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ABSTRACT 

Avian reoviruses (ARVs) are pathogens involved in the development of a variety of disease conditions, among which, the most relevant 

are viral arthritis-tenosynovitis, runting-stunting and malabsorption syndromes, causing considerable losses to the poultry industry 

worldwide. In recent years there has been an increase number of ARV outbreak reports from vaccinated and unvaccinated flocks 

worldwide, including Portugal. The recent outbreaks have been attributed to the emergence of new viral strains caused by mutations of 

the highly variable outer capsid σC polypeptide and current commercial vaccines fail to offer cross-protection against these new field 

strains.  

The objectives of this work were the partial development of virus-like particles (VLPs) vaccines against the ARV 19371-PT12 strain 

using the baculovirus-insect cell expression system for disease control, which is a safer, cheaper and highly immunogenic vaccine 

alternative, and the development of an indirect enzyme-linked immunosorbent assay (ELISA) and serum neutralization tests (SNT), to 

prove that protection against ARV can’t be assured by highly positive results measured by ELISA. The σC, σA and μB prote ins were 

selected for the construction of VLPs, but only the σC and σA encoding genes were successfully amp lified and cloned into the 

pIEx/Bac-1 transfer vector. A highly specific ELISA, was developed and validated for the detection of antibodies against ARV. The inter 

and intra-assay coefficients of variability were 9.1% and 1.6%, respectively. The SNT demonstrated that highly ELISA-positive serum 

samples produced very low virus neutralizing titers. A western immunoblot assay supported these results, showing that the antibody 

production was not being directed towards neutralizing antibodies. 

 

INTRODUCTION 

Avian reoviruses (ARVs) belong to the genus Orthoreovirus of the 

Reoviridae 1. They are commercially significant pathogens 

involved in the development of a variety of disease conditions, 

among which, the most relevant are viral arthritis-tenosynovitis 

(VAT), runting-stunting (RSS) and malabsorption syndromes 

(MAS), that cause considerable losses to the poultry industry 

worldwide 2–4. Despite having a low mortality, VAT causes the 

development of edema and various lesions of the bird’s hock 

joints and tendons, responsible for acute lameness.  

The economic losses associated with an ARV infection are 

related to downgrading of carcasses at slaughter, due to the 

unpleasant appearance of affected hock joints, reduced weight 

and stunted growth because of nutrient malabsorption or bird’s 

inability to reach feed, resulting in a small feed conversion. Some 

deaths might occur due to trampling by healthy birds 4,5.  

Horizontal transmission by the fecal-oral route is considered the 

primary route of exposure to infection. The infection is age 

depend as birds are more susceptible at the hatching period, 

becoming increasingly resistant as they get older 6.  

Regardless of the widespread distribution of avian reoviruses 

among poultry flocks, most circulating strains appear to have low 

to no pathogenicity causing asymptomatic infections 4,7. Although, 

when virulent strains infect unprotected parent stock or their 

progeny a clinical outbreak may occur. Under these 

circumstances, unprotected progeny produced may be harshly 

affected with the disease. Therefore, the prevention of a single 

serious case of ARV infection justifies economically ongoing 

vaccine development and vaccination costs. For decades, 

breeder birds have been successfully vaccinated to reduce or 

prevent potential vertical transmission and to provide protection to 

progeny at an early age from maternal antibodies 5.  Although, 

during recent years there has been an increase number of 

outbreak reports in positive enzyme-linked immunosorbent 

assays (ELISA) and vaccinated flocks worldwide, including in 

Portugal 3,8–11. The recent outbreaks have been attributed to the 

emergence of new viral strains as a consequence of mutations of 

the highly variable outer capsid σC polypeptide, that induces the 

formation of neutralizing antibodies8,10,11.  Current commercial 

vaccines fail to offer cross-protection against these new field 

strains, reflecting the demand for the development of next 

generation vaccines, such as virus-like particle (VLP) vaccines, 

which are safer, highly immunogenic and easier and cheaper to 

produce 12. One of the most popular system to produce VLPs is 

the baculovirus expression vector insect cell system 12–15.  

Humoral immune response is one of the most important 

mechanisms of defense against ARV infection. The ELISA is a 

current technique used in explorations to monitor the protection of 

birds against ARV16.  

The objectives of the current work were the partial development 

of VLP vaccines against the ARV 19371-PT12 strain using the 

baculovirus expression vector insect cell system (BEV/IC) for 

disease control, and the development of both an indirect ELISA 

and serum neutralization tests, to prove that highly positive sera 

measured by indirect ELISA, do not implicate protection of the 

bird against infection by ARV. 

 

MATERIALS AND METHODS  

Preparation of cell cultures 

LMH (ATCC CRL-2117), a highly sensitive to ARV, was used for 

virus isolation, virus multiplication and SNT. Cells were routinely 

grown and maintained in 20 ml of Gibco® Waymouth's medium, 

supplemented with L-glutamine, gentamicin sulphate (50 μg/ml) 

and 10% fetal bovine serum. A vial of stock (1 ml of at least 1x106 

viable cells) of LMH cells stored in liquid nitrogen was quickly 

thawed in a 37ºC bath and cells were transferred to a T-25 cm2 

flask containing 9 ml of supplemented Waymouth’s medium. The 
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culture was incubated at 37ºC with 5% CO2. When the cultured 

cells achieved at least 75% confluency, the medium was 

discarded and cells were washed, with sterile phosphate buffer 

solution (PBS) and then detached from the flask using 2 ml of 

(0.5%) trypsin (0.01%) versene solution. After 15 minutes in a 

37ºC incubator, the completely detached cells were centrifuged at 

230 xg, for 10 min at room temperature. The pellet was 

subsequently resuspended in the necessary growth medium 

volume for experiments and/or to allow the maintenance of the 

cell line in liquid culture on other flasks. 

Cell cultures using Madin-Darby Bovine Kidney epithelial cells 

(MDBK), Madin-Darby Canine Kidney epithelial cells (MDCK), 

African monkey kidney cells (Vero) and Rabbit Kidney cells 

(RK13), grown in supplemented Eagle-MEM culture medium, 

Baby Hamster Kidney cells (BHK21) cultured in complete 

Glasgow medium and Chinese Hamster Ovary cells (CHO) grown 

in complete Ham’s F12 Nutrient Mixture 

(ThermoFischerScientific) culture medium, were handled 

following the described procedures.  

 

Virus propagation and RNA extraction 

The avian reovirus strains were propagated in LMH cell cultures. 

Upon development of 70-80% of cytopathic effect (CPE), the cell 

cultures were frozen at -20ºC. Viral particles were concentrated 

and partially purified by centrifugation and filtration. The cultures 

were treated by freezing and thawing two times and the liquid 

was centrifuged at 1500xg, for 30 min at 4ºC. The supernatant 

was collected and filtered using a 0.45 µm pore size. Viral RNA 

was extracted from the cell culture supernatant using the RNeasy 

Mini Kit (QIAGEN), according to manufacturer’s instructions. 

