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Summary

Avian reovirus (ARV) remains a significant concern in the poultry industry due to its economic
impact and genetic diversity. Three rounds of plaque purification are routinely employed to obtain
clonal populations of a viral isolate for experimental purposes. However, the effectiveness of this
approach in achieving viral homogeneity has not been evaluated. This study aimed to determine the
purity of a plaque-purified ARV isolate (strain AL) using conventional PCR, Sanger sequencing, and
whole genome sequencing (WGS). Although conventional PCR targeting the sigma C (0C) gene failed
to amplify the AL isolate using standard primers, de novo primers based on WGS successfully
detected its presence. Sanger sequencing of the oC gene confirmed sequence divergence from the
reference 51133 strain with only ~44% amino acid identity. This placed the AL isolate in the genetic
cluster GC4, which was phylogenetically farthest from the vaccine group GC1. WGS analysis
revealed the presence of mixed viral populations despite three rounds of plaque purification on
chicken embryo liver cells (CELi) and both S1133-like and divergent contigs were found in the
assembled genome. These findings indicate that plaque purification in chicken embryo liver cells may
not ensure clonal isolation of ARV.

Introduction

Avian reovirus remains relevant in the global poultry industry [1], due to significant economic
losses associated with ARV-induced tenosynovitis/arthritis and malabsorption [2]. The double-
stranded RNA genome of ARV consists of 10 segments, named for their apparent electrophoretic
mobility as large (L1-L3), medium (M1-M3), and small (51-54), each encoding various structural and
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non-structural proteins [3]. Like many RNA viruses, ARVs expand their genetic diversity through
random point mutations and genetic re-assortment, with a mean molecular mutation rate of 2.3 x 10-
3 substitutions/site/year as evaluated from 1991 to 2016 [4]. Such an expansion of genetic diversity
gives rise to divergence between field and reference strains. To explore these differences, researchers
have utilized both Sanger [5,6] and whole genome sequencing (WGS) approaches [4,7,8].

Various distinct genotypic clusters have been identified based on S1 gene sequences encoding
the oC protein, with shifts in cluster representation observed over time [1,5,9,10]. In Pennsylvania,
United States, an analysis of 72 ARV field variants indicated amino acid identity of oC ranging from
45.3% to 99.7% from 2017 to 2022 compared to vaccine strains [11]. Moreover, a decrease in the
percentage (from 21.93 % to 1.38%) of field isolates belonging to the vaccine cluster (GC 1) was
observed compared to 114 isolates from 2011-2014 [11,12]. The oC protein remains important for
type-specific neutralizing antibodies [13,14] and the potential of oC as a promising immunogen with
various vaccine technologies has been indicated [15-18]. While a correlation between genotype and
pathotypes or serotypes has not been clearly established [19,20], the sequencing of the oC protein
remains important due to its implications in neutralizing antibody production following vaccination
[6,21,22].

A significant proportion of clinical reovirus isolates are revealed to be coinfections with two or
more ARV genotypes [23,24]. For experimental purposes, the conventional practice involves two
[25,26] or three [27-29] rounds of plaque purification to obtain a clonal population of ARV. Briefly,
the protocol involves infecting a cell monolayer with diluted virus, overlaying with agar to restrict
viral spread, and incubating until discrete plaques are observed. Individual plaques are picked,
purified through repeated rounds, and amplified to obtain a clonal viral population [25]. However,
the effectiveness of the approach has not been determined, especially utilizing the advanced
sequencing approaches. The objective of this study was to determine the effectiveness of plaque
purification technique to obtain clonal populations of ARV.

Materials and Methods
Workflow

Briefly, ARV AL isolate was obtained from broiler chicken hearts and propagated in CELi cells
for plaque purification and viral stock preparation in chicken embryos. Viral RNA was extracted,
reverse-transcribed, and amplified for qPCR, Sanger, and whole-genome sequencing. Data analysis
included assembly, alignment, and phylogenetic classification of the cC gene and entire genome. A
brief overview of the workflow is shown in Figure 1 and the results obtained are shown in Table 1.

