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Abstract

To perform a quasispecies assessment of the effect of vaccine combinations and antibody titers on the emergence of Avian
coronavirus (AvCoV) escape mutants, 5S-week-old males from a commercial chicken breeder lineage were vaccinated intra-
muscularly with one dose of a monovalent (genotype GI-1) or a bivalent (genotypes GI-1 and GI-11 (n =40 birds/group)
AvCoV vaccine. Seven birds were kept as controls. Six weeks later, pools of sera of each group were prepared and incubated
at virus neutralization doses of 10 and 10~ with the Beaudette strain (GI-1) of AvCoV in VERO cells. Rescued viruses were
then submitted to genome-wide deep sequencing for subconsensus variant detection. After treatment with serum from birds
vaccinated with the bivalent vaccine at a titer of 107!, an F307I variant was detected in the spike glycoprotein that mapped
to an important neutralizing region, which indicated an escape mutant derived from natural selection. Further variants were
detected in nonstructural proteins and non-coding regions that are not targets of neutralizing antibodies and might be indi-
cators of genetic drift. These results indicate that the evolution of AvCoV escape mutants after vaccination depends on the
type of vaccine strain and the antibody titer and must be assessed based on quasispecies rather than consensus dominant
sequences only because quasispecies may be otherwise undetected.
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Introduction The AvCoV genome is a 27.6 kb positive-sense single

stranded RNA that codes for nonstructural proteins (NPSs)

Avian coronavirus AvCoV (Nidovirales: Coronaviridae:
Coronavirinae: Gammacoronavirus), the causative agent of
avian infectious bronchitis (IB), is a pantropic coronavirus
that occurs as a host of serotypes classified into 6 genotypes
and 32 lineages that use chickens as the main hosts (Jones
2010; Valastro et al. 2016).
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2 to 16 of the replicase, with NPS12 representing the RNA-
dependent RNA-polymerase and NPS14 representing the
3’-5’ exonuclease, as well as the envelope protein spike
glycoprotein S, envelope protein E, membrane protein M
and nucleocapsid N protein, which is found in the helical
nucleocapsid (Denison et al. 2011; Masters 2006; Minskaia
et al. 2006).

Accessory proteins 3a, 3b, 5a and 5b may accelerate
growth kinetics and act as type I IFN antagonists (Laconi
et al., 2018), while the 5’'UTR (untranslated region), which
contains the leader and the body TRS (transcription regula-
tory sequence), and 3'UTR secondary structures regulate the
synthesis of sub-genomic mRNAs (Masters 2006). ORFX
has been described between genes M and 5a (Gomaa et al.
2008), but its function is still unknown.

For RNA viruses, such as AvCoV, a population of
mutants thrives under the consensus sequence level and
present single and multiple nucleotide substitutions and
indels at different frequencies, thus producing a spectrum
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of mutants called the quasispecies that evolved by natural
selection and genetic drift (Lauring and Andino 2010).

Although AvCoV variants have already been described
for vaccine strains and in challenged birds (McKinley et al.
2008; Toro et al. 2012), these reports were based only on
partial spike gene sequences by Sanger sequencing and
could not provide a more robust mechanistic explanation
for AvCoV quasispecies evolution.

AvCoV serotypes show a 20-25% aa difference in the
S1 ectodomain of the spike glycoprotein, but as few as 10
to 15 aa changes are sufficient to produce new serotypes;
moreover, several antigenic domains are mapped along this
subunit (Cavanagh 2007), thus allowing for the emergence
of escape mutants due to a low antigenic identity between
vaccines and field viruses.

Considering the lack of knowledge on the molecular
evolution of AvCoV that may lead to escape mutants, the
present study was performed to assess in vitro the mutant
spectra evolution of AvCoV under neutralization with dif-
ferent doses of sera of chickens vaccinated with homologous
and heterologous vaccine strains.

