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Abstract

Infectious bronchitis virus (IBV) is an economically important coronavirus, causing damaging losses to the poultry industry 
worldwide as the causative agent of infectious bronchitis. The coronavirus spike (S) glycoprotein is a large type I membrane 
protein protruding from the surface of the virion, which facilitates attachment and entry into host cells. The IBV S protein is 
cleaved into two subunits, S1 and S2, the latter of which has been identified as a determinant of cellular tropism. Recent studies 
expressing coronavirus S proteins in mammalian and insect cells have identified a high level of glycosylation on the protein’s 
surface. Here we used IBV propagated in embryonated hens’ eggs to explore the glycan profile of viruses derived from infection 
in cells of the natural host, chickens. We identified multiple glycan types on the surface of the protein and found a strain- specific 
dependence on complex glycans for recognition of the S2 subunit by a monoclonal antibody in vitro, with no effect on viral rep-
lication following the chemical inhibition of complex glycosylation. Virus neutralization by monoclonal or polyclonal antibodies 
was not affected. Following analysis of predicted glycosylation sites for the S protein of four IBV strains, we confirmed glyco-
sylation at 18 sites by mass spectrometry for the pathogenic laboratory strain M41- CK. Further characterization revealed het-
erogeneity among the glycans present at six of these sites, indicating a difference in the glycan profile of individual S proteins 
on the IBV virion. These results demonstrate a non- specific role for complex glycans in IBV replication, with an indication of an 
involvement in antibody recognition but not neutralisation.

INTRODUCTION
Infectious bronchitis is a highly contagious disease of chickens 
that manifests primarily through respiratory clinical signs in 
infected birds, caused by the Gammacoronavirus infectious 
bronchitis virus (IBV). Some strains of IBV also cause renal 
and reproductive disease, with infection resulting in major 
economic losses to the poultry industry worldwide due to 
reductions in egg production and meat quality [1–4]. IBV 
has a positive- sense single- stranded RNA genome of 27.6 kb, 
encoding four structural proteins including a large glyco-
protein on the surface of the virion known as the spike (S) 
protein. The S protein is displayed as trimers protruding 

from the viral membrane [5]. Each S protein comprises two 
subunits known as S1 and S2, responsible for attachment and 
fusion of viral and cellular membranes during IBV infection, 
respectively. It has been demonstrated in several studies that 
the S protein is a determinant of in vitro tropism for IBV 
[6–9]. Recent research has described the complex structure 
of coronavirus S proteins by using cryo- electron microscopy 
(EM) techniques [5, 10, 11]. These, and subsequent studies, 
have revealed the multi- domain structure of the S protein 
and alluded to the importance of protein folding and epitope 
presentation in the function of the protein [12, 13].

OPEN

ACCESS

https://jgv.microbiologyresearch.org/content/journal/jgv/
https://creativecommons.org/licenses/by-nc/4.0/legalcode


2

Stevenson- Leggett et al., Journal of General Virology 2021;102:001642

The post- translational modification of proteins by 
N- glycosylation is an essential process in protein synthesis 
and is critical for folding in the endoplasmic reticulum (ER) 
and Golgi [14, 15]. Similarly to other RNA virus attach-
ment proteins, including influenza haemagglutinin (HA) 
and HIV-1 gp120 [16, 17], the S protein of IBV displays a 
high- level N- linked glycosylation on its surface [5, 18, 19]. 
N- glycosylation occurs at asparagine (N) residues in the amino 
acid motif asparagine- x- serine/threonine (N- X- S/T) [15, 20]. 
N- glycosylation in the spike protein of human coronaviruses 
has been investigated, with a recent boom in studies assessing 
the spike protein of newly emerged severe acute respiratory 
syndrome coronavirus 2 (SARS- CoV-2) [13, 21–23]. Previous 
analysis of IBV strains using bioinformatic techniques identi-
fied 30 such sites present in the sequences of strains belonging 
to the Massachusetts serotype, with the total number of 
predicted sites varying between serotypes and strains [24]. 
The pathway of N- linked glycosylation begins in the ER 
and progresses through the Golgi network, where different 
monosaccharide molecules are sequentially removed from 
and added to oligosaccharide branches, until the protein 
has reached its final conformation. Different types of glycan 
emerge from this process, attached to a given protein, and 
are produced as a result of the actions of a variety of cellular 
enzymes including the ER mannosidase α-mannosidase I, 
which is responsible for the cleavage of alpha 1,2 mannose 
linkages, from Man9GlcNAc2 to Man8GlcNAc2 and is one of 
a range of mannose- trimming enzymes [25]. Three types of 
glycan have been described – simple or oligomannose- type, 
which consist of mainly mannose molecules, complex glycans 
comprising multiple monosaccharide types, and hybrid 
glycans, which are made up of both mannose and complex 
oligosaccharides [26]. N- linked glycosylation is a cellular 
process of post- translational modification and as such this 
process varies by cell type and host species, thus the selection 
of propagation method for studying viral protein glycosyla-
tion is an important consideration, especially for animal 
viruses [27, 28].

The role of N- linked glycosylation in viral proteins is an 
ever- growing field of investigation, informing many aspects 
of virus research and vaccine design, as recently reviewed by 
Watanabe and colleagues [29]. For human immunodeficiency 
virus (HIV-1), glycosylation in the viral glycoprotein gp120 
is strongly linked to antibody neutralization, with the protein 
exhibiting glycan- dependent epitopes (GDEs) on its surface 
[30–32]. In influenza viruses, mutations in glycosylation sites 
can alter virulence and immune response to the virus [33, 34]. 
Evolution of the glycan shield in influenza has also been 
observed, with the recent characterization of HIV-1 positive 
serum capable of neutralizing both HIV and influenza H3N2 
viruses, due to recognition and specificity to similar glycan 
structures on the attachment proteins in each virus [35]. 
Previous studies have also characterized glycosylation in the 
coronavirus S protein, highlighting its relevance to different 
stages of the virus lifecycle as well as its antigenicity and roles 
in epitope masking [10, 13]. Studies with the Betacoronavirus 
SARS- CoV have noted the importance of glycans in cellular 

entry mechanisms [36]. More recently, a detailed picture of 
glycosylation in the SARS- CoV-2 S glycoprotein was eluci-
dated, offering a basis for the investigation of novel vaccine 
targets [22]. The glycosylation profile of the IBV S protein has 
been described in most detail for a Vero cell- adapted strain of 
Beaudette and in recombinant M41 proteins expressed from 
insect cells [5, 18]. Recent research shows that glycosylation in 
the M41 S protein is necessary for binding to host cells as well 
as determining receptor specificity [19, 37]. These investiga-
tions present valuable contributions to understanding the role 
of S protein glycosylation, with the caveat of protein expres-
sion in insect or mammalian cells, and in some cases analysis 
of glycosylation in the M41 receptor binding domain (RBD) 
only [19]. Expression of shorter sections of glycoproteins in 
this context has been shown to impact the glycan composition 
in HIV, where the amounts of oligomannose- type glycans were 
decreased in the monomeric form of the protein compared 
to the trimer [38]. Cell type has also been shown to influence 
the glycan make up of a glycoprotein, with mammalian and 
avian cells, for example, affecting the proportions of glycan 
types present on the resulting glycoproteins [27]. Studies with 
influenza have alluded to the impacts of these differences on 
vaccine design, highlighting the importance of the selection 
of appropriate propagation methods [39].

To explore the glycosylation of the IBV S protein produced 
by a method more representative of the natural host, we 
have analysed the glycan profile of the IBV S proteins from 
two different strains of IBV, the pathogenic M41- CK strain 
[40] and the attenuated recombinant IBV (rIBV) Beau- R, 
a molecular clone of the attenuated Beau- CK strain [41]. 
Both M41- CK and Beau- R were propagated in embryonated 
specific pathogen- free (SPF) chicken eggs and the glycan 
profiles and the role of glycosylation were assessed in chicken 
cells including primary chicken (CK) cells and DF-1 cells, 
with a focus on the role of complex glycans in antibody recog-
nition, viral replication and infectivity. Egg- derived IBV is 
used for infection studies and production of highly successful 
live attenuated vaccines, demonstrating that IBV obtained in 
this manner is still infectious and can either result in infection 
of chickens or for protection against infection and disease. 
Using the α-mannosidase I inhibitor, kifunensine, to inhibit 
complex glycan formation, we have identified a strain- specific 
change in spike protein recognition by a monoclonal anti-
body (mAb). The glycan profile of the S protein of M41- CK, 
propagated in chicken eggs, was further investigated using 
mass spectrometry, showing that the majority of predicted 
glycosylation sites on the surface of the protein are indeed 
glycosylated, and that there is a degree of heterogeneity in the 
glycan structures present at each site.

