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Chapter 1	

	 

HHoossttss   aanndd  ddiisseeaasseess  ooff   aavviiaann  ccoorroonnaavviirruusseess  
Many domesticated and wild bird species, including chicken, guinea fowl, turkey, pheasant, 
goose, duck, teal, pigeon, peafowl, partridge, are susceptible for coronaviruses. While the 
infection in wild bird species often goes unnoticed, introduction of avian coronaviruses in 
poultry can have huge consequences on the welfare of animals as well as large economic 
impact for the poultry industry. Avian coronavirus (AvCoV) infections are reported 
worldwide and many different strains circulate across the different continents. AvCoVs are 
found in many host species including chicken (1, 2), guinea fowl (3), turkey circulating both 
in Europe and USA (4), teal (5), duck (5), geese (6), pheasant (7), partridge (8), teal (8), 
pigeon (9) peafowl (10), and quail (11). Although identified by PCR, details on the 
pathogenesis of many AvCoVs remains unknown.  

The avian coronavirus infectious bronchitis virus (IBV) is the causative agent of 
one of the most prevalent viral respiratory diseases in chickens. IBV infects primarily the 
respiratory tract (12-15), with clinical signs including snicking, wheezing and/or nasal 
discharge (2, 16-18). Infection of the trachea results in detachment of its ciliated epithelial 
cells and hyperplasia, with reduced number of mucosal glands and infiltration of 
heterophils and lymphocytes (15, 19). Some IBV strains can cause, in addition to respiratory 
disease, other clinical symptoms due to infection of other organ systems (14, 20-23). This 
includes infection of the reproductive system, leading to reduced egg production and egg 
quality, as well as urinary tract infections with reported pale and swollen kidneys with 
distended ureters (19). Histological changes in the kidney related to IBV infection include 
hyperplasia and infiltration of heterophilic cells and lymphocytes in the interstitium, 
epithelial degeneration, and ducto-tubular dilation (19). IBV strains causing additional 
kidney disease are classified as nephropathogenic.  

In contrast, AvCoVs that infect other poultry than chicken are primarily 
enterotropic (4, 24). Infection of the gastrointestinal tract of turkey, quail or guinea fowl, 
can result in clinical symptoms including fulminating enteritis, diarrhea, ruffled feathers, 
decreased water and feed consumption, weight loss and prostration (3, 25). Upon necropsy 
of affected guinea fowl, enlarged and whitish pancreases are consistently reported. 
Histological analyses revealed pancreatic necrosis and lesions of various intensities in the 
intestinal epithelium, with the most severe lesions found in the duodenum (for guinea fowl 
affected with GfCoV) (24) and lower intestine including the ileum, caeca and bursa colon 
(for turkey affected with TCoV) (25). 
While cross-species infections are sometimes suggested based on genetic viral RNA, to our 
knowledge no convincing evidence exists of AvCoVs that can cause disease in more than 
one species.  
  
CCllaassssii ff iiccaatt iioonn  ooff   aavviiaann  ccoorroonnaavviirruusseess    
Avian coronaviruses belong to the order of Nidovirales, family Coronaviridae, genus 
gammacoronavirus. The avian coronavirus genome is a single positive stranded RNA 
molecule of about 27kb with a 5’ cap and a 3’ poly-A tail. It contains ten open reading 
frames (ORFs), where ORFs 1a and 1b contain genes for the non-structural proteins  
(nsp 2-16), which are essential for virus replication including the RNA-dependent RNA 
polymerase, helicase and exoribonuclease (26) (figure 1). The remaining 7kb of the genome 
comprises genes for the four structural proteins, nucleocapsid (N) which is present in the 
virion, encapsulating the RNA molecule, as well as envelope (E), membrane (M), and spike 
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(S), which make up the viral envelope. Furthermore, four ORF’s contain genes encoding the 
accessory proteins, which may have a role in regulation of the host immune response (27-
29).  

Phylogenetic classification of AvCoVs is based on the nucleotide sequence of the 
S1 domain of the viral attachment protein spike (figure 2). For IBV, 32 distinct phylogenetic 
lineages (G-I 1-27, G-II-GVI) are defined which on average contain an uncorrected pairwise 
distances of 13% and 14% for nucleotide and amino acid sequences of S1, respectively (30). 
GI-1 includes the first identified IBV genotype Massachusetts (with IBV-M41 as prototype) 
(30), and IBV-Mass strains are now circulating worldwide (10). In Europe, it is the third 
most prevalent strain (14), while the current most common strains of IBV currently belong 
to lineage GI-13 (including IBV-7-93B) and GI-19 (including the nephropathogenic IBV-QX).  

AvCoVs that infect poultry species other than chickens, including turkey- and 
guinea fowl coronavirus (TCoV and GfCoV, resp.), are phylogenetically clearly distinct from 
IBV. Moreover, TCoV can be separated genetically in strains circulating in Europe and those 
circulating in the USA, with GfCoV clustering most closely together with TCoV-USA (3). 
Based on full genome sequences the genetic distance between GfCoV/FR/2011 and TCoV-
USA ranged between 10-12% (24). Most sequence variation is observed in the spike gene, 
where GfCoV/FR/2011 spike gene shared only 65–90% identity with available TCoV spike 
genes (24). 
 

 
FFiigguurree  11::  Schematic representation of the AvCoV genome. In grey, open reading frames (ORF) 1a (light) and 1b 
(darker) containing genes encoding nonstructural proteins (nsp 2-16), where 1b is produced as 1ab polyprotein 
upon ribosomal frame shift. In color the genes encoding structural (red) or accessory proteins (yellow and blue) 
are indicated. The spike protein consists of an ectodomain (composed of full S1 and majority of S2), 
transmembrane domain and endodomain (light purple). The N-terminal half of S1 is throughout this thesis termed 
the receptor-binding domain (RBD) (dark red) and the remaining half of S1 is termed C-terminal domain (CTD, 
light red). 
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FFiigguurree  22::  Phylogenetic classification of AvCoV based on nucleotide sequence of the S1 domain. Phylogenetic tree 
was based on the Kimura two-parameter model, in which bootstrap values are shown next to the branches. 
Evolutionary analyses were conducted in MEGA, version 6.  

  
AAvviiaann  ccoorroonnaavviirruuss--hhoosstt   iinntteerraacctt iioonnss  ddrr iivviinngg  ttrrooppiissmm  
Virus-host interactions are critical determinants for establishing an infection in a particular 
host which may subsequently lead to pathogenesis. The differences in such interactions, 
explaining the observed differences in outcome in host and tissue tropism of closely 
related avian coronaviruses, were at the start of this research largely not understood. This 
thesis focused particularly on unraveling the first step in the infection of avian 
coronaviruses, that is, the binding of the viral attachment protein spike to attachment 
factors (termed (host-) receptor or ligand) present on host cells. Without a doubt, many 
other factors, including but not limited to, the route of entry, the accessibility and 
susceptibility of target cells, and host innate and adaptive immune factors are of critical 
importance to determine the outcome of a viral infection. While very important, they fall 
beyond the scope of this research presented in this thesis. 
  
VViirraall   aattttaacchhmmeenntt  pprrootteeiinn  ssppiikkee 
It is known that, like for all coronaviruses, the highly glycosylated spike protein of avian 
coronaviruses initiates the infection by binding to (one or more) host receptor(s) on a 
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susceptible cell (figure 3). The spikes on coronaviruses are homotrimers of the spike 
protein, where each protomer of the trimer consist of two subunits; S2, the stalk of the 
protein is anchored in the viral membrane by a transmembrane domain and the S1 subunit 
is its head domain (figure 3). Previously, recombinant IBV viruses expressing a heterologous 
spike demonstrated the in vitro cell tropism is determined by the spike (31). Furthermore, 
the roles of the different subunits (S1 and S2) were studied using recombinant IBV viruses 
expressing heterologous spike domains in the IBV-Beaudette genetic background. Here 
they revealed the S1 subunit is the determinant for cell tropism, by binding to the host cell 
receptor (31), and the S2 subunit is involved in virus and host membrane fusion upon 
infection.  

Binding of the S1 subdomain through its receptor-binding domain (32) (RBD figure 
3C) to a host receptor enables the virus to enter the cell. Entry is primarily via endocytosis, 
resulting in uptake of the virion in endosomes, where membrane fusion of the host and 
virus (dependent on S2 subunit) is triggered by low pH (33). The released genomic RNA 
resembles cellular mRNA which can directly be translated by the host ribosome. Upon IBV 
infection, rearrangements of intracellular membranes are observed, which result in novel 
structures termed zippered-ER and double-membrane vesicles. These membrane 
rearrangements are thought to be involved in transcription and translation of viral proteins 
and assembly of RNA replication complexes, and are suggested to prevent IBV detection by 
host cell anti-viral signaling cascades (34). Upon translation, the spike glycoproteins are 
anchored in the ER membrane where they are folded and modified throughout the ER-
Golgi intermediate compartments. Posttranslational modifications include cleavage of the 
spike into the S1 and S2 subunits, which remain covalently bound, as well as addition of 
(complex) N-glycans onto the spike protein (35). From six hours post infection onwards, 
progeny virions are released from the infected host cell and may infect neighboring cells or 
disseminate throughout the body.  

N-glycosylation of the spike occurs on specific asparagine (N) residues within the 
consensus amino acid sequence N-x-S/T. In the ER, this asparagine is decorated with 
several mannose residues, which in the Golgi can be further extended with different sugar 
molecules, resulting in (complex) N-glycans either with or without capping of sialic acids. N-
glycosylation can play an essential role in the ability of the virus to infect host cells (36). 
During the research described in this thesis, the occupancy of N-glycosylation sites of the 
spike of a non-pathogenic, lab-adapted IBV strain (Beaudette) was revealed. The results 
showed that also for AvCoVs glycosylation can have a is functional impact on fusion and 
infection, and moreover, that glycosylation of the spike might affect the growth kinetics of 
AvCoVs as well (37). 

Previously, we have successfully used recombinantly produced spike proteins to 
elucidate virus-host interactions to understand host- and tissue tropism of avian 
coronaviruses. In particular, the binding profile of such (parts of the) spike proteins to 
paraffin embedded tissues of healthy birds reflected the tissue preference of AvCoVs as 
observed in field or experimentally infected birds (38, 39). Furthermore, the N-terminal 
domain of the S1 proteins, now also known as its receptor-binding domain (RBD), had the 
ability to bind to tissues with the same specificity as that of S1 (32). For this reason, most of 
the studies described in this thesis used this smaller, N-terminal domain of S1 of the spike. 
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FFiigguurree  33::  Schematic representation of AvCoV-host interactions. A) Schematic representation of host membrane 
(grey) including host transmembrane proteins (dark blue and orange) and AvCoV coronavirus. In red coronavirus 
spike glycoprotein, envelope protein in yellow, membrane protein in green and nucleocapsid (pink) encapsidates 
the AvCoV genome (black). B) Detailed view of the outlined section in A, including schematic glycans (cartoons 
consisting of blue squares, yellow circles and pink diamonds). C) Cryo-EM structure of IBV-M41 spike (based on 
6CV0), where one protomer of the homotrimer is highlighted in color (S2 in purple, CTD light red, RBD in dark 
red). Colored spheres (orange) on the highlighted protomer represent N-glycans present on asparagine residues. 
Blue spheres represent N-glycans on the additional protomers. 

  
  
  

12



General Introduction 

	 	  

HHoosstt   rreecceeppttoorrss    
Avian coronaviruses are dependent on binding to host glycans on the surface of cells. In 
particular, several studies have confirmed the dependence of different IBV genotypes on 
sialic acids present on such glycans to establish an infection of host cells by pretreatment 
of primary kidney cells (12) or tracheal organ cultures (40) with sialidase which prevented 
infection of different IBV viruses. Later studies, using the recombinant M41-S1 protein in 
glycan array analyses identified specific binding of this protein to Neu5Acα2-3Galβ1-
3GlcNAc (Neu5Ac), a small ligand capped with an alpha-2,3-linked sialic acid (39).  
For IBV-like coronaviruses like pigeon-CoV and partridge-CoV tissue binding and blocking 
studies showed that also these viruses required host sialic acids for binding to cells (38). 
But while it was clear that the nature of their ligand differed from the one used by the IBV 
prototype strain M41, the specific glycan required for the interaction with cells could not 
yet be elucidated. In contrast to IBV and IBV-like respiratory viruses, binding of S1 of the 
enterotropic TCoV-USA and GfCoV to host cells was previously shown to be dependent on 
binding to non-sialylated glycans (41). In particular, studies using recombinant S1 proteins 
in glycan array analyses showed that branched galactose ending glycans were the main 
ligands for binding of TCoV- and GfCoV-S1. Several other, non-avian, coronaviruses 
including the alpha coronaviruses transmissible gastroenteritis virus (TGEV) (42) and 
porcine epidemic diarrhea virus (43) and beta coronaviruses human CoV-OC43 (44, 45) and 
bovine CoV (42), also use glycans for attachment to the host cells. Protein receptors have 
been identified as (additional) functional receptors, and include angiotensin converting 
enzyme 2, dipeptidylpeptidase-4, aminopeptidase N, carcinoembryonic antigen-related cell 
adhesion molecule 1 for severe acute respiratory syndrome-CoV (SARS-CoV) (46), SARS-
CoV-2 (47) and human CoV (HCoV)-NL63 (42), for Middle East respiratory syndrome-CoV 
(48), for TGEV (49), HCoV-229E , feline coronavirus, porcine respiratory coronavirus (42) 
and porcine deltacoronavirus and for mouse hepatitis virus (42) respectively. All attempts 
to elucidate a functional protein receptor for IBV has been unsuccessful.  
  