Materials and Methods
Virus and Vaccines

The Beaudette strain of AvCoV of the GI-1 lineage at the
15th passage in VERO cells with a titer of 10 TCIDs,/100
ul (reference virus) was used for all in vitro assays. Inacti-
vated vaccines containing the M41 strain of the GI-1 line-
age Nobilis® REO +1B + G+ ND (MSD Animal Health)
(AvCoV monovalent vaccine) and the M41 strain plus the
AvCoV BR-I strain of the GI-11 lineage CEVAC® MAXI-
MUNE PRO (Ceva) (AvCoV bivalent vaccine) were used
for the production of anti-AvCoV sera.

Production of Sera Against AvCoV Vaccines
in Chickens

This assay was approved by the Ethics Committee on the
Use of Animals of the School of Veterinary Medicine, Uni-
versity of Sao Paulo, under protocol #1306080221. Eighty-
seven-day-old male chicks from a commercial breeder lin-
eage were used for this study, housed in an experimental
poultry facility with multiple pens and provided water and
feed ad libitum. Because live virus was not involved, isola-
tors were not used for this step.

At 5 weeks of age, birds were vaccinated with either the
mono (GI-1) or the bivalent (GI-1/GI-11) vaccine (n =40
birds/group) at a dose of 0.5 ml/bird via chest muscle injec-
tion. The remaining seven birds were maintained as controls.
Each group was kept in a separate pen, and 6 weeks after

vaccination, sera from all groups were collected and tested
for AvCoV antibodies with an ELISA Infectious Bronchitis
Virus Antibody test kit (Biochek) and then pooled as GI-1
sera, GI-1/GI-11 sera, and control sera, with pooled titers of
9167, 7687 and 0, respectively. All birds were negative for
AvCoV antibodies before vaccination.

For the titration of virus neutralizing antibodies, the
three pools of sera were inactivated at 56 °C for 30 min,
and tenfold dilutions of each pool in FCS-free MEM (100
pl/dilution, eight replicates/dilution) were added to 96-well
plates and mixed with 100 pl of the reference virus at 102
TCID5,/100 pl.

After incubation at 37 °C/5% CO, for one hour, the total
volume of each well was transferred to a 96-well plate with
48-h-old VERO cells after growth medium removal and
rinsing with FCS-free MEM. The plate was incubated at
37 °C/5% CO, for 48 h, and Reed-Muench titers were cal-
culated based on the absence (neutralization) of syncytial
CPE (cytopathic effect).

The GI-1 and GI-1/GI-11 serum pool titers were 10>"!
and 10*!!" and normalized to the VN titer of 10 by dilution
in FCS-free MEM to titers similar to that reported in chick-
ens (Finney et al. 1990). The control serum pool showed no
detectable neutralizing antibody (titer =0).

Escape Mutants Assay

In a 12-well plate, 500 ul of the reference virus at 107
TCIDs,/100 ul was mixed with 500 ul of GI-1 or GI-1/
GI-11 sera at VN titers of 10 and 10%! in wells A1-B1 and
A2-B2, respectively. In addition, 500 pl of the control sera
pool diluted to simulate the 10 and 10%' dilutions of the
hyperimmune sera was also mixed with 500 pl of VERO
P15 at 102 TCID5,/100 pl in wells C1 and C2, respectively.
As controls, 500 ul MEM plus 500 pl of the reference virus
at 107 TCIDs,/100 ul and 1 ml of the reference virus at 10?
TCID5,/100 pl (reference virus only) were added to wells
A3 and C3, respectively.

The plate was incubated at 37 °C/5% CO, for one hour,
and the total (1 ml) of each well was transferred to the cor-
responding well in a 12-well plate with 48-h-old VERO cells
after removing the growth medium and rinsing with FCS-
free MEM. The plate was incubated at 37 °C/5% CO, for
48 h and then frozen at -80 °C.

Determination of Virus Loads

Total RNA was extracted from the supernatants of the refer-
ence virus and the wells from the escape mutant assay plate
after clarification at 1000xg/4 °C/10 min using RNeasy®
Mini kit (Qiagen).

