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ABSTRACT Infectious bronchitis virus (IBV) is a coronavirus responsible for major health
problems in the poultry industry. New virus strains continue to appear, causing large eco-
nomic losses. To develop a rapid and accurate new quantitative assay for diagnosis of
the virus without DNA extraction, we selected highly specific single-stranded DNA
(ssDNA) aptamers with a high affinity to IBV, using the systematic evolution of ligands by
exponential enrichment (SELEX) technology for aptamer screening, followed by high-
throughput sequencing technology. Two of these aptamers, AptIBV5 and AptIBV2, were
used to establish homogenous and solid-phase proximity ligation assays (PLAs). The
developed assays were evaluated for their sensitivity and specificity using collected field
samples and then compared to the newly developed sandwich enzyme-linked aptamer
assay (ELAA) and reverse transcription-quantitative PCR (qRT-PCR), as the gold-standard
method. The solid-phase PLA showed a lower limit of detection and a broader dynamic
range than the two other assays. The developed technique may serve as an alternative
assay for the diagnosis of IBV, with the potential to be extended to the detection of
other important animal or human viruses.

IMPORTANCE Infectious bronchitis virus (IBV) causes high morbidity and mortality and
large economic losses in the poultry industry. The virus has the ability to genetically
mutate into new IBV strains, causing devastating disease and outbreaks. To better moni-
tor the emergence of this virus, the development of a rapid and highly sensitive diagnos-
tic method should be implemented. For this, we generated aptamers with high affinity
and specificity to the IBV in an ssDNA library. Using two high-affinity aptamers, we devel-
oped a sandwich ELAA and a very sensitive aptamer-based proximity ligation assay
(PLA). The new assay showed high sensitivity and specificity and was used to detect IBV
in farm samples. The PLA was compared to the newly developed sandwich ELAA and
qRT-PCR, as the gold-standard technique.

KEYWORDS aptamer, detection, infectious bronchitis coronavirus, proximity ligation
assay, SELEX

Infectious bronchitis (IB) disease continues to be a major problem for the poultry indus-
try due to its high morbidity and mortality and the associated production losses. It is

ubiquitous in most parts of the world where poultry is reared and can spread very rap-
idly in unprotected birds.

Infectious bronchitis virus (IBV) belongs to the order Nidovirales, family Coronaviridae, sub-
family Coronavirinae, genus Gammacoronavirus (1). IBV has a nonsegmented, single-stranded,
positive-sense RNA genome of.27 kb (2, 3). The genome encodes four major structural pro-
teins. The nucleocapsid (N) protein (conserved across various IBV strains) is surrounded
by an envelope in which the large spike (S) glycoprotein, as a dimer or a trimer, plays a
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determinant role in the interaction with the host cell (4, 5). The S protein is initially trans-
lated into a precursor glycoprotein that is cleaved posttranslationally to form two subu-
nits, S1 (approximately 520 amino acids [aa]) and S2 (approximately 625 aa) (6). Each
subunit has a different function. While the N-terminal S1 subunit is involved in attach-
ment to the cellular receptors (7), the C-terminal S2 subunit anchors S1 to the viral enve-
lope. According to Y. Yamada and D. X. Liu (8), S1/S2 cleavage could promote syncytium
formation and infectivity of IBV in Vero cells (8). The S protein is involved in hemaggluti-
nation-inhibiting antibody production (7, 9) and is the main inducer of protective immu-
nity (7, 10). This protein is also used to determine the virus serotype and is a vaccine
component. The virus also contains a smaller integral membrane (M) protein and a few
copies of a much smaller envelope (E) protein.

IBV primarily targets the ciliated epithelial cells of the respiratory tract (nose, trachea,
lungs, and air sacs), causing a respiratory disease that predisposes the bird to secondary
bacterial infections. Some IBV strains, known as nephron pathogenic, target the tubular
cells of the kidneys. Infection with such strains can result in interstitial nephritis and sig-
nificant mortality (11). Many strains also infect the female reproductive tract (oviduct),
causing egg drops and “false layer” syndrome, attributed to a highly virulent strain
(strain QX) that infects very young chickens. IBV may also affect the intestinal tract; in
addition, Harderian gland cases of a proventricular form were also reported (12, 13).