AAiimm  aanndd  ggeenneerraall   oouutt ll iinnee  ooff   tthhee  tthheessiiss  
The aim of the research described in this thesis was to increase our understanding of the 
molecular determinants explaining the tropism of avian coronaviruses. That is, we aimed to 
elucidate avian coronavirus-host interactions for AvCoVs with reported differences in 
clinical outcome. In particular, we focused on those involved in the first step of the 
infection. To this end in cchhaapptteerr  22, we compared host tissue binding of recombinantly 
expressed RBD-protein of nephropathogenic IBV-QX with that of respiratory IBV-M41. QX-
RBD binding was dependent on a different sialylated ligand compared to that used by M41-
RBD and structural analysis revealed that both ligand binding sites were located at a 
different side of the spike protein. Only three amino acids in QX-RBD were sufficient to 
render M41-RBD with the ability to bind to the kidney, while the reciprocal mutations in 
QX-RBD were detrimental for binding. These data suggest that differences in glycan binding 
preferences likely contribute to the altered in vivo tissue tropism of these viruses. In 
cchhaapptteerr  33 the role of posttranslational N-glycosylation of virulent IBV-M41 was studied 
using recombinant RBD proteins. We demonstrated glycan occupancy for M41-RBD and 
showed that six-out-of-ten N-glycans in the RBD are essential for binding to chicken 
trachea ex vivo. This study was extended in cchhaapptteerr  44, where we revealed the functional 
consequences of N-glycosylation of the RBD on binding, infection, and replication of 
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recombinant IBV viruses generated by reverse genetics. Five-out-of-nine N-glycosylation 
mutants lost the ability to bind Neu5Ac, but gained binding to a new unknown receptor, 
while the growth kinetics of all mutants remained unaltered. Thus, N-glycosylation of the 
RBD of the spike of IBV-M41 is in vitro merely a determinant for receptor specificity. 
Finally, in cchhaapptteerr  55, the virus-host interactions and receptor specificity of a novel guinea 
fowl CoV identified in France in 2014 were compared to that of GfCoV/FR/2011. Tissue and 
glycan array binding data together revealed that S1 of the novel GfCoV has increased 
avidity for gastrointestinal tract as well as for the previously identified diLacNAc receptor. 
In addition, we showed that both the 2014- and 2011-GfCoV bind, in contrast to TCoV, to 
glycans capped with alpha-2,6-linked sialic acids. Overall, the diversity in GfCoV-S1 proteins 
results in differences in glycan and tissue binding properties and are thus important 
determinants for tissue and host tropism. 
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AABBSSTTRRAACCTT    
Infectious bronchitis virus (IBV) infects ciliated epithelial cells in the chicken respiratory 
tract. While some IBV strains replicate locally, others can disseminate to various organs, 
including the kidney. Here, we elucidate the determinants for kidney tropism by studying 
interactions between the receptor-binding domain (RBD) of the viral attachment protein 
spike from two IBV strains with different tropisms. Recombinantly produced RBDs from the 
nephropathogenic IBV strain QX and from the nonnephropathogenic strain M41 bound to 
the epithelial cells of the trachea. In contrast, only QX-RBD binds more extensively to cells 
of the digestive tract, urogenital tract, and kidneys. While removal of sialic acids from 
tissues prevented binding of all proteins to all tissues, binding of QX-RBD to trachea and 
kidney could not be blocked by pre-incubation with synthetic alpha-2,3-linked sialic acids. 
The lack of binding of QX-RBD to a previously identified IBV-M41 receptor was confirmed 
by enzyme-linked immunosorbent assay (ELISA), demonstrating that tissue binding of QX-
RBD is dependent on a different sialylated glycan receptor. Using chimeric RBD proteins, 
we discovered that the region encompassing amino acids 99 to 159 of QX-RBD was 
required to establish kidney binding. In particular, QX-RBD amino acids 110 to 112 (KIP) 
were sufficient to render IBV-M41 with the ability to bind to kidney, while the reciprocal 
mutations in IBV-QX abolished kidney binding completely. Structural analysis of both RBDs 
suggests that the receptor-binding site for QX is located at a different location on the spike 
than that of M41. 
 
IIMMPPOORRTTAANNCCEE    
Infectious bronchitis virus is the causative agent of infectious bronchitis in chickens. Upon 
infection of chicken flocks, the poultry industry faces substantial economic losses by 
diminished egg quality and increased morbidity and mortality of infected animals. While all 
IBV strains infect the chicken respiratory tract via the ciliated epithelial layer of the trachea, 
some strains can also replicate in the kidneys, dividing IBV into the following two 
pathotypes: nonnephropathogenic (example, IBV-M41) and nephropathogenic viruses 
(including IBV-QX). Here, we set out to identify the determinants for the extended 
nephropathogenic tropism of IBV-QX. Our data reveal that each pathotype makes use of a 
different sialylated glycan ligand, with binding sites on opposite sides of the attachment 
protein. This knowledge should facilitate the design of antivirals to prevent coronavirus 
infections in the field. 
 
KKEEYYWWOORRDDSS  
coronavirus; infectious bronchitis virus; receptor-binding domain; receptors; spike protein; 
virus-host interactions 
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IINNTTRROODDUUCCTTIIOONN  
Infectious bronchitis is a disease in chickens caused by infectious bronchitis virus (IBV). In 
the poultry industry, infection of chicken flocks with IBV causes economic losses by 
reducing egg quantity and quality. In addition, animals become more susceptible to 
secondary bacterial infections like Escherichia coli (1). The severity of disease and organs 
affected depend primarily on the IBV strain (2). Phylogenetic classification of IBV strains 
results in 32 phylogenetic lineages (GI-1 to GI-27 and GII to GVI) (3), of which GI-1 includes 
historically the first IBV genotype identified, Massachusetts (IBV-Mass). IBV-Mass infections 
are reported worldwide, and in Europe, GI-1 is currently the 3rd most prevalent genotype 
(2). The more prevalent IBV genotype circulating in Europe is IBV-QX (GI-19) (2, 3), which 
has been reported to cause kidney disease in contrast to IBV-Mass (2). 

IBV primarily infects the respiratory tract, where the virus can bind and infect the 
ciliated epithelial lining of the trachea (4, 5). Upon infection of IBV, clinical symptoms such 
as snicking, wheezing, and/or nasal discharge are reported (6). While infection of IBV-Mass 
(of which strain M41 is the prototype) is predominantly detected in the upper respiratory 
tract (7) including the trachea (2), replication of IBV-QX is additionally found in the kidneys 
(7-9), oviduct, and the gastrointestinal tract (10, 11), leading to additional clinical 
symptoms like swollen proventriculus (12) and reduction of egg production (13, 14). 
Because of these additional clinical symptoms, IBV-QX is described as a nephropathogenic 
IBV strain (2). 

Binding to host tissues is the first step in the viral life cycle of IBV and therefore a 
critical factor in determining tissue tropism. Tissue tropism differs based on the amino acid 
composition of the spike protein as shown by recombinantly produced proteins (15-17) 
and infection assays with recombinant viruses (18). The spike of IBV is post-translationally 
cleaved into two subunits, S1 and S2, where S2 is anchored in the virus membrane and 
important for membrane fusion. S1 comprises the head domain of spike and is responsible 
for host receptor binding (19). Using recombinantly expressed M41-S1 proteins, alpha-2,3-
linked sialic acids were identified as the IBV receptor on a glycan array, where specific 
binding to the ligand Neu5Acα2-3Galβ1-3GlcNAc was observed (19). Recently the cryo-
electron microscopy (cryo-EM) structure of the M41 spike has been resolved (20), 
indicating that the S1 subunit consists of two independent folding domains, the N-terminal 
domain (NTD) (amino acids 21 to 237) and C-terminal domain (CTD) (amino acids 269 to 
414), with a proposed receptor-binding site in both domains. Experimental evidence using 
recombinantly expressed spike domains has indicated that amino acids 19 to 272 of the 
M41 spike are sufficient for binding to trachea as well as binding to alpha-2,3-linked sialic 
acids (15). This domain thus contains a receptor-binding domain (RBD) and can be used to 
study the biological implications of genetic variation in circulating IBV genotypes. 

In this study, we set out to identify how genetic variations in IBV spike proteins 
have contributed to different host tropisms. We demonstrate that QX-RBD binding to 
trachea and kidney is dependent on a different sialylated glycan ligand compared to M41-
RBD. In particular, introduction of amino acids 110 to 112 (KIP) of the QX spike into M41-
RBD was sufficient to extend its tropism toward the kidney. Previous docking experiments 
(17) and structural analysis suggest that the binding pockets for the different glycans are 
located at opposite sides of each spike protein. 
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RREESSUULLTTSS  
TThhee  NN--tteerrmmiinnaall   ddoommaaiinn  ooff   IIBBVV--QQXX  ssppiikkee  ccoonnttaaiinnss  aa  rreecceeppttoorr--bbiinnddiinngg  ddoommaaiinn..   
Eighty-five percent of the amino acids between the sequences of the first 257 amino acids 
of IBV-QX and IBV-M41 are either identical or similar. Here, we set out to determine which 
of the dissimilar amino acids are the determinants for the difference in tissue tropism. 

In previous work, we demonstrated the M41-RBD was sufficient to bind to chicken 
trachea (15). To verify that no additional sites are present in M41 that could bind to kidney 
or trachea tissue, we produced recombinant proteins consisting of the full ectodomain 
(ED), the S1 portion of the ED, the RBD (NTD of S1), and the CTD of S1. Each protein was 
assessed for binding using trachea and kidney tissue slides. Binding to trachea tissue was 
observed using M41-ED, S1, and RBD but not CTD to ciliated epithelium of the trachea, 
specifically located at the base of the cilia (figure 1), confirming previous observations (15, 
19, 21). None of the proteins bound kidney tissue, which is shown by a representative 
picture using M41-RBD (figure 1B). Binding affinity to the known ligand (Neu5Acα2-3Galβ1-
3GlcNAc) in enzyme-linked immunosorbent assay (ELISA) was observed using M41-RBD, 
M41-S1, and M41-ED, not significantly different when compared to each other but 
significantly higher compared to those of M41-CTD and turkey coronavirus (TCoV)-S1 
(figure 1C). These results indicate that ligand binding of M41-RBD is not significantly 
different compared to that of M41-S1 and M41-ED, suggesting no additional ligand-binding 
motifs are present in S1 and ED; thus, in the remaining experiments, we used M41-RBD, as 
the tissue tropism of the virus is reflected using this recombinant protein. 

Amino acid alignment of the mature protein sequence of the receptor-binding 
domain (RBD) of M41 and a comparable size fragment of the QX spike displayed a 
sequence identity of 73.6% (figure 2A), with the highest sequence diversity between amino 
acids 37 to 60 and 98 to 115. These regions include the previously described hypervariable 
regions (HVRs) (highlighted in gray) of M41-S1 (22). Before studying whether sequence 
diversity between the RBDs of M41 and QX contributes to the reported broader tropism of 
QX in vivo, we first determined if the potential RBD of QX behaved like that of M41 (figure 
1) and that it contains a receptor-binding domain (15). Both proteins were produced as 
soluble recombinant protein in mammalian cells and analyzed on Western blots after 
purification. Before loading, a fraction was pretreated with peptide-N-glycosidase F 
(PNGase F) to remove posttranslational glycosylation. QX- and M41-RBD migrated 
comparably at around 555 kDa (including glycosylation) and had a backbone of around 32 
kDa as expected after PNGase F treatment (figure 2B). Circular dichroism (CD) spectroscopy 
was used to assess similarities in secondary structure between M41- and QX-RBD. Spectra 
at all temperatures followed the same curve, and both proteins had similar broad melting 
curves, indicating that both proteins are equally stable (data not shown). Subsequent 
secondary structure calculations using DichroWeb (23) presented that M41- and QX-RBD 
contain 29 and 25% α-helix, 16 and 17% β-strands, and 55 and 58% random structures, 
respectively (figure 2C). Finally, we confirmed that the QX-RBD was biologically active by 
applying it to chicken trachea tissue slides in protein histochemistry. We observed clear 
binding to the ciliated lining of epithelial cells and structures present in the kidney (figure 
2D), indicating that QX-RBD, like M41-RBD, contains a receptor-binding site. 
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FFiigguurree  11::  Binding of M41 spike proteins to paraffin-embedded healthy chicken trachea and kidney tissue. (A) 
Schematic representation of spike proteins, M41-ectodomain (ED) (amino acids 1 to 1072), M41-S1 (amino acids 1 
to 513), M41-RBD (amino acids 1 to 254), and M41-CTD (amino acids 254 to 513) followed by a trimerization 
domain (GCN4) and strep-tag (ST). Numbering starts at 1 of the mature protein sequence. (B) Protein binding of 
M41 spike proteins observed in the trachea and kidney is visualized by red staining. (C) Affinity of M41 spike 
proteins for the known ligand (Neu5Acα2-3Galβ1-3GlcNAc) in solid-phase ELISA. At all protein amounts, a 
significant difference of at least P < 0.01 was observed between M41-RBD, M41-S1, M41-ED, and M41-CTD and 
TCoV-S1, which served as a negative control tested in two-way ANOVA. ELISA was performed in triplicate where 
average and standard deviations are shown. 
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FFiigguurree  22::  IBV M41- and QX-RBD protein analysis. (A) Amino acid alignment of M41-RBD (amino acids 19 to 272; 
GenBank accession number AY851295) and amino acids 19 to 275 (GenBank accession number AFJ11176) of the 
QX spike. Numbering starts at 1 of the mature protein sequence (signal sequence not shown). Dots indicate 
identical amino acids. Gray highlights surrounded by a black box indicate previously identified hypervariable 
regions of IBV-Mass (22). Green highlights indicate very different residues. (B) M41- and QX-RBD with and without 
pretreatment of PNGase F analyzed by Western blotting using Strep-Tactin HRP antibody. (C) Percentage of 
secondary protein structures calculated based on CD analysis of M41- and QX-RBD. (D) Binding of QX-RBD to 
paraffin-embedded healthy chicken trachea and kidney visualized by red staining in protein histochemistry. 

  
QQXX--RRBBDD  sshhoowwss  aa  bbrrooaaddeerr  tt iissssuuee  ttrrooppiissmm  tthhaann  tthhaatt   ooff   MM4411--RRBBDD..   
Next, we used M41- and QX-RBDs to study the distribution of host attachment factors 
across chicken tissues. To this end, we allowed both proteins to bind to tissue microarray 
slides containing 28 different chicken tissues (24). Binding of M41-RBD was primarily found 
on the ciliated lining of the epithelium of the proximal and distal trachea (figure 1), but 
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additional staining was observed in the epithelial lining of the colon, cecal tonsil, ureter, 
oviduct, and conjunctiva (table 1). QX-RBD bound to the same tissues as M41-RBD, but 
additional binding was observed in gizzard, ileum, and cloaca of the digestive tract, as well 
as liver and kidneys (table 1 and figure 2D), reflecting that observed in vivo for replication 
of both genotypes. Detailed analysis of staining present in the kidney showed that binding 
of QX-RBD was restricted to the parietal epithelium of Bowman’s capsule in the glomerulus 
(figure 2D). No binding to the glomeruli was observed when using M41-RBD in three 
independent experiments using different protein batches. Taken together, QX-RBD shows a 
markedly broader binding profile than that of M41-RBD, which is in line with the reported 
broader tissue tropism in vivo (2).  
  