METHODS
Cells and viruses
All IBV stocks were propagated in 10- day- old specific 
pathogen- free (SPF) Rhode Island Red (RIR) embryo-
nated hens’ eggs. M41- CK (GenBank accession number 
MK728875.1) is a pathogenic IBV belonging to the GI-1 
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genotype and Massachusetts serotype that has been adapted 
for propagation in primary chicken kidney (CK) cells 
[40, 42, 43] through serial passage in CK cells. Beau- R [41] is 
a molecular clone of Beau- CK, the CK cell- adapted Beaudette 
strain (GenBank accession number AJ311317) also belonging 
to the GI-1 genotype and Massachusetts serotype. Unlike 
M41- CK, Beau- R exhibits an extended host tropism, allowing 
propagation in DF-1 cells [6, 44].

CK cells were prepared using kidneys from 2- to 3- week- old 
SPF RIR chickens by the central services unit at The 
Pirbright Institute [45]. DF-1 cells were obtained from 
Central Services Unit at The Pirbright Institute and main-
tained in Dulbecco’s modified essential medium (DMEM, 
Sigma- Aldrich, St Louis, MO, USA) with 10 % foetal bovine 
serum (FBS, Sigma- Aldrich, St Louis, MO, USA). All cells 
were maintained at 37 °C in 5 % CO2.

Enzymatic deglycosylation of purified IBV
M41- CK and Beau- R were purified by ultracentrifugation of 
allantoic fluid through a 30–60 % sucrose gradient. Samples 
of 10 µl of each virus were subjected to digestion with either 
EndoH or PNGase F (both New England Biolabs, Ipswich, 
MA, USA) for 1 h at 37 °C, according to the manufacturer’s 
instructions. Following digestion, enzymes were heat- 
inactivated at 65 °C for 20 min. Samples were analysed by 
SDS- PAGE followed by Western blot using the monoclonal 
antibody anti- S2 26.1 (PrioMab, ThermoFisher, Waltham, 
MA, USA).

IBV infections in the presence of kifunensine
CK cells seeded in six- well tissue- culture plates were 
washed once in PBS and infected with either M41- CK or 
Beau- R diluted in serum- free medium (1XBES) [46] at an 
approximate m.o.i. of 0.01. For treated samples, kifunen-
sine (Sigma- Aldrich, St Louis, MO, USA) was added to 
the diluted virus at the time of infection at a final concen-
tration of 20 µm. Infected cells were incubated in virus 
inoculum for 1 h at 37 °C (5 % CO2) before washing once in 
PBS and the addition of 1 X N,N- bis(2- hydroxyethyl)−2- 
aminoethanesulfonic acid (BES) [46] medium to each well 
(1 ml for 24- well plates, 3 ml for six well plates). Supernatant 
was harvested after 24 h incubation at 37 °C (5 % CO2).

For assessment of replication kinetics, cells were infected 
as described above. After 1 h incubation cells were washed 
twice in PBS and 3 ml of fresh 1XBES medium was added 
to each well, either neat or containing kifunensine at a 
final concentration of 20 µm. Supernatant was harvested 
at 1, 24, 48, 72 and 96 h post- infection. Viral titres in 
each sample were assessed by plaque assay in CK cells. To 
quantify the intracellular titre, cells were washed once in 
PBS and fresh medium was added to each well (following 
supernatant harvesting) into which the cells in each well 
were scraped. Cells were then subjected to freeze- thaw 
(−80/37 °C) to lyse the cells before titration by plaque 
assay in CK cells.

Analysis of protein expression by estern blot
Infected cells were washed once in cold PBS and incubated 
in 350 µl RIPA lysis buffer (ThermoFisher, Waltham, MA, 
USA) for 20 min on ice. Cells were scraped into the buffer 
using a cell scraper and centrifuged at 9000 g for 3 min in a 
refrigerated centrifuge. Cell pellets were discarded, and cell 
lysates were thawed at room temperature and diluted 3 : 1 with 
Laemmli Sample Buffer (SB, 4X, Bio- Rad, Santa Rosa, CA, 
USA) containing β-mercaptoethanol (Sigma- Aldrich, MO, 
USA). Diluted samples were heated to 80 °C for 10 min before 
loading on to a Bio- Rad Protean Mini- TGX sodium dodecyl 
sulphate- polyacrylamide gel electrophoresis (SDS- PAGE) 
gel (4–20 %). Samples were run for 1 h at 150 V alongside 
Bio- Rad Protein Dual Colour Standard. Proteins were 
transferred onto a nitrocellulose membrane following the 
Bio- Rad Trans- Blot turbo transfer protocol for Mini- TGX 
gels. Membranes were blocked for 1 h in PBS containing 0.1 % 
Tween 20 and 5 % Marvel milk powder. Primary antibodies 
were diluted in the same blocking solution and applied to 
membranes for 1 h at room temperature. Membranes were 
blocked in 5 % Marvel milk powder in PBS containing 0.1 % 
Tween 20 (Sigma- Aldrich, St Louis, MO, USA) for 1 h at room 
temperature. Antibody solutions were prepared in blocking 
solution. Anti- S2 (26.1, PrioMab, Waltham, MA, USA) 
was diluted 1 : 500, anti- E (produced in house) was diluted 
1 : 1000 and anti-β-actin (Abcam, Cambridge, UK) was diluted 
1 : 1000. Membranes were incubated in primary antibody 
solutions for 1 h at room temperature before 3×5 min washes 
in PBS- Tween. Secondary antibodies (LI- COR Biosciences, 
Lincoln, NE, USA) were diluted 1 : 15 000 in blocking solu-
tion. Membranes were subjected to three further washes 
in PBS- Tween followed by a single wash in distilled water. 
Membranes were visualized following the estern blot protocol 
on a LI- COR Odyssey Scanner using both 700 and 800CW 
channels.

Plaque reduction assays
Samples of M41- CK and Beau- R infected CK cell supernatant 
from untreated and kifunensine treated cells were diluted to 
2000 p.f.u. in BES medium and used to serially dilute either 
A13 [47] or M41- CK polyclonal sera (collected 14 days post- 
challenge from 43- day- old SPF Rhode Island Red chickens 
challenged with M41- CK [48]) twofold, up to 1 : 1024. These 
mixtures were incubated with constant agitation for 30 min at 
room temperature. The quantity of non- neutralized virus in 
each dilution mixture was then determined by plaque assay 
in CK cells. Plaque reduction neutralization (PRNT50) values 
were calculated using the Reed- Muench method [49].

Immunofluorescence (IF) with confocal microscopy 
analysis
Cells seeded onto glass coverslips in 24- well tissue culture 
plates to approximately 80 % confluency were washed once 
in PBS and infected with IBV at an m.o.i. of 1 (diluted in 
BES medium). Cells were incubated at 37 °C (5 % CO2) for 
1 h then virus inoculum was removed and replaced with 
serum- free medium. Cells were incubated for a further 23 h 
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at 37 °C before fixation in 4 % paraformaldehyde in PBS for 
20 min at room temperature. Following fixation, cells were 
permeabilized with 0.1 % Triton X-100 in PBS for 10 min 
at room temperature. Cells were washed once in PBS then 
incubated for 1 h in a blocking solution of PBS containing 
0.5 % bovine serum albumin (BSA, Sigma, St Louis, MO, 
USA) in PBS. Cells were incubated in primary antibody for 
1 h at room temperature then subjected to 3×5 min washes in 
PBS before incubation in secondary antibody solutions for 1 h 
at room temperature. Primary antibodies included anti- S2 
(26.1, 1 : 500) and anti- tubulin (1 : 1000, Abcam, Cambridge, 
UK). Secondary antibodies, AlexaFluor goat anti- mouse 
488 and 568 (Invitrogen, Carlsbad, CA, USA), were diluted 
1 : 500 in blocking solution. Cells were washed a further three 
times in PBS before nuclei were counterstained with DAPI, 
diluted 1 : 15 000 in water, for 5 min at room temperature. 
Cells were washed once more in water before the coverslips 
were mounted onto glass microscope slides using VectaShield 
(Vector Labs, Burlingame, CA, USA). Coverslips were sealed 
with nail varnish and stored at 4 °C before examination under 
a Leica confocal microscope.