The ability of IBV to genetically mutate and recombine results in antigenic shift and
drift related to RNA recombination, mutations, insertions, and/or deletions, which has
enabled the emergence of large numbers of IBV variants worldwide (14). Multiple dis-
tinct genetic groups of IBV have been reported, and many new variants continued to
be isolated. There has been an increasing number of new serotype variants of IBV, and
to date, more than 20 IBV serotypes have been identified. A change of only a small per-
centage of amino acids in the S1 protein may result in a serotype change (15).
Outbreaks of IBV frequently occur following the persistence of different IBV serotypes
among susceptible birds. Since the year 2000, our laboratory has isolated several novel
IBV variants from the field which were cocirculating with Massachusetts H120, the only
vaccine strain used in Tunisia before the introduction of closely related variant vaccine
strains (16–18). These new strains with new genotypes have caused large economic
losses to the poultry industry and thus should be controlled.

Current IBV diagnostic methods include virus isolation in chicken embryos, inocula-
tion of cell and/or organ cultures, virus neutralization, reverse transcription-PCR (RT-PCR),
an agar gel precipitation test, and an antigen-capture enzyme-linked immunosorbent
assay (ELISA). However, these conventional methods are time-consuming, laborious, and
less suitable for rapid and routine detection of IBV. There is a need for the development
of a more rapid and convenient quantitative test for viral detection with minimal sample
preparation. For this reason, we developed aptamer-based tools for rapid diagnosis of
IBV, since aptamers have been investigated as alternative biorecognition ligands and
have become one of the most promising nanomolecules in medicine. Their application
has been widely extended, as therapeutic molecules, for the development of biosensors,
or for the specific delivery of active molecules (19–21). In fact, they are functional short
chains of nucleic acids of 20 to 90 bases. Their folding into a variety of secondary struc-
tures offers a large area for antigen recognition and allows them to be powerful agents
for targeting and binding to any molecules. Their specific recognition of target mole-
cules and high affinity to nanomolar or subnanomolar ranges (20) make them powerful
tools for biorecognition. Furthermore, one of the major advantages of aptamers is the in
vitro selection method, using selective ligands by exponential enrichment (SELEX), from
a single-stranded DNA (ssDNA) library of up to 1015 randomized sequences. SELEX is a ro-
bust and straightforward in vitro method allowing the selection of highly specific
aptamers with high affinity. Furthermore, the choice of aptamers as ligands allows signal
amplification, yielding a highly sensitive detection test. The combination of aptamers as
ligands with a proximity ligation assay (PLA) was investigated for more sensitive detec-
tion of IBV. PLA is a versatile and powerful technology for the detection, localization, and
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quantification of proteins, protein-protein interactions, and posttranslational modifica-
tions in liquid biopsy specimens, as well as in situ (22–25).

In the present work, we report the generation and characterization of ssDNA
aptamers with high affinity and specificity to IBV. We then developed two rapid and ef-
ficient aptamer-based PLAs for IBV detection in farm samples. The efficiency of these
aptamer-based PLA methods was compared to the newly developed sandwich
enzyme-linked aptamer assay (ELAA) and to reverse transcription-quantitative PCR
(qRT-PCR), as the gold-standard technique.

RESULTS
Generation of aptamers against IBV. The ssDNA aptamers against IBV were gener-

ated using NaCl elution-based SELEX (26, 27), with three rounds of selection, and the
ssDNA pool was sequenced using high-throughput sequencing. The DNA sequence
pools were analyzed using FASTAptamer software. We chose the five first clusters as
the most abundant sequences in the DNA output pool. The obtained sequences with
their ranks and number of reads are summarized in Table 1.

Binding affinity of aptamers. The binding affinity of the selected aptamers to IBV
was determined by a direct ELAA, using a coated microtiter plate with vaccine strain
H120 virus, followed by incubation of different concentrations of aptamers based on a
nonlinear regression equation. The selected aptamers demonstrated affinities in the
nanomolar range, where the aptamers Apt_IBV02 and Apt_IBV5 presented the highest
affinities (Fig. 1 and Table 1).