Clinical History of AL Isolate

The AL isolate of ARV was isolated from 4-weeks-old broiler chickens submitted to Thompson-
Bishop State Diagnostic Lab, Auburn, Alabama, where initial testing was performed as follows. Upon
histopathological examination, multifocal, lymphocytic myocarditis, with the formation of lymphoid
nodules, was observed in the heart. Using homogenates of cardiac tissue samples, the virus isolation
was performed in chicken embryo kidney cell culture. The presence of ARV antigens was confirmed
by direct immunofluorescence assay using fluorescent antibody (FA) conjugate (reagent code: 680-
ADV) purchased from National Veterinary Services Laboratories (Ames, IA).

Chicken Embryo Liver Cell Culture

Chicken embryo liver (CELi) cell culture was prepared from 14-days-old specific-pathogen-free
(SPF) chicken embryos (AVS Bio, Norwich, CT). Briefly, liver tissues were collected from embryos in
PBS, minced with scissors, and homogenized in 0.05 % Trypsin-EDTA solution (Gibco, Grand Island,
New York). The homogenate was filtered with a 40-micron filter, centrifuged at 100 x g for 10 minutes,
and resuspended in 50 mL of growth medium containing Dulbecco’s Modified Eagle Medium
(DMEM; Corning, Corning, NY) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan,
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UT) and 2% Penicillin-Streptomycin with L-glutamine (Corning, Corning, NY) and 3% sodium
pyruvate (Corning). The cells were maintained at 37°C in a humidified incubator with 5% CO,. To
prepare the maintenance medium, the same ingredients were used at the concentrations as described
above except for FBS, for which the concentration was reduced to 2% in the total DMEM solution.

Plaque Purification of AL isolate

For plaque purification of AL isolate, a modified version of a previously described method was
utilized for each round [27]. CELi cell culture was prepared as described above and 500 pL of 1x105
cells/mL in growth medium were added to each well of 24 well plates. Upon monolayer formation,
the growth medium was aspirated, and the adherent cells were washed twice with 250 pL sterile
phosphate-buffered saline (PBS) at pH 7.4. 10-fold dilutions of the AL isolate stock were prepared in
DMEM and 150 pL of each dilution was gently dispensed onto the monolayer. The plates were placed
back into the incubator at 37°C and 5% CO2 to allow for the adsorption of viral particles. After one
hour, the inoculation medium was aspirated and 500 pL of overlay medium maintained at 37°C,
containing a 1:5 ratio of 4% Sea Plaque agarose (Lonza, Morristown, NJ) and maintenance medium
respectively, was pipetted onto the monolayer.

Preparation of Viral Stocks in Chicken Embryos

A previously maintained stock of ARV strain 51133 with unknown titer was obtained from the
strain collection of Auburn University’s Department of Poultry Science. 100 uL of both S1133 and AL
isolates were inoculated into the yolk sac of each of the ten specific pathogen-free (SPF) embryos
(Charles River, Wilmington, MA) at seven days of embryonation (DOE). The embryos were each
homogenized at 11 DOE with 2 mL of phosphate-buffered saline (PBS) at pH 7.4, pooled, freeze-
thawed two times, and centrifuged for 20 minutes at 15000 x g. The supernatant was pipetted and
stored as viral stock which was used for the following steps.

Viral RNA Detection and Quantification

Total RNA was extracted from both AL and S1133 stocks using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) as per manufacturer’s instructions. For denaturation of viral dsRNA, 5 uL of total
RNA was subjected to denaturation at 95°C for 10 minutes. Complementary DNA (cDNA) was
synthesized from 2 pL the denatured RNA using LunaScript RT SuperMix Kit (New England Biolabs,
Ipswich, MA) as per manufacturer’s instructions. Thermal cycling was conducted as per the
manufacturer’s instructions for up to 45 cycles using the qTOWER® PCR Thermal Cycler (Analytik
Jena, Jena, Germany).