RT-qPCR for AvCoV genomic RNA was carried out using
a Power SYBR® Green RNA-to-Ct™ 1-Step kit (Applied
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Biosystems) following the manufacturer’s instructions and
primers described by Callison et al. (2006) targeting the
5'UTR, with the assays performed in triplicate. RT-qPCR
of B-actin as an endogenous control was performed using
a Power SYBR® Green RNA-to-Ct™ 1-Step kit (Applied
Biosystems) and IDT Integrated DNA Technologies pro-
prietary primers 5’ACAGAGCCTCGCCTTTG3'/5'CCT
TGCACATGCCGGAG3', with the reactions performed in
duplicate.

RT-qPCR was carried out in a 7500 Real-Time PCR sys-
tem (Applied Biosystems) (48 °C/30 min; 95 °C/10 min;
45 cycles of 95 °C/15 s and 60 °C/40 s; and melting curve
analysis). Absolute quantification (number of copies/ul of
sample) of AvCoV was obtained by comparison with a ten-
fold dilution standard curve with a plasmid containing the
corresponding 5'UTR sequence of AvCoV ranging from
1% 10? to 1x10° copies per reaction (slope=— 3.536 and
y-intercept =43.665) and normalized to the -actin Cq value
of each sample.

Deep Sequencing

To assess full genome variants for the reference virus and
the wells from the escape mutant assay plate, samples were
filtered through 0.45 pm syringe filters and the filtrates were
treated with Turbo™ DNase (Ambion) and RNase™ Cock-
tail Enzyme mix (Ambion) according to the manufacturer’s
instructions. Total RNA was extracted using TRIzol® LS
(Ambion) combined with RNeasy® Mini kit (Qiagen).

Ds-cDNAs were prepared using random primers, Super-
Script™ III Reverse Transcriptase (Invitrogen) and Klenow
DNA Polymerase (3'-5' exo-)™ (Ambion) according to the
manufacturer’s instructions. The amount of AvCoV genomes
in each ds-cDNA was estimated by qPCR for AvCoV as
described in the previous section and with a Qubit® dsDNA
BR Assay Kit (Thermo Fisher Scientific). Libraries were
prepared with Nextera® Sample Preparation (Illumina),
purified with magnetic beads on an AMPure® XP system
(Beckman Coulter Life Sciences) and finally quantified
by qPCR using a KAPA® Fast Universal system (Sigma-
Aldrich). Reads were obtained in a NextSeq500 MID Output
300 system (Illumina) (2 x 150 bp).

Dominant genomes for each treatment (considered pas-
sage 16 of the Beaudette strain) were assembled with CLC
Genomics Workbench 20 (Qiagen) and annotated using the
complete genome of the reference virus and the Beaudette
strain compete genome (NC_001451.1) as references. For
each treatment, the reads were then mapped again using the
specific consensus for that passage and a low-frequency vari-
ant analysis was run in CLC using the following parameters:
100 coverage, 10 counts, 5% frequency, 1% significance and
20 central and neighborhood qualities.
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Variants generated using the control serum at both dilu-
tions (wells C1 and C2), MEM plus reference virus (well
A3), reference virus only (well C3) and the original refer-
ence virus at passage 15 in VERO cells were excluded from
those found for the treatments with GI-1 and GI-1/GI-11
sera to account for nonspecific virus neutralization, the dilu-
tion factor, mutations due to passage only and pleosiomor-
phic states, respectively.

All reads were deposited in the GenBank SRA database
under accession number PRINA736341.

Results

Full genomes obtained for the eight wells of the escape
mutant assay were all 27,602 nt in length, with coverages
ranging from 15,781 to 64,084 (Table 1). For the refer-
ence virus (Beaudette strain at VERO passage 15, virus
load =5.44E07 genome copies/ul), a genome of the same
size was found, with a coverage of 72,443 (GenBank acces-
sion # MZ368698). The other full genomes were not submit-
ted to GenBank to avoid redundancy.