Specificity of aptamers. The specificity of the selected aptamers was tested using
an ELAA for their ability to bind to two different serotype strains of IBV (H120 and 793/
B), different avian viruses (Newcastle disease virus [NDV] LaSota, infectious bursal dis-
ease virus [IBDV] [Gumboro], avian reovirus 1133, and H9N2 avian influenza), and a na-
ive library that was used as a negative control (Fig. 2). All five aptamers showed high
specificity for the two serotype IBV strains and low background binding levels to the
other strains, as well as to the naive library.

Performance of the aptamers in a sandwich ELAA. To determine the compatibility
and best performance for a combination of capture and detector aptamers in a sandwich
ELAA, Apt_IBV_02 was coupled to digoxigenin as the detector, while the other aptamers
were equipped with a biotin tag to be used for capture. The best performance was
observed for the combination of Apt_IBV02 and Apt_IBV_05. Nonetheless, the other combi-
nations resulted in notably higher signals than with the negative control (Fig. 3). To further
confirm our results, a competitive test was carried out in which increasing concentrations
of Apt_IBV02 resulted in signal saturation, indicating that the two aptamers used for the
detection of IBV are not competitive (see Fig. S1 in the supplemental material).

Secondary structure of the selected aptamers. The structures of the aptamers
Apt_IBV02 and Apt_IBV05 were predicted by means of a free-energy minimization
algorithm using the mFold tool, available at http://unafold.rna.albany.edu/?q=mfold
(Fig. S2). The results showed that both aptamers have a loop structure in the 59 end.

ssDNA aptamer-assisted proximity ligation assay. The DNA aptamer-assisted PLAs
in homogenous and solid-phase formats were designed as described in our previous study,
with some modifications (28). The two biotinylated aptamers, Apt_IBV02 and Apt_IBV05,

TABLE 1 Sorted sequences based on FASTAptamer-Cluster and the binding affinities of the selected aptamers

Sequence (59–39)
Rank of
sequence No. of reads RPMa Cluster no. Kd (nM)b

CCCCAATCACAGTTAATCCTCGTTCCTATATCTCCCACAC 1 2,416 132.3 1 99.25
CACGTCTCTCTATTCGCTCCCTTCGCTAATTGTTCTCTCC 2 2,113 115.7 2 58.2
CAGACTTTGTTCAGCTCCTCGACTCTTCATTCCCTCCCTT 3 1,943 106.4 3 108.61
CCAGTATCATCCCTATCGTAGTCCTCAACAACCCCCTACA 4 1,898 103.93 4 99.94
GACTTCCCTCTTTGTGTGTCATTCGGTGTTCTCGCTTTTG 5 1,877 102.78 5 59.42
aRPM, number of reads per million.
bKd, dissociation constant; nM, dissociation constant in nanomolar.
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were coupled to two streptavidin-conjugated DNA oligonucleotides to construct PLA
probes. The DNA oligonucleotides used in our model were previously empirically evaluated
with the PLA technique (25). The simultaneous binding of these two probes with IBV brings
the DNA arms into proximity, allowing hybridization to the DNA oligonucleotide connector
and subsequent enzymatic ligation. The ligation product will be amplified and quantified
by real-time PCR to reflect the number of IBV particles in the sample. In the absence of IBV,
no ligation would occur, and hence no detectable signal would be produced.

FIG 1 Dissociation constants (Kd) at the lowest nanomolar range for the five selected aptamers. To calculate the Kd values, various concentrations of
aptamers were incubated with H120 vaccine virus immobilized in the wells of a microtiter plate. The absorbance at 492 nm was determined, and the Kd
values were then calculated from the ELAA data using a nonlinear regression equation.