For the detection of oC gene, two unique primer sets were used. A sequence of around 1089 bp
of the S1 segment spanning roughly from 533 to 1621 bp positions, was targeted using forward and
reverse primers 5-AGTATTTGTGAGTACGATTG-3' and 5-GGCGCCACACCTITAGGT-3',
described as P1 and P4, respectively [5]. Since this primer set did not amplify the oC gene of AL
isolate, forward 5-AGTATTTGTGAATACGACTG-3' and reverse 5'-
GCGAGATGACGTGACACACT-3' primers were designed de novo based on WGS results for AL
isolate. The amplicon spanned over 959 bp, starting from 535 bp to 1493 bp position of the S1 genomic
segment. The amplicon sequences for both 51133 and AL isolate have been attached (Supplementary
file S1).

For detection of the oC gene of 51133 or AL isolate, master mixes were prepared using AccuStart
I PCR SuperMix (Quantabio, Beverly, MA), and thermal cycling was performed as per the
manufacturer’s instructions. Briefly, denaturation was performed at 94°C for 15 seconds, followed by
annealing at 60°C for 30 seconds. The extension was carried out at 72°C for 1 minute, enabling DNA
polymerase to synthesize the complementary strand efficiently. To confirm successful amplification
of targeted segments and ascertain the length of PCR amplicons, agarose gel electrophoresis was
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performed. The bands were visualized using Gel Doc XR+ System (Bio-Rad, Hercules, CA) and Image
Lab software (Bio-Rad, Hercules, CA) version 5.2.1.

The quantification of the ARV M1 gene was performed using Forget-Me-Not™ Universal Probe
qPCR Master Mix (Biotium, Fremont, CA). The following oligos were utilized for forward and reverse
primers and probes respectively: 5-ATGGCCTMTCTAGCCACACCTG-3 5'-
CAACGARATRGCATCAATAGTAC-3"; 5-FAM-TGCTAGGAGTCGGTTCTCGTA-BHQ1-3" [30].
Thermal cycling was performed as per the manufacturer’s instructions. Briefly, one cycle of enzyme
activation at 95°C for 2 minutes and 40 cycles of denaturation (95°C for 15 seconds) and combined
annealing and extension (60°C for 60 seconds) was performed.

Sanger Sequencing and Data Analysis

The oC genes of both AL isolate and 51133 were amplified using the respective primers and PCR
conditions as described above for viral RNA detection. To retrieve amplicons of the required length,
agarose with a low melting point (Promega, Madison, WI) was used for preparing 1.5% gel in TBE
buffer. Fifteen microliters of the PCR products were loaded into the wells and electrophoresis was
performed at 80 volts for an hour. The bands were UV-illuminated using Gel Doc XR+ System (Bio-
Rad, Hercules, CA), and amplicon lengths were analyzed with Image Lab software (Bio-Rad,
Hercules, CA) version 5.2.1. The bands corresponding to expected product lengths as described above
were excised using a scalpel and melted at 37°C for 10 mins. The DNA was then extracted from the
melted gel excisions using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. The DNA was analyzed with a NanoDrop spectrophotometer (Thermo
Fischer Scientific, Waltham, MA) and 260/280 nm absorption ratio was determined for each sample.
The DNA was then submitted to the Center for Computational and Integrative Biology DNA Core,
Massachusetts General Hospital for Sanger sequencing.

The raw forward and reverse reads were imported into Geneious Prime version 2025.0.2. The
chromatograms were visualized, and the terminal low-quality bases were trimmed to obtain an
unambiguous overlapping assembly. These sequences were then mapped to the S1 segment of
reference 51133 strain (GenBank accession: KF741762.1) using the MUSCLE alignment algorithm [29]
version 5.1. Consensus sequences for each of the ARVs 51133 and AL isolate were generated from the
aligned forward and reverse sequences. The results were compared with WGS alignment (see below).
To explore the phenotypic differences, the cC protein sequence for the AL isolate was predicted based
on nucleotide sequences and mapped against the reference (UniProt accession: COM031_9REOV).