 

Amplification and sequencing of the S1 gene of the ARV field 

isolates 

The S1 segment of the field strains, isolated at the virology 

laboratory of Instituto Nacional de Investigação Agrária e 

Veterinária (INIAV) were amplified by reverse-transcription 

polymerase chain reaction (RT-PCR) using the commercial kit 

One Step (Qiagen), using 5 µl of extracted RNA and 0.5 µl of 

each primer (50 pmol/μl), following the manufacturer’s 

instructions. The RT-PCR products were analyzed by 

electrophoresis on 1% agarose gel (Sigma). The S1 amplicons 

were sequenced by dideoxynucleotide chain termination method, 

described by Sanger 17 in an automated laser fluorescent DNA 

sequence analyzer (3130 Genetic Analyzer - Applied 

Biosystems), using the Terminator v1.1® Cycle Sequencing kit 

(Applied Biosystems). 

 

Construction of the phylogenetic trees 

After sequencing of the gene portion of the viral immunogenic σC 

protein encoding gene, the isolates were genotypically classified 

by phylogenetic analysis. To study the phylogenetic origin of the 

field reovirus chicken isolates and to define which was the most 

representative genotype amongst the isolated filed strains, 

nucleotide σC gene sequences of different ARV strains were 

retrieved from the GenBank and translated to amino acid 

sequences using Expasy (http://web.expasy.org/translate/). 

Multiple alignments of the nucleotide sequences of 498 base 

pairs (bp) were generated by CLUSTAL W 18 and converted to 

the NEXUS format using Mesquite software 19. The phylogenetic 

tree was obtained with a Bayesian inference of phylogeny 

through the MrBayes v3.1.2 software that uses a simulation 

technique called Markov chain Monte Carlo (or MCMC) to 

approximate the posterior probabilities of trees 20,21. MrBayes 

analysis was performed using the general time reversible (GTR) 

model (number of substitution types (nst) = 6) with gamma-

shaped rate variation with a proportion of invariable sites (rates = 

invgamma). The analysis was run for 106 generations (ngen = 

106) with 4 chains of temperature (nchains = 4) and each chain 

was sampled every 10th generations (samplefreq = 10).  

 

Construction of transfer vectors 

Reverse transcription of viral RNA 

The reverse transcriptase reaction was carried out using the NZY 

– First Strand kit (NZYTech), using 5 μl of purified viral RNA, 1 μl 

of random hexamer solution (50 ng/ml) or a specific primer (50 

pmol/μl), according to the manufacturer’s instructions.  

 

Gene amplification of the σC, σA and μB encoding genes 

from the 19371-PT12 isolated strain 

The σC and σA encoding-genes, from strain 19371-PT12, an 

isolate of the most representative genotype group among the 

isolated field strains, were amplified through PCR using the High 

Fidelity PCR Master kit (Roche). Primers for σC encoding-gene 

amplification were designed directly from the nucleotide 

sequence already obtained. However, since the σA encoding 

sequence was unknown at the time, the primer nucleotide 

sequence for σA encoding-gene amplification was designed from 

aligned nucleotide sequences available at GenBank. For 

positions in which more than one nucleotide was found, a 

degenerate base was used. Restriction sites for BamHI and NotI 

were incorporated into the structure of the primers because they 

were present in the multiple cloning site (MCS) of the pIEx/Bac-1 

transfer plasmid and absent from both the σC encoding gene 

sequence and the σA encoding alignment generated sequence. 

The primers used for the σC encoding gene amplification were 

BamHI-σC-F forward primer (5’- 

AAAAGGATCCAATGGCCGGACTAAATCCATC-3’) and NotI- 

σC-R reverse primer (5’-AAAAGCGGCCGC 

AGTGTCGATGCCCGTACGC - 3’), respectively1. The forward 

and reverse primers used for the σA encoding-gene amplification 

were BamHI-σA-F (5’- AAAAGGATCC 

AATGGCGCGTGCCRTRTAC - 3’) and NotI-σA-R reverse (5’-

AAAAGCGGCCGC GGCGGTAAAKGTGGCTAG - 3’). 

A volume of 2.5 μl of synthesized DNA was used as template for 

the PCRs containing 0.5 μl of each of the reverse and forward 

primers (50 pmol/ μl), 9.5 μl of PCR grade water and 12.5 μl of 

High Fidelity PCR Master Mix. The temperature profile consisted 

of an initial denaturation step at 94ºC, for 2 min, followed by 50 

cycles for 30 s at 94ºC for denaturation, 30 s at the primers 

annealing temperature, 2 min at 72ºC for elongation and a final 

extension step of 10 min at 72ºC. The primer annealing 

temperature set for σC encoding-gene and σA encoding-gene 

PCRs were, respectively, 55ºC and 52ºC. Since no σA encoding-

gene amplification occurred at the aforementioned hybridization 

temperature, PCR reactions using a different set of annealing 

temperatures (50ºC, 55ºC and 60ºC) were performed under the 

same experimental conditions. The effect of MgCl2 concentration 

on enzymatic activity was also investigated using the same 

commercial kit. For this purpose, 0.5 μl of MgCl2 (50 mM) was 

added to the reaction mixture. 

Several attempts were made to amplify the 2031 bp μB encoding 

gene. Those involved primer hybridization temperature 

                                                           
1  The BamHI and NotI sequences are underlined with solid and dotted 

lines, respectively. 
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optimization (47ºC to 60ºC gradients) and changing the amount of 

template DNA and MgCl2 concentration in the reaction mixture, 

using different PCR commercial kits, such as the High Fidelity 

(Roche), the GoTaq (Promega), and NZYTaq 2x Colourless 

Master Mix (NZYTech). The AgPath-ID One-step RT-PCR 

commercial kit (Ambion) was used as an attempt to amplify the 

gene fragment through a single step reverse transcription 

reaction.  

The primers used for amplification were the BamHI-μB-F forward 

primer (5’- AAAA GGATCC A ATGGGHAACGCRACGTCTG - 3’) 

and the NotI-μB-R reverse primer (5’ - AAAA GCGGCCGC 

CGATGGYTTRAACAACRTCTG - 3’)1. These were designed 

following the same design strategy for σA encoding-gene primers.  

The μB encoding gene amplification was achieved using the 

NZYTaq 2x Colourless Master Mix commercial kit with the 

following PCR reaction mixture: 2.5 μl of synthesized template 

DNA, 0.5 μl of each of the reverse and forward primers (50 pmol/ 

μl), 9.5 μl of PCR grade water and 12.5 μl of (NZYTaq II 2x 

Colourless Master Mix). The temperature profile was the same 

used for the other genes’ amplification, but the primer annealing 

temperature was 47ºC.  

 

Purification of genomic fragments 

PCR products were separated by electrophoresis on 1% agarose 

gel and examined using an UV-transilluminator. The amplified 

fragments were excised and purified using the NZY Gel Pure kit 

(NZYTech), following the manufacturer’s instructions. 

 

Molecular cloning on plasmid PCR®2.1 

The purified DNA fragments encoding the σC, σA and μB 

proteins were cloned into the PCR®2.1 cloning vector from The 

Original TA Cloning Kit (Invitrogen) and subsequently 

transformed into competent XL-Gold E.coli cells. The ligation 

reaction was conducted over night, at 14ºC, with the following 

reaction mixture: 1 μl of linearized cloning vector (25 ng/μl); 1 μl 

of T4 DNA ligase; 2 μl of ligase buffer and 1 μl of the purified 

amplified DNA. The total volume of the ligation mixture was then 

used on XL Gold transformation starting with a 20 minutes period 

of incubation on ice. Afterwards, the mixture was placed in a 42ºC 

water bath for 30 s and then rapidly placed on ice for 2 min, 

resulting in thermal chock. A volume of 250 μl of Luria-Bertani 

(LB) bacterial growth medium was added to the cell suspension, 

which was then incubated at 37ºC for 1 h at a constant stirring 

velocity of 160 rotations per minute (rpm). The mixture was plated 

on LB solid agar medium supplemented with the selection 

antibiotic kanamycin (50 μg/ml), the lactose analogue 5-bromo-4-

chloro-3-indolyl-β-D-galactopyranoside (X-Gal) (40 μl from a 

stock of 40 mg/ml) and the isopropyl-β-D-thiogalactopyranoside 

(IPTG) inductor (40 μl from a stock of 100 mM) to promote the 

selection of recombinant bacteria, based on the blue-white 

screening method, and incubated over night at 37ºC. 