FIG 2 Specificity of the selected aptamers against IBV. The specificity of the five aptamers were
tested using ELAA to detect IBV vaccine strains H120-IBV and 793/B, NDV LaSota, IBDV (Gumboro),
avian reovirus 1133, or H9N2 avian influenza (AIV). A naive library was used as the negative control.
The test was performed in triplicate. Bar graphs show the mean and standard deviation (SD) of the
absorbance.
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To determine the performance of the PLAs, we compared the obtained results with
those of the sandwich ELAA, as a method for the direct quantification of intact virus, and
qRT-PCR, as the gold-standard method, using serial dilutions of the virus and viral RNA,
respectively. The results, summarized in Table 2, show that the homogenous PLA and
qRT-PCR, with a limit of detection (LOD) of 0.6 EID50 (50% egg infective dose)/mL, are 2-
fold more sensitive than ELAA. The solid-phase PLA, with an LOD of 0.5 EID50/mL, yields
the best LOD among the four assays. Furthermore, the solid-phase PLA showed a better
dynamic range, upper limit of quantification (ULOQ), lower limit of quantification (LLOQ),
and minimal detectable dose (MDD) than the other assays (Table 2). The results show
that the PLA, in its two formats, performs well at directly detecting the IBV antigens.

Detection of IBV in field samples. To evaluate our newly developed sandwich ELAA
and PLA techniques, we analyzed 41 field samples taken from poultry suspected of respi-
ratory viral infections. The sandwich ELAA and both the homogeneous and solid-phase
PLAs were compared with the qRT-PCR, as the gold-standard assay. The results in Table 3
show that of the 41 suspected samples, only 5 were positive and 36 negative.

The results obtained using the developed PLA tests are in complete agreement
with those determined by qRT-PCR, demonstrating the accuracy of the tests. Detailed
statistical analysis relative to the diagnosis of IBV in farm samples is presented in
Tables S1 and S2 and was statistically significant (P , 0.01). The sensitivity and specific-
ity and comparison of the developed tests with qRT-PCR were also determined and
summarized in Table 3. Furthermore, we assessed the distribution frequency of the
threshold cycle (CT) values of qRT-PCR with those of the homogeneous and solid-phase

FIG 3 Combined aptamers for a highly efficient sandwich ELAA. Biotinylated Apt_IBV01, Apt_IBV03, Apt_IBV04, and Apt_IBV05 were used as capture
binders, while digoxigenin-labeled Apt_IBV02 was used as a reporter in a sandwich ELAA. The reactions were conducted in triplicate, and the absorbance
was determined at 492 nm.

TABLE 2 Comparison of various parameters for the assays used in this research for detection
of IBV

Parameter Sandwich ELAA qRT-PCR Homogeneous PLA Solid-phase PLA
LOD (EID50/mL) 1.2 0.6 0.6 0.5
LLOQ (EID50/mL) 10 0.5 0.3 0.1
ULOD (EID50/mL) 73 103 104 104

MDD (EID50/mL) 1 0.2 0.2 0.1
Dynamic range 103 106 107 108
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PLAs (Fig. 4). The results showed perfect concordance between all three assays, solidi-
fied our conclusions, and confirmed the performance of the developed PLAs.

DISCUSSION

Infectious bronchitis is a highly contagious and devastating disease, with a very sig-
nificant economic impact on the poultry industry. To better control and monitor the
emergence of this infection, implementation of new, rapid, and accurate diagnostic
tests is necessary. Current diagnostic techniques for the detection of avian infectious
antigens are more laborious and time-consuming than serological tests and remain
limited because of their low specificity and sensitivity (29).

Aptamers have become promising nanomolecules and are of great interest to medical
science. Their application has been widely extended from therapeutic molecules to affinity
reagents for biosensor development for the detection of a wide range of molecules (30, 31).
They are highly specific to their targets, with high affinities in the nano- or subnanomolar
range. Furthermore, the production of aptamers is largely economical, reproducible, and
relatively easy compared to that of antibodies.

TABLE 3 Comparison of the sensitivity and specificity of the assays in this work for detection of IBV in 41 field samplesa

Test

No. of samples

Concordance %

Sensitivity Specificity

+/+ +/2 2/+ 2/2 TP/(TP+FN) % TN/(TN+FP) %
Sandwich ELAA 5 0 0 36 100 5/5 100 36/36 100
Homogeneous PLA 5 0 0 36 100 5/5 100 36/36 100
Solid-phase PLA 5 0 0 36 100 5/5 100 36/36 100
qRT-PCR 5 0 0 36 100 5/5 100 36/36 100
aTP, true positive (1/1); FP, false positive (2/1); TN, true negative (2/2); FN, false negative (1/2).