Mass spectrometry: N-glycosylation mapping
Protein digestion
Purified IBV M41- CK was diluted with 50 mm ammonium 
bicarbonate (NH4HCO3, Sigma- Aldrich). Proteins were 
reduced addition of dithiothreitol (DTT, Sigma, 3 mm final) 
and heated at 60 °C for 10 min. The samples were returned 
to room temperature, and iodoacetamide (Sigma, 9 mm 
final) added for 30 min in the dark to alkylate the proteins. 
The sample was split, and proteins were digested with either 
trypsin or chymotrypsin (Sigma) and left to incubate at 37 °C 
overnight. The resulting peptide samples were then dried 
using a centrifugal vacuum concentrator (Eppendorf). Degly-
cosylation and H2

18O labelling was performed as described 
by Zhang et al. [50]. Peptides were resuspended in 50 mm 
ammonium bicarbonate buffer prepared in H2

18O (97 % 18O, 
Sigma Aldrich). The peptide samples were split and PNGase 
F (Sigma) added to only one of the samples and incubated 
at 37 °C for 2 h. Samples were then acidified with trifluoro-
acetic acid [1 % (v/v) final]. Peptides were concentrated and 
desalted using C18 Stage tips (ThermoFisher Scientific) and 
then samples dried using a centrifugal vacuum concentrator 
(Eppendorf). Peptides were resuspended in 0.1 % (v/v) trif-
luoroacetic acid and 5 % (v/v) acetonitrile.

NanoLC MS ESI MS/MS analysis
Peptides were analysed by on- line nanoflow LC using the 
Ultimate 3000 nano system (Dionex/Thermo Fisher Scien-
tific). Samples were loaded onto a trap column (ThermoSci-
entific, PepMap100, C18, 300 µm×5 mm) then resolved on an 
analytical column (Easy- Spray PepMap RSLC 50 cm×75 µm 
inner diameter, C18, 2 µm, 100 Å) fused to a silica nano- 
electrospray emitter (Dionex). The column was operated at a 
constant temperature of 30 °C and the LC system coupled to 
a Q- Exactive HF mass spectrometer (Thermo Fisher Scien-
tific). Chromatography was performed with a buffer system 

consisting of 0.1 % formic acid (buffer A) and 80 % acetonitrile 
in 0.1 % formic acid (buffer B). The peptides were separated 
by a linear gradient of 3.8–50 % buffer B over 90 min at a flow 
rate of 300 nl min−1. The Q- Exactive HF was operated in data- 
dependent mode with survey scans acquired at a resolution of 
60 000 and scan range 350–2000 m/z. Up to the top 10 most 
abundant isotope patterns with charge states+2 to+5 from the 
survey scan were selected with an isolation window of 2.0 Th 
and fragmented by higher- energy collisional dissociation with 
normalized collision energies of 30. The maximum ion injec-
tion times for the survey scan and the MS/MS scans were 100 
and 45 ms, respectively, and the ion target value was set to 3E6 
for survey scans and 1E5 for the MS/MS scans. MS/MS events 
were acquired at a resolution of 30 000. Repetitive sequencing 
of peptides was minimized through dynamic exclusion of the 
sequenced peptides for 20 s.

Bioinformatic analysis
Spectral data were analysed using the PEAKS studio 8.5 
software (Bioinformatics Solutions, Waterloo, ON, Canada). 
Tandem MS data were searched against the predicted protein 
sets of IBV strain M41 (Uniprot, June 2015) and Gallus gallus 
(NCBI RefSeq Feb. 2016) (46 255 sequences combined). 
Search parameters were as follows; precursor mass tolerance 
set to 10 ppm and fragment mass tolerance set to 0.05 Da. Two 
missed tryptic cleavages were permitted. Carbamidomethyla-
tion (cysteine) was set as a fixed modification and oxidation 
(methionine), HexNAcetylation (asparagine,+203.08 Da), 
deamidation of asparagine (+0.9840 Da), and deglycosylated 
asparagine 18O labelling (+2.9890 Da) were set as variable 
modifications. The search was semi- specific and the PEAKs 
PTM profiling function was utilized. An Ascore of 20 was 
required for a confident PTM determination. The PTM false 
discovery rate was set at 1 %.

Mass spectrometry (MS): Glycan analysis
Protein digestion
Purified IBV was diluted with 50 mm ammonium bicarbonate 
(Sigma- Aldrich) and 0.1 % (w/v) Rapigest (Waters, Elstree, 
UK). Samples were then incubated at 80 °C for 10 min and 
reduced with 3 mm DTT at 60 °C for 10 min then alkylated 
with 9 mm iodoacetamide at room temperature for 30 min 
in the dark. The sample was split, and proteins were digested 
with either trypsin or chymotrypsin (Sigma) and left to 
incubate at 37 °C overnight. Samples were then acidified with 
trifluoroacetic acid (1 % (v/v) final) and precipitated Rapigest 
removed. Peptides were concentrated and desalted using 
C18 Stage tips (ThermoFisher Scientific) and then samples 
dried using a centrifugal vacuum concentrator (Eppendorf). 
Peptides were resuspended in 0.1 % (v/v) trifluoroacetic acid 
and 5 % (v/v) acetonitrile.

LC MS/MS
LC- MS/MS analysis was performed on an Orbitrap Fusion 
Tribrid mass spectrometer (ThermoScientific), attached to an 
Ultimate 3000 nano system (Dionex). Peptides were loaded 
onto the trapping column (ThermoScientific, PepMap100, 
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C18, 300 µm×5 mm), and then resolved on an analytical 
column (Easy- Spray C18 75 µm×500 mm 2 µm bead diameter 
column) using a 30 min gradient from 96.2 % A (0.1 % FA) and 
3.8 % B (80 % MeCN 19.9 % H2O 0.1 % FA) to 50 % B at a flow 
rate of 300 nl min−1. The mass spectrometer was operated 
in data- dependent mode to automatically switch between 
MS and MS/MS acquisition using HCD and EThcD. MS1 
scan was acquired from 450 to 1800 m/z (60 000 resolution, 
4e5 AGC, 50 ms injection time) followed by EThcD MS/MS 
acquisition of the precursors with the highest charge states 
in an order of intensity and detection in the Orbitrap. HCD 
(30 000 resolution, 3e5 AGC, 60 ms injection time, collision 
energy (%)=28). ETD scan range 120–2000 m/z (30 000 
resolution, 1e5 AGC, 120 ms injection time). The Fusion was 
run in product- dependent acquisition mode (HCDpdETD), 
which generates a pair of HCD and ETD spectra. Acquisition 
was triggered when fingerprint ions [m/z 204.0867(HexNac), 
138.0545(HexNac fragment), and 366.1396(HexNacHex)] 
were detected within top 20 product ions.

Data analysis
HCDpdETD data was searched against IBV strain M41 
(UniProt, June 2015) proteins using Byonic (v4.0.12, Protein 
Metrics). The search parameters were as follows: Trypsin (RK) 
and Chymotrypsin (FLWY) cleavage sites. Initial precursor 
and fragment mass tolerances were set at 10 and 20 ppm, 
respectively, and up to two missed cleavages were allowed for 
enzyme digestion. Cysteine carbamidomethylation was set 
as a fixed modification, and methionine oxidation, aspara-
gine deamination were set as ‘rare1’ modifications. HCD 
and EThcd were chosen as the fragmentation types. Glycan 
modifications were searched against a the Byonic ‘N- glycan 
309 mammalian no sodium’ library and were set as ‘rare1’ 
modifications. Two common modifications and one rare 
modification were allowed to be included per peptide. All 
other settings were set at the default values. For glycopeptides, 
a Byonic score of >300 was considered a good score, which 
reflects the absolute quality of the peptide- spectrum match 
[51]. The relative amount of each glycoform (%) was calcu-
lated by dividing the XIC peak area (obtained using Thermo 
Xcalibur 2.2) for each glycoform by the total glycoform peak 
area for that peptide and multiplying by 100.

Statistical analyses
All statistical analyses described were performed using 
GraphPad Prism 8.0. Data were assessed for normality before 
the selection of the appropriate test.