A comparison of the full dominant genomes recovered
after the escape mutants assay showed that despite minor
SNPs in the 5 and 3’ UTRs, all sequences were 100% identi-
cal except for the treatment with the undiluted control serum
(9.28ES genome copies/ul), which produced a synonymous
A351T in NPS3 and a G29A in NPS9 resulting in the R10K
amino acid change.

The highest number of variants was found for the refer-
ence virus treated 1:1 with MEM (n =81, with a virus load
of 4.87E8 genome copies/ul), while the lowest number was
found for the challenge virus with no treatment (n =45, with
a virus load of 2.28E6 genome copies/ul) (Table 1). Treat-
ments with high and low doses of the GI-1 serum resulted

Table 1 Virus load (genome copies) after gPCR, coverage, and total
number of variants after the escape mutant assay with either GI-1,
GI-1/GI-11, control sera at different dilutions and MEM (Minimal
Essential medium) using the Beaudette GI-1 strain of AvCoV at
VERO passage 15 and 10? TCID/100 pl as a reference virus

Treatment on the reference virus ~ Virus load/ Coverage Number
ul sample of vari-
ants
GI-1 serum 10 1.57E7 28,895 60
GI-1 serum 10%! 2.14E7 57,502 59
GI-1/GI-11 serum 10 4.01E6 15,781 54
GI-1/GI-11 serum 10°! 7.78E5 49,754 51
Control serum 9.28E5 36,972 51
Control serum 1:10 9.32E5 47,834 51
MEM 4.87E8 64,084 81
Reference virus only 2.28E6 37,523 45
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in a higher number of variants (n =60 and 59, respectively)
than the treatments with GI-1/GI-11 (n=>54 and 51, respec-
tively), as shown in Table 1.

The same number of variants (n=51) was found for the
two doses of the control serum (Table 1). The Beaudette
strain at VERO passage 15 (reference virus) showed a total
of 40 variants. A more complete description of all variants
can be found in Supplementary file 1.

After all variants related to nonspecific virus neutrali-
zation, the dilution factor, mutations due to passage only
and pleosiomorphic states were excluded from the variants
found for the GI-1 and GI-1/GI-11 treatments, the num-
bers of variants remaining were 10 and 4 (virus loads of
1.57E7 and 2.14E7 genome copies/ul) for the GI-1 serum
at VN titers of 10 and 10°!, respectively (Table 1), and 8
and 9 (virus loads of 4.01E6 and 7.78E5 genome copies/

Table 2 Frequencies (f) of variants found after the escape mutant
assay of the Beaudette strain of the lineage GI-1 of AvCoV using
chicken sera against lineages GI-1 (monovalent) or GI-1/GI-11 (biva-
lent) at doses 10 and 10%! for each serum, the respective genome

pl) for the GI-1/GI-11 treatment at VN titers of 10 and
10%1, respectively (Table 2). Fisher’s exact test at @ =0.05
(https://www.socscistatistics.com) showed no statistically
significant differences for the numbers of these variants.

Only three of these variants were shared among two or
more treatments, and they were all in the 5'UTR. Early
stop codons were detected at codons 31 and 50 of the
envelope protein gene after treatments with GI-1 at a titer
of 10%! and GI-1/GI-11 at a titer of 10%!, respectively
(Table 2 and Fig. 1).