FIG 4 Distribution frequencies of CT values for a set of 41 field samples analyzed by rRT-PCR and homogenous and
solid-phase PLAs for detection of IBV. The sensitivity of the PLA tests in both the homogenous and solid-phase
formats was investigated and compared to that of qRT-PCR.
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Aptamers are generated using a SELEX process developed by Tuerk, MacDougal, and
Gold (32). Over the past 3 decades, multiple variations of SELEX have been reported,
including Sweep-CE-SELEX (33), Flu-Mag SELEX (34), CE-SELEX (35), in silico SELEX (36) and
Capture-SELEX (37). To reduce the processing time and simplify the SELEX procedure, we
used the SELEX process based on an NaCl gradient, followed by high-throughput sequenc-
ing (26, 27, 38). SELEX by NaCl gradient is a simple and inexpensive approach, allowing
the generation of aptamers using very few selection cycles compared to other protocols,
which often require up to 10 selection rounds (39). This protocol allows the identification
of highly specific aptamers with high affinity through only three rounds of selection.
Evaluation of the selected aptamers revealed high specificity and affinity in the nanomolar
range, with dissociation constant (Kd) values of 58.2 to 108.61 nm.

The sandwich ELAA was one of the assays used to detect IBV with the developed
aptamers, using a combination of Apt_IBV02 and Apt_IBV05, resulting in the detection
of the vaccine strain H120 with a LOD of 1.2 EID50/mL. Previous works have considered
the ELAA as a powerful test for the detection of different viruses (27, 40, 41). However, it
does not reach the sensitivity of qRT-PCR as the gold-standard method. Combination of
the PLA method with aptamers as affinity binders offers a highly specific and sensitive
detection method. PLA has proven to be a robust protein detection method and an
exquisitely sensitive technique with a very low background. It was recently used for the
detection of NDV and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (28,
42). Our study demonstrates that the homogenous and solid-phase PLAs provide greater
sensitivity than the sandwich ELAA and perfect concordance with the qRT-PCR. The sen-
sitivity and LOD of the developed PLA have the same range found in previous work, con-
firming the robustness of the assay (28). The developed PLA-based tests in this study can
be a new tool for the direct detection of pathogens, with high sensitivity. Furthermore,
the protocol for the PLA-based tests requires a substantially shorter time compared to
the currently used quantitative PCR (qPCR) test, as there is no need for genome extrac-
tion, which may take from a few hours to overnight. This approach was validated using
field samples, with complete agreement with the currently used qRT-PCR test. The
aptamer PLAs established in this study can be extended to the detection of other patho-
gens with the same sensitivity as qRT-PCR, without any sample preparation steps.

In conclusion, using two complementary aptamers, we have developed rapid and accu-
rate PLA-based diagnostics for the detection of IBV. Both the homogenous and solid-phase
PLAs demonstrated higher sensitivity than ELAA, validated using field samples.

MATERIALS ANDMETHODS
Reagents. Dynabead M-280 streptavidin (10 mg/mL) was purchased from Thermo Fisher Scientific

(Artenay, France). All biotinylated aptamers and other DNA oligonucleotides (Table 4) were purchased
from RAN BioLinks (Tunis, Tunisia). The washing buffer (PBS-T) was composed of 1� phosphate-buffered
saline (PBS; pH 7.2), 0.1% bovine serum albumin (BSA), and 0.05% Tween 20 (Sigma-Aldrich, Taufkirchen,
Germany). The PLA buffer was composed of 1� PBS (pH 7.2), 0.1% BSA, 0.05% Tween 20, 100 nM goat
IgG, 0.1 mg/mL salmon sperm DNA, and 5 mM EDTA. The probe storage buffer contained 1� PBS (pH
7.2), 0.1% BSA, and 0.05% NaN3. The oligonucleotide storage buffer contained 1 mM Tris-buffered saline
(Tris-HCl; pH 7.2) and 0.1 mM EDTA. All enzymes and dNTPs (deoxynucleoside triphosphates) were pur-
chased from New England Biolabs (Paris, France).