RESULTS
Deglycosylation identifies simple and hybrid 
glycans on the IBV S protein
Previous studies have identified glycosylation of the S protein 
of IBV, using insect cell- expressed M41 S proteins and a Vero 
cell- adapted Beaudette strain [5, 18, 19]. Here, the S protein of 
two strains of IBV were assessed, both propagated in chicken 
eggs to achieve a glycan profile reflecting that produced 

during infection in cells of the natural host. As a result of 
the oligosaccharide attachment and trimming processes that 
occur within the ER and Golgi during protein synthesis, 
different glycan forms can exist on each protein. Deglycosyla-
tion was achieved using two enzymes, PNGase F and EndoH. 
All glycans are susceptible to removal by PNGase F (bar alpha 
1,3 linked fucose present in insect cells), as it cleaves at the 
GlcNAc core [52], whereas EndoH cleaves within the core of 
simple and hybrid glycans [53]. PNGase F and EndoH were 
used to begin characterisation of the glycan profile of the IBV 
S protein in the pathogenic M41- CK and the attenuated rIBV 
Beau- R, both members of the Massachusetts serotype and 
genotype GI-1 [54]. The presence of each type of glycan was 
indicated by sensitivity to enzymatic deglycosylation followed 
by a relative molecular mass shift measured by western blot. 
Different types of glycan were identified following diges-
tion, as evidenced by the shift in S protein molecular weight 
following treatment with each reagent. As shown in Fig. 1, for 
both M41- CK (Fig. 1a) and Beau- R (Fig. 1b) the reduction 
in band size following PNGase F treatment indicates that a 
large proportion of the protein’s apparent molecular weight 
is comprised of oligosaccharides. In the untreated samples, 
glycosylation is indicated by the band and smear at approxi-
mately 250 kDa, with the S2 band present at approximately 
80 kDa. While glycans themselves do not exhibit a particu-
larly heavy molecular weight, their branched nature renders 
glycosylated proteins bulkier than non- glycosylated proteins, 
hence they are perceived as larger or heavier when analysed 
by Western blot. The S protein’s sensitivity to Endo H indi-
cates that high mannose (simple/oligomannose and hybrid 
type) oligosaccharides contribute to a large proportion of its 
apparent overall molecular weight, indicated by the slightly 
larger band size compared to the PNGase F sample. This has 
been observed for other viral proteins such as HIV-1 gp120, 
in which 50 % of the protein’s apparent molecular weight is 
thought to be due to glycans on its surface [16].

An additional band is present in the Beau- R samples (Fig. 1b) 
compared to the M41- CK samples, approximately 37 kDa in 
size. This is thought to be a product of the S2′ cleavage site 
present in the Beau- R S protein [6]. Interestingly, this appears 
as a double band in the EndoH treated sample but only a single 
band is visible in the PNGase F sample, potentially a result of 
the complete deglycosylation by the latter enzyme. Neverthe-
less, there was a sizeable band shift following both treatments, 
indicating that a large proportion of the protein’s apparent 
molecular weight can be attributed to glycan structures.

Predicted N-glycosylation site positions on the IBV 
S protein vary by strain
To explore glycosylation of the IBV S glycoprotein on a site- 
specific basis, the amino acid sequences of M41- CK, Beau- R, 
QX and 4/91 s proteins were analysed using the online server 
NetNGlyc 1.0, to identify any amino acid residues in the S 
protein sequences that were likely to be N- glycosylated. QX 
(genotype GI-19) and 4/91 (genotype GI-13) [54] display 
vastly different tropisms and in vivo phenotypes to the two 
laboratory strains, and each exhibit approximately 82 % 
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amino acid identity to both M41- CK and Beau- R. Both QX 
and 4/91 belong to their own serotypes and genotypes, again 
different from the Massachusetts serotype of M41- CK and 
Beau- R [55, 56], which have 96.2 % amino acid identity in the 
spike protein. The locations of the predicted N- glycosylation 
motif, amino acid sequence N- X- S/T, were identified in four 
amino acid sequences representing the different IBV strains, 
M41- CK (GenBank accession number MK728875.1), Beau- R 
(GenBank accession number AJ311317), 4/91 (GenBank 
accession number JN192154) and QX (GenBank accession 
number DQ431199). The predicted locations of the N- linked 
glycosylation motif for each of the four IBV strains are indi-
cated in Table 1.

There are similarities between the positions of the predicted 
N- glycosylation sites in each S protein of the four strains, 
with 26 sites shared across all strains. The positions of the 
predicted sites for M41- CK and Beau- R were identical, which 
is unsurprising due to the similarity (96 %) of the two S protein 
sequences. Four additional predicted N- glycosylation sites are 
shared between QX and 4/91, with the most striking similarity 

within the S2 subunit. Two predicted N- glycosylation sites, at 
positions 141 and 200, are unique to QX, while 4/91 displays a 
single unique predicted site at position 281, all located within 
S1, which has the most variable amino acid sequences of the 
two subunits [57]. Given only a few differences exist between 
the predicted glycan profiles for the four strains described 
here, this may indicate that the glycosylation pattern of the S 
glycoprotein is largely conserved across IBV strains.

To assess the spatiality of these predicted sites in the M41- CK 
amino acid sequence, the locations were mapped to the 
predicted structure of the M41- CK S protein, based on the 
recently published M41 ectodomain structure, covering 
residues 21–1022 of the total 1162 residues in the M41 S 
amino acid sequence (Fig. 1c) [5]. M41- CK was selected for 
this analysis from the four strains described as Massachusetts 
is the most widely used vaccine serotype and is therefore of 
interest with relation to improving vaccine design [55, 58]. 
M41- CK is also pathogenic compared to Beau- R and is 
therefore a more clinically relevant strain for this analysis 
[59]. Fig. 2 shows a representation of the M41- CK S protein 

Fig. 1. IBV S is susceptible to enzymatic deglycosylation. Purified samples of IBV M41- CK (a) and Beau- R (b) were digested with EndoH 
(EH) or PNGase F (PF) for 1 h at 37 °C. Digested proteins were separated by SDS- PAGE followed by Western blot using the monoclonal IBV 
S2 antibody 26.1. Blots were visualized using a Licor Odyssey and band sizes (kDa) were compared to Bio- Rad All Blue Protein Standard 
(m). Digested protein samples were compared with untreated (UT) samples of purified virus for each strain. (c) Schematic representation 
of the S gene with predicted N- linked glycosylation sites indicated by black arrows. The locations of predicted sites for M41- CK and 
Beau- R are the same. Notable regions of the S protein are indicated in colour, NTD: N- terminal domain, CTD, C- terminal domain; FP, 
fusion peptide; HR, heptad repeat; CH, central helix. Amino acid numbers correspond to the amino acid sequence of IBV M41- CK S.
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Table 1. Predicted N- linked glycosylation site positions in the amino acid sequences of Beau- R, M41- CK, 4/91 and QX

IBV Strain

Beau- R M41- CK 4/91 QX

S1 SUBUNIT S1- NTD 51 51 – 52

– – 54 55

77 77 75 76

103 103 103 104

– – – 141

144 144 146 147

163 163 165 166

178 178 180 181

– – – 200

212 212 214 215

237 237 239 240

  247 247 249 250

264 264 266 267

S1- CTD 271 271 273 274

276 276 278 279

– – 281 –

306 306 308 309

  S2′ → 425 425 427 428

447 447 449 450

– – 456 457

513 513 515 516

530 530 533 533

S2 SUBUNIT – – 544 545

579 579 581 582

591 591 593 594

669 669 671 672

676 676 678 679

714 714 – –

947 947 949 950

960 960 962 963

979 979 981 982

1014 1014 1016 1017

HR2 1038 1038 1040 1041

1051 1051 1053 1054

  
  

– – 1060 1061

1074 1074 1076 1077

Notable regions of the S protein are indicated on the left, including the S1 and S2 subunits, the S1 N- terminal domain (S1- NTD), S1 C- terminal domain (S1- CTD) and 
heptad repeat 2 (HR2). The S2′ cleavage site is indicated at position 690 (Beau- R). Numbers indicate the position of the asparagine (N) residue in the motif N- x- S/T and are 
numbered from the start codon of the signal sequence in each strain.
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structure with the predicted glycan sites labelled with spheres. 
The site locations listed in Table 1 correspond to the numbers 
detailed in Fig. 2(b). The NetNGlyc predictions identified 
29 sites, which had the capacity for glycosylation. Of these 
predicted sites 18 lie in the S1 subunit and 11 in S2. The 
arrangement of three monomeric units within an M41- CK 
S protein trimer is shown in Fig. 2(c, d). None of the sites 
appeared to be facing inwards when analysed using PyMOL, 
however some were close to the start of the transmembrane 
domain around position 1096 in M41- CK.

