besides serotype 4
of FAdV-C, which acted as the major epidemic strain,
other prevalent serotypes were also transmitted in
most breeds of chickens, even waterfowls currently
(Figure 1, Table 3).
The Design of Primers

Using the ClustalW method, a short candidate region
(approximately 200 bp in hexon gene) which shared a
high-level identity above 95% over the 5 species were
determined as the RPA target region (Figure 2B). Ac-
cording to this fragment, 3 pairs of primers with the
target size (108, 139, 155 bp, respectively) were identi-
fied for screening out a more appropriate one for the
RPA detection (Table 1).
With these primers, viral DNA (FAdV-1, CELO),
with the expected length, could be amplified, and
sequencing results were consistent with our design.
Meanwhile, owing to the more efficient amplification in
short fragments by the RPA assay, the first pair of
primers was selected for a universal testing. And all
the serotypes of the FAdV could be detected with similar
amplification efficiency, including 12 serotypes
belonging to 5 species (FAdV-1 to 8a and 8b to 11)
(Figures 3A and 3B). The specificity of the amplification
products was confirmed and visualized by agarose gel as
108 bp bands.
Test Conditions of the RPA Assay

Furthermore, for a more extensive application, spe-
cific reaction time (14, 19, 24, 29, and 34 min) with
various temperatures (22, 26, 28, 30, 37, and 42�C)
were employed to achieve the scale of detecting capa-
bility for the RPA assay, and all the test conditions
showed strong positive amplification products of the
expected length. It has been proved in experiments
that even incubation at 37�C for only 14 min was
enough to obtain the correct fragments but with a lit-
tle pointless (Figure 3C). Afterward, a series of



Figure 1. Geographic distribution and epidemic of FAdV. (A) The provinces affected with FAdV infection were indicated in different colors in the
map of China. (B) The serotypes of FAdV were epidemic currently. Abbreviations: FadV, fowl adenovirus.
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temperatures were tested and following with the incu-
bation at such a low of 26�C, there appeared the
singe right band (Figure 4A). Followingly, we further
attempted to reduce the temperature to 22�C, but the
activity of relevant enzymes decreased with only
blurred bands, without obtaining satisfactory results
(Figure 4B). Therefore, under these conditions, it
has the potential to apply the RPA assay in practice,
which facilitates clinical decisions more quickly.
Figure 2. The RPA cycle sketch and the design of primers. (A) Based on t
tration. (B) The RPA primers with the target size of 108 bp were shown accor
5 emerging strains represent species of FAdV-A to E). Abbreviations: FadV
Specificity and Sensitivity of the RPA Assay

The specificity of RPA assay was performed with the
other positive avian viruses which are often susceptible
in clinical, including avian leukosis virus, Avian influ-
enza virus, Newcastle disease virus, Tembusu virus,
and Goose parvovirus, and no cross-reactions with these
viruses were found, indicating that the primers showed a
high specificity (Figure 5A).
he principles described above, the RPA reaction was showed by the illus-
ding to the hexon segment alignment of different FAdV (12 reference and
, fowl adenovirus; RPA, recombinase polymerase amplification.



Figure 3. The universality and different test conditions of the RPA
assay. (A) The RPA primers designed for the product of 108 bp could
be widely used in all 12 serotypes. (B) Single right bands were success-
fully produced by using the 3 different primers with the targets (108,
139, 155 bp). (C) A variety of detection time (14 to 34 min) were tested
and with the isothermal amplification for only14 min, the right target
could be found as above. M-DL500 DNA Marker. Abbreviations:
FadV, fowl adenovirus; RPA, recombinase polymerase amplification.
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Additionally, the sensitivity of RPA assay was evalu-
ated by setting a serial dilution of DNA standards (1 ng
to 0.1 fg), and the results showed that as few as 0.1 fg/
reaction (3.2 ! 10 copies) synthetic template could be
detected even at 26�C, which was comparable to the
endpoint PCR (Figures 5B and 5C). Without thermal
denaturation of templates, the RPA assay needs only
14 min for the whole amplification process, while as
much as 98 min and 55 min were required, separately,
when analyzing the same viral dose of 0.1 fg by endpoint
PCR or real-time quantitative PCR.
Evaluation of the New RPA Assay

To confirm the adaptability of this method, a total of
28 FAdV-infected cases (including 13 field variant
Figure 4. Temperature ranges for FAdV detection of the RPA assay.
(A) A series of temperatures, ranging from 26 to 42�C, were used, and
the right targets of 108 bp could be obtained under these tested temper-
atures. But some amplifications of pointiness would be foundwhen it was
more than 30�. (B) As shown above, only blurred signals could be ob-
tained by the developed RPA assay when the tested temperature fell
to 22�C.M-DL500 DNAMarker. Abbreviations: FadV, fowl adenovirus;
RPA, recombinase polymerase amplification.
strains) mostly collected from 2015 to 2018 from
different regions, which covered serotypes mainly preva-
lent in China, were analyzed by RPA and endpoint PCR
method. All of them showed positive results, indicating
that these 2 methods were completely coincident
(Figure 6, Table 3). With the introduction of epidemic
FAdV strains into the design of primers, the detect-
ability, instead of being only limited in chickens, was
greatly improved. Compared with endpoint PCR, the
detection speed was significantly increased by the RPA
assay, suggesting that it could serve as an alternative
detection approach to endpoint PCR method.
DISCUSSION

Since the year of 2015, the number of FAdV-infected
cases has increased sharply, which imposed severe chal-
lenges to the poultry industry (Li et al., 2016a). What’s
more, Pan et al. (2017) and Wei et al. (2019) have
respectively reported that FAdV resulted in severe infec-
tions in waterfowls including ducks and geese; mean-
while new research from Li et al. (2016a) has showed
multiple serotypes were prevalent currently (Li et al.,
2016a; Pan et al., 2017; Wei et al., 2019). The similar
epidemic status was also elaborated according to our
investigate data, thus getting correct diagnoses with
simple operations timely was the key component to pre-
vent the spread of FAdV.

