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ARTICLE INFO ABSTRACT

Highly pathogenic avian influenza H5N1 virus causes heavy losses in poultry farms worldwide. Molecular di-
agnostic techniques like RT-PCR and real-time RT-PCR are considered the gold standard for identification of H5
H5N1 influenza viruses in clinical samples. These techniques are hampered by the need of well-equipped laboratories,
Positive control o large space requirement, and relatively long time-to-result. Recombinase polymerase amplification (RPA) assay
;Zﬁ?:?j:e polymerase amplification represents an excellent alternative to PCR since it is more simple, rapid, economic, and portable. Reverse
Turkey mitochondrial DNA transcription RPA (RT-RPA) assay was recently developed for sensitive and specific detection of H5N1 virus in

6-10 min. To ensure the accuracy of the developed assay, two approaches for using a positive control were
evaluated in this study. These approaches included: 1) all-in-one (internal positive control; IPC), 2) two-tubes-
per-one-sample (external positive control; EPC). Sigma virus (SIGV) RNA and turkey mitochondrial DNA were
tested as positive controls in both approaches. For all-in-one approach, both targets (H5 and IPC) were strongly
inhibited. In contrast, very good amplification signals were obtained for the two types of EPC with no effect on
the analytical sensitivity and specificity of H5 RT-RPA assay in two-tubes-per-one-sample approach. The per-
formance of EPC-based H5 RT-RPA was further validated using 13 tracheal swabs. The results were compared to
real-time RT-PCR and proved superior specificity in detecting HSN1 but not HSN8 viruses. Inclusion of EPC did
not affect the aptitude of both assays in terms of sensitivity, specificity and reproducibility. In conclusion, the
two-tubes-per-one-sample approach was more reliable to control the false negative results in H5 RT-RPA assay.
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Orthomyxoviridae. Eight segments of negative sense single stranded
RNA are complexed with the nucleoprotein and enclosed with the viral

1. Introduction

Highly Pathogenic Avian Influenza (HPAI) is an acute contagious
disease that affects domestic poultry causing severe economic losses.
Infrequently, the disease can be directly transmitted from infected birds
to humans and results in severe public health threats [1]. The HPAI
caused by H5N1 avian influenza virus was originally developed in
China in 1996, and consequently spread towards Europe and Africa
crossing central and western Asia. The strains descended from this
outbreak continued to spread in more than sixty countries, with
emergence of several distinct phylogenetic clades [2,3].

HPAI viruses belong to genus alphainfluenzavirus in the family

polymerase subunits in a lipid envelope. Two major glycoproteins that
determine the viral antigenicity are projecting from the surface of the
lipid envelope; hemagglutinin (HA) and neuraminidase (NA) [4].
Molecular techniques are the gold standard for routine identifica-
tion of H5 influenza viruses in endemic countries [5]. Methods like
reverse transcription PCR (RT-PCR) and quantitative RT-PCR (qRT-
PCR) are demanding at the levels of infrastructure, containment and
expertise. Time-to-result is relatively long [6]. Recombinase poly-
merase amplification (RPA) is a recently developed isothermal ampli-
fication technique that employed phage recombinase and co-factor to
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eliminate the need for denaturation and annealing steps in traditional
PCR [7]. This technique combined robustness with minimum space
requirement and the ability to be used at point-of-need [8]. RPA and
RT-RPA were utilized for rapid detection of many viruses of veterinary
importance [6,9-13]. RT-RPA was recently described for diagnosis of
H5N1 virus in clinical samples in just 6-10 min. The developed assay
has proven high specificity, sensitivity, reproducibility, and robustness
comparable to qRT-PCR. It was able to detect as low as one copy of in
vitro transcribed RNA Standard [11].

RPA reaction validation is a critical requirement to ensure the
quality and accuracy of the test. False negative results may arise from
inhibitory substances, poor performance of the enzymes, and/or in-
correct RPA mixture. The use of positive controls is a common strategy
to avoid false negative results in PCR (and certainly in RPA). With the
aim to improve the performance of the recently developed H5 RT-RPA
in field applications, positive controls were tested and compared in
different settings. Sigma virus (SIGV) RNA and turkey mitochondrial
DNA were evaluated using two approaches: All-in-one approach (in-
ternal positive control; IPC), and two-tube-per-sample approach (ex-
ternal positive control; EPC).