TTaabbllee11::  Relative binding of IBV-RBD proteins to paraffin-embedded healthy chicken 
tissues 

 
QQXX--RRBBDD  MM4411--RRBBDD   QQXX--RRBBDD  MM4411--RRBBDD  

Nostril     Pancreas     
Proximal trachea +  + Kidney +   
Distal trachea +  + Ureter + + 
Lung     Heart     
Esophagus     Skin     
Gizzard +   Conjunctiva + +  
Proventiculus     Muscles     
Duodenum     Ovary     
Ileum +   Oviduct + +  
Colon + + Cloaca + -   
Cecal tonsil + + Cerebrum     
Spleen     Cerebellum     
Liver + -   Brain stem     
Adrenal glands     Sciatic nerve     

white, no visible staining; +- = staining of few cells; + = staining of most epithelial cells. 

 
QQXX--RRBBDD  bbiinnddss  ttoo  ss iiaall iicc   aacciiddss  oonn  cchhiicckkeenn  tt iissssuueess..   
To investigate whether the expanded tropism of QX-RBD can be explained by binding with 
similar specificity, but higher affinity, to the previously identified M41 receptor (19), we 
preincubated both RBD proteins with the synthetic Neu5Acα2-3Galβ1-3GlcNAc before 
applying them to trachea and kidney tissue slides. As expected, binding of M41-RBD to the 
trachea was completely prevented (figure 3A, middle column) in the presence of the 
synthetic M41 ligand. In contrast, QX-RBD still showed strong binding to the ciliated 
epithelium of the trachea and glomeruli of the kidney. To confirm the loss of binding of QX-
RBD to Neu5Acα2-3Galβ1-3GlcNAc, a solid-phase ELISA was performed, in which 
Neu5Acα2-3Galβ1-3GlcNAc was coated. As expected, no binding of QX-RBD to this 
particular glycan was observed at any of the protein concentrations, which is comparable 
to that of the negative control TCoV-S1 (only binding longer branched galactose- 
terminated glycans (25)), while M41-RBD bound to Neu5Acα2-3Galβ1-3GlcNAc in a 
concentration-dependent manner (figure 3B). 
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To reveal whether QX-RBD exclusively depends on sialic acids, trachea and kidney 
tissue slides were pretreated with Arthrobacter ureafaciens neuraminidase before applying 
M41- and QX-RBD. Removal of sialic acids from trachea and kidney tissue completely 
prevented binding of both RBD proteins (figure 3A, right column), indicating that QX-RBD 
binding is dependent on the presence of sialic acids on host tissues. 

 

 
FFiigguurree  33::  Avidity and affinity of M41- and QX-RBD for host factors. (A) Protein histochemistry of M41- and QX-
RBD onto paraffin-embedded chicken trachea and kidney tissue (left column) upon preincubation of proteins with 
Neu5Acα2-3Galβ1-3GlcNAc (middle column) or pretreatment of tissues with Arthrobacter ureafaciens 
neuraminidase (right column). (B) Affinity of RBD proteins for Neu5Acα2-3Galβ1-3GlcNAc  in ELISA. **, P <0.01; 
****, P <0.001 tested in two-way ANOVA. TCoV-S1 was used as a negative control in equal molar amounts. ELISA 
was performed in triplicate with all proteins; average is shown with standard deviations. 
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MM4411--RRBBDD  ggaaiinnss  kkiiddnneeyy  bbiinnddiinngg  uuppoonn  MMLLQQ110077--110099KKIIPP  mmuuttaatt iioonn..    
To gain in-depth knowledge on the interaction of the IBV RBD proteins and chicken tissue, 
we set out to determine the critical amino acids of viral spike proteins involved in binding 
to these glycan receptors, thereby leading to the ability to bind to kidney tissue. Chimeric 
RBD proteins were generated by dividing each wild-type RBD into three domains and 
mixing them to get six different combinations (schematic representations in figure 4A). 
These chimeras were then applied to trachea and kidney tissue slides. Chimeric proteins 
containing amino acids 98 to 156 (middle domain) of M41 (M-M-Q, Q-M-M, and Q-M-Q) 
demonstrated reduced binding to trachea and no detectable binding to kidney tissue 
(figure 4B). In contrast, chimeric proteins containing this region of QX (Q-Q-M, M-Q-Q, and 
M-Q-M) had comparable binding to tissues as QX-RBD. In particular, strong binding to the 
ciliated epithelial lining of trachea and specific staining in Bowman’s capsule in the 
glomerulus was observed (figure 4B). Like wild-type RBDs, binding of all chimeric proteins 
was dependent on the presence of sialic acids, as pretreatment of host tissues with AUNA 
abrogated binding (data not shown). M-M-Q, Q-M-M, and Q-M-Q proteins had reduced 
affinity for Neu5Acα2-3Galβ1-3GlcNAc (figure 4C), potentially explaining the reduced 
staining of these proteins to trachea tissue (figure 4B). None of the RBD proteins containing 
the middle QX sequence (Q-Q-M, M-Q-Q, and M-Q-M) had affinity for this glycan in the 
ELISA as expected based on tissue staining (figure 4B and C), which is in line with the 
hypothesis these proteins are dependent on binding to the QX receptor instead of the 
known M41 receptor. These results indicate that the receptor-binding site responsible for 
recognition of the QX receptor is determined by amino acids 99 to 159 of the spike. 

To ultimately determine the critical residues of the RBD for the interaction with 
chicken kidney tissue, additional chimeric proteins were produced and used in protein 
histochemistry. We exchanged two triplets (highlighted in dark green in figure 2A) of amino 
acids in HVR 2 (amino acids 99 to 115 of M41), either alone or in combination, that had the 
high diversity in amino acid characteristics (schematic representations in figure 5A). 
Introduction of the M41 sequence in the QX-RBD protein, SGS100-102Y (QX-Y) and KIP110-
112MLQ (QX-MLQ) and their combination (QX-Y-MLQ), all resulted in a loss of binding to 
trachea and kidney tissues (figure 5B, right). In contrast, introduction of MLQ107-109KIP 
into M41-RBD (M41-KIP) resulted in binding to glomeruli in kidney tissue, both in a wild-
type background and in the Y99SGS (M41-KIP-SGS) mutant (figure 5B, left). In the ELISA, 
both M41-SGS and M41-KIP demonstrated a decreased affinity for alpha-2,3-linked sialic 
acids compared to that of M41-RBD, while introduction of both triplets SGS and KIP (M41-
SGS-KIP) completely abolished binding to this glycan (figure 5C). Taken together, these 
results suggest that a receptor-binding site critical to establish kidney binding requires 
amino acids KIP at position 107 to 109 in M41-RBD. 
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FFiigguurree  44::  Chimeric RBD protein binding to chicken tissues. (A) Schematic representation of chimeric RBD 
proteins. The gray box indicates M41, and the white box indicates the QX wild-type sequence. Amino acids 
surrounding the transitions between the different domains of the chimeric proteins are indicated including the 
amino acid number of the wild-type sequence. (B) Binding of chimeric RBDs to trachea and kidney tissue in 
protein histochemistry. (C) Affinity of 37.5 nmol chimeric RBD proteins in ELISA for Neu5Acα2-3Galβ1-3GlcNAc.  
*, P < 0.05; **, P < 0.01; ****, P < 0.001, tested in two-way ANOVA. ELISA was performed with all chimeric RBD 
proteins in triplicates. 
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FFiigguurree  55::  Identification of amino acids involved in IBV kidney binding using chimeric proteins. (A) Schematic 
representation of chimeric RBD proteins. The gray box indicates M41-, and the white box indicates the QX wild-
type sequence. Numbers above indicate the positions of the amino acid triplicates swapped between M41 and 
QX. (B) Binding of chimeric RBDs to trachea and kidney tissue in protein histochemistry. (C) Binding of chimeric 
RBD proteins (37.5 nmol) in ELISA to Neu5Acα2-3Galβ1-3GlcNAc. *, P < 0.05; **, P < 0.01, tested in two-way 
ANOVA. ELISA was performed with all chimeric RBD proteins in triplicates. 
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FFiigguurree  66::  Model of IBV spike with predicted receptor-binding sites. (A) Structural alignment overlay of QX-RBD 
(blue ribbon) onto M41-RBD (green ribbon), based on PDB accession number 6cv0 (20) using Swiss-Model. 
Detailed representation of the receptor-binding site identified for QX-RBD; indicated in yellow sticks are amino 
acids 100 to 102 SGS in QX-RBD and in beige 99 Y in M41-RBD. 110 to 112 KIP of QX-RBD is indicated with dark 
blue sticks, whereas light blue represents 107 to 109 MLQ in M41-RBD. (B) Amino acids involved in receptor 
binding of IBV. Blue ribbon represents the modeled QX-RBD structure with amino acids 100 to 102 (SGS) as yellow 
spheres and 110 to 112 (KIP) as blue spheres. The green ribbon represents the M41-RBD with 99 (Y) as beige 
spheres and 107 to 109 (MLQ) as light blue spheres. Amino acids in red spheres (S87, N144, and T162) are 
previously predicted to be involved in alpha-2,3-linked sialic acid binding of M41-RBD (17). (C) Surface 
representation of the trimeric M41 spike cryo-EM structure (20). S2 is in dark gray for all monomers. S1 is in light 
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gray with one S1 monomer colored bright green for the RBD domain and pale green for the CTD. Amino acids 
involved in ligand binding are highlighted as follows: yellow is 99Y (100 to 102 SGS in QX), dark blue is 107 to 109 
MLQ (110 to 112 KIP in QX), and red is S87, N144, and T162. (D) Modeled QX spike based on PDB accession 
number 6cv0, colors as indicated in panel C, except the S1 of QX is blue, and the RBD is bright blue. 
Representations on right of panels C and D are structures turned 90 degrees toward the viewer. All 
representations were made using PyMOL viewer.  
 

RReecceeppttoorr--bbiinnddiinngg  ss ii ttee  ooff   tthhee  QQXX--ssppeeccii ff iicc   rreecceeppttoorr  ddii ff ffeerrss  ffrroomm  tthhaatt   
pprrooppoosseedd  ffoorr  MM4411..   
Finally, we modelled QX-RBD based on a structural overlay with the recently resolved cryo-
EM structure of the M41 spike (20) and focused on the amino acids allowing kidney 
binding. The overall structure of both proteins is comparable (figure 6A, green ribbon, 
M41; blue ribbon, QX); however, the loop consisting of HVR 2 is slightly larger in QX-RBD as 
expected, as there are two additional amino acids present (figure 6A, SGS100-102 for QX-
RBD versus Y99 in M41-RBD). Interestingly, this loop was predicted to be involved in sugar 
binding (20), which we showed to be true for QX-RBD but not for M41-RBD. In detail, the 
tyrosine (Y99) in the M41 structure (figure 6A, beige) occupies more space than serine (S in 
QX) and can be seen reaching toward a neighboring loop. Furthermore, the 110-112KIP 
sequence identified in QX-RBD (figure 6A, dark blue) places a positive charge at the protein 
surface, which is not present in 107-109MLQ in M41-RBD (figure 6A, light blue). Previous in 
silico docking analysis performed with potential alpha-2,3-linked ligands to the M41-RBD 
protein identified amino acids S87, N144, and T162 to potentially be involved in receptor 
binding (17). When we highlighted these amino acids predicted to be involved in binding to 
alpha-2,3-linked sialic acids (figure 6B, red spheres) and the amino acid triplicates involved 
in binding to the QX-specific receptor (100 to 102 (SGS, yellow spheres) and 110 to 112 
(KIP, dark blue spheres)) in the overlaid RBD ribbon structure, we demonstrate that binding 
of the different ligands recognized by M41 and QX are on different sides of the protein 
(figure 6B). Furthermore, when these amino acids were highlighted in the full cryo-EM 
resolved structures of M41 (figure 6C) and QX (figure 6D), it clearly shows that the 
potential ligand-binding site of M41 is at a different location compared to the QX ligand-
binding site (figure 6C and D). 

In conclusion, we demonstrate that IBV-QX recognizes a sialylated glycan receptor 
present on chicken tissues that differs from that recognized by M41 and that this binding is 
likely required for the extended in vivo tissue tropism of the virus. 
 
DDIISSCCUUSSSSIIOONN  
In this study, we reveal that nephropathogenic IBV-QX shows expanded binding tropism 
based on interactions with sialic acid(s) on chicken tissues that differs from the receptor 
elucidated for IBV-M41. Using chimeric proteins and in silico modeling, we conclude that 
amino acids in hypervariable region 2 are critical for recognizing such a sialylated glycan 
receptor. 

The N-terminal domain of IBV-QX spike protein comprises, like previously shown 
for M41 (15), a receptor-binding domain. Interestingly, QX-RBD shows no affinity for the 
known ligand of M41 (Neu5Acα2-3Galβ1-3GlcNAc) in glycan ELISA, while it gained binding 
to a novel unidentified sialylated glycan receptor. Other avian gammacoronaviruses, 
including guinea fowl and turkey coronavirus are dependent on long glycans (linear or 
branched) capped with either an alpha-2,6-linked sialic acid (GfCoV only) or galactose 
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ending glycans (both TCoV and GfCoV) (25, 26). Viruses of other coronavirus genera are 
dependent on sialic acid receptors, like alpha coronaviruses transmissible gastroenteritis 
virus (TGEV) and porcine epidemic diarrhea virus (PEDV) (27, 28) and beta coronaviruses 
human coronavirus (HCoV)-OC43 and bovine coronavirus (BCoV) (29). Whether other 
nephropathogenic IBV strains are dependent on the same sialic acid receptors for binding 
and subsequent infection as QX remains to be determined. 