Variants in the spike glycoprotein were found exclu-
sively for the GI-1/GI-11 treatment at a titer of 10%! (V3P
and F3071, Table 2). The only other putatively viable vari-
ant in a structural protein was found in the envelope pro-
tein (I35V) after this same treatment (Table 2 and Fig. 1).

region they map to and amino acid changes. Variants shared with
treatment with control sera, MEM (minimum essential medium), the
original reference virus at passage 15 in VERO cells and no treatment
(challenge virus only) were excluded

Position =~ Dominant ~ GI-1 10 GI-110%! GI-1/GI-11 10 GI-1/GI-11 10%!  Region  aa change
Variant f Variant f Variant f Variant f

24 A 0 0 0 C 68 5UTR na

30 TA AT 19.13  AC 18.85 AT 21.94 0 5'UTR  na

30 TAC CTT 5.16 0 0 0 5UTR  na

31 AC 0 0 TA 7.5 0 5UTR  na

41 T A 5.69 0 0 0 5'UTR  na

49 A 0 0 G 5.46 0 5UTR  na

52 TT AA 6.41 0 0 0 5UTR  na

63 A 0 0 T 5.08 0 5'UTR  na

120 T A 5.13 0 0 0 5UTR  na

140 del 0 0 ATGAG  6.27 0 5UTR  na

381 A 0 0 0 G 628 S5UTR na

461 C G 647 G 8.02 0 0 5UTR  na

466 A T 533 T 7.53 0 T 515 5UTR na

3830 G T 5.1 0 0 0 nsp3 R428L

3853 G C 5.11 0 0 0 nsp3 E436Q

9953 T 0 0 A 5.3 0 nsp6 V56D

18,048 G T 8.97 0 0 0 nspl4 G375C

20,193 T 0 0 0 A 5.63  nspl6 Y23IN

20,362 A 0 0 0 G 5.13  nspl6 D287G

20,367  GGT 0 0 0 ACC 545 nspl6/S  nspl6 G289T/ S V3P

21280 T 0 0 0 A 556 S F3071

23952 A 0 0 0 G 58 E 135V

23959 T 0 0 0 del 527 E #50

24276 G 0 del 6.45 0 0 E #3]

25440 T 0 0 A 6.06 0 NC na

25455 T 0 0 G 5.07 0 NC na

NC non-coding, na non applicable

*Stop codon
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Fig. 1 Schematic representation of Avian coronavirus genome show-
ing the proteins in which variants with amino acids changes were
detected after the escape mutant assay of the Beaudette strain of the
lineage GI-1 of AvCoV (reference virus) using chicken sera against
lineages GI-1 (monovalent) at doses 10 (black circles) and 1001

Other exclusive variants mapped to NPSs 3, 6, and 14
for the treatment with GI-1 serum at VN titer 10, NPS16 for
GI-1/GI-11 serum at VN titer 10°! and to the non-coding
region between ORF X and gene 5 for GI-1/GI-11 serum at
VN titer 10 (Table 2).

Discussion and Conclusion

Using chicken mono- and bivalent anti-AvCoV sera pro-
duced after vaccination with inactivated vaccines, subdomi-
nant variants could be detected along the genome after a
single round of virus neutralization in vitro.

The F3071 substitution in the S1 portion of the spike pro-
tein detected after the treatment of the challenge virus with
the bivalent GI-1/GI-11 serum at a titer of 10°! was unique
to this treatment and mapped to a neutralizing region of the
spike (Ignjatovic and Sapats 2005; Kant et al. 1992; Moore
et al. 1997), which indicated that this variant could be an
escape mutant.

A G variant at position 23952, which resulted in an I35V
amino acid change in the envelope protein E exclusive to the
GI-1/GI-11 serum at a titer of 10%, might have been caused
by a lack of complete virus neutralization. The E protein
plays a major role in coronavirus virion assembly (Vennema
et al., 1996; Westerbeck and Machamer 2015) and has been
predicted to harbor B-cell epitopes (Lu et al. 2021).

Variants in the 5’ UTR have been reported to the porcine
HKU1S5 Deltacoronavirus in clinical samples (Woo et al.
2017), but their consequences on virus fitness have not yet
been understood. The A63T 5" UTR variant found after
treatment with GI-1/GI-11 serum at a titer of 10 (Table 2)
mapped to the transcription regulatory sequence (TRS)
(Keep et al. 2020) and could thus affect mRNA transcrip-
tion on the mutant spectrum.