Heterogeneity exists within the glycan profile of the 
M41-CK S protein
The prediction of glycosylation at a given asparagine residue is 
based on the presence of the N- X- S/T motif, but the likelihood 
of a glycan being attached to the predicted residue depends 
on multiple factors, such as the amino acids surrounding the 
motif [20]. To determine whether the predicted sites high-
lighted in Fig. 2 were utilized in the M41- CK S sequence, 

with a glycan structure attached to the asparagine residues, a 
sample of ultracentrifuge- purified virus propagated in embry-
onated hens’ eggs was trypsin and chymotrypsin digested 
and analysed using mass spectrometry (MS). This resulted 
in coverage of the M41- CK S protein as multiple peptides, 
as indicated in Fig. S1 (available in the online version of this 
article). Analysis of the 29 predicted N- glycosylation sites by 
MS, confirmed glycan presence at 18 sites by MS and further-
more the composition of the glycan structures was analysed at 
eight of these 18 sites using EThcD MS techniques, detailed in 
Fig. 3, allowing further insight into the types of glycan present 
at these sites. Of the 18 confirmed sites, nine are present in 
the S1 subunit and nine in S2, with four sites present in the 
S1- NTD receptor binding domain at N77, N103, N144 and 
N212 [5, 60].

The oligosaccharide compositions of the glycan structures 
were characterised by EThcD at amino acid sites N144, N212, 
N425, N513 in the S1 subunit and N947 and N1014 in the 

Fig. 2. Glycosylation is predicted at 29 sites in the M41- CK S protein sequence. Ribbon diagram of the putative S protein structure of IBV 
M41- CK. (a) Monomeric unit of the S protein coloured by rainbow from N (blue) to C terminus (red). S1 indicated in green/blue and S2 
in red/yellow/orange. Functional domains are indicated. (b) Monomeric unit of the S protein with labelled Asn residues present in PNG 
sites (pink), generated using PyMol. Approximate location for binding of the monoclonal IBV S2 antibody 26.1 indicated by the red box 
(residues 546–725 [62]. (c) Trimeric formation of IBV M41- CK S from a side view and (d) from a top view, generated using SWISS Model. 
Each colour represents a monomeric unit.
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S2 subunit. At all of these sites, the structures appeared to 
be oligomannose- type glycans, with some variation between 
the composition of mannose molecules in the glycan chains. 
Heterogeneity among the glycan- types present was observed 
at N144, N212, N425, N513 and N947. The relative glycan 
compositions at each site are detailed in Table 2.

This heterogeneity within the range of structures identified at 
these sites indicates that the structures may differ on the indi-
vidual S proteins within the sample. Due to the preparation 
and digestion methods, approximately 50 % coverage of the 
S protein was achieved in these experiments, so this list may 
not be exhaustive. These results do, however, prove that these 
sites are true glycosylation sites and are occupied by glycan 
structures. Combined, the results from the MS experiments 
demonstrate a high level of glycosylation site usage in the IBV 
S protein, as previously described, and allude to heterogeneity 
in the range of glycan types and structures present at each site 
on individual S proteins.

Monoclonal antibody recognition is altered 
following treatment with kifunensine
Complex glycans are also present on the S protein, as indi-
cated by the effects of the mannosidase inhibitor kifunensine 
(Fig. 4). Kifunensine is a cellular inhibitor of α-mannosidase 
I, preventing the trimming of precursor glycoproteins and 
the removal of mannose molecules [61]. This leaves glycans 
in high mannose states and reduces the quantity of complex 
glycans formed in the Golgi following protein modification 
in the ER [61]. The inhibition of complex glycan formation 
by kifunensine on the IBV S glycoprotein was analysed 
using confocal microscopy by identifying any changes in 
antibody recognition following treatment with kifunensine. 

Monoclonal antibody (mAb) 26.1 is known to bind some-
where between amino acid residues 546 and 725 within the 
S2 subunit [62]. This antibody was selected for this analysis 
as it was readily available and compatible with both Western 
blot and immunofluorescence techniques, unlike others in 
the limited selection of available reagents for IBV. As can be 
seen from Fig. 4(a), there was no difference in recognition 
of M41- CK S2 by mAb 26.1 after treatment with kifunen-
sine in CK cells. However, analysis of CK cells infected with 
Beau- R identified that there was a substantial decrease in the 
presence of S2 signal in the cells treated with kifunensine at 
the time of infection (Fig. 4a), indicating that the inhibition 
of complex glycan formation had altered how the Beau- R S 
protein was recognized by the antibody. This was repeated for 
Beau- R in the continuous cell line DF-1 cells, where the same 
effect was observed (Fig. 4b). M41- CK was not included in 
these analyses as it cannot be propagated in continuous cell 
lines [8]. This demonstrates that the effects of kifunensine 
on the recognition of Beau- R S2 by mAb 26.1 are not unique 
to primary CK cells, indicating the effect is not cell specific. 
Detection of IBV S2 was also measured by Western blot 
analysis using IBV- infected CK cell lysates (Fig. 4c). IBV S2 
was detected in both untreated (UT) and kifunensine- treated 
samples of CK cells infected with M41- CK or Beau- R. A 
subtle change was observed in the amounts of S2 detected 
in CK cells infected with M41- CK or Beau- R S2 following 
kifunensine treatment; slightly less S2 was detected following 
treatment with kifunensine and interestingly the S2 subunits 
appeared larger when compared to the untreated samples. 
Levels of β-actin remained unchanged following kifunensine 
treatment, indicating that there were no adverse cellular 
effects from the concentration of the inhibitor used. This was 

Fig. 3. Heterogeneity exists in the glycosylation profile of M41- CK S protein. Schematic representation of the M41- CK S gene with 
functional domains and amino acid positions indicated. NTD: N- terminal domain, CTD: C- terminal domain, FP: fusion peptide, HR: 
heptad repeat, CH: central helix. In samples of ultracentrifuge- purified samples of IBV M41- CK, glycan sites were mapped by trypsin 
or chymotrypsin digestion followed by PNGase treatment in presence of D

2
O. Glycopeptides (trypsin and chymotrypsin digests) were 

analysed on Thermo Orbitrap fusion instrument (ETHcD mode). To visualize the predicted structure of the glycans, glycopeptide MS data 
were analysed with Byonic software (Protein Metrics). The presence of N- linked high mannose glycans is indicated by a blue structure at 
sites N144, N212, N425, N447, N513, N947, N979 and N1014 (analysed using Byonic). The presence of glycans of an unknown structure 
is indicated by black markers at sites N77, N103, N247, N530, N591, N714, N960, N1038, N1051, N1074. Sites at which N- glycosylation 
was predicted by NetNGlyc 1.0 but not confirmed during mass spectrometry analyses are indicated by black arrows.
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also confirmed by assessment of cell viability using Promega 
CellTiter- Glo (data not shown).

To quantify any differences in expression or detection by 
Western blot analysis, the densitometry of each band was 
analysed and compared. Fig. 4(d) shows the densitometry 
data of the kifunensine- treated samples, normalized to β-actin 
levels and displayed as a percentage of the S2 expression in 
the untreated samples. There was a significant reduction in 
S2 expression for M41- CK (P <0.02) but not Beau- R, even 
though levels of S2 in both samples reduced by nearly 40 % on 
average following treatment with kifunensine. This indicates 
that there was some negative effect on either expression of the 
S protein or detection of S2 by mAb 26.1. As an inhibitor of 

α-mannosidase I, kifunensine interferes with the regulation 
of protein folding in the ER [14]. The lower levels of S2 in the 
kifunensine- treated samples may indicate a change in folding 
of the S protein and subsequently loss or distortion of epitopes 
required for antibody binding. By homogenizing the glycan 
types present on the surface of the S protein, kifunensine may 
have induced a denser glycan shield, which may have also 
contributed to blocking recognition by increased shielding of 
the antibody epitope. In addition, there could also be effects 
on the function of the S protein in the absence of complex 
glycosylation, reducing the binding ability of the protein and 
hence entry into target cells.