 

Plasmid DNA extraction 

The recombinant plasmid DNA was extracted by the boiling 

method, described by Holmes and Quingley (1981) 22 from 2 ml 

of recombinant clones, incubated overnight at 37ºC in liquid LB 

growth medium. The cultures were centrifuged for 2 minutes at 8 

000xg and the pellet was resuspended in 750 μl of STET solution 

(50 mM Tris/HCl, pH 8; 50 mM EDTA; 5% (v/v) Triton X-100; 8% 

(w/v) sucrose), to which had previously been added lysozyme (10 

μl:1ml of cell culture) and RNAase (5 μl:1ml of cell culture). Then, 

the cells resuspended in the lysis buffer were boiled for 5 minutes 

at 100ºC and pelleted by centrifugation at 21 000xg for 10 min at 

4ºC. Plasmid DNA was isopropanol – precipitated (750 μl) and 

centrifuged at the same temperature and speed for 15 minutes. 

The plasmid DNA pellet was air dried and solubilized in 50 μl of 

nuclease free water, after the supernatant was discarded. The 

extracted recombinant plasmid DNA was enzymatically restricted 

with EcoRI and the resulting fragments were separated by 

electrophoresis, which allowed to confirm that the desired σA and 

σC encoding genes were properly cloned into the PCR®2.1 

cloning vector. The clones that provided the correct restriction 

pattern in the gel were later sequenced, allowing to determine the 

σA encoding gene sequence. 

 

Plasmid DNA restriction 

The cloned plasmids, PCR®2.1-σC and PCR®2.1-σA were 

enzymatically cleaved with the BamHI and NotI restriction 

enzymes. The reaction was achieved in 20 μl total volume, 

containing 10 μl of the cloned plasmid, 2 μl of 10x enzyme buffer 

(NEBuffer3 10x concentrate, Biolabs), 0.2 μl of 100x purified BSA 

solution (Biolabs) and 0.5 μl of BamHI (20000 U/ml, Biolabs) and 

1 μl of NotI (10000 U/ml, Biolabs) restriction enzymes. The same 

restriction enzymes were used to digest the pIEx/Bac-1 allowing 

the further ligation of the genes. All the components of the 

restriction reaction were used in the same proportions, except the 

amount of the purified pIEx vector (6 μl). All reaction mixtures 

were incubated at 37ºC of 1 hour. The reaction products were 

separated by gel electrophoresis and purified. 

 

Molecular cloning on the pIEx/Bac-1 transfer vector 

After purification, the restricted genomic fragments were ligated 

by the T4-DNA ligase (1 U/ μl, Invitrogen) into the pIEx/Bac-1 

vector by their compatible sticky ends. An insert-to-vector ratio of 

3 was used for both ligation reaction mixtures. The ligation 

reactions occurred within a mixture containing 2.5 μl of DNA 

fragment (BamHI-σC-NotI or BamHI-σA-NotI), 5 μl of digested 

pIEx/Bac-1 vector, 2 μl of buffer and 1 μl of T4 DNA ligase. Both 

reaction mixtures were incubated overnight at 14ºC. 

The ligation mixture was used to transform 50 μl XL-Gold 

competent E.coli bacteria following the transformation protocol 

already described. The suspension was platted on LB agar 

medium, supplemented with the transfer vector selective 

antibiotic – ampicillin (100 μg/ml) – and incubated overnight at 

37ºC. 

 

Recombinant pIEx-σC and pIEx-σA clones’ selection and 

sequencing 

After plasmid DNA extraction by the boiling method of Holmes 

and Quingley (1981) 22, already described, recombinant pIEx/Bac-

1 clones containing the desired genes, BamHI-σC-NotI and 

BamHI-σA-NotI, were selected by cleavage with the EcoRI 

restriction enzyme.  Five microliters of the extracted plasmid DNA 

were enzymatically digested for 1 h at 37ºC, in a reaction mixture 

containing 0.5 μl of EcoRI restriction enzyme (5000 U, NZYTech), 

1.5 μl of 10x enzyme buffer NZYBuffer A and 8 μl of nuclease-

free water. The mixture was then separated by gel 

electrophoresis (1% agarose) and the nucleic acid restriction 

patterns were examined. The clones exhibiting the expected 

restriction profile were targeted for sequencing using the sense 

IE1 Promotor (5’– TGGATATTGTTTCAGTTGCAAG – 3’) and the 

antisense IE1 terminator (5’ – CAACAACGGCCCCTCGATA – 3’) 

primers and following the described protocol for the S1 gene 

sequencing. 

https://www.nzytech.com/products-services/pcr-master-mixes/mb040/
https://www.nzytech.com/products-services/pcr-master-mixes/mb040/
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Development of an ELISA for the detection of antibodies 

against ARV in chickens   

Viral particles purification and concentration for ELISA and 

Western immunoblot assays 

The avian reovirus strain 19371-PT12 was propagated in LMH 

cell cultures. Upon development of 70-80% of CPE, the cell 

cultures were frozen at -20ºC. Viral particles were concentrated 

and partially purified by centrifugation, filtration and 

ultracentrifugation procedures. The cultures were treated by 

freezing and thawing twice, following centrifugation at 30 000 xg, 

for 15 min at 4ºC. The supernatant was collected and filtered 

using a 0.45 µm pore size. The filtrate containing the virions was 

centrifuged at 92 000 xg, for 2 h and 4 ºC, through a 20% sucrose 

cushion. The viral pellet was washed with 5 ml of sterile 

phosphate buffered saline (PBS) and recentrifuged in the same 

conditions. Purified viral particles were resuspended in 1 ml of 

TNE buffer (0.01 M Tris-HCl, pH 7.6; 0.1 M NaCl and 0.001 M 

EDTA).  

 

Chicken and broiler serum samples 

Serum samples were obtained from 89 breeder chickens and 83 

broilers, from several farms from continental Portugal. No 

information was available whereas sampled birds’ vaccination 

against ARV was concerned. Several chicken serum samples 

with elevated absorbance values (>1.00) were pooled and used 

as a positive control, since no reference serum samples for ARV 

were available. A specific pathogen free (SPF) chicken serum 

was used as a negative control.  

 

Determination of optimal antigen dilution 

To determine the optimal concentration of the viral antigen to use 

in the ELISA reaction, titrations of the antigen (ARV 19371-PT12) 

were carried out in a polystyrene microplate (Nunc). An amount of 

100 μl of the purified viral particles at several dilutions (1:100, 

1:500, 1:1 000, 1:2 000, 1:4 000, 1:8 000 and 1:16 000), prepared 

in carbonate/bicarbonate buffer (15 mM Na2CO3 and 35 mM 

NaHCO3) pH 9.6, was used to coat the wells’ surface of the 

ELISA microplates. The coated plates were incubated overnight 

at 4ºC. Four replicates of positive and negative SPF serum 

samples diluted at 1:400 in dilution buffer (2.5 mM NaH2PO4, 

7.5 mM Na2HPO4, 500 mM NaCl, 0,05 % Tween 80), were used 

for each antigen dilution. Horseradish peroxidase (HRP)-labelled 

rabbit anti-chicken immunoglobulin G (IgG) conjugate (Jackson 

Immunoresearch Laboratories) was diluted at 1:10 000 in dilution 

buffer. 