2. Materials and methods
2.1. Quantitative molecular standards, RPA primers and exo-probes

Influenza A H5 molecular RNA standard was synthesized by am-
plification of a 970 bp fragment of HA2 gene of the Egyptian H5N1
reference strain A/chicken/Egypt/1273CA/2012 using RT-PCR. The
amplified fragment was ligated into pCRII vector by TA Cloning and the
RNA standard was in vitro transcribed and quantified [11]. The quan-
titative RNA standard of SIGV was generated according to the method
developed by Weidmann et al. [14]. Turkey DNA standard was syn-
thesized by GeneArt (Thermofisher, Regensburg, Germany) as a short
string of 300 bp of conserved Meleagris gallopavo mitochondrial DNA
sequence. The primers and exo-probes used for detection of Influenza A
H5N1 and SIGV were prepared according to Yehia et al. [11] and Euler
et al. [8], respectively. Few modifications were introduced to the exo-
probe used for detection of SIGV to adapt TAMRA and/or ROX channel
detection (TIB Molbiol GmbH, Berlin, Germany). All primers and exo-
probes (Table 1) were synthesized to fit with the requirements of Twist
Amp™ exo RT kit (Twist Dx, Cambridge, UK).

2.2. RPA reaction setup and result interpretation

RPA was performed in 50 pl reaction volumes using TwistAmp™
Exo-RT kit for HSN1 influenza virus and SIGV, and TwistAmp™ Exo kit
for turkey DNA (TwistDx, Cambridge, UK). The reaction mixture con-
tained 420 nM of each RPA primer and 120 nM of the exo-probe,
14 mM of magnesium acetate, and TwistAmp rehydration buffer. One
microliter of the DNA/RNA template was added to the mixture after
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dispensing into the reaction tubes containing dried enzyme pellets, and
the reaction volume was completed by nuclease-free water. The tubes
were briefly centrifuged and placed directly in ESEQuant Tube
Scanner™ (Qiagen, Lake Constance, Germany) at 42 °C for 15 min.
Fluorescence measurement was performed each 20 s in the FAM
channel for H5N1, TAMRA or ROX channel for SIGV, and ROX channel
for Turkey DNA. Specific amplification was verified by the tubescanner
studio by increase in the fluorescence intensity in 1st derivative analysis
and over time.

2.3. Optimization of IPC-based H5 RT-RPA assay (all-in-one approach)

The effect of including different types of non-competitive IPC on the
analytical sensitivity of the previously developed H5 RT-RPA assay was
evaluated in a single-tube setting. A 10-fold dilution series of the in vitro
transcribed H5 RNA standard was prepared — in triplicates — from 10° to
10° copies/ul. The sensitivity limit was determined as the highest di-
lution that showed exponential amplification above the threshold of the
negative control within 6-10 min. Similar dilution sets of the quanti-
tative standards of SIGV and turkey DNA were tested in parallel for
determination of the suitable concentrations for use as IPCs; highest
dilutions that generated amplification curves after 6-7 min. Duplex
reactions that include both H5 and IPC primers and exo-probes were
prepared in groups. Each group received constant concentration of the
IPC standard and a dilution series of H5 RNA standard. All groups were
tested in triplicates including separate no-template-control tubes.

2.4. Optimization of EPC-based H5 RT-RPA assay (two-tube-per-sample
approach)

To avoid potential assay inhibition, two separate monoplex reac-
tions; one for H5 and the second for the positive control, were tested in
parallel. The 10-fold dilution series of H5 RNA standard and the pre-
viously determined constant dilution of each positive control were as-
sayed in single RPA runs. No-template control was included in all as-
says. The performance of each EPC in this approach was analyzed in
triplicates within and among assays.

2.5. Validation of assay performance on clinical samples

Thirteen tracheal swabs were collected from chicken showing in-
dicative clinical signs for infection with HPAI virus from different
Egyptian governorates between 2016 and 2018. Five samples were
collected from specific-pathogen-free chicken and served as negative
controls. Viral RNA was isolated using QIAamp Viral RNA Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer's instruc-
tions. All samples were concurrently tested using the gold standard real-
time RT-PCR [11] and the EPC-based H5 RT-RPA assay. The perfor-
mance of both assays in detection of H5N1 virus and positive control
was compared and analyzed in terms of sensitivity, specificity, and

Table 1
Sequence of RPA primers and exo-probes.
Name Sequence (5~ 3)
HS5 RPA-FP TAACGGTTGTTTCGAGTTCTATCACAGATG

H5 RPA-RP

H5 Exo-probe

SIGV RPA-FP

SIGV RPA-RP

SIGV RPA-P-TAMRA
SIGV RPA-P-ROX
Turkey RPA-FP
Turkey RPA-RP
Turkey RPA-P-ROX

ACTTATTTCCTCTCTTTTTAATCTTGCTTC

GTATGGAAAGTGTAAGAAACGGAACGTA (BHQ1-dT) THF(FAM-dT)TACCCGCARTATTC-PH
TGACCATCCTAACTCTGTGACATTCCAAGT

GTTGACAGTGAGCTCTTGAATCTCTGGGTT

ACTGATTTCCCTCCGTGTCCTCCCGGTACCAC-(BHQ2-dT) THF(TAMRA-dT)-CCAAACTGCCGTTGTG-PH
ACTGATTTCCCTCCGTGTCCTCCCGGTACCAC-(BHQ2-dT) THF(ROX-dT)-CCAAACTGCCGTTGTG-PH
CTAATAACAACAACCATATTCTTATCATTAACCC