For the phylogenetic analysis, cC sequences representing various genetic clusters (GC) were
retrieved from GenBank based on previous classification [9] and aligned using MUSCLE [31] version
5.1. The phylogenetic tree was constructed using the Neighbor-Joining method [32] and Tamura-Nei
model [33] in Geneious Prime software version 2025.0.2.

Whole Genome Sequencing: Library Preparation

ARV genome enrichment, genomic library preparation, and Illumina whole-genome sequencing
were performed at the U.S. National Poultry Research Center, Athens, Georgia, US, as previously
described [7]. First, virions were purified from cell lysates with Capto Core 700 resin (Cytiva,
Buckinghamshire, United Kingdom), and RNA was extracted using MagMAX™ Viral RNA Isolation
Kit (Applied Biosystems, Foster City, California). Leftover chicken RNA was depleted from samples
using custom ssDNA probes [34], RNase H (New England Biolabs, Ipswich, MA) and DNase I (New
England Biolabs, Ipswich, MA). Chicken-depleted ARV RNA was purified using RNA Clean XP
beads (Beckman Coulter, Brea, CA), before being converted to cDNA and PCR-amplified using the
ARV single primer amplification (R-SPA) approach. Genomic libraries were generated with the
Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA) and IDT for Illumina DNA/RNA
UD Indexes (Illumina, San Diego, CA). Short-read sequencing was performed on an Illumina MiSeq
instrument (Illumina, San Diego, CA) using a MiSeq Reagent Nano Kit v2 500 cycles cartridge
(Ilumina San Diego, CA).
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Whole Genome Sequencing: Data Analysis

The quality of paired-end raw FASTQ files was evaluated using FASTQC [35] version 0.12.0.
Before downstream processing, adapters and low-quality bases were trimmed using Trimmomatic
[36] version 0.39. Specifically, reads having less than a minimum Phred score threshold of 33 and
those shorter than 36 bases were removed as part of the trimming procedure. Trimmed, high-quality
paired-end reads were assembled de novo using the SPAdes program [37] version 3.15.5. Assemblies
were generated using default parameters for read error correction, graph construction, and
scaffolding. To evaluate the de novo assembly quality, the trimmed reads were mapped back to the
assembled contigs using the BWA-MEM software [38] version 0.7.17. Summary statistics were
obtained with SAMtools [39] version 1.19.2 to quantify assembly completeness and contiguity,
guiding decisions for downstream consensus generation. The resulting alignments in SAM format
were converted, sorted, and indexed in the more compact BAM format using SAMtools to visualize
alignments in the Integrative Genome Viewer [40]. The visualize and verify the de novo assembly
graphs, Bandage [41] was utilized. The contigs for each isolate were then imported into Geneious
Prime software version 2025.0.2. The assembled contigs were aligned against the reference genome
51133 (GenBank accession: KF741762.1). The bioinformatics pipeline used for the analysis is available
at https://github.com/Zubair2021/Viral_Genome_Assembly_Variant_Call.

Results
qPCR Targeting ARV M1 Gene Quantified RNA of both AL and 51133 Isolates

The qPCR of the viral stocks grown in chicken embryos targeting a conserved ARV M1 gene
yielded amplicons for both AL and S1133 isolates with threshold cycle (Ct) values of 23.47 and 20.42,
respectively, indicating higher viral load in the 51133 sample com-pared to AL isolate.

Conventional PCR Using Kant’s Primers Amplified S1133

The conventional PCR targeting oC gene with Kant et al. primers [5] yielded am-plicons only
for ARV S1133 and not for AL isolate, as visualized by gel electrophoresis. The chromatograms of
forward and reverse reads were visualized, and ambiguous bases were removed. The read length
was reduced to 563 bases for the reverse and 750 bases for the forward reads after trimming.

The consensus sequences obtained by Sanger sequencing of the amplicon amplified as above
were 976 bases in length for S1133. cC sequences S1133-isolate obtained by Sanger sequencing had
pairwise identities of 99.6%, when aligned against the oC region of reference S1133 from GenBank.
Across the length of the gene, ARV 51133 had 8 mutations compared to the reference, most of which
were synonymous. An overview of the results is shown in Table 1.