Virus strains and clinical samples. The avian influenza virus isolate A/CK/TUN/145/12 (H9N2)
(GenBank accession numbers KP058446 and KP058447 for the HA and NA genes, respectively) was used
in the present study. The live vaccine strains H120 and 793/B of avian bronchitis virus and the LaSota
vaccine strain of Newcastle disease virus were purchased from a local distributor. Clinical samples from
suspected poultry, received for laboratory diagnostics, comprised tracheal (ET) and cloacal (EC) swabs
and internal organs (tonsils [TN], livers [L], spleens [S], lungs [LG], and kidneys [K]).

Selection of aptamers from the ssDNA library. The protocol for ssDNA aptamer selection was per-
formed as previously described by Hmila et al. and Marnissi et al. (26, 27). A single-stranded aptamer library
(WAP40m), consisting of a 40-mer randomized region sequence flanked by constant primer-binding regions,
was used (Integrated DNA Technologies, Inc., Coralville, IA). Elution of the binding aptamer was performed
using gradient salt (NaCl) elution. The experiment was started by immobilization of the vaccine strain H120 vi-
rus on a 96-well ELISA plate. The wells were dry-blotted, 100 mL of single-stranded aptamer library (10 mM)
was added, and the plate was incubated for 1 h at room temperature (RT). PBS (100 mL) was then added and
incubated for 5 min, and the solution was collected. This was repeated using 0.5, 1.0, 1.2, 1.4, and 1.5 M NaCl,
with an incubation period of 5 min each time. The collected 1.5-M NaCl solution was amplified by PCR, using
5 pmol of either WP20F1 or WP20R1 primers (Table 4) and 2� HotStarTaq polymerase (Qiagen, Valencia, CA)
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with the following steps: 95°C for 15 min, followed by 30 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for
30 s, and a final elongation of 7 min. Then, asymmetric PCR was performed using 2mL of symmetric PCR prod-
uct as the template and biotinylated WP20F1 and WP20R1 reverse primers at a ratio of 25:1. Thermocycling
was initiated with a heating step for 5 min at 95°C, followed by 9 preliminary cycles of 95°C for 30 s, 63°C for
15 s, and 72°C for 15 s, 10 subsequent cycles of 95°C for 30 s, 55°C for 15 s, and 72°C for 15 s, and a final step
of 72°C for 3 min. The product of the asymmetric PCR was then used to detect the target virus. The vaccine
strain H120 virus was immobilized on a nitrocellulose membrane and blocked with 5% skim milk. The product
of the asymmetric PCR was added to the nitrocellulose membrane with spotted protein and incubated for 1 h
at RT. Thereafter, the membrane was washed with PBS-T, streptavidin-horseradish peroxidase (HRP) conjugate
(Sigma-Aldrich) at a 5,000-fold dilution was added, and the membrane was incubated for 1 h at RT. It was then
washed three times with PBS-T and developed using West Pico chemiluminescent HRP substrate (Thermo
Fisher Scientific). DNA was extracted from the immobilized spots and PCR amplified again by first a symmetric
PCR, followed by a second asymmetric PCR, as described above; this screening was repeated three times. The
symmetric PCR product from the last screening was then sequenced.

Identification of aptamers via high-throughput sequencing technology. Using the primers
WP20F1 and WP20R1, the PCR product of the SELEX protocol was purified using a MinElute PCR purification kit
(Qiagen). The library was sequenced using the AB library builder system (Thermo Fisher Scientific) and ampli-
fied according to the protocol for Ion Xpress Plus and Ion Plus library preparation for the AB library builder sys-
tem. The library was then purified using the Agencourt AMPure XP reagent (Beckman Coulter). The library size
and its concentration were assessed using a Bioanalyzer high-sensitivity chip (Agilent Technologies). The sam-
ples were pooled, followed by template preparation on the Ion Chef system, using the Ion PI Hi-Q Chef kit
(Thermo Fisher Scientific). The samples were then loaded onto Ion PITM v3 chips and sequenced using the Ion
Proton system, with the Ion PITM Hi-Q sequencing 200 kit chemistry (Thermo Fisher Scientific).