To elucidate the specific ligand used by QX-RBD, we performed several binding 
studies using previously developed glycan arrays (30, 31) containing multiple linear and 
branched glycans capped without or with alpha-2,3-linked sialic acids or alpha-2,6-linked 
sialic acids. Unfortunately, no binding was observed using our RBD proteins. This may be 
explained by the usage of RBD proteins instead of the full S1, as used previously (19), or by 
the composition and fine structure of the glycans present in both arrays. On the arrays 
used, most glycans contain the linkage found in mammals (Galβ1-4GlcNAc), while the 
minority contain a Galβ1-3GlcNAc linkage. The exact nature of the receptor recognized by 
IBV-QX could be a more complex glycan containing a Galβ1-3GlcNAc that is scarcely 
populated on glycan arrays. 

Comparison of the spikes of various IBV strains with reported 
nephropathogenicity, including IBV clade GI-14 (including strain B1648 (3) and clade GI-13 
(including strain 793B (3), shows that only nephropathogenic IBV clades contain an amino 
acid triplicate at position 100 to 102, whereas in IBV-Mass genotypes, 99Y/H is expressed, 
thereby shortening HVR 2 with two amino acids. Sequence alignment of this amino acid 
triplicate (100 to 102 in QX-RBD) varies in nephropathogenic IBV genotypes from SGS/SGT 
for clade GI-19 (IBV-QX), NQQ/SQQ for clade GI-13 (IBV-793B), and SGA for clade GI-14 
(IBV-B1648) at that position. Furthermore, the amino acid triplet 110 to 112 KIP is not 
conserved across IBV genotypes. In these genotypes, amino acid triplets LIQ for B1648 and 
MIP for 793B are present, which are sequence combinations of amino acids found in Mass 
(clade GI-1) and QX (clade GI-19). In terms of hydrophobicity and size, amino acid triplet 
MLQ (M41) is very similar to LIQ (B1648), whereas the proline (P) in KIP (QX) and MIP 
(793B) reduces the flexibility of the loop. 

Structural analysis of the RBD of IBV suggests that the receptor-binding sites for 
M41 and QX are positioned at different sides of the RBD (figure 6B through D). Previous in 
silico predictions of the interaction with alpha-2,3-linked sialic acid ligands in M41-RBD 
pointed toward three amino acids, S87, N144, and T162, which are in close proximity to 
four essential N-glycosylation sites (N33, N59, N85, and N160) (17). Although the amino 
acid sequence of S87, N144, and T162 is conserved between M41 and QX, one of the 
essential N-glycosylation sites is at a different position (N59 in M41 and N58 in QX). This 
may result in a different conformation of the ligand-binding site, thereby preventing QX-
RBD wild-type binding to the M41 ligand, which was supported by experimental evidence 
using the chimeric M41-RBD protein where this glycosylation site was replaced, resulting in 
loss of binding to trachea tissue (data not shown). Furthermore, in the publication where 
the cryo-EM structure of M41 was resolved, the loop consisting of amino acids present in 
HVR 2 of the spike was proposed to be required for receptor binding (20). Our data points 
toward involvement of the nonglycosylated loop containing HVR 2 for recognition of the 
QX glycan ligand but not the M41 ligand. Furthermore, the cryo-EM structure of the M41-
CTD predicts other putative receptor-binding motif loops in M41 spike (20). In figure 1, we 
demonstrated that no binding to trachea and kidney tissue was observed using our 
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recombinantly expressed M41-CTD, in contrast to their published results. As binding of QX-
RBD reflects the tissue tropism of QX-infected birds, we speculate whether these loops (in 
the CTD) are necessary for initial receptor recognition and are involved in QX infection. 

In conclusion, we demonstrated that IBV-QX binding to chicken trachea and 
kidney tissue is dependent on a sialylated glycan receptor and that amino acids in HVR 2 of 
the QX-RBD are critical for this receptor-binding profile. This knowledge adds to our 
understanding of differences in tissue tropism between IBV strains in vivo and may 
contribute to designing new antivirals to prevent coronavirus infections in the field. 
 
MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

CCoonnssttrruucctt iioonn  ooff   tthhee  eexxpprreessssiioonn  ppllaassmmiiddss..  The expression plasmids containing the 
codon-optimized M41-ED (amino acids 19 to 1091 (21)), M41-S1 (amino acids 19 to 532 (19)), M41-
RBD (amino acids 19 to 272 (15)), and M41-CTD (amino acids 273 to 532 (15); GenBank accession 
number AY851295) sequences followed by a trimerization domain (GCN4) and strep-tag (ST) were 
described previously (15). The codon-optimized sequence of QX-RBD (amino acids 19 to 275; 
GenBank accession number AFJ11176), containing upstream NheI and downstream PacI restriction 
sites, was obtained from GenScript and cloned into the pCD5 expression vector by restriction 
digestion as previously described (19). Fragments to generate chimeric RBD proteins were created by 
splice overlap extension PCR using the primers in Table 2 and cloned into the pJET vector (Thermo 
Scientific, USA). The sequences were verified by automated nucleotide sequencing (Macrogen, The 
Netherlands) before cloning each fragment into the pCD5 expression vector. Mutations up to 9 
nucleotides (nt) were introduced by site-directed mutagenesis using the primers listed in table 2, and 
the sequences were subsequently verified by automated nucleotide sequencing (Macrogen, The 
Netherlands).  

PPrroodduucctt iioonn  ooff   rreeccoommbbiinnaanntt  pprrootteeiinnss..  Recombinant RBD proteins were produced in 
human embryonic kidney (HEK293T) cells. In short, cells were transfected with pCD5 expression 
vectors using polyethylenimine (PEI) at a 1:12 (wt/wt) ratio. Cell culture supernatants were harvested 
after 6 days. The recombinant proteins were purified using Strep-Tactin Sepharose beads as 
previously described (19). Proteins were pretreated (where indicated) with PNGase F (New England 
Biolabs, USA) according to the manufacturer’s protocol before analysis by Western blotting using 
Strep-Tactin horseradish peroxidase (HRP) antibody (IBA, Germany). 

CCiirrccuullaarr   ddiicchhrrooiissmm..  Recombinant IBV RBD proteins were exchanged into buffer 
containing 10 mM sodium phosphate, pH 7.75, and diluted to 0.06 mg/ml. CD spectra were collected 
on a Jasco J-810 spectropolarimeter with a Peltier thermostatted fluorescence temperature 
controller module by accumulating 4 scans from 285 to 190 nm with a scanning speed of 10 nm/min, 
digital integrated time of  1 s, bandwidth of 1 nm, and standard sensitivity of 25°C. A thermal melt 
was done from 25°C to 95°C with a ramp rate of 1°C per minute. A full CD scan was collected at 95°C. 
After lowering the temperature to 25°C, the protein was allowed to refold for 20 min at 25°C, and a 
third CD scan was taken at 25°C to measure recovery. Secondary structure calculations for the CD 
data collected at 25°C before the thermal melt were processed by DichroWeb (23) using the CDSSTR 
(32), Selcon3 (33), and ContiLL (34) algorithms with protein reference set 7. Results from the 3 
algorithms were averaged and plotted in figure 2C.    

PPrrootteeiinn  hhiissttoocchheemmiissttrryy..  Protein histochemistry was performed as previously described 
(19). Recombinant proteins precomplexed with Strep-Tactin HRP antibody (IBA, Germany) were 
applied onto 4-µm sections of formalin-fixed paraffin-embedded healthy chicken tissues at 100 µg/ml 
(for RBD, S1 and ED in equal molar amount) (24), and binding was visualized using 3-amino-9-
ethylcarbazole (AEC) (Sigma-Aldrich, Germany). Where indicated, RBD proteins were preincubated 
with 100 µg/ml Neu5Acα2-3Galβ1-3GlcNAc (Lectinity Holdings, Russia) for 30 min on ice before 
application onto the tissues. Pretreatment of tissues was performed using 2 mU of neuraminidase 
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(sialidase) from Arthrobacter ureafaciens (AUNA) (Sigma, Germany) in 10 mM potassium acetate and 
2.5 mg/ml Triton X-100, pH 4.2, and incubated at 37°C overnight before protein application.    

EELLIISSAA..  Neu5Acα2-3Galβ1-3GlcNAc-PAA (Lectinity Holdings, Russia) was coated in a 96-well 
Nunc Maxisorp plate (Sigma-Aldrich, Germany) at 0.5μg/well overnight at 4°C, followed by blocking 
with 3% bovine serum albumin (BSA) (Sigma, Germany) in phosphate-buffered saline (PBS)-0.1% 
Tween 20 overnight. RBD proteins were preincubated with Strep-Tactin HRP antibody (IBA, Germany) 
(1:200) for 30 min on ice. Indicated protein amounts were diluted in PBS and applied onto the coated 
well, followed by incubation for 2 h at room temperature. TMB (3,3’,5,5’-tetramethylbenzidine; 
Thermo Scientific, Netherlands) substrate was used to visualize binding, after which the reaction was 
terminated using 1 M H2SO4. The optical density at 450 nm was measured in a FLUOstar Omega 
instrument (BMG Labtech), and MARS data analysis software was used for data analysis. Statistical 
analysis was performed using a two-way analysis of variance (ANOVA).  
 
TTAABBLLEE  22::  Primer sequences to create chimeric RBD plasmids 
 OOrriiggiinnaall   ppllaassmmiidd  FFoorrwwaarrdd  pprriimmeerr  RReevveerrssee  pprriimmeerr  

MMQ M41-RBD gtcgcttccgtgctagca acaccagrtckccgttcag 

 QX-RBD ctgaacggmgayctggtgt ctgcttcatgcgcttaattaa 

  gtcgcttccgtgctagca ctgcttcatgcgcttaattaa 

MQM MQQ gtcgcttccgtgctagca acaccagrtckccgttcag 

 M41-RBD ctgaacggmgayctggtgt ctgcttcatgcgcttaattaa 

  gtcgcttccgtgctagca ctgcttcatgcgcttaattaa 

MQQ M41-RBD gtcgcttccgtgctagca tagcaatgwgtsacgaacactg 

 QX-RBD cagtgttcgtsacwcattgcta ctgcttcatgcgcttaattaa 

  gtcgcttccgtgctagca ctgcttcatgcgcttaattaa 

QQM QX-RBD gtcgcttccgtgctagca acaccagrtckccgttcag 

 M41-RBD ctgaacggmgayctggtgt ctgcttcatgcgcttaattaa 

  gtcgcttccgtgctagca ctgcttcatgcgcttaattaa 

QMQ QMM gtcgcttccgtgctagca acaccagrtckccgttcag 

 QX-RBD ctgaacggmgayctggtgt ctgcttcatgcgcttaattaa 

  gtcgcttccgtgctagca ctgcttcatgcgcttaattaa 

QMM QX-RBD gtcgcttccgtgctagca tagcaatgwgtsacgaacactg 

 M41-RBD cagtgttcgtsacwcattgcta ctgcttcatgcgcttaattaa 

  gtcgcttccgtgctagca ctgcttcatgcgcttaattaa 

M41-SGS M41-RBD atctgatggatgtcccatcacc ccggacttatagcaatgtgtcacg 

M41-KIP M41-RBD tcctaagaactttctgcgggtgtc atcttgccggtgatgggacatcc 

M41-SGS-KIP M-SGS tcctaagaactttctgcgggtgtc atcttgccggtgatgggacatcc 

QX-Y QX-RBD ctgtcccatcaccggcaag tacccggagctgtagcaatg 

QX-MLQ QX-RBD gcagcgggaccacatcagaatttc agcatgccggtgatgggacaaga 

QX-Y-MLQ Q-Y gcagcgggaccacatcagaatttc agcatgccggtgatgggacaaga 

R= nt A/G K= nt G/T M=nt A/C Y=nt C/T  W= nt A/T S= nt C/G 
Underlined sequences indicate nucleotides changed to introduce the mutation  
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AABBSSTTRRAACCTT  
Avian coronaviruses, including infectious bronchitis virus (IBV), are important respiratory 
pathogens of poultry. The heavily glycosylated IBV spike protein is responsible for binding 
to host tissues. Glycosylation sites in the spike protein are highly conserved across viral 
genotypes, suggesting an important role for this modification in the virus life cycle. Here, 
we analyzed the N-glycosylation of the receptor-binding domain (RBD) of IBV strain M41 
spike protein and assessed the role of this modification in host receptor binding. Ten single 
Asn-to-Ala substitutions at the predicted N-glycosylation sites of the M41-RBD were 
evaluated along with two control Val-to-Ala substitutions. CD analysis revealed that the 
secondary structure of all variants was retained compared with the unmodified M41-RBD 
construct. Six of the 10 glycosylation variants lost binding to chicken trachea tissue and an 
ELISA-presented α2,3-linked sialic acid oligosaccharide ligand. LC/MSE glycomics analysis 
revealed that glycosylation sites have specific proportions of N-glycan subtypes. Overall, 
the glycosylation patterns of most variant RBDs were highly similar to those of the 
unmodified M41-RBD construct. In silico docking experiments with the recently published 
cryo-EM structure of the M41 IBV spike protein and our glycosylation results revealed a 
potential ligand receptor site that is ringed by four glycosylation sites that dramatically 
impact ligand binding. Combined with the results of previous array studies, the 
glycosylation and mutational analyses presented here suggest a unique glycosylation-
dependent binding modality for the M41 spike protein. 
 
KKEEYYWWOORRDDSS  
avian infectious bronchitis virus; cell-surface receptor; computational biology; coronavirus; 
glycobiology; glycomics; glycoprotein; glycosylation; receptor-binding; sialic acid; spike 
protein; viral envelope 
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IINNTTRROODDUUCCTTIIOONN  
Avian coronaviruses of poultry cause significant disease with subsequent economic losses 
in several commercially farmed bird species. Avian infectious bronchitis virus (IBV)2 is a 
gammacoronavirus that predominantly affects domestic fowl, primarily chickens (Gallus 
gallus). The virus initially infects upper airway epithelium tissues, and depending on the IBV 
strain, disease outcomes range from mild respiratory disease to kidney failure and death 
(1). 