Fig. 4. Complex glycosylation influences recognition of IBV S2 by monoclonal antibody. (a) CK cells were infected with M41- CK or 
Beau- R (m.o.i.=1) and treated with kifunensine (20 µm) at the time of infection. After 24 h, cells were fixed and stained using monoclonal 
antibodies against IBV S2 (26.1, red) and α-tubulin (green). Nuclei were stained with DAPI (blue). Cells were assessed by confocal 
microscopy. Untreated cells (-) were compared with kifunensine treated cells (+) and mock- infected cells. White scale bars indicate 
25 µm. (b) DF-1 cells were infected with Beau- R (m.o.i.=1) and treated with kifunensine at the time of infection. Cells were fixed and 
stained as described and compared to mock- infected cells. (c) CK cell lysates were prepared from mock- or IBV- infected cells and 
separated by SDS- PAGE. IBV S2 was detected using monoclonal antibody 26.1, producing bands of approximately 80 kDa. B- actin was 
used as a cellular loading control, producing bands at approximately 42 kDa. Band sizes were compared for mock-, M41- CK- and Beau- 
R- infected samples between untreated (-) and kifunensine- treated (+) cells. Sizes were determined in kDa using Bio- Rad All Blue Protein 
Standards (m). (d) Densitometry data was generated from three independent infections and Western blots using the Licor Odyssey 
quantification function. Relative protein expression levels for M41- CK S2 and Beau- R S2 are shown, with kifunensine- treated samples 
(+Kif) displayed as a percentage value of expression levels in the untreated (UT) samples. Average values are displayed with sem. Data 
were analysed by t- test for each strain and statistical differences are indicated, where * indicates P <0.02.



12

Stevenson- Leggett et al., Journal of General Virology 2021;102:001642

Kifunensine affects antibody recognition late in 
Beau-R infection
The results from the inhibition of complex glycan formation 
by treatment with kifunensine indicated an effect on Beau- R 
S2 recognition by mAb 26.1 following detection by confocal 
microscopy (Fig. 4a, b). To determine the stage, during infec-
tion, at which this effect becomes apparent DF-1 cells were 
infected with Beau- R, treated with kifunensine at the point 
of infection, fixed at 1, 2, 4, 8, and 24 h post- infection (p.i.) 
and analysed by confocal microscopy using the S2 mAb 26.1. 
In addition, Beau- R infected DF-1 cells were also analysed 
using the polyclonal antibody anti- IBV (chIBV), which 
recognizes IBV (Massachusetts) proteins (Abcam). DF-1 cells 
were chosen for these analyses as the images obtained during 
staining are generally clearer compared to primary CK cells. 
As can be seen from Fig. 5, in the absence of kifunensine, the 
Beau- R S2 protein was detected at all time points using either 
antibody, indicating that the cells were infected, albeit to a 
low level, and that S2 was detectable in its untreated form. 
In the kifunensine- treated samples, both antibodies detected 
Beau- R S2 at the earlier time points of 1, 2 and 4 h p.i. indi-
cating Beau- R had entered the cells and initiated a replication 
cycle. However, from 8 h p.i. the detection of Beau- R S2 using 
mAb 26.1 was lost completely, whereas the detection of S2 
using chIBV was present at all time points including 8 and 24 
h p.i. These observations indicate that infection with Beau- R 
was still viable, following treatment with kifunensine, even 
though S2 was not detectable by mAb 26.1. The data implies 
that the effects of kifunensine treatment take place between 
4 and 8 h p.i. The replication cycle of IBV is considered to be 
6–8 h, with virus progeny detectable at 6 h p.i. [63]. Our data 
indicates that kifunensine is acting on the newly produced 

proteins, rather than those present on virions in the starting 
inoculum and that kifunensine treatment affects detection 
of Beau- R S2 by mAb 26.1 for confocal microscopy. This 
presents a dichotomy with the data described for Western blot 
analysis, where Beau- R S detection was reduced but not abol-
ished following kifunensine treatment. This is hypothesized 
to be because kifunensine changes the final conformation of 
the S protein to a degree where it is no longer recognized by 
mAb 26.1, but the linear epitope is still recognized during 
Western blot analysis, even though a reduced amount is 
detected overall.

Complex glycans are non-essential in Beau-R and 
M41-CK replication
To further investigate the potential effects of kifunensine 
treatment on IBV infection, cell supernatants from CK cells 
infected with IBV (m.o.i.=1) and treated with kifunensine, 
were titrated on CK cells to identify any changes in viral titres 
following kifunensine treatment in comparison to untreated 
controls (Fig. 6a). No significant differences in viral titres were 
observed for either Beau- R or M41- CK at 24 h p.i. There was a 
small reduction in titres of Beau- R propagated in the presence 
of kifunensine, however, this did not reach statistical signifi-
cance. The comparable titres of both Beau- R and M41- CK 
propagated in the presence and absence of kifunensine indi-
cate that the inhibition of α-mannosidase I and consequently 
the formation of complex glycans on the S protein, does not 
affect either Beau- R or M41- CK viability and infectivity. To 
confirm that other viral proteins were not affected by the 
actions of kifunensine, the envelope (E) protein was detected 
by western blot from IBV- infected CK cell lysates, using a 
monoclonal antibody against the E protein (Fig. 6b). In both 

Fig. 5. Kifunensine causes a loss of Beau- R S2 recognition between 4 and 8 h p.i. DF-1 cells were infected with Beau- R (m.o.i.=10), treated 
with kifunensine at the time of infection and incubated at 37 °C. Infected cells were fixed at 1, 2, 4, 8 and 24 h p.i. and mock- infected cells 
were fixed at 24 h p.i. only. Cells were stained with the monoclonal S2 antibody 26.1 (green) and the polyclonal IBV antibody anti- IBV 
(red). Nuclei were stained with DAPI. Cells were assessed by confocal microscopy and images are displayed for untreated (- KIF) and 
kifunensine- treated (+KIF) cells. Staining for both antibodies was visible until 4 h.p.i., after which only anti- IBV staining was visible in the 
kifunensine- treated samples. Scale bars are indicated in white for each panel.
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untreated and kifunensine- treated samples, the E protein 
was detected at 24 h p.i., with no size difference observed in 
either sample, indicating that there is no adverse effect on the 
E protein by kifunensine treatment. The E protein does not 
display N- glycans and so should not have been affected by the 
inhibition of α-mannosidase I [64].

The ER and Golgi play an important role in the secretory 
pathway, trafficking viral proteins to the cell surface during 
assembly and release [65]. As α-mannosidase I is an enzyme 
located in the ER, it was hypothesized that the inhibition of 
this enzyme by kifunensine and consequent loss of complex 
glycans, may interfere with the production of viable proteins 
for assembly into functional virions, potentially impacting 
virus release from infected cells and the concomitant increase 
in virus particles within infected cells. To test this hypothesis, 
replication kinetics of M41- CK and Beau- R were assessed in 
CK cells infected at a low m.o.i. (0.01) in the presence and 
absence of kifunensine (20 µm, added at the time of infection). 
Supernatants (extracellular) and cell lysates (intracellular), 
from five time points post- infection, were titrated on CK 
cells to determine the quantities of infectious virus progeny 
(Fig. 6c, d). No differences in titres between the untreated and 
kifunensine- treated samples for either Beau- R or M41- CK 
were observed, further indicating that complex glycans are 

not essential for replication of IBV in CK cells. There were no 
significant differences between the intracellular and extracel-
lular titres, indicating that inhibition of α-mannosidase I by 
kifunensine did not impact on the ability of the virus to exit 
cells during replication.