Bioinformatics analysis. The FASTAptamer toolkit was used, following the steps described by Alam,
Chang, and Burke (46). First, the FASTAptamer-Count package was used to rank and sort the sequences
by abundance, which was normalized for reads per million (RPM). Second, FASTAptamer-Cluster was
used to align and classify the reads by sequence similarity. Only the first five aptamers, from the sorted
sequences, were extracted and evaluated for their affinity and specificity.

Specificity and affinity of the selected aptamers and sandwich ELAA. The binding affinity of the
selected aptamers to IBV and their specificity against different virus strains were tested using a previ-
ously established procedure (27).

The sandwich ELAA was performed by immobilizing the different biotinylated aptamers at 10 nM in a
streptavidin-coated 96-well plate and incubating the plate for 1 h at RT. The wells were washed three times
with 200 mL of washing buffer (PBS-T), 100 mL of vaccine strain H120 in PBS (pH 7.2) was added, and the
plate was incubated for another 1 h at RT. The wells were then washed three times with washing buffer, and
1 mM Apt_IBV_02 digoxigenin labeled in 100 mL PBS was used as the reporter. After 1 h of incubation and
additional washing, antidigoxigenin antibody (1:2,000) was added to the wells to react for 30 min, followed
by three washes. Finally, OPD (o-phenylenediamine dihydrochloride) was added before stopping the reac-
tion by adding H2SO4 (2N). The absorbance was recorded at 492 nm, and the results of each combination
were calculated as the mean6 standard deviation (SD) from three independent experiments.

For the limit of detection (LOD) of the sandwich ELAA, 2-fold serial dilutions of the vaccine strain
H120, titrated to 105 EID50/mL21, 10 nM biotinylated Apt_IBV05 as the capture aptamer, and 1mM digox-
igenin-Apt_IBV02 as the detection aptamer were used.

Proximity ligation assays. (i) Aptamer-based homogenous PLA. The PLA probes were constructed
by connecting the two biotinylated aptamers (AptIBV05 and AptIBV02) against IBV (Table 1) to the two

TABLE 4 List of DNA oligonucleotides

Oligonucleotide Name Sequence (59–39) Modification Reference
PCR primers WP20F1 59-AGTGCAAGCAGTATTCGGTC-39 None/59-biotin 43

WP20R1 59-TAAAGCTGATGCGTGATGCC-39 None 43
Aptamers Apt_IBV02 59-CACGTCTCTCTATTCGCTCCCTTCGCTAATTGTTCTCTCC-39 59-biotin or 59-DIGa 44

Apt_IBV05 59-GACTTCCCTCTTTGTGTGTCATTCGGTGTTCTCGCTTTTG-39 59-biotin or 59-DIG 44
Oligonucleotides SCL1 59-CGCATCGCCCTTGGACTACGACTGACGAACCGCTTTGC

CTGACTGATCGCTAAATCGTG-39
59-SAVb

SCL2 59-TCGTGTCTAAAGTCCGTTACCTTGATTCCCCTAACCCTCTT
GAAAAATTCGGCATCGGT-39

59-phosphate, SAV-39

Ligation template Connector oligo 59-TACTTAGACACGACACGATTT-39 None
qPCR probe TaqMan probe 59-TGACGAACCGCTTTGCTGA-39 59-FAM, MGBc-39
qPCR primers Biofwd (forward primer) 59-CATCGCCCTTGGACTACGA-39

Biorev (reverse primer) 59-GGGAATCAAGGTAACGGACTTTAG-39
qRT-PCR primers Forward 59-GCTTTTGAGCCTAGCGTT-39 None 45