Adapted Primers Amplified the oC Gene of the AL Isolate

The read length was reduced from around 900 bases to around 750 bases post-trimming for each
of the forward and reverse reads of the AL isolate. The consensus sequences obtained by de novo
assembly were 855 in length for the AL isolate. The pairwise identity of the cC gene obtained by
Sanger sequencing of AL isolate and the corresponding cC sequence obtained by WGS was 99.1%.

Upon alignment against the oC region of reference S1133 from GenBank (Figure 2-A), the oC
sequences of AL- and S1133-isolates obtained by Sanger sequencing had pairwise identities of 99.6%
and 54.5% respectively. An analysis of the translation of the cC nucleotide sequences from AL isolate
upon alignment with reference oC protein suggested a drastically different amino acid composition
(Figure 2-B), with a pairwise identity of ~44% with the reference.

Whole Genome Sequencing: Read Quality

Following the de novo assembly of the trimmed reads, a total of 35 scaffolds were analyzed,
ranging from 213 bases to 3895 bp in length. The assembly had an N50 value (the length of the shortest
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contig or scaffold at which 50% of the total assembled genome length is contained in contigs of equal
or greater length) of 1619 bp with the lower, median, and upper quartile nodes were around 225 bp,
443 bp, and 1217 bp, respectively. The longest node was found to comprise 3895 bp.

WGS: Contigs Similar to and Divergent from the Reference S1133 Were Found

Upon alignment of the contigs to reference S1133, divergent contigs (<90% pairwise identity to
the reference) as well as similar (95% or greater pairwise identity) were found for most of the
segments obtained from presumptively plaque-purified AL isolate. An example of the presence of
contigs similar to and divergent from reference 51133 and the confirmation of the sequence with
Sanger sequencing is shown in (Figure 3).

As shown in Table 2, multiple contigs of AL isolate varying in pairwise identity to the reference
were identified. Interestingly, only one contig was found for the L1, L3, and S3 segments. On the
other hand, at least three contigs were found for M1, M3, and S1. The most striking difference among
the sequences was observed for the S1 segment with contig 1 and 3 having 55.8% and 93.3% similarity
to the reference S1133.

Phylogenetic Analysis Confirmed a Mixture of Divergent Sequences

The phylogenetic analysis revealed that the AL isolate-like sequences clustered in GC4 while
51133 belonged to GC1 which contained other vaccine strains as well as pathogenic ARVs (Figure 4).
The identity matrix showed that AL was the most similar (88.93%) to GenBank sequence KJ879644
which clustered in GC4 as well. The sequences used in the tree had a pairwise identity of 61.5% with
22.8% identical sites overall.

Discussion

The study aimed to determine the effectiveness of plaque purification, a gold standard method,
to obtain a clonal population of ARV. Multiple rounds of plaque purification can theoretically yield
clonal viral populations of a virus of interest or help remove contamination by unwanted agents, as
demonstrated for influenza viruses [42]. Two [25,26,43,44] or three [28,29] rounds of plaque
purification have been employed to obtain clonal viral populations from ARV field samples.
However, unsuccessful plaque purification of ARV has been previously suggested based on
electrophoretogram analyses of various gene segments [27,45].

In the current study, the combination of de novo assembly of full-length sequences and
alignment of the contigs to the reference genome allowed for high-resolution analysis of viral
homogeneity. We performed three rounds of plaque purification on CELi cells and demonstrated the
presence of two divergent types of contigs in the genome assembly of the AL isolate. This
demonstrates a failure of the approach to obtain pure sequences. A possibility of coinfection of a
monolayer by multiple ARV particles in larger plaque sizes has been previously speculated [43].
Moreover, such an observation has been made for polioviruses even at low multiplicity of infection,
wherein chimeric plaques containing more than one parental virus were reported due to aggregation
of the particles [46]. One potential explanation for the failure to obtain a clonal population of AL
isolate could lie in the three-dimensional nature of CELi cells used for the purpose. Such a cell culture
morphology could contribute to the problem of isolating divergent subpopulations from different
layers of the culture in a single plaque. Therefore, the possibility of successful ARV purification with
other cell types cannot be ruled out.