Complex glycosylation is not required for in vitro 
virus neutralisation
Previous HIV-1 research has shown that some antibodies 
recognize the conformation of a protein including complex 
glycan structures [28, 32]. Neutralization of IBV by mono-
clonal antibodies raised against the S1 subunit of the IBV 
S glycoprotein has been described, including the mAb A13 
for which neutralization is specific to M41 so does not 
neutralize Beau- R [47]. The anti- S2 mAb, 26.1, used in the 
previous experiments (Figs 1 and 4–6) is not neutralizing 
to either M41- CK or Beau- R. To assess whether M41- CK 
propagated in the presence of kifunensine exhibited an altered 
neutralisation response to treatment with the S1 mAb A13, a 
plaque reduction assay was performed in primary CK cells to 
determine the plaque reduction neutralization titre (PRNT50) 
(Fig. 7a). The rIBV Beau- R was included in the assay to deter-
mine whether treatment with kifunensine would result in 
mAb A13 mediated neutralization. No significant differences 

Fig. 6. Complex glycosylation is non- essential for IBV replication. (a) CK cells were infected with M41- CK or Beau- R, treated with 
kifunensine at the time of infection, and incubated at 37 °C. Supernatant was harvested at 24 h p.i. and titrated by plaque assay in CK 
cells. Average viral titres (log

10
 pfu/ml) from three independent experiments are displayed for untreated (-) and kifunensine- treated (+) 

cells infected with each strain. Error bars represent sem and data were analysed by one- way ANOVA to identify statistical differences. 
(b) CK cell lysates from the infections described were prepared and separated by SDS- PAGE followed by Western blot using IBV- specific 
mAbs anti- S2 (26.1) and anti- E. Anti- B- actin was used as a loading control. Band sizes (kDa) were compared to Bio- Rad All Blue Protein 
Standards and untreated (-) samples were compared with kifunensine- treated (+) samples. (c) CK cells were infected with Beau- R or 
(d) M41- CK at an m.o.i. of 0.01 and treated with kifunensine at the time of infection. Cells were incubated at 37 °C. Supernatant and cell 
lysates were harvested at 1, 24, 48, 72 and 96 h p.i. and titrated by plaque assay in CK cells. Average viral titres from three independent 
experiments are displayed with sem. Data were analysed by two- way ANOVA to identify statistical differences. Values for cell lysate 
samples are labelled intracellular and kifunensine treatment is indicated.
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were observed between the PRNT50 values for mAb A13 on 
M41- CK grown in the presence or absence of kifunensine 
(Fig. 7a). There was a slight decrease in the neutralization 
titre in the kifunensine- treated sample; this, however, was 
not statistically significant. The comparable titres therefore 
indicated that the recognition and neutralization of M41- CK 
S1 by mAb A13 is not dependent on the presence of complex 
glycans. As previously described for Beau- R [47], A13 was 
not neutralizing and this was unchanged following treatment 
with kifunensine (Fig. 7a). This implies that the neutralising 
effect of mAb A13 is not dependent on complex glycans on 
the M41- CK S glycoprotein, and is dependent on either the 
primary amino acid sequence of the protein or a specific 
conformation of the M41- CK S protein.

The mAb A13 recognises a small section of the S protein, 
within hypervariable region 1 (HVR-1) [47]. Following the 
result that kifunensine treatment does not affect the neutrali-
zation of M41- CK by mAb A13, plaque reduction assays were 
repeated but using polyclonal sera raised against M41- CK in 
chickens [48], to establish the effect of kifunensine treatment 
on virus neutralization (Fig. 7b). As both viruses belong to the 
same serotype, it was hypothesized that neutralization may be 
observed for both M41- CK and Beau- R, hence both strains 
were included in the assay. For polyclonal sera, similarly to the 
mAb A13 results, there were no differences in PRNT50 values 
following treatment with kifunensine (Fig.  7b). However, 
both viruses were neutralized by the polyclonal sera, with 
the sera showing a stronger neutralization towards M41- CK 
than to Beau- R. Treatment with kifunensine had no effect on 

neutralization, although the titres were slightly decreased for 
Beau- R in the presence of kifunensine. Overall, the PRNT50 
values for M41- CK and Beau- R were similar. There was also 
slightly more variation within the titres obtained for the 
M41- CK kifunensine- treated samples, but the differences 
were not of statistical significance. Taken together these 
results indicate that complex glycans do not play an essential 
role in the neutralization of M41- CK or Beau- R in vitro, by 
mAb A13 or polyclonal sera.

DISCUSSION
The glycosylation of virus structural proteins has been shown 
to influence many of the processes and outcomes of a virus 
infection, including antigenicity, infectivity and receptor 
binding [18, 19, 37, 66–68]. The glycan profile is an important 
factor to consider when investigating how a virus interacts 
with a cell and how the glycan shield may aid in immune 
evasion and affect antibody recognition. Recent studies using 
the S glycoprotein of SARS- CoV-2 suggested that 40 % of the 
protein’s surface is covered by glycans, reducing the surface of 
the protein accessible to antibody recognition [69, 70]. This is 
in line with data from other heavily glycosylated virus proteins, 
such as HIV-1 gp120 where 50 % of the protein’s apparent 
molecular weight was attributed to glycosylation [23], with 
the glycan profile comprising oligomannose, complex and 
hybrid glycans [71]. The abundance of glycans present on the 
IBV S protein was initially investigated, in this study, using 
enzymatic deglycosylation, which revealed a decrease in the 

Fig. 7. Treatment with kifunensine does not affect neutralization by monoclonal antibody. Samples of supernatant from untreated (UT) 
and kifunensine- treated (+kif) M41- CK and Beau- R infected CK cells were diluted to 2000 p.f.u. and incubated with serial dilutions of 
monoclonal IBV S1 antibody A13 [47] (a) and polyclonal chicken sera raised against M41- CK (b). Virus- antibody solutions were titrated by 
plaque assay in CK cells and the plaque reduction neutralization titre (PRNT

50
) was determined for each sample using the Reed- Muench 

calculation. PRNT
50

 values from three independent experiments are displayed with SEM. Data were analysed by one- way ANOVA to 
identify statistical differences.
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relative molecular mass of the S protein and S2 subunit by 
Western blot analysis. Further investigation, using EndoH, 
identified a molecular weight change suggesting that the 
glycan shield of the M41- CK and Beau- R S proteins contain 
both simple and hybrid glycans (Fig. 1a, b). Investigations 
using kifunensine revealed the presence of complex glycans 
(Fig. 4). The identification of several types of glycan in the 
glycan shields of both Beau- R and M41- CK suggest diversity 
in the glycans present on the S glycoprotein.

Sequence analysis of four different strains of IBV, spanning 
three genotypes [54] and three serotypes [1, 55], showed 
small differences in the numbers of predicted glycosylation 
sites within the S protein (Table 1), with 29 sites predicted in 
M41- CK and Beau- R, 32 in 4/91 and 34 in QX, as previously 
reported [24]. These numbers are broadly similar to those 
reported for other coronaviruses such as human coronavirus 
229E, which possesses 30 predicted sites in its S protein [72] 
and feline infectious peritonitis virus which has 37 [73]. The 
predicted glycosylation sites were identical for M41- CK and 
Beau- R, which was not unexpected given the high level of 
amino acid identity between the two strains, and that both 
belong to the same serotype. Using purified virus stocks 
derived from propagation of M41- CK in embryonated eggs, 
we were able to confirm glycosylation at 18 of the 29 predicted 
glycosylation sites in the M41- CK S protein (Fig. 3), seven of 
which matched those identified by Zheng et al. [18], following 
expression of the Vero- adapted Beaudette S protein in insect 
cells. The location of one site identified by Zheng et al. [18], 
at position N276, was not covered by the peptides detected 
in the present study, and so glycosylation was not confirmed.

Glycans were also identified at 20 sites in the M41 S protein as 
part of the cryo- EM structural analyses performed by Shang 
et al. in 2018, although this study used insect cell expression 
systems. Ten of these sites aligned with those confirmed here 
in M41- CK, possibly as a result of the difference in expression 
systems [27]. Differences were also noted in another study 
investigating glycosylation in the M41 RBD, which analysed 
ten predicted sites using LC/MS and MALDI- TOF MS tech-
niques [19]. Although this study also used an M41 isolate 
of IBV, the sites identified did not match those identified in 
this study using M41- CK. There were differences in amino 
acid positions and sequences for those that were identified 
by Parsons et al. [19] compared with those in the present 
study. There were also differences in the observed glycoforms 
in each study, with Parsons et al. describing complex- type 
glycans compared to the oligomannose types described here. 
The differences between the results obtained in each of these 
IBV M41 glycosylation studies highlight the impact of the 
expression method for the S protein and cell type for propa-
gation of virus on the glycan profile of the viral proteins, as 
well as reiterating the importance of expressing intact trimers 
in glycosylation investigations. This was also observed in 
studies using HIV-1, where differential glycosylation was 
observed between different mammalian cell types [74], and 
for influenza virus, where differences in HA glycosylation 
was dependent on growth in mammalian or avian cells [27]. 
The experiments described here, using IBVs propagated in 

embryonated hen’s eggs or chicken cells, offer a description 
of IBV glycosylation more comparable to infection in the 
natural host.