The viral envelope of IBV contains the highly-glycosylated spike (S) protein that is 
post-translationally cleaved into two domains, S1 and S2. This S glycoprotein is the major 
adhesion molecule of the virus. It is a class I viral fusion protein, in which the variable S1 
domain is involved in host cell receptor binding, and the more conserved S2 domain 
mediates the fusion of the virion with the cellular membrane (2, 3). The role of spike in 
host cell attachment and the induction of protective immunity has been reviewed (4). The 
spike protein monomer is a transmembrane glycoprotein with a molecular mass of 128 kDa 
before glycosylation (3). A cleavable N-terminal signal peptide (5) directs the S protein 
toward the endoplasmic reticulum (ER), where it is extensively modified with N-linked 
glycosylation (6, 7). After glycosylation in the ER, the monomers oligomerize to form 
trimers (6-9). 

The N-terminal 253 amino acids of S1 were shown to encompass the receptor-
binding domain (RBD) of IBV strain M41 (10), which interacts with sialyl-α2,3-substituted 
glycans present on the host's cell surface (11, 12). Ten N-linked glycosylation sites are 
predicted to exist on the M41-RBD (5), of which most are highly conserved (figure S1). It is 
interesting that 8 of the 10 sites are 95-100% conserved. Sites Asn-33 and Asn-59 were less 
conserved at 80 and 25%. However, each had a nearby alternative site that was also highly 
conserved. Alternative site Asn-36 was conserved 50% of the time, and one or both Asn-33 
and Asn-36 was present in 94% of the sequences. Site Asn-57 was conserved at 73%. In 
97% of the sequences, either Asn-59 or Asn-57 was present but never together. Therefore, 
all 10 sites, including the alternatives, likely serve important functions. 

The N-glycosylation of viral glycoproteins is known to modulate the ability of 
viruses to infect host cells and to be recognized by the host's immune system (13). 
Recently, Zheng et al. (14) studied extracted spike proteins and mutant viruses with Asn-to-
Asp (asparagine to aspartate) and Asn-to-Gln (asparagine to glutamine) mutations at 13 
predicted glycosylation sites in the S protein of the Beaudette IBV strain (14). Their results 
indicate that glycosylation at some sites on the Beaudette S1-RBD was important for viral 
fusion and infectivity, which may include host recognition. However, the Beaudette strain is 
a cell culture-adapted strain, is nonvirulent in chickens (15), and does not bind chicken 
tissues known to be important for infectivity (11), making it difficult to extrapolate these 
results to clinically relevant IBVs. 

To characterize and assess the role that glycosylation plays when interacting with 
host tissues through the RBD of pathogenic IBV strain M41, we used a combination of 
molecular and analytical techniques, including histochemistry, ELISA, circular dichroism 
(CD), MS, and docking analyses as listed in table 1. Systematic deletion of each 
glycosylation site and histochemical analysis of each variant revealed which of the 10 
glycosylation sites affect the binding of IBV S protein to host epithelial tissue. Site 
occupancy analysis by LC/MSE indicated that at least 9 of 10 predicted N-glycosylation sites 
in the M41-RBD domain are glycosylated. Analysis of site occupancy and signature N-glycan 
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patterns at each site in combination with single glycosylation site deletions provided insight 
toward the biological relevance of each of those sites in binding to host tissue receptors. 
Overall, our data confirm that N-glycosylation plays a critical and likely unique role in 
binding of the IBV spike domain to its host tissue receptors. 
  
TTaabbllee  11::  Techniques used in this paper. 
MMaatteerr iiaall   SSaammpplleess  TTeecchhnniiqquuee  OOuuttccoommee  

Protein1  All2  CD  Secondary structure and 
stability  

Protein All Tissue 
histochemistry 

Binding affinity to tissues 

Protein M41,  
N-to-A variants 

ELISA Binding affinity to sialic 
acid 

Released glycans All MALDI-TOF MS Percent abundance of 
glycoforms 

Sugar-free 
peptides 

M41, N59A, N145A LC/MS Site occupancy 

Glycopetides M41, N59A, N145A LC/MS Assignment of site-specific 
glycoforms 

Protein structure M41 In silico docking Potential binding sites 
1 Recombinant protein consisting of the first 253 residues of the RBD of the IBV M41 spike protein, a GCN4 
trimerization motif, and a Strep-tag. 
2 M41 (unmodified), all the N-to-A variants, and two non-glycosylation variants: V57A and V58A 

 
RREESSUULLTTSS  
GGeell   eelleeccttrroopphhoorreessiiss   aanndd  CCDD  aannaallyyssiiss   iinnddiiccaattee  tthhaatt   MM4411--RRBBDD  aanndd  
ggllyyccoossyyllaatt iioonn  vvaarr iiaannttss  aarree  ss iimmii llaarr llyy  eexxpprreesssseedd,,   ffoollddeedd,,   aanndd  ssttaabbllee..   
To analyze the role of glycosylation of M41-RBD in receptor binding, missense mutants 
(Asn-to-Ala) were generated on a site-by-site basis at each of the predicted N-glycosylation 
sites. Recombinantly produced glycovariant RBD proteins migrated with the same 
electrophoretic mobility as unmodified M41-RBD (figure 1). The RBD proteins were 
evaluated by CD spectroscopy to assess similarity to the WT secondary structure. WT M41-
RBD, all 10 glycosylation-site variants, and two nonglycosylation variants, V57A and V58A, 
were analyzed for secondary structure differences at 25 °C. Thermal melts were performed 
on each construct from 25 to 95 °C followed by full scans collected at 95 °C and again at 25 
°C after the melt. Overlays of all the CD spectra can be found in figure S2. Visually, all 
spectra at all temperatures follow the same curve. The N85A spectra were generated at 
higher protein concentrations but aligned well to CD spectra of all other variants when 
normalized to the percent of maximum signal. Likewise, all the proteins had analogous 
broad melting curves suggesting the proteins were similarly stable. Protein folding was 
reversible for all proteins, with comparable recovery rates (see CD-25°C-aftermelt-
normalized in figure S2). DichroWeb (16) was used to calculate the percent of α-helix, β-
strand, turn, and unordered portions of the protein in the initial 25 °C spectra to estimate 
secondary structure differences between the proteins (figure 2). The percent of α-helix 
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varied with the extremes being unmodified RBD and N145A. N145A exhibited 19.5 ± 0.3% 
α-helix character as compared with WT, which has 31.6 ± 2.4%. Interestingly, N145A gave a 
very strong signal in the histochemical assay (figure 3A) and had the most notably different 
released glycans' signature compared with the other constructs. We conclude that all 
proteins maintained a very similar structure and therefore suggest that single N-
glycosylation sites are by themselves not indispensable for protein folding or stability. 

 
FFiigguurree  11::  Western blotting verifying production of M41 RBD proteins. Recombinant viral proteins were produced 
by transfection of HEK293T cells. The soluble proteins were purified from the supernatant using Strep-Tactin 
beads and analyzed by Western blotting using a Strep-Tactin HRP antibody. 
 
 

 
FFiigguurree  22::  Calculated secondary structure for each variant based on CD data. Each bar represents the average 
results from three algorithms in Dichroweb. Standard deviations are indicated at the top of each color. From the 
bottom, the bar segments represent α-helix (blue), β-strand (red), turns (yellow), and unordered (green). 
 

SS iixx   ggllyyccoossyyllaatt iioonn  vvaarr iiaannttss  aabbrrooggaattee  bbiinnddiinngg  ttoo  hhoosstt   tt iissssuuee  aanndd  ss iiaall iicc   aacciidd..   
Because we established that all variant M41-RBD proteins are folded, we investigated their 
abilities to bind tissue receptors. Recombinant proteins were incubated with chicken 
trachea tissue sections and examined by histochemical analysis. N145A, N219A, N229A, 
N246A, V57A, and V58A bound ciliated epithelial cells of the chicken trachea with similar 
staining intensity as the unmodified RBD with the most intense staining associated with the 
N145A construct (figure 3A). In contrast, binding of constructs N33A, N59A, N85A, N126A, 
N160A, and N194A to trachea tissue was not detectable. Removal of sialic acids by 
treatment of the trachea tissues with Arthrobacter ureafaciens neuraminidase (AUNA) 
abrogated binding of all constructs as shown in figure S4. These results demonstrate that 
glycosylation on the RBD affects binding to sialyl ligands on chicken trachea tissue. 
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FFiigguurree  33::  Tissue-binding assay and ELISAs. Histochemical assays of recombinant unmodified M41–RBD and single 
Asn–to–Ala and Val–to–Ala glycosylation variants to trachea tissue (A) and ELISA-presented Neu5Acα2–3Galβ1–
3GlcNAc (B and C). B, concentration dependence of binding. C, absorbance for each protein at the 75-nmol 
concentration. Two-way ANOVA showed significantly less binding by variant N33A, N59A, N85A, N126A, N160A, 
and N194A RBD proteins compared with unmodified RBD (compare light gray bars (variant) to unmodified (black 
bar)). No significant (ns) difference was observed for variants with dark gray bars. Data points are averaged from 
three separate assays. ****, P <0.0001. 

 
The interaction of the variants with Neu5Acα2-3Galβ1-3GlcNAc, a previously 

established ligand for M41 (11), was assayed by ELISA. N145A, N219A, N229A, and N246A 
variants were able to bind the ligand in a concentration-dependent manner (figure 3B) like 
unmodified RBD. Binding affinities of N33A, N59A, N85A, N126A, N160A, and N194A were 
significantly reduced compared with unmodified RBD and comparable with that of a 
negative control protein, the S1 of turkey coronavirus, with specificity for nonsialylated 
diLacNAc glycans (17). figure 3C shows the ELISA absorbance at the 75 nmol of ligand 
concentration for each construct. No significant difference was observed for variants 
N145A, N219A, N229A, and N246A compared with unmodified RBD (shown in dark gray 
bars in figure 3C). All other variants (shown in light gray bars in figure 3C) demonstrated 
significantly lower affinity for the receptor, consistent with histochemistry and ligand 
titration plot results. 
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FFiigguurree  44::  Free glycans identified by MALDI-TOF analysis. Data for M41 and variants are arranged in columns. 
Assigned glycans are on the y axis. Blue bars represent the average percent abundance across three 
measurements. Standard deviation is indicated with black lines on top of the bars. Glycan compositions are 
arranged by increasing complexity, starting with high mannose (i.e. Hex5HexNAc2) at the top and ending with the 
larger complex forms at the bottom. Yellow and white shading groups indicate glycan compositions with 
increasing numbers of HexNAc moving from top to bottom. Abbreviations are hexose (Hex), GlcNAc (HexNAc), 
deoxyhexose (dHex), and sialic acid (NeuAc). 
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OOvveerraall ll   ggllyyccoossyyllaatt iioonn  ooff   nnoonnbbiinnddiinngg  vvaarr iiaannttss  iiss   ss iimmii llaarr   ttoo  MM4411--RRBBDD..   
Six of the 10 single glycosylation site variants lost the ability to bind ligand. To investigate 
whether global changes in glycosylation may have affected binding, we analyzed release 
glycans from each protein. Matrix-assisted laser desorption/ionization-time of flight 
(MALDI-TOF) mass spectrometry (MS) analysis of enzymatically released and 
permethylated glycans allows for semi-quantitative analysis of glycan compositions. The 
method is particularly useful for samples containing sialylated glycans because they are 
stabilized by permethylation. The percent abundances of glycans identified in each sample 
are shown in figure 4. 

The majority of the Asn-to-Ala variants, as well as the V57A and V58A control 
variants, had similar MALDI-TOF-MS permethylation profiles (figure 4). Over 100 glycan 
compositions were identified ranging from high-mannose glycans to large complex ones. 
Nearly half of the glycans contained at least one and up to three sialic acid molecules in all 
samples. The most intense glycoforms clustered in five groups with increasing amounts of 
complexity as reflected by the number of N-acetyl glucosamines (HexNAc). These include 
high-mannose, complex, and hybrid forms as follows: I, Hex5-9HexNAc2 (high mannose); II, 
NeuAc0-1Hex5-6dHex0-1HexNAc3 (complex and hybrid); III, NeuAc0-
2Hex5dHex1HexNAc4(complex); IV, NeuAc0-1Hex6dHex1HexNAc5 (complex); and V, 
NeuAc2Hex7dHex1HexNAc6 (complex). High-mannose glycans were less abundant in 
unmodified M41 than in variant RBDs. The N194A, N219A, and N229A variants contained 
diminished amounts of the group V high-mass complex glycans. The N145A variant was the 
most atypical with less defined clustering in the common clustering regions of the 
spectrum and higher abundances in spectral regions where compositions had less Hex and 
more HexNAc overall. For instance, cluster IV was shifted from glycans with 6 hexoses 
(NeuAc0-1Hex6dHex1HexNAc5) to glycoforms with 3-4 hexoses (NeuAc0-1Hex3-
4dHex1HexNAc5). More abundance was observed in regions containing 6 HexNAc residues 
(NeuAc0-2Hex3-6dHex1HexNAc6). To better understand the difference between N145A 
and the other constructs, we calculated the monosaccharide percent mass and average 
mass for each construct. The average mass percent for glycans across all released glycan 
pools was Hex (45.8%), HexNAc (42.0%), dHex (5.0%), and NeuAc (7.2%). The N145A 
construct had the lowest amount of Hex (38.6%) and the highest amounts of HexNAc 
(46.0%) and NeuAc (9.8%). The former two were 2 S.D. or greater from the mean (see 
Table S2). This indicates that the N145A construct likely had shorter, more branched, and 
more highly-charged glycans on average than the other constructs. Two other variants had 
values more than 2 S.D. from the mean. N229A (normal binding) was most abundant in Hex 
(53.6%) and least abundant in HexNAc (37.5%) and dHex (3.8%), probably due to its higher 
high-mannose content. N246A (normal binding) had the lowest amount of NeuAc (3.6%). 
This is perhaps a reflection of the missing sugars in this variant because site Asn-246 in 
other variants was populated with many sialylated glycoforms based on site-specific 
analysis (table S1). 
 
GGllyyccoossyyllaatt iioonn  aanndd  ss ii ttee  ooccccuuppaannccyy  wweerree  ss iimmii llaarr   bbeettwweeeenn  MM4411--RRBBDD,,   NN5599AA,,   
aanndd  NN114455AA..   
To assess the differences in glycosylation on a site-to-site basis, glycopeptide LC/MS 
analysis was carried out on unmodified M41 and two single glycosylation site variants, 
N59A and N145A, that represented a nonbinder and a binder of trachea tissue, 
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respectively. M41-RBD had 10 predicted glycosylation sites, whereas the variant RBDs had 
nine each. N145A was also of specific interest due to the unique glycosylation pattern 
observed in its free glycan profile. As cleavage with trypsin alone resulted in glycopeptides 
with more than one glycosylation site, we also analyzed glycopeptides after an additional 
treatment with chymotrypsin, which resulted in one glycosite per peptide, the 
identification of more glycopeptides, and decreased ambiguity concerning glycosylation 
site assignment. The glycan chosen for each site on the RBD was based on the predominant 
glycans identified at each site by LC/MS (see figure 5). 
  