Before the extensive utilization of WGS, several indicators including plaque morphology [47],
size and diameter of the viral particles [48], tissue tropism [47], and restriction fragment length
polymorphisms [27,49] have been utilized to differentiate various ARV strains. To organize these
strains, ARVs have been classified into various genotypes using oC gene sequences due to their
antigenic relevance and variability being a surface protein [5,9,50,51]. The primers described
previously [5] are widely utilized to target the oC gene for detection of ARV or Sanger sequencing.
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Since the gene is highly variable, there remains a possibility of false negative PCR outcomes because
of the inability of primers to bind to the significantly altered oC sequences. A similar observation was
made in the present study where the oC gene of the ARV isolate AL did not amplify with the
conventionally utilized primers. Upon WGS, several mismatches preventing the binding of the
reverse primer were found. Therefore, de novo primers exclusively binding to the oC gene of the AL
isolate had to be designed based on the WGS results, which yielded amplicons for Sanger sequencing.
It remains ambiguous as to why the primers by Kant et al. [5] unexpectedly failed to amplify the
51133-like sequences in the AL isolate. One possible explanation could be an insufficient sensitivity
of the PCR as the length of the amplicon decreases the sensitivity of the PCR and since the sequences
similar to 51133 were less abundant in AL isolate (results not shown), the amplification of S1133-like
sequences might have been too little to be detected by electrophoresis. Collectively, these findings
highlight the shortcomings associated with targeting variable genomic regions for the
characterization of field isolates using a given set of primers.

Upon Sanger sequencing, the observed low (~44%) pairwise amino acid identity of the oC
protein between the AL isolate and the 51133 strain suggests drastic divergence from the reference
similar to a previous observation on the differences between the American and Australian isolates
[52]. Sequence variations, especially within regions corresponding to immunodominant epitopes,
could alter the structural conformation or accessibility of these epitopes, potentially leading to
immune evasion. The oC protein is a critical determinant of host immune response, as it mediates
receptor binding and the major antigen to which neutralizing antibodies bind [53]. Most commercial
vaccines utilize a oC protein sequence similar to 51133, and such a radical change in protein structure
results in a change in the antigenicity index impacting vaccine efficacy [21,22].

Phylogenetic analyses of the sequences provide significant insights into the genetic relatedness
of the circulating field strains with the vaccine strains. Various genes including oC [1,4,5,54,55], cNS
[54], p10- and pl7-encoding genes [56] and full-length genes or gene segments [8,9,57] have been
utilized to study ARV phylogenetics. A global study categorized over 200 ARV isolates into five
major genetic clusters and suggested notable discrepancies in genotyping systems [1]. In California,
six distinct genotypic clusters were observed based on S1 with various degrees of sequence homology
between clusters [9]. In brief, a universally accepted system of genotypic classification is lacking at
present and the association of genetic cluster with disease outcomes has not been established [1,20].
Based on the classification criteria of these studies, representative sequences of the oC gene belonging
to various genotypic clusters were retrieved from GenBank, and the phylogenetic tree was
constructed to classify the ARV AL isolate. Owing to the divergence of its 0C sequence, the AL isolate
was classified in the farthest cluster GC4, away from the reference S1133 which belonged to GC1, a
cluster representing commercially available vaccine strains. The presence of GC1 (vaccine-like) as
well as GC4 (field-like) sequences after plaque purification, could also be suggestive of the potential
persistence of the vaccine virus in the chickens (from which AL isolate was collected) followed by
super-infection with the field virus.

Briefly, the results from qPCR, Sanger sequencing, and WGS suggest that three rounds of plaque
purification are insufficient to ensure homogeneity of ARV populations. Moreover, the retrieval of
full-length divergent contigs highlights the advantage of WGS over traditional methods like PCR and
Sanger sequencing for the detection and characterization of mixed populations in the field isolates.
We recommend that WGS should be utilized to determine the purity of an ARV isolate before
experimentation or vaccine preparation.
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