Though NSPs and non-coding RNA are not expected
to be directly affected by neutralizing antibodies immune
pressure, variants in NSPs 2, 12 and 15 have been detected
in a COVID-19 patient during convalescent plasma therapy
besides S variants, however no sustained change in virus
load could be detected (Kemp et al. 2021).

@ Springer

NN A O
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(white circles) or GI-1/GI-11 (bivalent) at doses 10 (black triangles)
and 10%! (white triangles). Numbers bellow each amino acid change
are frequencies of occurrence. The amino acids positions refer to the
full length of each respective protein. The genes of each protein are
not drawn to scale

One of the limitations of this study was that the ELISA
used to titrate the anti-AvCoV antibodies in mono- and
bivalent sera could not differentiate between antibodies
against the GI-1 and GI-11 genotypes or measure the
effects of genotype-specific antibodies on the emergence
of escape mutants as it is targeted to generic rather than
type-specific antigens. Moreover, considering that the
virus neutralization test is genotype-specific, another
limitation is that although antibodies against the GI-1
genotype were measured in sera using the GI-1 Beaudette
strain, a cell culture-adapted GI-11 strain is not available
to measure antibodies against this type and determine the
emergence of escape mutants using it as a challenge virus
because these field strains of AvCoV are difficult to grow
in mammalian cells.

Another limitation is that haplotype calling to distin-
guish the population of individual genomes in which dif-
ferent variants co-occur was not carried out due to the
short-reads approach used for deep sequencing, restricting
the discussion to the impacts of individual variants.

The results indicate that at low antibody titers, avian
coronavirus escape mutants may arise due to polymor-
phisms on the spike glycoprotein; moreover, further
polymorphisms in nonstructural proteins and non-coding
regions could have a role in virus fitness. As no statisti-
cally significant difference for the numbers variants was
found when the treatments were compared, the fluctuation
in virus loads was not influenced by the number of vari-
ants. However, the fitness of these escape mutants after
further passage in cell culture with and without more
rounds of neutralization has not been clarified. A more
diverse set of vaccine strains to prepare sera would also
allow for a better assessment of the relationship between
serum specificity and escape mutant predictions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00239-022-10050-8.

Author contributions Conceptualization, in vitro experiments,
sequence analysis and manuscript writing: PEB; RT-qPCR and prepa-
ration for deep sequencing; SOSS, SAT; scientific analysis; MB.


https://doi.org/10.1007/s00239-022-10050-8

Journal of Molecular Evolution (2022) 90:176-181

181

Funding This work was funded by CNPq (Brazilian National Board
for Scientific and Technological Development) grant #307291/2017-0,
CAPES (Coordenacdo de Aperfeicoamento de Pessoal de Nivel Supe-
rior, Brasil) Finance Code 001 and FAPESP (The Sao Paulo Research
Foundation) grant #2018/12417-7.

Declarations

Conflict of interest The authors declare no conflict of interest.

References

Callison SA, Hilt DA, Boynton TO, Sample BF, Robison R, Swayne
DE, Jackwood MW (2006) Development and evaluation of a real-
time Tagman RT-PCR assay for the detection of infectious bron-
chitis virus from infected chickens. J Virol Methods 138:60-65.
https://doi.org/10.1016/j.jviromet.2006.07.018

Cavanagh D (2007) Coronavirus avian infectious bronchitis virus. Vet
Res 38:281-297. https://doi.org/10.1051/vetres:2006055

Denison MR, Graham RL, Donaldson EF, Eckerle LD, Baric RS (2011)
Coronaviruses: an RNA proofreading machine regulates replica-
tion fidelity and diversity. RNA Biol 8(2):270-279. https://doi.
org/10.4161/rna.8.2.15013

Finney PM, Box PG, Holmes HC (1990) Studies with a bivalent infec-
tious bronchitis killed virus vaccine. Avian Pathol 19(3):435-450.
https://doi.org/10.1080/03079459008418698