The structures of the glycans present at six of the confirmed 
sites in the M41- CK S protein were also determined using 
the EThcD MS techniques. Notably, a degree of heterogeneity 
was observed in the glycan structures observed at these sites 
(Table 2). This has recently been reported for the S protein of 
the newly emerged SARS- CoV-2, where structural analyses 
and simulations suggested that while the antigenicity of the 
S protein is unlikely to be affected by heterogeneity, there 
may be implications for the presentation of specific epitopes 
[70]. Glycan heterogeneity has been identified in the enve-
lope (Env) protein of HIV-1, where it was linked to immune 
evasion [75, 76], offering important insights into how these 
viruses may evade immune responses. However, it is impor-
tant to note that while glycans do shield some HIV epitopes 
from antibody recognition, there is also homogeneity at 
certain sites in the glycan shield of HIV Env, which renders 
the protein susceptible to broadly neutralizing antibodies that 
recognize specific glycans [32, 77]. The cause of the heteroge-
neity observed for IBV M41- CK S is likely to be multifactorial. 
It could be due to more than one cell type being infected 
within the embryo, as the specific site of IBV replication 
within an egg is unknown. As there may be more than one 
cell type infected, it would be difficult to say which cell types 
have resulted in which variations. Furthermore, the metabolic 
activity and enzyme repertoire of each of these cell types are 
also likely to impact glycosylation [78].

The effects of glycosylation on antibody recognition have 
been documented for viruses including HIV-1 and influenza 
[68, 74, 79]. The results described in Fig. 4 also indicate an 
effect of complex glycosylation on antibody recognition during 
both Beau- R and M41- CK infection. Levels of detected spike 
protein, as measured by Western blot, were shown to decrease 
following treatment with kifunensine for both M41- CK and 
Beau- R, but the protein was still recognized by the mAb 26.1, 
targeting the S2 subunit (Fig. 4c, d) [62]. In contrast, when 
analysed by confocal microscopy, the signal from the S2 26.1 
mAb was completely lost in the Beau- R infected cells treated 
with kifunensine after 24 h. (Fig. 4a, b). This indicates that the 
effect is only observed when the antibody is interacting with 
the conformational form of the S protein, as the linear epitope 
was still recognized following Western blot analysis, although 
a reduction in detection levels was noted following kifunensine 
treatment (Fig. 4c, d). As kifunensine inhibits α-mannosidase 
I, which regulates protein folding in the ER, it is likely that the 
action of the inhibitor, and the disruption of complex glyco-
sylation during protein synthesis, has resulted in a different 
conformational form of the protein, unrecognised by the mAb 
26.1. There may also be an increased shielding effect in the 
kifunensine- treated samples, where the glycan shield may be 
more dense following treatment as a result of the composi-
tion of the remaining glycans, potentially blocking access to 
epitopes on the surface of the S protein. Interestingly, this 
effect was also strain- specific, with M41- CK- infected cells 
seemingly unaffected by treatment with kifunensine. This 
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could indicate that complex glycosylation is less important 
in the folding of M41- CK S proteins, or that mAb 26.1 recog-
nizes the protein differently with this strain. The mAb 26.1 
binds at residues 546–725 [62] in the M41 S protein sequence, 
a region possessing five predicted glycosylation sites in both 
M41- CK and Beau- R, two of which were confirmed in M41- 
CK. As there was no difference in recognition for M41- CK 
by immunofluorescence, perhaps the glycans on the Beau- R 
spike protein are complex in type and those on M41- CK are 
simple glycans, for example. Equally it is possible that the 
Beau- R epitope targeted by mAb 26.1 has been distorted as a 
result of aberrant processing with the inhibition of mannosi-
dase I. Further investigation into the change in recognition 
of Beau- R S2 revealed a more specific time at which the loss 
of signal was observed (Fig. 5), between 4 and 8 h p.i., which 
aligns with one round of IBV replication [63]. As kifunensine 
inhibits a cellular enzyme, it is therefore likely that it starts 
to take effect on the newly synthesized proteins during virus 
replication. Complex glycans have been implicated in the 
recognition of HIV-1 glycoproteins by broadly neutralizing 
antibodies [28] and dependency on glycans and glycosyla-
tion in antibody binding has been noted for other viruses 
including HIV-1 and influenza [31, 80–82], supporting the 
data described here for recognition of IBV Beau- R S. These 
data suggest the presence of glycan- dependent epitopes on 
the surface of the IBV S protein.

Our results indicate that neutralization of IBV infectivity is 
not solely dependent on complex glycans, despite the indi-
cation of glycan- dependent epitopes on the surface of the S 
protein. The neutralizing capacity of a mAb (26.1) and poly-
clonal chicken sera was the same when neutralizing wild- type 
IBV and IBV produced in kifunensine- treated cells, i.e. those 
without complex glycans, indicating that complex glycosyla-
tion does not affect neutralisation of M41- CK or Beau- R 
by mAb A13 or polyclonal anti- M41- CK sera (Fig. 7). This 
contrasts with HIV-1 studies, where treatment with kifun-
ensine increased susceptibility to neutralization by sera [14], 
presumably through disruption of the glycan shield. Although 
there was a slight increase in serum neutralization titre in 
the M41- CK kifunensine- treated samples, the difference 
was not significant (Fig. 7b). Removal of complex glycans 
from the surface of the Beau- R S protein had no effect on 
its susceptibility to neutralisation by the mAb A13, in line 
with previously published data [27]. The effect described here 
may be antibody- specific, and further investigation would be 
required to assess the effect with other antibodies. Changes 
in glycosylation patterns in recombinant proteins have also 
been shown to alter serum neutralization titres during in vivo 
experiments [83] and so, although no change was observed 
using polyclonal sera in vitro, viruses or vaccines lacking 
complex glycans may display altered phenotypes or antibody 
responses in infected birds.

Glycosylation of the S protein has been reported to affect 
receptor binding in other IBV studies [19], and it was hypoth-
esized that the removal of complex glycans may affect entry 
and/or exit from host cells. However, our results (Fig. 6) 
show that the presence of complex glycans did not appear 

to affect virus infectivity. Kifunensine treatment exerted no 
effect on the replication or release of IBV in infected cells, 
where the titres of intra- and extracellular viral progeny 
were comparable at all time points following treatment 
with kifunensine. A more subtle effect was observed in the 
Western blot experiments detecting the S protein (Figs 4c 
and 6b), where a very slight size increase was observed in 
the S2 bands from kifunensine treated samples, observed 
across multiple independent experiments. This is surprising 
as the inhibition of glycosylation usually reduces the relative 
molecular mass of a protein [84], although this is dependent 
on the size of the glycans inhibited and that of those 
remaining. The increase in size may be due to the reduced 
activity of α-mannosidase I, which aids in adding and 
removing residues from developing glycan structures [15]. 
The glycans on this subunit may not be properly trimmed, 
and so exhibit a slightly heavier weight compared to proteins 
produced in untreated cells. However, as described, no effect 
was observed in relation to replication, with titres of viral 
progeny in the kifunensine- treated samples comparable 
with the untreated, indicating that these IBV strains were 
functional without complex glycans.

Taken together the results described here highlight a notable 
interaction between complex glycosylation and the recogni-
tion of the IBV S protein by a monoclonal S2 antibody, with 
no impact on virus replication, infectivity or neutralisation 
by polyclonal sera. Different types of glycan have been identi-
fied in the spike proteins of M41- CK and Beau- R, with the 
importance of certain types differing between the strains. We 
have shown that the majority of predicted glycosylation sites 
in the M41- CK S protein are utilized and that heterogeneity 
exists within the range of glycans present at each position. 
This research explores the basic principles of glycosylation in 
the IBV spike protein, and with effects observed surrounding 
the recognition of the S protein by antibodies, this may be 
useful to incorporate into vaccine design. As suggested for 
HIV-1 vaccination strategies, the generation of immunogens 
capable of inducing broadly neutralizing antibodies, which 
recognize the glycan shield would be highly beneficial [28]. 
The results from the experiments described here showed no 
change in neutralization following complex glycan removal, 
but there was clearly an alteration in the mechanism of anti-
body binding to the S2 subunit, which is more conserved 
among IBV strains than the variable S1. Further research is 
required to establish whether IBV S proteins lacking glycans 
are able to induce more broadly cross- reactive antibodies 
upon vaccination against IBV.
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