TTaabbllee  22: Potential glycosylation sites based on sequence, predicted glycosylation sites by 
NetNGlyc (www.cbs.dtu.dk/services/NetNGlyc), and site-occupancy measured by LC/MS.   

PPootteenntt iiaall  
GGllyyccoossyyllaatt iioonn  SSiitteess 

NNeettNNGGllyycc  
PPrreeddiicctt iioonnss 

SSiittee  OOccccuuppaannccyy44  

PPoossiitt iioonn11  SSeeqquueennccee  PPootteenntt iiaall22  RReessuulltt   MM4411  NN5599AA  NN114455AA  

33 NISS 0.7343 ++ 1005 1005 1005 
59 NASS 0.6391 + 99.1 ± 0.2 NA6 ND6,7 

85 NFSD 0.6962 + 1005 93.8 ± 0.5 1005 
126 NLTV 0.7729 +++ 97.3 ± 0.4 98.6 ± 0.4 61.4 ± 2.2 
145 NLTS 0.6099 ++ 97.3 ± 0.2 98.3 ± 0.2 NA6 
160 NETT 0.5049 + 94.3 ± 0.2 90.6 ± 0.3 96.82 ± 0.04 
194 NGTA 0.6832 ++ 89.2 ± 0.4 91.8 ± 0.5 92.3 ± 0.1 
219 NFSD 0.5281 + ND8 ND8 1005 
229 NSSL 0.5189 + 99.4 ± 0.2 1005 1005 
246 NTTF 0.4726 -3 94.0 ± 3.4 96.6 ± 0.1 79.4 ± 2.5 
1Sequence position is based on the mature protein 
2The higher the NetNGlyc potential, the more likely it is to be glycosylated 
3This site is not likely to be glycosylated.   
4Average percent and standard deviations are calculated from three separate LC/MSE injections. 
5Where percent occupancy = 100, the intensity of the never-glycosylated peptide was too low to detect. 

6Sites missing in the glycosylation variants are noted with NA. Not determined is noted as ND 
7Both glycosylated and non-glycosylated forms were detected but incomplete cleavage and low signal intensity 
precluded accurate approximation of occupancy.    
8Masses matching the spontaneously deaminated and de-glycosylated peptide were not found. 

 
Although a protein may contain the sequence (NX(S/T)), where N-glycosylation is 

known to occur, it may not actually be glycosylated, or it may be glycosylated only part of 
the time. Potential glycosylation sites, their predicted glycosylation state, and their 
measured site occupancy are shown in table 2. Of the 10 glycosites, all but Asn-246 were 
predicted to be glycosylated (occupied) based on NetNGlyc analysis 
(http://www.cbs.dtu.dk/services/NetNGlyc-1.0/).3 Percent occupancy was analyzed by 
LC/MS; however, a poor signal was obtained for the Asn-219 site in M41 and N59A, and 
therefore, occupancies were not calculated. All other sites were estimated to be occupied 
at 89% or greater in M41 and N59A. The N145A variant exhibited site occupancy at all 
expected sites, including Asn-219, although signal intensity at that site was low. Two sites 
had much lower occupancy in N145A as compared with the other samples. Site Asn-126 
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dropped to 61% occupancy and site Asn-246 to 79% occupancy compared with nearly 
complete occupancy in the N59A and M41 proteins. Overall site occupancy was high for all 
sites. The difficulty in detecting some of the peptides, particularly Asn-219, may be due to 
hydrophobicity. Ionization is partially driven by hydrophobicity, and Asn-219 only had 20% 
hydrophobic character after the two digestions, which may, in part, explain its low 
detectability. By comparison, glycopeptides containing Asn-85, Asn-145, and Asn-160 were 
short and between 21 and 33% hydrophobicity, whereas glycopeptides containing other 
sites had predicted hydrophobicity ranging from 37 to 61% and tended to produce higher 
intensity spectra. 

Glycoform relative abundances at each site are listed in table S1. Figure 5 shows 
the location of each glycosylation site on the RBD of M41. Overall compositions at each site 
were similar in charge and size across the three constructs. A representative glycan is 
shown at each site based on peak intensity. The N145A construct had glycoforms like those 
identified by MALDI-TOF MS with more HexNAc and fewer Hex compared with M41 and 
N59A. 

Fewer overall glycan compositions were detected on glycopeptides by LC/MS 
compared with the free glycans observed by MALDI-TOF MS (63 versus 100 compositions). 
This can be expected because the technology of instrumentation used and the 
physiochemical characteristics of permethylated glycans and glycopeptides differ 
significantly. The forms detected overlapped between the two analyses. 
  
DDoocckkiinngg  rreessuullttss   aarree  ddeeppeennddeenntt  oonn  ggllyyccoossyyllaatt iioonn  ssttaattuuss  ooff   tthhee  MM4411--RRBBDD  
pprrootteeiinn..   
During our investigation, the first structure of the M41 spike protein was solved using 
electron microscopy (EM) (18). Mapping the glycosylation sites onto the structure did not 
lead to a clear understanding of how the mutations affect binding. Although EM structural 
resolution is limited, and the precise coordinates for the attached glycans are not known, 
an attempt was made to dock a series of potentially sialylated ligands to a glycan-stripped 
structure of the RBD and a structure that was populated with glycans based on our data. 

Seventeen oligosaccharide ligands were chosen based on a previous glycan array 
study of M41 (11) and ELISA data (this work). Both strong and weak binders were selected 
(figure 6). Each ligand was docked 20 times against both the sugar-stripped and in silico 
glycosylated M41-RBD coordinates. There was no statistically significant difference 
between the docked binding energies of ligands that did and did not bind on the array. All 
oligosaccharide ligands, except for 1, 3, 9, 13, 15, and 17, docked seven or more times to 
one or more of the four sites on the M41 sugar-stripped structure with no clear pattern 
differentiating between them (figure 6). In the sugar-stripped structure, all binding 
occurred at sites A and B. Site A is under the galectin fold near site Asn-194, and site B 
encompasses Asn-85 and Asn-59. All three glycosylation sites are required for binding to 
trachea tissue. The docking pattern changed dramatically when glycans were modeled onto 
the structure. The most dramatic change was seen at site D where eight ligands bound 
seven or more times, whereas interactions at all other sites decreased. There were no 
binders at site A, only two at site C (3 and 16) and three at site B (6, 9, and 17). All of the 
ligand oligosaccharides that docked at site D were sialylated, consistent with ligands 
identified by array and ELISA. No control ligand (1 and 2 uncharged; 3 and 4 KDN-charged) 
bound at site D. The interaction at site D involved both sugar-protein and sugar-sugar 
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contacts, and in some docking runs, the interaction was completely sugar-sugar. Site D is in 
the center of a circle of glycosylation sites that showed altered binding profiles when 
mutated; N59A, N85A, and N160A lost the ability to bind, whereas N145A gave a very 
strong signal in the histochemical assay. 

Of note, no ligands docked in the site at the top of the galectin fold where many 
structural homologs of M41 are thought to bind sugars, such as the bovine coronavirus 
RBD (19). For comparison, we docked Neu5Acα2-6Galβ1-3GlcNAcβ-OMe against the crystal 
structure of the bovine RBD. Twenty five of 25 times the glycan docked in the proposed 
binding site at the top of the galectin fold in the negatively-charged area of the bovine RBD 
control near Asn-198 (figure 7B). 
 

 
FFiigguurree  55::  Site-specific glycosylation of M41, N59A, and N145A. The S1–N-terminal receptor binding domain 
residues 21–268 from PDB entry 6cv0 is represented as gray ribbons. The asparagines of glycosylation sites that 
could still bind trachea tissue after mutation to alanine are in cyan, and those that could not are in dark red. 
GlcNAc residues from the structure are dark blue balls and sticks. The most predominant glycan for each site 
across all three constructs is shown to the right. Glycoforms shown on the right are based on our data, and 
inferred structural detail is based on accepted knowledge of the cell type used in protein production. 
Monosaccharides are represented as follows: mannose (green circles); galactose (yellow circles); GlcNAc (blue 
squares); fucose (red triangles); and sialic acid (purple diamonds). Numbering of the sites is based on the mature 
sequence. The figure was made with CCP4MG (38) and GIMP. 
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FFiigguurree  66::  Docking results. Top, list of all oligonucleotides docked to the M41–RBD. Columns with  indicate the 
sugar in that row was docked seven or more times out of 20 at the indicated site on the protein. Array scores are 
from Wickramasinghe et al. (11) and referenced in the figure as Array score1. White columns were against 
structure without sugars, and gray columns were LC/MS-identified where the sugars were modeled. Bottom, RBD-
binding domain of M41 from PDB structure 6cv0. Glycosylation sites are shown as cyan balls. Sites where two or 
more oligosaccharides docked seven or more times are indicated as colored space-filled amino acids. Colors and 
labels match the table above. B is A turned 90° toward the user. Structure representations were made in CCP4-
MG (38). Sugar symbols were rendered with DrawGlycan-SNFG (www.virtualglycome.org/DrawGlycan/)3 (39). 
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FFiigguurree  77::  Charge distribution looking down on the potential sialic acid-binding site of M41 (A) and bovine (B) 
RBDs. Orientation of both proteins matches that of figure 6B. Positive electrostatic charge is blue, and negative is 
red. Sugars are gray boxes on A and pink boxes on B. Y162, E182, W184, and H185 in B are involved in binding to 
sialic acid. The large asterisk in A indicates possible binding site based on structural comparison between the two 
proteins. Images were made with CCP4-MG (38). Bovine coordinates are from PDB code 4H14. 

  
DDIISSCCUUSSSSIIOONN  
Previously, we established that the IBV M41 S1 protein binds sialic acid-substituted 
glycoconjugate ligands in chicken trachea and lung tissue (11). Intriguingly, the M41 RBD is 
highly-glycosylated with 10 potential glycosylation sites, and glycosylation appears to be 
necessary for binding to host tissues because treating the protein with a neuraminidase 
diminishes binding (11). This study extends our investigation toward determining the role 
of glycosylation in the function of the RBD, which encompasses the N-terminal region of 
the native protein. Each of the potential glycosylation sites was individually ablated, and 
each construct was examined for its ability to bind tissue and an ELISA-presented ligand. In 
addition, the global glycosylation profile of every construct was surveyed, and glycosylation 
of three representative constructs was examined on a site-specific basis. 

Six of the 10 glycosylation sites in the RBD domain of IBV M41 were essential for 
binding to chicken trachea tissue and an ELISA-presented sialylated oligosaccharide ligand. 
CD analysis demonstrated that both secondary structure and stability were similar across 
all the RBD constructs indicating the proper fold was likely retained for all. Globally, 
percent abundances of sialylated glycans differed across mutants, but the differences were 
not associated with loss of binding. For example, 51 and 20% of the glycans in binding 
mutants N145A and N246A, respectively, and 46 and 51% of the glycans in the nonbinders 
N126A and N160A, respectively, were sialylated (summed from figure 4). By comparison, 
40% of the glycans in the unmodified RBD construct were sialylated. On a site-specific 
basis, some glycosylation sites had more sialylation than others (table S1). On average, 
each of glycosites Asn-126, Asn-194, Asn-229, and Asn-246 were sialylated at least 50% of 
the time. Sites Asn-229 and Asn-246 were in the less-ordered region of the protein away 
from the galectin fold where binding is associated in the docking study. Site Asn-194 is at 
the bottom of the galectin fold and is required for ligand binding. Site Asn-126 is at the top 
of the galectin fold and is also required for binding. Although we cannot conclude that 
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sialylation is required at Asn-194 and Asn-126, it is clear that glycosylation at these sites 
serves a role in ligand binding. 

The publication of the cryo-EM structure of M41 (18), the first structure of a spike 
protein from a gammacoronavirus, made it possible to visualize the distribution of the 
glycosylation sites in the tertiary structure of the protein. The study verified the site 
occupancy we observed on M41-RBD because 9 of 10 of the glycosylation sites in the EM 
structure were occupied. Site Asn-246, not occupied in the EM structure, is on a β-strand in 
the EM structure, and it forms close contacts with the S1 C-terminal domain in the native 
protein. The C-terminal domain was not part of our construct. Therefore, Asn-246 in the 
recombinant constructs was likely in an environment much different from that found in the 
full-length protein. 

Many human galectins, and also the bovine β-coronavirus spike protein (18), bind 
sugars at what is the top of the β-sandwich near site Asn-126 in the RBD constructs (see 
figure 5). The bovine RBD site Asn-198 closely aligns with site Asn-126 of M41 (see figure 
7). In the bovine protein, this demarks the region of proposed ligand binding. Loss of Asn-
126 in the M41 RBD abrogates binding to trachea tissue. Although ablation of Asn-126 
diminishes ligand binding, our docking study gave no evidence that this is the sialyl ligand-
binding site in M41. Evaluation of the charge distribution in the proposed binding sites 
indicates that the bovine site is negatively charged, whereas the negative charge in the 
same region in M41 is sparse (figure 7). This difference in charge near Asn-126 may explain 
the lack of ligand docking in this region (gray β-strands in figure 6B) during docking 
simulations. 