 

Simultaneous optimization of HRP-labelled rabbit anti-

chicken IgG dilution and ELISA’s background reduction 

To reduce the background associated with the absorbance 

measurements, the coated plates, previously incubated overnight 

at 4ºC, were washed and blocked for 1h at 37ºC, using a 0.1% 

(w/v) bovine serum albumin (BSA) carbonate/bicarbonate solution 

(blocking buffer). For the study of optimal dilution of chicken anti-

species conjugate, the ELISA reaction was performed as 

explained bellow, but the conjugate was added at various 

dilutions (1:10 000, 1:20 000, 1:40 000 and 1:80 000).  Each 

assay was performed with four replicates of the negative and 

positive controls. 

 

 

 

Indirect ELISA for the detection of antibodies against ARV 

The indirect ELISA was developed, with the investigated optimal 

experimental conditions, to detect the presence of antibodies 

against avian reovirus in serum samples of chickens and broilers.  

To coat the ELISA plate, purified ARV 19371-PT12 viral particles 

were incubated for 30 min at 4ºC, with an equal volume of a 2% 

octyl solution in PBS (n-octyl β-D-gluco-pyranoside) and then 

diluted at optimum concentration (1:16 000) in 

carbonate/bicarbonate buffer, followed by the addition of 100 µl of 

diluted antigen to each well of the ELISA plate, and incubation 

over night at 4ºC.  Following three washes with PBS/Tween 

washing buffer (PBS, 0.05 % Tween-20, pH 7.4), 100 µl of a 

0.1% (w/v) bovine serum albumin (BSA) carbonate/bicarbonate 

solution were added to each well and the plate was incubated for 

1 h at 37 ºC to promote saturation of the unbound sites. After 

rewashing the plate three times, serum samples diluted at 1:400 

in diluent buffer were added at 100 µl /well and incubated for 1 h 

at 37ºC, following a three-time wash. After dilution at the ideal 

concentration (1:40 000), 100 µl of the HRP-labelled rabbit anti-

chicken IgG were added for the detection of bound antibodies, 

following a 1 h incubation at room temperature. After washing, 

100 µl of TMB solution (3, 3’, 5, 5’ – tetramethylbenzidine) was 

added per well. The reaction was carried out for 10 min, in the 

dark, at room temperature, followed by the addition of 100 µl of 

the stop solution (0.5 M sulfuric acid) to terminate the reaction. 

The absorbance measurements for each well were taken at 450 

nm using the Dynatech ELISA reader (Dynatech). A pool of 

positive chicken serum samples and an SPF chicken serum were 

used as positive and negative controls, respectively. 

 

Validation of the ELISA test 

Determination of the detection limit using a positive serum 

A hundred microliters of a two-fold serially diluted positive chicken 

pool sample (starting at 1:400 dilution), were added to each well 

of the coated plate, followed by incubation for 1 h at 37 ºC. Three 

replicates were performed for each tested serum dilution. This 

assay followed the protocol described for the indirect ELISA 

reaction. 

 

Precision of ELISA results 

To evaluate the precision of the ELISA test, the inter-assay and 

the intra-assay variabilities were measured in terms of the 

coefficient of variability (CV). This is a dimensionless number 

calculated by the standard deviation (SD) of a set of optical 

density measurements (OD) divided by the mean of the set.  

Plate variability or reproducibility was evaluated by the inter-

assay CV and it was calculated by the mean values of the 

chicken serum positive control (1:1600) obtained in each of the 

five assayed plates. To study intra-plate variability, positive 

chicken serum (1:1600) was tested in a single plate with 20 

replicates. Positive control samples were diluted to 1:1600 for 

both variability assays, because reasonable absorbance values, 

of approximately 1.5 were obtained at this dilution, but also 

because it is 2-fold dilutions lower than that of the detection limit.   

 

Assay specificity 

Reference sera positive for laryngotracheitis virus, 

encephalomyelitis virus, New-Castle disease virus, six avian 

influenza virus subtypes (H5N3, H2N9, H7N1, H3N2, H7N7 and 

H13N6), Marek’s disease virus and infectious bronchitis virus and 

negative for ARV were tested, according to the developed 

protocol, to study the ELISA’s specificity towards the detection of 
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antibodies against ARV. All sera were diluted at 1:400 and both 

positive and negative controls were used.  

 

Development of a serum neutralization test for the ARV field 

isolate 

Virus preparation for serum neutralization tests 

A culture of LMH cells was used to produce the virus stock for 

SNT. The cells were grown in 50 ml of growth medium in two 

separate T-flasks (175 cm2 of surface area) with 1 ml of virus 

inoculum of the ARV field isolate 19371-PT12. The cells were 

grown at 37ºC in a 5% CO2 atmosphere until the CPE was at 

least 80%, resulting in 4 days of incubation. The flasks were 

frozen and thawed 2 times, to increase virus yield. Finally, the cell 

culture was clarified by centrifugation at 1500xg for 30 min and 

supernatant was stored at -80ºC, until the virus stock was titrated 

and used in SNT. Virus titration was done by 10-fold serial 

dilutions. 

 

Virus titration 

For the development of a SNT several cellular lines, MDCK, 

MDBK, BHK21, CHO, RK13, Vero and LMH, were tested for 

sensitivity to avian reovirus 19371-PT12 isolate through several 

virus titration assays. Ten-fold virus dilutions, starting at 1:10, 

using 8 replicates were tested in a 96 well microplate. Each well 

contained 50 µl of complete culture medium, the same volume of 

the virus dilution and 100 µl of a cellular suspension (preparation 

described Preparation of cell cultures). After five days of 

incubation at 37ºC in a 5% CO2 atmosphere, the cells were 

investigated for CPE and the tissue culture infection dose 50 

(TCID50) was calculated by the Spearman Kärber (SK) method 
23,24.  Cell rounding and shrinkage, apoptosis, low density cultures 

accompanied by cell detachment and the formation of syncytia 

constitute typical manifestations of CPE caused by avian reovirus 

infections 25. The TCID50 is defined as the dilution of a virus 

required to infect 50% of a given batch of inoculated cell cultures 

and thus can be used to evaluate a cellular line sensitivity to a 

certain virus 26.  

 

Serum neutralization test 

Six serum samples were tested, in duplicate, per microplate after 

being diluted at 1:5 in serum free Waymouth’s complete culture 

medium, heat-inactivated for 30 min at 56ºC and subsequently 

centrifuged at 13 000xg for 2 min. Each tested sample was 

sequentially diluted by a factor of 2. Eight dilutions per serum 

sample were tested: 1:10; 1:20; 1:40; 1:80; 1:160; 1:320; 1:640; 

1:1280. A constant virus concentration of 100 TCID50/50 µl of 

avian reovirus 19371-PT12 isolate was incubated with serum 

samples for 1h at 37ºC. The SNT was performed in 96-well 

microplates containing LMH cells (preparation described in 

Preparation of cell cultures). After incubation for five days at 37ºC 

in a 5% CO2 atmosphere, the cells were investigated for CPE. 