GCCGGCTAGAGATAGGAGTGCAAGTATTATAG
ATCATTAACCCAGATCAAAGTCCTGAAAC-(BHQ2-DT)THF (ROX-DT)CAACAATACTCATC-PH

FP: forward primer; RP: reverse primer; P: probe, BHQ-dT: thymidine nucleotide carrying Blackhole quencher, THF: tetrahydrofuran, FAM-

dT: thymidine nucleotide carrying Fluorescein, PH: phosphate group.
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Fig. 1. Analytical sensitivity of H5 RT-RPA assay. A graph generated by ESEQuant Tube Scanner™ software showing fluorescence development overtime of the in vitro
transcribed H5 RNA molecular standard (dilution range of 10° to 10° copies/reaction). The concentration of the RNA standard is indicated at the right side of the

corresponding curve.

reproducibility.

3. Results and discussion
3.1. Analytical sensitivity of single-target (monoplex) RPA assays

The different RPA assays targeting Influenza A H5N1 virus, SIGV,
and turkey DNA were independently evaluated for their performance
before combined detection of multiple targets was examined. A 10-fold
dilution series (10° to 10° copies/ul) of each standard was prepared in
triplicates and was tested using the relevant primers and exoprobe. The
analytical sensitivity of H5 RT-RPA assay ranged from 102-10% mole-
cules per reaction (Fig. 1), whereas the detection limit in RPA assays
used for detection of SIGV (either using ROX- or TAMRA-labelled
exoprobes) and turkey DNA was 10° molecules per reaction (Table 2).

In an earlier report, the H5 RT-RPA assay was developed and de-
tected down to a single-copy of the in vitro transcribed RNA standard
[11]. Likewise, the detection limit of SIGV RNA standard was pre-
viously reported to range from 10'-10 copies per reaction [8]. This
indicates that the analytical sensitivity of the current assays are 1-3
logs lower than those described before. Since there was no specific
difference between current and previous assays in terms of design, in-
strumentation, and personnel, it may be expected that the lower sen-
sitivity of the current assays is regarded to: i) the use of different re-
agent batches; ii) the deterioration of primer and exoprobe aliquots by

Table 2

repeated freezing and thawing, iii) the gradual decrease in instrument
aptitude over time. This observation is not surprising since even in a
well established quatitative real time PCR systems, fine changes in the
experimental procedures or reagent sources can drop the analytical
sensitivity up to 6 folds [15]. However, validation of all reagents and
instrumentation are deemed essential in reproducibility and repeat-
ability of quatitative molecular biology experimentations including
RPA [16,17].

3.2. Performance of IPC-based H5 RT-RPA (duplex) assays

Exogenous IPC is often added to the amplification reactions to en-
sure quality control of the results and to avoid false negatives [18].
Non-competitive IPC; that is not homologous to the target(s), is mostly
preferable for several reasons including: ease of design and synthesis,
low capacity of inhibition of one or both reactions due to competition,
and ability of using the same IPC in different assays simultaneously
[19]. Two non-competitive IPCs were evaluated in the current study; 1)
SIGV; an insect rhabdovirus, which is theoretically impossible to be
present as a contaminant in chicken samples at any instance [20], 2)
turkey mitochondrial DNA, which is characteristic for turkey cells and
is completely different from similar sequences found in chicken tissues.
Mitochondrial DNA is routinely used for tracing the history and evo-
lution of domestic and wild turkeys [21]. Both types of IPC were op-
timized in RPA assays and their sensitivity limits were determined as

Analytical sensitivity of RT-RPA assays used for optimization of All-in-one approach.

Concentration (Copies/pl) Monoplex Reactions

Duplex Reactions

H5 STD SIGV STD SIGV STD Turkey DNA STD ROX H5 STD FAM H5 STD FAM H5 STD FAM
FAM TAMRA ROX SIGV STD TAMRA® SIGV STD ROX" Turkey DNA STD ROX"
10° + + + + - - -
10° + + + + - - -
10* + + + + - - -
10° + +¢ + + - - -
10? +P - - - - - -
10* - - - - - - -
10° - - - - - - -

STD: Standard.
@ A single concentration (10%) of the CIPC was used in the reaction.
> Weak and inconsistent signal.
¢ Weak but consistent signal.
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shown above. The concentration of 10* copies per reaction was chosen
for all IPCs in optimization of duplex assays as it represents the least
amount of DNA/RNA standard that yielded consistent amplification
signals.