The precise ligand-binding region of proteins with a galectin fold varies. Rotavirus 
protein VP4, for example, binds sialic acid in a groove between the β-sheets of the 
sandwich (20). The clustering of five of six required N-glycosylation sites suggests the 
location of the ligand-binding site may be on the right of the galectin fold as shown in 
figure 5. Our docking experiments studying 17 possible oligosaccharide ligands to M41 
were not conclusive in terms of binding energies but did identify four potential saccharide-
binding regions (figure 6). Docking also demonstrated that glycosylation affects binding in 
silico because one potential site (site A; see figure 6) lost favor, whereas another one, site 
D, dramatically gained favor when the protein was glycosylated. Site D is in the center of 
three glycosylated asparagine’s required for binding (Asn-59, Asn-85, and Asn-160), and 
one whose loss results in a very strong histochemical signal and has a protein-wide effect 
on glycosylation with increased sialylation (Asn-145). In addition, the site D region is 
negatively charged (see figure 7A) like the proposed sialyl ligand-binding site on the bovine 
protein (figure 7B) (19). All the ligands that interacted with site D were sialylated and 
included the glycan that bound in our ELISA studies. Interestingly, carbohydrate-
carbohydrate contacts were detected in the RBD-ligand interactions at site D. This is an 
intriguing result because carbohydrate-carbohydrate interactions, although not common, 
have been reported between nonfucosylated antibodies and their receptor, in cell-cell 
adhesion interactions, between tumor antigens, and between bacterial receptors and 
mucin (21-25). A literature search did not uncover any reported carbohydrate-
carbohydrate interactions between virus and host. Although our docking study must be 
evaluated in the context of the higher root mean square deviations typical of EM 
structures, and the inexactness of modeled oligosaccharides, results suggest that a 
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combination of carbohydrate-carbohydrate and carbohydrate-protein interactions should 
be considered in the binding mechanism. 

In conclusion, we have shown that glycosylation of six sites on the M41 IBV RBD 
are necessary for the interaction of M41 with both trachea tissue and Neu5Acα2-3Galβ1-
3GlcNAc ligand in ELISA. Based on occupancy data, at least nine sites were glycosylated in 
the recombinant M41-RBD. Deletion of individual glycosylation sites had little effect on 
secondary structure, but it did have some effect on overall glycosylation profiles of some 
variants, especially N145A. Some differences can be expected because one site, with 
specific glycans, is lost from each variant, thus mildly altering overall profiles. In silico 
docking suggests that glycosylation may guide ligand binding. Especially intriguing is site D, 
where glycosylation is required for in silico docking at that site. The interaction of M41 IBV 
with sialyl ligand may prove to be a unique interaction involving both carbohydrates and 
protein. Further investigation is warranted. 
 
MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

EEtthhiiccss  ssttaatteemmeenntt..  The tissues used for this study were obtained from the tissue archive 
of the Veterinary Pathologic Diagnostic Center (Department of Pathobiology, Faculty of Veterinary 
Medicine, Utrecht University, The Netherlands). This archive is composed of paraffin blocks with 
tissues maintained for diagnostic purposes; no permission from the Committee on the Ethics of 
Animal Experiment is required. 

PPllaassmmiidd  ccoonnssttrruucctt iioonn..  The pCD5 vector containing IBV M41-RBD in-frame with a C-
terminal GCN4 trimerization motif and Strep-Tag has been described previously (10). Site-directed 
mutagenesis using the Q5 technology (New England Biolabs) was performed to mutate the 
asparagine-encoding residues of the N-linked glycosylation sequence motif NX(S/T) into alanine or 
valine using the primers in table 3. Sequences of the resulting RBDs were confirmed by Sanger 
sequencing (Macrogen, The Netherlands). 

PPrroodduucctt iioonn  ooff   rreeccoommbbiinnaanntt  pprrootteeiinnss..  HEK293T (ATCC CRL-3216) cells were 
transfected with pCD5 plasmids using polyethyleneimine at a 1:12 ratio. The recombinant proteins 
were purified using Strep-Tactin-Sepharose beads, as described previously (11), and their production 
was confirmed by Western blotting using Strep-Tactin HRP antibody (IBA, Germany). 

CCiirrccuullaarr   ddiicchhrrooiissmm  ssppeeccttrroossccooppyy..  Recombinant M41 and its variants were prepared 
for CD spectroscopy by buffer exchange and concentration with four centrifugation cycles through 
10-kDa MWCO Amicon Ultra 0.5-ml centrifugal filters (UFC 501024) into 10 mM sodium phosphate, 
pH 7.75. Final concentrations were measured with a Thermo Fisher Scientific Nanodrop 2000 
spectrophotometer. CD spectra were collected on a JASCO J-810 spectropolarimeter with a Peltier 
thermostated fluorescence temperature controller module. Samples were diluted to 0.06 mg/ml and 
four scans accumulated from 285 to 190 nm with a scanning speed of 10 nm/min, digital integrated 
time 1 s, bandwidth 1 nm, and standard sensitivity at 25 °C. A thermal melt was done from 25 to 95 
°C with a ramp rate of 1 °C/min. Measurements were taken every 2° at 222, 218, 215, 212, 208, 205, 
196, and 194 nm. A full CD scan was collected at 95 °C. The temperature was then lowered to 25 °C. 
After allowing the protein to refold for 20 min at 25 °C, a third CD scan was taken at 25 °C to measure 
recovery. A Savitzky-Golay filter was used to smooth CD data at different temperatures for visual 
comparison (figure S2). Secondary structure calculations for the CD data collected at 25 °C before the 
thermal melt were processed by DichroWeb (16) using the CDSSTR (26), Selcon3 (27), and ContiLL 
(28) algorithms with protein reference set 7. Results from the three algorithms were averaged and 
plotted in figure 2.  
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PPrrootteeiinn  hhiissttoocchheemmiissttrryy..  Histochemistry was performed as described previously (11). 
Briefly, chicken trachea tissues from a 7-week-old broiler chicken were sectioned at 4 μm before 
incubation with RBD proteins at 100 μg/ml. Desialylated tissues were prepared by pretreatment with 
2 milliunits of neuraminidase (sialidase) from A. ureafaciens (AUNA, Sigma, Germany) in 10 mM 
potassium acetate, 2.5 mg/ml Triton X-100, pH 4.2, at 37 °C overnight before protein application. 
Chicken trachea tissues were from a 7-week-old broiler chicken (G. gallus) obtained from the tissue 
archive of the Veterinary Pathologic Diagnostic Center (Department of Pathobiology, Faculty of 
Veterinary Medicine, Utrecht University, The Netherlands). 
  
TTaabbllee  33::  Primers used for site-directed mutagenesis to generate N-to-A and V-to-A substitutions. The sequence 
encoding Alanine is in a lower case. 
MMuuttaanntt  PPrriimmeerr  sseeqquueennccee  ffoorr  NNààAA  aanndd  VVààAA  

ssuubbsstt iittuuttiioonnss 
N33A 
 

FW: CGCTGTGGTGgctATCTCCAGCG 
RV: TAAGCTCCTCCATGCAGG 

V57A 
 

FW: GGAGGAAGGgcgGTGAACGCC 
RV: GTGAATTGTGCCCACGATG 

V58A 
 

FW: GGAAGGGTGgcgAACGCCTCC 
RV: TCCGTGAATTGTGCCCAC 

N59A 
 

FW: AAGGGTGGTGgccGCCTCCAGCA 
RV: CCTCCGTGAATTGTGCCC 

N85A 
 

FW: AGCCCACTGTgctTTTAGCGACACC 
RV: GTGCAGAACTGGGAGCTG 

N126A 
 

FW: GCTGTTCTACgctCTGACAGTGTCCGTGG 
RV: TGGCCGTTCTTCATGGCG 

N145A 
 

FW: GTGCGTGAACgctCTGACCTCCG 
RV: TGGAAGCTCTTAAAGGTTG 

N160A 
 

FW: GTATACATCCGCTGAGACCACAGATGTGACCAGC 
RV: ACCAGGTCGCCGTTCAGG 

N194A 
 

FW: CTACTTCGTGgctGGCACAGCCCAGGAC 
RV: GCCAGGGCCTTCACCTCC 

N219A 
 

FW: CAACACCGGAgctTTCTCCGATGGC 
RV: TACTGACAGGCCAGCAGT 

N229A 
 

FW: TCCGTTCATCgccAGCTCCCTGG 
RV: TAAAAGCCATCGGAGAAATTTC 

N246A FW: GAACAGCGTGGCTACCACATTCAC 
RV: TCGCGGTACACAATAAAC 

 
EELLIISSAA..  Sialic acids (Neu5Acα2-3Galβ1-3GlcNAc-PAA, 3-SiaLec-PAA, GlycoNZ, Russia) were 

coated (1 μg/well) in a 96-well Maxisorp plate (NUNC, Sigma) at 4 °C overnight, followed by blocking 
with 3% BSA (Sigma) in PBS-0, 1% Tween. RBD proteins (100 μg/ml) were preincubated with Strep-
Tactin-HRPO (1:200) for 30 min on ice, before applying them to the plates for 2 h at room 
temperature. 3,3 ,5,5 -Tetramethylbenzidine substrate was used as a peroxidase substrate to 
visualize binding, after which the reaction was terminated using 2 N H2SO4. Absorbances (A450 nm) 
were measured in a FLUOstar Omega (BMG Labtech) microplate reader, and MARS data analysis 
software was used for analysis. Protein samples of each recombinant protein were measured at each 
concentration in triplicate. Statistical analysis was performed by comparing each protein to the 
unmodified RBD using two-way ANOVA with Dunnett's multiple comparisons test where α was set to 
0.05. 

GGllyyccooppeeppttiiddee  pprreeppaarraatt iioonn,,   eennrriicchhmmeenntt,,   aanndd  NN--ggllyyccaann  rreelleeaassee..  The workflow is 
shown in figure S3. Aliquots between 200 and 400 μg of M41, N59A, and N145A and 50 μg of the 
remaining proteins were digested with trypsin as previously described (29). Approximately 25-100-μg 
aliquots of protease-digested proteins were processed for deglycosylated glycopeptide and 
permethylated glycan analyses. Samples were resuspended in 50 mM ammonium bicarbonate, pH 
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8.0. Glycans were released by digestion with 10 units/μl PNGase F (glycerol-free from New England 
Biolabs) for 3 h at 37 °C. The samples were adjusted to pH 5.0 with 2-4 μl of 125 mM HCl. To 
maximize glycan release, samples were further digested with 0.15 milliunits/μl PNGase A overnight at 
37 °C. Free glycans and deglycosylated peptides were separated using C18 SPE cartridges (Thermo 
Fisher Scientific). Intact glycopeptide analyses were performed using 175-300 μg of HILIC-enriched 
glycopeptides as previously described (29). Following data collection on the trypsinized 
glycopeptides, the remainder of the M41, N59A, and N145A samples were digested with 
chymotrypsin at a ratio of 1:20 overnight at 25 °C, and HILIC was enriched a second time (for the M41 
and N59A samples only) prior to LC/MS analysis. 

SSiittee  ooccccuuppaannccyy..  LC/MSE data were collected on trypsinized peptides deglycosylated with 
PNGase F as described under N-glycan release. Asparagines that are deglycosylated by PNGase F are 
converted to aspartate with a mass gain of 0.984 Da due to the replacement of -NH2 with -OH. The 
percent occupancy for each site is calculated by comparing the intensity of peptides with Asn to 
those with Asp. However, spontaneous deamidation of unmodified Asn to Asp can also occur. 18O-
Water, which results in mass shift of 2.984 Da, was used to ensure calculated percent occupancy was 
not skewed due to spontaneous deamidation. This experiment allows for examination of both 
spontaneous and enzymatically catalyzed deamidation, and therefore, accurate estimations of 
percent occupancy of glycosites can be determined. Percent occupancy was calculated by comparing 
the intensities of the deglycosylated (DG) and nonglycosylated (NG) peptides using the equation: 
DG/(DG + NG)·100. 

PPuurrii ff iiccaatt iioonn,,   ppeerrmmeetthhyyllaatt iioonn,,   aanndd  sseemmii--qquuaannttiittaatt iioonn  ooff   ffrreeee  ggllyyccaannss..  PNGase-
released N-glycans were applied to C18 SPE and eluted with 0.1% formic acid leaving the 
deglycosylated peptides bound to the C18 column. The glycan eluate fractions were combined, and 
butanol was added to a final concentration of 1%. The samples were then loaded onto 100-mg 
porous graphite columns prepared first by sequential washes of 1 ml of 100% acetonitrile (ACN), 1 ml 
of 60% ACN in water, 1 ml of 30% ACN in water, and 1 ml of water. All solutions contained 0.1% 
trifluoroacetic acid (TFA). The loaded columns were washed three times with 1 ml of 0.1% TFA in 
water, then eluted with 30% ACN, 0.1% TFA, water, followed by 60% ACN, 0.1% TFA, and water. The 
eluents were pooled and dried in glass vials by rotary evaporation. Permethylation was done 
following the method of Cincanu and Costello (30) and Cincanu and Kerek (31). MALDI-TOF analysis 
of permethylated N-glycans was performed on a Bruker AutoflexTM speed mass spectrometer in 
positive polarity reflectron mode. 2,5-Dihydroxybenzoic acid was used as a matrix, and malto-
oligosaccharides were used as an external calibrant. Data were processed using FlexAnalysisTM. Each 
sample was spotted three times, and scans were collected in positive reflectron mode. Peaks were 
picked and assigned, and intensities were averaged across each set of spots using in-house software. 
Assignments were based on glycans known to be present in HEK293T cells. 