The serum neutralization titers, defined as the highest possible 

dilution to produce a neutralizing effect, were also calculated by 

the SK method. 

 

Virus titer confirmation 

To ensure that virus titer of 100 TCID50 was, in fact, used in the 

SNT, a back-titration test was performed. Ten-fold dilutions of the 

100 TCID50 viral stock solution used in the SNT were prepared in 

a 96-well microplate, which contained 50 µl of LMH complete 

culture medium. Ten replicates were done for each virus dilution 

(100 TCID50, 10 TCID50, 1 TCID50, 0.1 TCID50 and 0.01 TCID50). 

After the addition of 100 µl of LMH cell suspension, the plates 

were incubated for five days at 37ºC in a 5% CO2 atmosphere. 

The number of infected wells were accounted for each dilution 

upon observation of CPE. Virus titer was confirmed, once again, 

using the SK method of calculation. 

 

A western immunoblot assay for detection of antibodies 

against ARV viral proteins 

 

SDS-PAGE and electrophoretic protein transfer to a PVDF 

membrane  

The viral antigen particles of the ARV 19371-PT12 strain were 

concentrated and partially purified by filtration and 

ultracentrifugation, as previously explained, and used as the 

antigen for Western blot. 

Viral protein separation was carried out using sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in a 

BioRad MiniProtein II electrophoresis unit. Proteins were 

separated using a 12% acrylamide separating gel, prepared with 

4.35 ml of deionized water, 2.5 ml of Tris-HCl (1.5 M pH 8.8 

buffer), 100 µl of sodium dodecyl sulfate (SDS) (10%), 3 ml of 

acrylamide Bis (40%), 50 µl ammonium persulfate (APS) (10%) 

and 5 µl of tetramethylethylenediamine (TEMED). Four milliliters 

of the gel mixture were loaded into the assembled gel apparatus 

and topped with SDS (0.1%) to promote air isolation. After 

polymerization, the 4% acrylamide stacking gel mixture was 

prepared using 3.2 ml of deionized water, 1.25 ml of Tris-HCl (0.5 

M, pH 6.8), 50 µl of SDS (10%), 488 µl of acrylamide Bis (40%), 

40 µl of APS (10%) and 10 µl of TEMED. Once polymerization 

had been completed, the viral samples were mixed, in equal 

proportions, with the Laemmli sample buffer (Bio Rad), containing 

5% of 2-mercaptoethanol, boiled for 5 min, to promote protein 

denaturation and applied to the stacking gel. After the gels were 

mounted onto the electrophoresis apparatus, the running buffer 

1X (5X stock solution: 45 g Tris Base (15 g/l); 216 g glycine (72 

g/l); 15 g SDS (5 g/l) to 3 liters of deionized water) was added 

and the protein samples were run at 200 V for 60 min. After 

electrophoresis, the gel was soaked in the transfer buffer (Tris 

base (2.53 g/l); glycine (12 g/l); 16.7 % (v/v) methanol), for 15 

min. Simultaneously, the polyvinylidene fluoride (PVDF) (Bio-

Rad) transfer membrane was placed in methanol and then 

soaked in transfer buffer. The electrophoresed proteins were 

transferred to the PVDF membrane for 30 min at 15 V, using the 

Trans-Blot semi-dry transfer cell system (Bio-Rad). 

 

Immunoblot  

After being air dried, the PVDF strips containing the separated 

viral proteins were cut from the membrane and serially soaked in 

methanol and TBS (Tris buffered saline)-Tween buffer (2.42g/l 

Tris base, 29.2 g/l NaCl, and 0.01% Tween20, pH 7.5). Five 

positive chicken sera, a pool of positive chicken sera and SPF 

chicken serum were diluted at 1:25 in TBS-Tween buffer and 

incubated with the membrane strips overnight, with agitation at 

room temperature.  One milliliter of HRP-conjugated anti chicken 

IgG (1:1000) was incubated for 2.5 h after the strips had been 

washed three times with TBS-Tween buffer. The antibodies were 

detected using 1 ml of 4-chloro-1-naphtol (3 mg/ml in methanol) 

after three successive washes with TBS-Tween and TBS buffers.  
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RESULTS 

Phylogenetic analysis 

Genotype classification of the seven field isolates based on the 

gene portion of S1, encoding the highly variable σC protein, was 

achieved through phylogenetic analysis, using the Bayesian 

method. Also neighbor-joining and Maximum likelihood 

phylogenetic trees were constructed, giving rise to similar results. 

The obtained phylogenetic tree  revealed the five genotype 

groups already described for ARV 8 and demonstrated that the 

field-strains were classified in genotypes 2 (n=5), 3 (n=1) and 4 

(n=1). Most of field-isolated strains belong to genotype 2, which 

was clearly the most representative amongst the isolated strains. 

For this reason, the 19371-PT12 was selected for VLPs 

production, and the development of serum neutralization tests. 

 

Amplification of σC, σA and μB encoding genes 

RT-PCR reactions were performed as described in Materials and 

methods, to amplify the portion of the S1 gene encoding for σC 

and the S2 and M2 genes, encoding the σA and μB proteins, 

respectively, of the ARV 19371-PT12 field isolate, for the 

construction of the virus like particles. As observed in fig. 1A, the 

first attempt only allowed the amplification of the 981 bp fragment 

corresponding to the for σC encoding gene (lane 4). The absence 

of a band of approximately 1200 bp and the presence of 

numerous bands at lower molecular weights in lane 2, reveal that 

not only the S2 gene amplification was unsuccessful but also that 

there was unspecific amplification. No distinctive bands were 

revealed in lane 3, indicating that M2 amplification was also 

unaccomplished in this first attempt. Fig. 1B, shows the results of 

PCR reactions conducted under different primer annealing 

temperatures (50ºC, 55ºC and 60ºC) and/or with higher MgCl2 

concentrations for S2 amplification. A single band of similar 

intensity of about 1200 bp was observed at each of the three 

different temperatures (lanes 2, 4 and 6). The increase of the 

MgCl2 concentration in the reaction mixture was detrimental to 

the S2 gene amplification as no bands corresponding to the 

gene’s molecular weight were observed (lanes 3, 5 and 7). 

Several optimizations regarding the PCR mixture’s composition 

and the temperature profiles were performed to amplify the M2 

gene that encodes μB, a major structural protein of the virion. 

Fig.1C present the M2 amplicons. The complementary DNA used 

as template for each of the three amplification reactions was 

produced with different reverse transcription reaction mixtures. 