The performance of H5 RT-RPA assay in the presence of non-com-
petitive IPC was evaluated but unfortunately no amplification signals
were developed for both targets; H5 and IPC (Table 2). No variation in
the results was observed by changing the type of IPC, the detection
channel, and the concentration of the two targets.

RPA has proven superior performance in detecting different pa-
thogens (bacteria, fungi, protozoa, viruses, and others) that infect a
wide array of vertebrate, invertebrate and plant hosts [22]. However,
optimizing multiplex RPA assays that are capable to detect multiple
targets simultaneously or that include IPC was mostly ineffective. A
possible explanation is that RPA conditions cannot tolerate the presence
of a cocktail of nucleic acids and are strongly inhibited when back-
ground DNA exists in particular concentrations [23].

However, the ability to develop multiplex assays was only achieved
when RPA was combined with other technologies that enabled: 1) im-
mobilization of the primers on a solid surface (microfluidic chips) to
combine the performance of RPA with the multiparameter analysis of
microarray systems [24], 2) visual detection of the amplicons using
lateral flow readouts [23,25,26]. However, the use of lateral flow re-
duced the analytical sensitivity of individual target molecules in the
multiplex reaction [25], 3) simultaneous extraction, amplification, and
fluorescent detection in a centrifugal chip [27], 4) product detection
achieved using surface-enhanced Raman Scattering labelled nanotags;
RPA-SERS [28]. Even though, in most cases, the targets detected by the
multiplex RPA assays do not simultaneously exist in the clinical sam-
ples, and consequently the assay is performed as a monoplex reaction
[25-27,29,30]. The use of multiplex RPA to simultaneously detect RNA
targets is not available so far. Therefore, in the current protocol, we
have evaluated a duplex assay that included a previously optimized
RNA target (H5N1 influenza virus) and an IPC of either RNA (SIGV) or
DNA (turkey mitochondrial DNA) nature. The failure of the reaction to
generate positive signals under all conditions provides additional evi-
dence that the available RPA conditions are demanding for use in
multiplexing. It may require further improvements in the reaction-
setup, instrumentation, and supporting technologies; yet maintaining
the potential of RPA in simplicity, speed, and ability to use in point-of-
need facilities.

3.3. Aptitude of the two-tube-per-sample as an alternative approach

The effect of co-amplification of H5 and EPC in two-dependent
monoplex RPA reactions was analyzed for use as an alternative to the
inefficient IPC-based RT-RPA assays. The different EPC tested (SIGV-
ROX, SIGV-TAMRA, and turkey mitochondrial DNA-ROX) produced
clear amplification signals after 6-7 min, while maintaining the ana-
lytical sensitivity of H5 RT-RPA assay. No significant intra-assay or
inter-assay variation was determined between the replicates.

False negative results in amplification reactions is mostly attributed
to three main factors: 1) failure of one or more of the reaction com-
ponents, 2) existence of inhibitors, 3) instrument failure [31]. Although
IPCs are routinely used to efficiently control the three elements in
several amplification-based assays, their insufficiency in RPA may re-
quire shift to the use of EPCs. The use of EPC controls for successful
instrument performance and integrity of the reaction mixture, but it
does not exclude the presence of inhibitors in the reaction. Together
with the ease of design and optimization of the reaction, the use of EPC
is satisfactory right now and provides a good alternative to the IPC,
with no need for combination of the RPA assay with sophisticated and
complicated platforms/procedures.
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3.4. Analysis of clinical samples

The performance of EPC-based H5 RT-RPA assay in field applica-
tions was validated using 13 tracheal swabs suspected to be infected
with HPAIV. All samples were tested positive with H5 real-time RT-PCR
with a mean CT value of 20.3 + 5.46. Three samples were identified as
H5N1 (CT value: 25.3 + 8.5) and 10 samples as H5N8 (CT value:
20.1 *+ 4.8) using type-specific real-time PCR. As the H5 RT-RPA assay
was designed to amplify specific sequences of clade 2.2.1 H5 sequences
(i.e. H5N1 viruses) but not clade 2.3.4.4b (i.e. HSN8 viruses) [11], only
the three samples positive for H5N1 have developed amplification
curves between 6 and 8 min with H5 RT-RPA assay. All H5N8 positive
samples as well as the five negative controls either generated negative
or invalid results. These results further confirm the specificity of the
developed H5 RT-RPA assay on clinical samples. The inclusion of either
type of EPC in the RT-RPA and real-time RT-PCR assays did not affect
the specificity, sensitivity, and reproducibility of both assays.
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