Gomaa MH, Barta JR, Ojkic D, Yoo D (2008) Complete genomic
sequence of turkey coronavirus. Virus Res 135:237-246. https://
doi.org/10.1016/j.virusres.2008.03.020

Ignjatovic J, Sapats S (2005) Identification of previously unknown
antigenic epitopes on the S and N proteins of avian infectious
bronchitis virus. Arch Virol 150:1813-1831. https://doi.org/10.
1007/s00705-005-0541-x

Jones RC (2010) Viral respiratory diseases (ILT, aMPV infections, IB):
are they ever under control? Br Poult Sci 51:1-11. https://doi.org/
10.1080/00071660903541378

Kant A, Koch G, van Roozelaar DJ, Kusters JG, Poelwijk FA, van der
Zeijst BA (1992) Location of antigenic sites defined by neutral-
izing monoclonal antibodies on the S1 avian infectious bronchitis
virus glycopolypeptide. J Gen Virol 73:591-596. https://doi.org/
10.1099/0022-1317-73-3-591

Keep S, Oade MS, Lidzbarski-Silvestre F, Bentley K, Stevenson-
Leggett P, Freimanis GL, Tennakoon C, Sanderson N, Hammond
JA, Jones RC, Britton P, Bickerton E (2020) Multiple novel non-
canonically transcribed sub-genomic mRNAs produced by avian
coronavirus infectious bronchitis virus. J Gen Virol 101:1103—
1118. https://doi.org/10.1099/jgv.0.001474

Kemp SA, Collier DA, Datir RP et al (2021) SARS-CoV-2 evolu-
tion during treatment of chronic infection. Nature 592:277-282.
https://doi.org/10.1038/s41586-021-03291-y

Laconi A, van Beurden SJ, Berends AJ, Krimer-Kiihl A, Jansen CA,
Spekreijse D, Chénard G, Philipp HC, Mundt E, Rottier PJM,
Hélene Verheije M (2018) Deletion of accessory genes 3a, 3b, 5a
or 5b from avian coronavirus infectious bronchitis virus induces
an attenuated phenotype both in vitro and in vivo. J Gen Virol
99:1381-1390. https://doi.org/10.1099/jgv.0.001130

Lauring AS, Andino R (2010) Quasispecies theory and the behavior of
RNA viruses. PLoS Pathog 6:¢1001005. https://doi.org/10.1371/
journal.ppat.1001005

Lu S, Xie XX, Zhao L, Wang B, Zhu J, Yang TR, Yang GW, Ji M, Lv
CP, Xue J, Dai EH, Fu XM, Liu DQ, Zhang L, Hou SJ, Yu XL,
Wang YL, Gao HX, Shi XH, Ke CW, Ke BX, Jiang CG, Liu RT
(2021) The immunodominant and neutralization linear epitopes
for SARS-CoV-2. Cell Rep 34:108666. https://doi.org/10.1016/].
celrep.2020.108666

Masters PS (2006) The molecular biology of coronaviruses. Adv Virus
Res 66:193-292. https://doi.org/10.1016/S0065-3527(06)66005-3

McKinley ET, Hilt DA, Jackwood MW (2008) Avian coronavirus
infectious bronchitis attenuated live vaccines undergo selection
of subpopulations and mutations following vaccination. Vaccine
26:1274-1284. https://doi.org/10.1016/j.vaccine.2008.01.006

Minskaia E, Hertzig T, Gorbalenya AE, Campanacci V, Cambillau C,
Canard B, Ziebuhr J (2006) Discovery of an RNA virus 3’->5’
exoribonuclease that is critically involved in coronavirus RNA
synthesis. Proc Natl Acad Sci USA 103:5108-5113. https://doi.
org/10.1073/pnas.0508200103

Moore KM, Jackwood MW, Hilt DA (1997) Identification of amino
acids involved in a serotype and neutralization specific epitope
within the s1 subunit of avian infectious bronchitis virus. Arch
Virol 142:2249-2256. https://doi.org/10.1007/s007050050239