The template DNA was either synthesized by RT-reaction using a 

mixture of random hexamers (lane 1), or using one of the M2 

forward or reverse primers (lanes 3 and 4), as described in 

Reverse transcription of viral RNA. All PCR reactions produced 

the expected fragment of approximately 2031 bp, regardless of 

how template DNA was synthesized. The amplicons were 

excised, purified and sequenced. The sequence of the amplified 

product revealed high homology with other M2 sequences 

deposited at GenBank.  However, a BamHI restriction sequence 

was found within the amplified M2 gene, which hampered the 

molecular gene cloning into the pIEx/Bac-1 transfer plasmid, 

using BamHI and NotI endonucleases as initially planned. For 

that reason, a new forward primer for M2 was designed, 

containing a restriction site for KpnI (5’– 

AAAAGGTACCAATGGGHAACGCRACGTCTG – 3’)2, also found 

in the MCS of the pIEx/Bac-1 and absent from the 19371-PT12 

M2 nucleotide sequence.  Although, all attempts to amplify the 

M2 fragment with the KpnI and NotI, forward and reverse primers, 

                                                           
2 KpnI restriction sequence is underlined. 

following the optimization strategies described in Materials and 

methods, were proved unsuccessful.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cloning of the amplified genes into the pIEx/Bac-1 transfer 

vector 

An intermediate cloning step was performed in PCR®2.1 to 

increase the number of copies of the BamHI-σC-NotI gene 

portion, and BamHI-σA-NotI gene, in order to facilitate further 

gene cloning in the pIEx/Bac-1 transfer plasmid. The positive 

clones were selected for enzymatic digestion, together with the 

pIEx/Bac-1 cloning vector, with the BamHI and NotI restriction 

enzymes and separated by agarose gel electrophoresis. The 

restricted pIEx/Bac-1 transfer vector, as well as the BamHI-σC-

NotI and BamHI-σA-NotI gene fragments were purified from the 

gel bands. The gene fragments were subsequently cloned into 

the transfer plasmid at the nucleotide position 2454. The selection 

of the cloned plasmids was achieved through the analysis of the 

restriction patterns of the selected clones with EcoRI. The 

pIEx/Bac-1 vector nucleotide sequence includes five restriction 

sites for the EcoRI endonuclease, outside its MCS, at positions 

1279, 1381 1488, 1561 and 1668.  Both σC and σA encoded 

genes have a restriction site sequence for EcoRI at nucleotide 

positions 481 and 102, respectively. Therefore, the enzymatic 

restriction of the cloned transfer vectors should originate six 

fragments: four fragments of 102 bp, 107 bp, 107 bp, and 73 bp, 

one representing the vector’s backbone (6112 bp or 6776 bp, for 

pIEx-σC and pIEx-σA) and another obtained from the gene’s 

cleavage (1267 bp and 888 bp, for σC and σA, respectively). The 

results obtained are shown in figure 3.  In lanes 2, 4, 5, 6 and 7 

(fig.2 A) it is possible to observe positive pIEx-σC clones, 

identified by the appearance of a distinctive restriction product of 

approximately 1200 bp and two smaller products of sizes of 

approximately 70 bp (73 bp fragment) and 100 bp (including the 

fragment of 102 bp and the two fragments of 107 bp). In lanes 2, 

4, 5 and 7, other small products resulted from restriction, which 

seems to suggest that the pIEx-σC vector restriction was 

incomplete. The fragment corresponding to the gene in lane 3 

exhibits a molecular weight lower than 1200, and probably does 

not correspond to a positive clone. The clone selected for further 

(B) (A) (C) 

Fig.1. (A). Agarose gel electrophoresis of the σC encoding gene fragment PCR 
amplification. Lane 1 corresponds to the molecular weight marker NZY DNA 
Ladder VI (NZYTech). Lanes 2 and 3 contain the nonspecific PCR products 
obtained after attempting to amplify the σA and μB encoding genes. The solid 
in lane 4 represents the σC encoding gene. (B).  Amplification of σA encoding 
gene by PCR, under 50ºC (lane 2), 55ºC (lane 4) and 60ºC (lane 6). The bands 
highlighted by the solid line boxes, of approximately 1200 bp, represent the S2 
gene. Lanes 3,5 and 7, display the result of PCR reactions conducted 50ºC, 
55ºC and 60 ºC, respectively, with the addition of 0.5 μl of MgCl2 (50 mM). 
Lane 1 contains the NZY DNA Ladder II molecular weight marker. (C) Agarose 
gel electrophoresis of the M2 gene fragment PCR amplification, desbribed in 
chapter III.5.2. Lane 1 corresponds to the molecular marker NZY DNA Ladder II 
(NZYTech). Lane 2 contain the PCR products of amplification using a mixture 
of random hexamers, while in lanes 3 and 4, the DNA template was produced 
using one of the M2 forward and reverse primers, respectively. 
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experiments was the one that is observed in lane 6. The 

molecular cloning of the σA encoded gene into the pIEx/Bac-1 

transfer vector generated one positive clone (fig. 2 B), as it is 

possible to observe a distinct band at approximately 900 bp, and 

two bands of sizes about 100 and 70 bp, besides a much heavier 

product, representing the vector backbone. The remaining clones 

probably correspond to self-ligated transfer vector, as no products 

are observed around 900 bp. The positive selected clones were 

sequenced to assure the right orientation and integrity of the 

cloned genes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Optimization of the ELISA test 

The optimization of the ELISA test involved the determination of 

the optimal antigen dilution of the coated antigen, the background 

reduction of absorbance measurements and the determination of 

the optimal dilution of HRP-labelled rabbit anti chicken IgG 

conjugate. The optimal antigen dilution was achieved at 1:16 000.  

Before the serum was incubated with the coated antigen, a 

blocking step using a BSA solution was performed. SPF serum 

samples were tested at (1:400), using different concentrations of 

HRP-labelled rabbit anti-chicken IgG. The results (fig 3.) clearly 

show a significant reduction of the average absorbance values for 

the SPF serum, upon saturation with BSA, and a decrease of the 

measured absorbance accompanied by the increase of HRP-

labelled rabbit anti-chicken IgG dilution. A positive control serum 

(1:400) incubation with several HRP-labelled rabbit anti-chicken 

IgG dilutions revealed that optimal dilution was achieved 

at 1:40 000. 

 

Determination of the cut-off value of the ELISA 

To investigate the existence of antibodies against avian reovirus 

19371-PT12 field isolate, serum samples from 89 breeder 

chickens and 83 broilers were analyzed. 

Eighty-three ARV negative samples from broilers and chickens, 

tested by ELISA at 450 nm (abs <0.150), were used to calculate 

the average (X) and standard deviation (SD) of the optical density 

(OD) values. The cut-off value was established as the sum of the 

average OD value of the negative samples (X) with three times 

the SD value, according to the formula: cut-off value= X+3SD 27. 

Since the average OD value was calculated in 0.064, with a 

standard deviation of 0.0365, the cut-off value was estimated as 

0.174. Therefore, serum samples with OD values above 0.174 

were considered positive by ELISA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Determination of the detection limit for a positive serum 

The detection limit is considered the highest dilution of a serum 

sample to produce a positive result. To find out the limit dilution 

value, the pool of positive chicken serum samples, used as 

positive control, was two-fold serially diluted (starting with serum 

at 1:400 dilution) and tested by ELISA under the optimally 

investigated experimental conditions. For each dilution, the 

absorbance value was calculated as the mean absorbance of the 

three sample replicates assayed. the highest serum dilution to 

produce an OD value higher than the cut-off value was achieved 

at 1:6400, thus considered the highest serum dilution to be 

detected by this assay. 