Up to now, many advanced assays for FAdV detection
have been applied, representational methods as endpoint
PCR and real-time quantitative PCR (Raue and Hess,
1998; G€unes et al., 2012). Although these molecular di-
agnostics, comparing with traditional methods, has
significantly improved in virology diagnosing accuracy,
some disadvantages in respect of the operational
complexity and thermocycler dependence are not well
solved, limiting its use mostly in specialized and suitably
equipped labs (Ma et al., 2018). Newly developed
methods, like loop-mediated isothermal amplification,
could detect FAdV isothermally with high sensitivity,
but the temperature needed was very high (65�C) and
merely suitable for the specific strain (FAdV-4) (Yuan
et al., 2019; Zhai et al., 2019). While as the RPA assay
putting into practice in Zika virus and other virus detec-
tion, it enables rapid detection possible (Babu et al.,
2017; Vasileva Wand et al., 2018). Different from the
molecular diagnostics mentioned above, RPA can be
run at a constantly low temperature of 37 to 42�C and
using this character, a RPA assay for detecting FAdV
which was robust and capable of tolerating all the 12 se-
rotypes was described in this study (Figure 3A) (Hoff,
2006; Piepenburg et al., 2006). After testing, this novel
isothermal amplification technique was suitable for
wide work conditions even at room temperature
(26�C), thereby avoiding the need for sophisticated ther-
mal cyclers (Figure 3C). In the previous study, Gunes
et al developed a universal real-time quantitative PCR
method and was suitable for FAdV detection in
chickens, but it was time-consuming and lacked applica-
tion in other avian species (G€unes et al., 2012). Because



Figure 5. Detection specificity and sensitivity of the RPA assay. (A)
Five other virus strains, including ALV, AIV, NDV, TMUV, and GPV
at 10 ng per reaction, were used to check for the cross-reactions, without
signals except FAdV with the RPA primers. (B, C) Ten-fold serial dilu-
tions of the DNA standards from 1 ng to 0.1 fg were tested to determine
the lowest number of target molecules detected by the RPA and
endpoint PCR assay. Both methods showed the similar detection limits
as low as 0.1 fg per reaction. M-DL500, 1000 DNA Marker. Abbrevia-
tions: FadV, fowl adenovirus; RPA, recombinase polymerase amplifica-
tion; ALV, Avian leukosis virus; AIV, Avian influenza virus; NDV,
Newcastle disease virus; TMUV, Tembusu virus; GPV, Goose
parvovirus.
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of the rapidity of the RPA reaction, the time required to
perform this novel molecular amplification could be
considerably reduced (within 14 min), indicating that
it was 85.7 and 74.5% lower compared with endpoint
PCR and real-time quantitative PCR. Remarkably,
with a positive identification as low as 0.1 fg viral
DNA, this new RPA assay was highly sensitive, which
was comparable to the sensitivity produced by endpoint
PCR (Figures 5B and 5C), but a bit lower than real-time
quantitative PCR, as what was established before
(G€unes et al., 2012). In addition, the high analytical
Figure 6. Evaluation of the RPA assay. Different samples from
FAdV-infected or normal birds were detected by real-time quantitative
PCR, endpoint PCR and RPA assay. M-DL500, 1000 DNAMarker. Ab-
breviations: FadV, fowl adenovirus; RPA, recombinase polymerase
amplification.
specificity of the current RPA assay was further
confirmed in subsequent experiments using a panel of
extracted DNA from infected birds, thereby demon-
strating that it could be applied in the identification of
FAdV-detection and achieve more extensive detection
ranges than before (Table 3).
The real-time quantitative PCR method is able to

quantify viral loads in infected cases, but RPA is a qual-
itative detection method like endpoint PCR (G€unes
et al., 2012; Abera et al., 2014). Despite all that, howev-
er, depending on its simple operations with equivalent
sensitivity and specificity, the RPA technique was
believed as a perfect alternative to endpoint PCR in
FAdV diagnoses. Therefore, this developed FAdV-
RPA assay, coupling with the mini portable polyacryl-
amide gel electrophoresis equipment, is expected to be
well suited for field-applicable detection which promotes
the diagnosticians to obtain precise and reliable results
timely as its use in human’s diseases (James et al.,
2018; Tan et al., 2018). In the near future, RPA assay
would have the great potential in more avian viruses’
diagnostics, and multiple primers would be developed
to diagnose a variety of viruses in 1 reaction, not only
cutting the cost but also contributing the breeders to
initiating a comprehensive prevention for minimizing
the risk.
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