Toro H, Pennington D, Gallardo RA, van Santen VL, van Ginkel FW,
Zhang J, Joiner KS (2012) Infectious bronchitis virus subpopula-
tions in vaccinated chickens after challenge. Avian Dis 56:501—
518. https://doi.org/10.1637/9982-110811-Reg.1

Valastro V, Holmes EC, Britton P, Fusaro A, Jackwood MW, Cattoli G,
Monne I (2016) S1 gene-based phylogeny of infectious bronchitis
virus: an attempt to harmonize virus classification. Infect Genet
Evol 39:349-364. https://doi.org/10.1016/j.meegid.2016.02.015

Vennema H, Godeke GJ, Rossen JW, Voorhout WF, Horzinek MC,
Opstelten DJ, Rottier PJ (1996) Nucleocapsid-independent assem-
bly of coronavirus-like particles by co-expression of viral enve-
lope protein genes. EMBO J 15:2020-2028. https://doi.org/10.
1002/j.1460-2075.1996.tb00553.x

Westerbeck JW, Machamer CE (2015) A coronavirus E protein is pre-
sent in two distinct pools with different effects on assembly and
the secretory pathway. J Virol 89:9313-9323. https://doi.org/10.
1128/JV1.01237-15

Woo PC, Lau SK, Tsang CC, Lau CC, Wong PC, Chow FW, FongJY,
Yuen KY (2017) Coronavirus HKU1S5 in respiratory tract of pigs
and first discovery of coronavirus quasispecies in 5’-untranslated
region. Emerg Microbes Infect 6:€53. https://doi.org/10.1038/emi.
2017.37

@ Springer


https://doi.org/10.1016/j.jviromet.2006.07.018
https://doi.org/10.1051/vetres:2006055
https://doi.org/10.4161/rna.8.2.15013
https://doi.org/10.4161/rna.8.2.15013
https://doi.org/10.1080/03079459008418698
https://doi.org/10.1016/j.virusres.2008.03.020
https://doi.org/10.1016/j.virusres.2008.03.020
https://doi.org/10.1007/s00705-005-0541-x
https://doi.org/10.1007/s00705-005-0541-x
https://doi.org/10.1080/00071660903541378
https://doi.org/10.1080/00071660903541378
https://doi.org/10.1099/0022-1317-73-3-591
https://doi.org/10.1099/0022-1317-73-3-591
https://doi.org/10.1099/jgv.0.001474
https://doi.org/10.1038/s41586-021-03291-y
https://doi.org/10.1099/jgv.0.001130
https://doi.org/10.1371/journal.ppat.1001005
https://doi.org/10.1371/journal.ppat.1001005
https://doi.org/10.1016/j.celrep.2020.108666
https://doi.org/10.1016/j.celrep.2020.108666
https://doi.org/10.1016/S0065-3527(06)66005-3
https://doi.org/10.1016/j.vaccine.2008.01.006
https://doi.org/10.1073/pnas.0508200103
https://doi.org/10.1073/pnas.0508200103
https://doi.org/10.1007/s007050050239
https://doi.org/10.1637/9982-110811-Reg.1
https://doi.org/10.1016/j.meegid.2016.02.015
https://doi.org/10.1002/j.1460-2075.1996.tb00553.x
https://doi.org/10.1002/j.1460-2075.1996.tb00553.x
https://doi.org/10.1128/JVI.01237-15
https://doi.org/10.1128/JVI.01237-15
https://doi.org/10.1038/emi.2017.37
https://doi.org/10.1038/emi.2017.37

	Emergence of Avian coronavirus Escape Mutants Under Suboptimal Antibody Titers
	Abstract
	Introduction
	Materials and Methods
	Virus and Vaccines
	Production of Sera Against AvCoV Vaccines in Chickens
	Escape Mutants Assay
	Determination of Virus Loads
	Deep Sequencing

	Results
	Discussion and Conclusion
	References