 

Validation of the ELISA 

To validate the ELISA, the precision and specificity of the ELISA 

was investigated. To assess sample variation within a plate for 

the developed ELISA, 20 replicates of the positive control chicken 

serum, diluted at 1:1600, were tested. Plate reproducibility was 

evaluated by the inter-assay coefficient of variation (CV). The 

absorbance value of positive control samples (diluted to 1:1600) 

was measured for 6 assayed plates. The CV obtained within a 

plate was 1.6%, while the inter-assay coefficient of variation was 

9.1%. A specificity test for the developed ELISA was performed 

using 11 chicken reference serum samples positive for other 

avian diseases viruses and negative for reovirus, at 1:400 

dilution. The assay results demonstrated that, most serum 

samples didn’t react with the coated antigen, as denoted by the 

low absorbance values, that were in most cases within the same 

order of magnitude of the absorbance value for the specific 

pathogen free serum, demonstrating the high specificity of the 

reaction. 
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Fig. 3. Comparison of two enzyme-linked immunosorbent assays where a 
blocking step was performed for one of the assays, using a BSA blocking 
solution (0.1%). Both assays were performed under optimal antigen (ARV) 
dilution (1:16 000), using 2 replicates of a specific pathogen-free serum 
sample (1:400 dilution) and various horse-radish peroxidase rabbit anti-
chicken IgG conjugate dilutions. The dashed line represents the tendency 
of the results of the ELISA without the saturation step, while the solid line 
represents the tendency line for the results for the ELISA performed with 
the saturation step. The triangle symbols represent the average 
absorbance of the 2 replicates, measured at each conjugate dilution for the 
assay performed without BSA blocking. The bullet symbols represent the 
average absorbance of the 2 replicates, measured at each conjugate 
dilution for the assay where the plate was blocked with BSA. The 
measurement taken when the conjugate was used in the assay at 
1:40 000 dilution, and the plate previously saturated with BSA.  

Fig.2. (A). Results from the enzymatic restriction of 7 pIEx-σC putative 
clones with EcoRI. Lane 1 represents the NZYDNA Ladder VI weight 
marker; lanes 2, 4, 5, 6, and 7 represent restriction patterns from positive 
clones; lanes 3 and 8 correspond to negative clones.  (B). Results from 
the enzymatic restriction of 10 pIEx-σA putative clones with EcoRI. Lane 
7 represents the restriction pattern of a positive clone; lane 1 represents 
NZYDNA Ladder VI weight marker; the remaining lanes represent 

restriction patterns from negative clones. 
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ELISA results 

Breeder chicken and boiler serum samples, 89 and 83 

respectively, from several explorations in Portugal were tested to 

investigate the presence of antibodies against avian reovirus. 

Based on the cut-off value, only 10.8% (9/83) of the broiler 

samples tested positive in the ELISA, which reflects that 89.2% of 

broilers did not develop any humoral response against ARV.  All 

the while, the breeder chicken samples revealed almost the 

opposite tendency with 84.3% (75/89) testing positive because of 

the development of a humoral response. 

 

Development of a serum neutralization reaction 

Virus titration 

No CPE was detected at microscopic observation for either of the 

tested cellular lines, except for LMH cells, since cells maintained 

their usual shape and density, demonstrating that no infection 

had been developed post inoculation. By opposition, LMH cell 

morphology and density was greatly affected in the presence of 

the virus, where the formation of syncytia, rounding of the cells, 

decreased occupation of the growth surface, cell detachment and 

apoptosis were observed. The virus titer equivalent to 1 TCID50, 

was determined to be 104/50 µl of viral solution, calculated by the 

SK method. Since LMH cells were proven to be the only 

susceptible to ARV infection among the cellular lines tested, 

these were chosen for serum neutralization test development. 

 

Serum neutralization results 

SNT were performed to provide additional information about the 

serum samples tested by the developed ELISA, namely if the 

antibodies against ARV present in the positive serum samples 

could effectively neutralize the virus. For this purpose, 30 chicken 

serum samples, with the highest positive absorbance values in 

the ELISA reaction, and 10 ELISA negative broiler’s serum 

samples were tested. Despite the highly positive results in the 

ELISA, most of the neutralizing serum titers were low (<40.5/50 μl 

of viral solution containing 100 TCID50), with 36,7% (11 out of 30) 

of all chicken sera exhibiting neutralizing titers inferior to 10/ 50 μl 

of viral solution containing 100 TCID50, which were considered 

negative. Although, one chicken serum sample revealed a much 

higher neutralizing titer in comparison with the remaining tested 

samples, with a virus neutralizing titer of 161.2 / 50 μl of viral 

solution containing 100 TCID50. As expected, the antibody-

negative broiler sera did not produce any viral neutralizing effect, 

as all samples were negative in SNT.  

                               

Table 1. Serum neutralizing titers for 30 ELISA positive chicken serum 

samples and 10 broiler ELISA negative serum samples. SNT was 

performed for 2-fold sera dilutions, starting at 1:10, with a constant viral 

titer of 100 TCID50 (confirmed by back titration). 

Serum neutralizing 

titer/ 50 μl of viral 

solution containing 

100 TCID50  

<10 10.2 14.4 20.3 28.7 40.5 161.2 

Breeder chicken 

samples 11 5 6 3 3 1 1 

Broiler samples 10  

 

Western immunoblot 

To identify the specificity of antibodies in chicken sera towards 

the viral proteins of the 19371-PT12 isolate, a western 

immunoblot assay was developed using purified reovirus 

particles. The viral proteins, separated by SDS-PAGE, were 

transferred onto a PVDC membrane and incubated with five 

chicken serum antibody-positive samples (strips 1 to 5), a positive 

control (strip 6) and a negative SPF serum sample (strip 7). All 

sera, except serum tested in strip 2, had been previously tested 

by SNT, which revealed that virus neutralizing titers for these 

samples were all inferior to 20.3/ 50 μl of viral solution containing 

100 TCID50. The results (fig.4) denote the formation of similar 

patterns of band-sets for the tested sera, except for the negative 

control. A model correlating the polypeptide molecular weight 

(𝑀𝑊) and migrating distance (𝑑) on the polyacrylamide gel was 

developed (equation 1), using a reference marker (NZYColour 

Protein Marker II), and used for protein assignment of the bands, 

together with the information in table 2. The correlation coefficient 

for the model was 0.992.  It is possible to find small variations in 

the MWs of the viral proteins belonging to different avian reovirus 

strains. These might arise from differences in biomolecules 

inherent to each strain or experimental work.  The estimated 

MWs of proteins corresponding to bands 3 to 9, shown in fig 4, 

were close to those described for other avian reovirus strains, 

S1133 and RAM-1 (table 2), which suggests that the outer capsid 

proteins, μB, μBC, σB and σC probably correspond to bands 5, 6, 

8 and 9, while the λC protein, found in both the viral core and 

external capsid, is probably represented by band 3. For the same 

reasons, core proteins μA and σA are likely to be characterized 

by bands 4 and 7. The remaining core components λA and λB, 

the heaviest within the viral particle structure (table 2), are likely 

to correspond to bands 1 and 2, even though the estimated sizes 

for these were 146 kDa and 205 kDa, respectively, which are 

higher than those reported for other strains.  It’s noteworthy to 

mention that the model used to predict protein size was 

developed for a 25-135 kDa size range. Since bands 1 and 2 are 

outside this size window, the estimated weights have a higher 

uncertainty. 