Reverse 59-GCCATGTTGTCACTGTCTATTG-39 None 45
qRT-PCR probe TaqMan probe 59-CACCACCAGAACCTGTCACCTC-39 59-Texas red, BHQ-2d-39 45
aDIG, digoxigenin.
bSAV, streptavidin.
cMGB, minor groove binder.
dBHQ, black hole quencher.
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streptavidin-conjugated DNA oligonucleotides (SCL1 and SCL2) (Table 4) via a biotin-streptavidin interaction.
The PLA probe preparation and aptamer immobilization on microplates were carried out as previously
described (28). An aliquot of 105 EID50/mL21of the vaccine strain H120, diluted in PLA buffer, was used to pre-
pare 2-fold serial dilutions. For each PLA reaction, 45mL of diluted sample was used. The PLA probe mixtures
(aptamer-SLC1 or SLC2 oligonucleotide) were diluted in the PLA buffer to 500 pM. For each homogenous PLA
reaction, 2mL of PLA probe mixture was added to 2mL of each sample diluted with PLA buffer and incubated
for 2 h at RT. For the clinical samples, a positive control comprising 2 mL of diluted H120 vaccine, as well as a
negative control containing 2mL PBS/0.1% BSA, were included. After the incubation, 2 mL of the mixture was
added to 25 mL ligation/PCR mix and incubated for 5 min at RT. Then, qPCR was performed using an initial
step at 95°C for 2 min, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. All reactions were carried out in
triplicate.

(ii) Aptamer-based solid-phase PLA. The biotinylated Apt_IBV02 at 50 nM was used to coat a mag-
netic bead (100mL of streptavidin-coated Dynabeads [10 mg/mL] per microplate). The mixture was vortexed
to a homogeneous suspension, and 1 mL of the beads was mixed with 45 mL of the diluted samples in PCR
strips. The mixture was vortexed and incubated for 1 h at RT with rotation. The magnetic beads were washed
three times, the PLA probe mix was added, and the mixture was incubated for 1 h at RT with rotation. The
beads were washed twice, 25 mL of ligation/PCR mix was added, and qPCR was performed, as described
above. For each run, a positive control containing diluted H120 vaccine and a negative control comprising
0.1% BSA in PBS were included. All washing steps were conducted using the DynaMag-Spin magnet
(Thermo Fisher Scientific). To determine the LOD of the PLA, 2-fold serial dilutions of the vaccine strain H120,
titrated to 105 EID50/mL, were used.

(iii) qRT-PCR. One-step rRT-PCR was conducted in a total volume of 15 mL, using the AgPath-ID
one-step RT-PCR kit (Applied Biosystems, Artenay, France) by mixing 7.5 mL of 2� RT-PCR buffer, 0.6 mL
of 25� RT-PCR enzyme mix, 2 mL of RNA template, 0.3 mM of each forward and reverse primer specific
to the polymerase (M) gene, and 0.2 mM TaqMan (Thermo Fisher Scientific) probe and RNase-free water
to reach a final volume of 15 mL. The mixture was incubated at 45°C for 10 min, followed by 95°C for
10 min, 45 cycles of 95°C for 15 s, and 60°C for 45 s. The LOD was determined using RNA extracted from
100mL of the vaccine strain H120, and a half serial dilution was then prepared.

Statistics. A one-way analysis of variance (ANOVA) test, using the Simple Interactive Statistical
Analysis online tool (http://www.quantitativeskills.com/sisa/index.htm), was used to perform statistical
analyses. The results were defined as significantly different at P , 0.01. A one-way ANOVA test was also
used to calculate the 95% confidence intervals (CIs) of each mean. The mean and the standard deviation
(SD), the coefficient of variation percentage (%CV) of the optical density at 492 nm (OD492) for the sand-
wich ELAA, the threshold cycle (CT) of qRT-PCR, and the PLA data were further analyzed using Excel soft-
ware. For the qRT-PCR and qPCR readouts, cutoff points were fixed empirically at a CT value of 40 (47).
The relative variability (%CV) between triplicates of each sample was calculated as %CV = (SD of sample
triplicates/mean of sample triplicates) � 100 and was defined as significantly different at %CV , 20%.
StatPlus Pro v5.9.8 was used to calculate the LOD (46), the LLOQ, the ULOQ, the MDD, and the dynamic
range of each method, as described by Marnissi et al. (27).
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