𝑀𝑊(𝑘𝐷𝑎) = −0.2152 𝑑(𝑐𝑚)3 + 8.6706 𝑑(𝑐𝑚)2 − 118.29 𝑑(𝑐𝑚) + 586.4 (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Results from the immunoblot assay for the field isolate 19371-
PT12. Membrane strips S1 to S5 were incubated with serum samples 
positively tested by ELISA. Strips S6 and S7 were incubated with a pool 
of positive chicken sera, tested by ELISA, and a negative SPF serum, 
respectively. The sera were diluted to 1:25 and incubated with the viral 
protein-stained membrane for 2.5 h with agitation. The HRP-labelled 
rabbit anti-chicken IgG conjugate (dilution 1:1000) was used to detect 
bound antibodies. The identifiable viral protein bands are numerated in 
bold (1-9), with the respective molecular weight indicated to the left. The 
band sizes of the protein molecular-weight marker M (NZY Color 
Protein Marker II) are identified, respectively to the right. All protein 

molecular weights are indicated in kDa. 
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Table 2. Comparison of structural proteins of RAM-1 and S1133 strains of 

avian reovrus. 

 Virus strain RAM-1 28 Virus strain S1133 29 

Protein MW (kDa) MW (kDa) 

λA 130 147 

λB 124 130 

λC 105 120 

μA 74 79 

μB 68 72 

μBC - 68 

μBN - 5.5 

σA 45 43 

σB 43 42 

σC 39 34 

 

Discussion 

After phylogenetic analysis of the ARV strains isolated, genotype 

2 was identified as the most frequent amongst the isolates. The 

19371-PT12 strain, belonging to this genotype was chosen for the 

development of a VLP-based vaccine. The construction of VLPs 

using BEV/IC system, involves the cloning of the desired genes 

into the pIEx/Bac-1 transfer plasmid in E.coli, followed by 

homologous recombination with the baculovirus after co-

transfection of insect cells. One of the aims of this work was to 

clone the σC, σA and μB encoding-genes into the pIEx/Bac-1 

transfer vector. The highly variable and type specific neutralizing 

antibodies inducing σC structural protein, the inner core 

component σA and a major component of the outer capsid μB 

were chosen to produce the VLPs because of their immunogenic 

properties and self-assembly capabilities. The portion of the S1 

gene encoding σC and the σA-S2 encoding gene were 

successfully amplified and cloned into the pIEx-Bac-1 transfer 

vectors.  

An indirect ELISA reaction was developed, optimized and 

validated, using the whole virus 19371-PT12 strain as coating 

antigen, for the detection of antibodies against avian reovirus. 

Various ELISA reactions were performed to find the optimal 

coating antigen dilution and ideal HRP-labeled rabbit anti-chicken 

IgG conjugate dilution, which were determined to be 1:16 000 and 

1:40 000, respectively. The optimization process, also entailed 

the background reduction of the absorbance measurements, 

caused by the often occurrence of non-specific binding reactions 

in ELISA tests using avian sera. Factors such as the nature of the 

antigen coating to the well, the amount of IgM in the serum, as 

well as age and serum dilution have been attributed to non-

specific binding 30. To increase the specificity of antibodies to the 

antigen, the plate wells were saturated with a BSA blocking 

solution after they were coated with optimally diluted viral 

particles, which led to a significant background reduction (fig.3), 

because of the decrease of unspecific binding to the antigen or 

the surface of the wells, occupied by BSA molecules. 

The indirect ELISA was used to assess the humoral response of 

breeder chickens and broilers to ARV. Based on the cut-off value, 

84.3% of breeder chickens (n=89) and just 10.8% of broilers 

(n=83) tested positive, reflecting the development of a humoral 

response, either attributed to vaccination or infection of the birds 

with ARV. The ELISA negative results reflect the lack of humoral 

response, which might indicate that the bird is free from infection 

or that it was at seroconversion at the time the serum was 

collected. The control of the disease by vaccination mostly relies 

on the vaccination of parent flocks, with the aim of conferring 

immunity to the progeny via maternal antibodies 31. Although, 

since the occurrence of new viral strains, commercial vaccines 

have shown to be ineffective in protecting progeny against 

reovirus, which is likely to justify the great discrepancy between 

the percentage of positive results between breeder chickens and 

broilers. Another possible explanation is related to the 

ubiquitousness of ARV among poultry flocks. Because breeder 

chickens live longer than broiler chickens, they are more likely to 

have been infected by pathogenic or non-pathogenic forms of 

ARV thus justifying the development of humoral responses 

detected by the developed ELISA reaction 5.  

The validation of the ELISA reaction involved the determination of 

the precision and specificity. To evaluate the precision of the 

ELISA reaction, the inter-assay and the intra-assay variabilities 

were measured in terms of the coefficient of variation (CV). 

Sample variation within a plate was evaluated by testing 20 

replicates of a positive control in a single plate. The inter-assay 

variability was determined using a positive control sample in the 

developed ELISA reaction in six independent assays. Both 

assays showed CV values well under the acceptance threshold 

value of <15% 14,32, indicating that the test has good repeatability 

and reproducibility. The reaction also revealed great specificity, 

as it was capable of generate negative results for reference 

serum samples containing antibodies against other avian viral 

diseases, (n=10). The limit of detection, defined as the highest 

serum dilution of the positive control serum, was determined to be 

1:6400 for the tested positive serum. 

Virus titration using several cellular lines demonstrated that the 

LMH cells were the only sensitive to the ARV 19371-PT12 

isolated strain, which were selected to perform serum 

neutralization tests.   

Highly ELISA-positive chicken serum samples were used in 

serum neutralization tests. The results demonstrated that 36.7% 

of tested samples failed to provide any virus neutralization, and 

that, all but one, of the remaining serum samples exhibited very 

low virus neutralizing titers. These results prove that, contrary to 

common practice, the ELISA alone should not be used to access 

the bird’s immunity to viral infection, as most tested subjects 

revealed elevated antibody titers by ELISA, but a low titer of 

antibodies capable of effectively neutralizing the antigen, which is 

probably attributed to the failure of current vaccination programs, 

or related to the emergence of new variants of avian reovirus. 

Instead, the ELISA should be used as a monitoring tool that 

should be complemented by SNT, having in mind that immunity is 

not merely mediated by humoral response but also by cellular 

response, which is not factored by any of the tests. 

To identify the specificity of antibodies in chicken sera towards 

the viral proteins of the 19371-PT12 strain, a western immunoblot 

was developed. The molecular weight corresponding to each 

band was determined using a model that correlates the protein 

migrating distance in the gel, with its respective weight, using a 

reference weight marker. Comparing the band sizes with those 

from other reported proteins allowed protein assignment of the 

bands, it was possible to observe that the intensity and band 

profile differs between samples, although for each sample, the 

bands identified with outer capsid proteins μB and σB, and in 

some cases (strips 1-4) σA, a viral core protein, were the most 

intense, reflecting the specificity of the tested sera towards these 

viral proteins. Polypeptides λB, σB have been reported to have 

broad specific neutralizing activity, while σC is known for its type 

specific neutralizing activity. All sera reacted with the λB, as a 

distinctive band is seen (fig.4), although very faint bands for the 

small σC fusion protein, which might be explained by the high 

variability of this protein. This analysis agrees with the ELISA and 

SNT results for the tested sera, where highly positive results were 

obtained by ELISA, but generally low neutralizing antibodies were 

observed in SNT, revealing that the production of antibodies is 

not being directed towards neutralizing antibodies. 
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Besides its 10 structural proteins, the avian reovirus has 4 non-

structural proteins, composed by μNS, μNSC, σNS, p10 and p17, 

which are expressed in infected cells but do not incorporate the 

viral particle 2,33. Therefore, chicken serum reactivity towards non-

structural proteins could not be studied in this assay. A western 

immunoblot assay using infected cells lysate should be 

considered instead.  
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