RReevveerrssee--pphhaassee  nnaannooLLCC//MMSSEE  aannaallyyssiiss   ooff   ggllyyccooppeeppttiiddeess  aanndd  ppeeppttiiddeess..  Each 
peptide or glycopeptide sample was analyzed three times. A C18 column (BEH nanocolumn 100 μm 
inner diameter × 100 mm, 1.7-μm particle, Waters Corp.) was used for nanoLC/MSE analyses. A 
nanoAcquity UPLC system (Waters Corp.) was used for automatic sample loading and flow control. 
Load buffer was 3% ACN, 97% water. Peptides were eluted via a 60-min gradient from 3 to 50% ACN 
with a flow of 0.4 μl/min. All chromatography solutions included 0.1% formic acid. The eluent flowed 
to an uncoated 20-μm inner diameter PicoTip Emitter (New Objective Inc., Woburn, MA). The mass 
spectrometer was a SYNAPT G2 HDMS system (Waters Corp.). Applied source voltage was 3000 V. 
Data were collected in positive polarity mode using data-independent MSE acquisition, which consists 
of a starting 4-V scan followed by a scan ramping from 20 to 50 V in 0.9 s. To calibrate internally, 
every 30 s 400 fmol/μl Glu-fibrinopeptide B with 1 pmol/μl leucine enkephalin in 25% acetonitrile, 
0.1% formic acid, 74.9% water was injected through the lockmass channel at a flow rate of 500 
ml/min. Initial calibration of the mass spectrometer was performed in MS2 mode using Glu-
fibrinopeptide B and tuned for a minimum resolution of 20,000 full-width at half-maximum. 
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DDaattaa  aannaallyyssiiss   ffoorr  ppeeppttiiddee  aanndd  ggllyyccooppeeppttiiddee  iiddeennttii ff iiccaatt iioonn..  NanoLC/MSE data 
were processed using BiopharmaLynx 1.3 (Waters Corp.) and GLYMPS (in-house software) (32, 33) to 
identify specific glycans on each peptide. The search settings included trypsin digest with up to one 
missed cleavage, fixed cysteine carbamidomethylation, variable methionine oxidation, and variable 
N-glycan modifications based on a building block glycan library. Assignment inclusion criteria were as 
follows: 1) the presence of a core fragment (peptide, peptide + HexNAc, peptide + HexNAc2, peptide 
+ dHex1HexNAc1, and peptide + Hex1HexNAc2); 2) the presence of three or more peptide fragments; 
3) the presence of three or more assigned glycopeptide fragments; 4) assignment is made in at least 
2 of 3 injections; and 5) the existence of the glycan in GlyConnect (https://glyconnect.expasy.org).3 

DDoocckkiinngg..  Residues 21-268 of the M41 spike EM structure were extracted from the 
published structure (PDB code 6cv0) (18). This corresponds to the M41-RBD used in this paper. 
Glycam-web's glycoprotein-builder program (34) was used to add the major oligosaccharide found at 
each glycosylation site onto the protein in silico. All glycosites in the M41 EM structure were 
occupied except Asn-246; however, Asn-246 was occupied in our data and was populated 
accordingly. All glycosites were glycosylated in the new PDB file based on best evidence from our MS 
data. The coordinates of M41-RBD without glycans, M41-RBD with modeled glycans, and bovine RBD 
(PDB code 4H14) were used in docking experiments. A virtual library of 17 oligosaccharides 
representing a variety of binding epitopes was created based on the CFG array version 4.2 (see figure 
6 for a list). Raw models of the oligosaccharide ligands were created with the AMBER tool tleap 
(www.ambermd.org)3 utilizing the GLYCAM06 force field (35), then energy minimized using YASARA 
(36). Dock screening of the library was performed with the YASARA implementation of Autodock Vina 
(37) with default parameters. A molecular dynamics simulation with explicit water (TP3) but with 
fixed coordinates for the backbone atoms was run on the glycosylated M41 RBD model to allow the 
amino acid side chains to accommodate the added glycans and to find low energy conformations. 
Two models were extracted from the glycosylated MD RBD run at 5 and 10 ns, which were used for 
dock screening with the virtual library. Each oligosaccharide ligand was docked against the structures 
20 times. Docking results shown in figure 6 are for the 10-ns model. Results were similar in the 5-ns 
models. 
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SSUUPPPPLLEEMMEENNTTAALL  DDAATTAA  

FFiigguurree  SS--11::   Conservation of the Gammacoronavirus spike protein RBD.  M41: Sequence of the RBD used in the 
paper.  Con: Conserved sequence from an alignment of 1,263 non-redundant RBD sequences from the VIPR 
Coronaviridae database (https://www.viprbrc.org/brc/home.spg?decorator=corona).  Blue = 100-95% conserved, 
yellow = 94-80%, gray = 79-60%, white = 59-27%. Glycosylation sites are underlined and in bold. Horizontal lines 
above the sequences mark every tenth amino acid in M41. All M41 sites except N59 are found in the consensus 
sequence.   
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FFiigguurree  SS--22::  CD overlays of wildtype (M41), N-to-A glycosylation mutants, and V57A and V58A mutants.  On the 
right are normalized spectra of the overlays on the left. Titles describe each graph.    
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FFiigguurree  SS--33::  Workflow diagram of glycoprotein analysis by mass spectrometry. 
 

 
FFiigguurree  SS--44::  Tissue binding assays subsequet to AUNA neuraminidase treatment. Histochemical assays of 
recombinant unmodified M41-RBD and single N-to-A and V-to-A glycosylation variants to trachea tissue  
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TTaabbllee  SS--11::  Glycopeptide assignments for M41, N59A, and N145A.   
GGllyyccoossyyllaatt iioo
nn  SSiittee  

MM4411  NN5599AA  NN114455AA  

CCoommppoossiitt iioonn 11  
RRAA
22  %%  

ccoommppoossiitt iioonn  
RRAA  
%%  ccoommppoossiitt iioonn  

RRAA  
%%  

N(33)ISS Hex5HexNAc2 23 Hex5HexNAc2 6   		
Hex6HexNAc2 10 Hex6HexNAc2 9   		
Hex7HexNAc2 11 Hex7HexNAc2 13   		
dHex1Hex4HexNAc3 2 Hex8HexNAc2 16   		
Hex5HexNAc3 5 Hex9HexNAc2 10   		
dHex1Hex5HexNAc3 3 dHex1Hex4HexNAc3 1   		
NeuAc1dHex1Hex5HexNA
c3 5 dHex1Hex5HexNAc3 1   		
Hex6HexNAc3 14 

NeuAc1dHex1Hex5HexN
Ac3 

7   		
NeuAc1dHex1Hex6HexNA
c3 5 Hex6HexNAc3 8   		
dHex1Hex4HexNAc4 1 

NeuAc1dHex1Hex6HexN
Ac3 

6   		
dHex1Hex5HexNAc4 9 dHex1Hex4HexNAc4 1   		
NeuAc1dHex1Hex5HexNA
c4 

10 dHex1Hex5HexNAc4 3   		
dHex1Hex5HexNAc5 3 

NeuAc1dHex1Hex5HexN
Ac4 14   		

NeuAc1dHex1Hex5HexNA
c5 1 dHex1Hex4HexNAc5 2   		
  		

NeuAc1dHex1Hex5HexN
Ac5 1   		

N(59)ASS Hex3HexNAc2 1   		 Hex2HexNAc3 1 

Hex6HexNAc2 11   		 dHex1Hex2HexNAc3 2 

dHex1Hex3HexNAc3 1   		 Hex3HexNAc3 1 

dHex1Hex4HexNAc3 2   		 Hex5HexNAc3 1 

Hex5HexNAc3 2   		 NeuAc1Hex5HexNAc3 1 

Hex6HexNAc3 16   		 dHex1Hex5HexNAc3 3 

NeuAc1Hex6HexNAc3 9   		 dHex1Hex2HexNAc4 2 

NeuAc1dHex1Hex6HexNA
c3 3   		 Hex3HexNAc4 10 

NeuAc1dHex2Hex3HexNA
c4 

1   		 dHex1Hex3HexNAc4 23 

dHex1Hex4HexNAc4 1   		 Hex4HexNAc4 7 

Hex5HexNAc4 8   		 NeuAc1Hex4HexNAc4 8 

dHex1Hex5HexNAc4 18   		 dHex1Hex4HexNAc4 7 

NeuAc1dHex1Hex5HexNA
c4 16   		 Hex5HexNAc4 1 

dHex1Hex6HexNAc4 2   		 dHex1Hex3HexNAc5 23 
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dHex1Hex4HexNAc5 3   		 NeuAc1Hex5HexNAc5 5 

NeuAc1dHex1Hex4HexNA
c5 1   		

NeuAc2dHex1Hex5HexN
Ac5 2 

dHex1Hex5HexNAc5 5   		
NeuAc2dHex1Hex5HexN
Ac6 3 

N(85)FSD Hex5HexNAc2 4 Hex5HexNAc2 2   		
Hex8HexNAc2 96 Hex7HexNAc2 68   		
  		 Hex6HexNAc3 13   		
  		 NeuAc1Hex6HexNAc3 15   		
  		 NeuAc1Hex5HexNAc4 1   		

N(126)LTV Hex4HexNAc2 3 Hex4HexNAc2 2 Hex4HexNAc2 7 

Hex7HexNAc2 29 Hex5HexNAc2 21 Hex3HexNAc3 24 

Hex8HexNAc2 13 Hex8HexNAc2 24 Hex4HexNAc3 4 

Hex5HexNAc3 3 Hex5HexNAc3 8 Hex5HexNAc3 6 

NeuAc1Hex6HexNAc3 33 Hex6HexNAc3 2 NeuAc1Hex5HexNAc3 30 

Hex5HexNAc4 9 NeuAc1Hex6HexNAc3 25 dHex1Hex5HexNAc3 5 

NeuAc1Hex5HexNAc4 6 
NeuAc1dHex1Hex6HexN
Ac3 

2 
NeuAc1dHex1Hex6HexN
Ac3 

6 

NeuAc2Hex5HexNAc4 2 Hex5HexNAc4 6 Hex3HexNAc4 6 

NeuAc1dHex1Hex5HexNA
c4 

1 NeuAc1Hex5HexNAc4 3 
NeuAc1dHex1Hex5HexN
Ac4 

7 

  		 NeuAc2Hex5HexNAc4 1 Hex3HexNAc5 2 

  		
NeuAc1dHex1Hex5HexN
Ac4 

4 
NeuAc1dHex1Hex5HexN
Ac5 

3 

  		
NeuAc2dHex1Hex5HexN
Ac4 1   		

N(145)LTS   		 Hex6HexNAc2 32   		
  		 Hex6HexNAc3 68   		

N(160)ETT   		   		 dHex1Hex4HexNAc3 5 

  		   		 Hex4HexNAc4 7 

  		   		 dHex1Hex4HexNAc4 19 

  		   		 Hex3HexNAc5 8 

  		   		 dHex1Hex3HexNAc5 38 

  		   		 dHex1Hex3HexNAc6 23 

N(194)GTA dHex1Hex3HexNAc5 4 Hex6HexNAc2 10 dHex1Hex2HexNAc3 2 

dHex1Hex5HexNAc3 6 dHex1Hex5HexNAc3 10 dHex1Hex3HexNAc3 15 

NeuAc1Hex5HexNAc3 8 
NeuAc1dHex1Hex5HexN
Ac3 10 dHex1Hex4HexNAc3 1 

 Hex5HexNAc4 13 Hex6HexNAc3 14 Hex3HexNAc4 5 

 NeuAc1dHex1Hex5HexN
Ac4 31 NeuAc1Hex6HexNAc3 9 dHex1Hex3HexNAc4 17 
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 dHex1Hex6HexNAc3 7 dHex1Hex5HexNAc4 14 Hex4HexNAc4 2 

 NeuAc1Hex6HexNAc3 18 
NeuAc1dHex1Hex5HexN
Ac4 17 

NeuAc1dHex1Hex4HexN
Ac4 19 

 Hex7HexNAc2 13 
NeuAc2dHex1Hex5HexN
Ac4 7 NeuAc1Hex5HexNAc4 2 

  		 dHex1Hex5HexNAc5 6 Hex3HexNAc5 3 

  		
NeuAc1dHex1Hex5HexN
Ac5 2 dHex1Hex4HexNAc5 5 

  		     
NeuAc1dHex1Hex4HexN
Ac5 16 

  		     NeuAc1Hex5HexNAc5 1 

  		 		 		
NeuAc1dHex1Hex5HexN
Ac6 1 

  		   		
NeuAc2dHex1Hex5HexN
Ac6 

11 

N(229)SSL Hex5HexNAc2 13 Hex4HexNAc2 8 Hex3HexNAc3 2 

Hex6HexNAc2 6 Hex5HexNAc2 33 NeuAc1Hex4HexNAc3 1 

Hex5HexNAc3 5 dHex1Hex4HexNAc3 8 dHex1Hex4HexNAc3 2 

Hex6HexNAc3 9 Hex5HexNAc3 9 
NeuAc2dHex2Hex4HexN
Ac3 1 

NeuAc1Hex6HexNAc3 36 dHex1Hex5HexNAc3 12 dHex1Hex5HexNAc3 4 

Hex5HexNAc4 6 dHex1Hex6HexNAc3 10 
NeuAc1dHex1Hex5HexN
Ac3 11 

NeuAc1Hex5HexNAc4 12 dHex1Hex5HexNAc4 15 dHex1Hex2HexNAc4 1 

NeuAc1dHex1Hex6HexNA
c5 13 dHex1Hex5HexNAc5 5 dHex1Hex3HexNAc4 3 

  		   		 NeuAc1Hex4HexNAc4 3 

  		   		 dHex1Hex4HexNAc4 6 

  		   		
NeuAc1dHex1Hex5HexN
Ac4 11 

  		   		 dHex1Hex3HexNAc5 12 

  		   		 dHex1Hex4HexNAc5 4 

  		   		
NeuAc1dHex1Hex4HexN
Ac5 22 

  		   		 dHex1Hex3HexNAc6 5 

  		   		 dHex1Hex4HexNAc6 1 

  		   		
NeuAc1dHex1Hex4HexN
Ac6 

9 

  		   		
NeuAc1dHex1Hex4HexN
Ac7 2 

N(246)TTF Hex7HexNAc2 16 Hex8HexNAc2 28 Hex3HexNAc3 7 

dHex1Hex3HexNAc3 1 dHex1Hex3HexNAc3 1 Hex4HexNAc3 2 

Hex4HexNAc3 2 Hex4HexNAc3 2 dHex1Hex4HexNAc3 2 

dHex1Hex4HexNAc3 4 dHex1Hex4HexNAc3 3 dHex1Hex5HexNAc3 4 

Hex6HexNAc3 1 
NeuAc1dHex1Hex4HexN
Ac3 

1 dHex1Hex2HexNAc4 1 
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NeuAc1Hex6HexNAc3 14 Hex5HexNAc3 1 Hex3HexNAc4 6 

dHex1Hex6HexNAc3 1 dHex1Hex6HexNAc3 1 dHex1Hex3HexNAc4 19 

NeuAc1dHex1Hex6HexNA
c3 11 

NeuAc1dHex1Hex6HexN
Ac3 10 dHex2Hex3HexNAc4 2 

NeuAc1dHex1Hex3HexNA
c4 1 Hex3HexNAc4 1 Hex4HexNAc4 2 

dHex1Hex4HexNAc4 2 dHex1Hex4HexNAc4 10 NeuAc1Hex4HexNAc4 3 

Hex5HexNAc4 1 NeuAc1Hex5HexNAc4 3 dHex1Hex4HexNAc4 9 

NeuAc1dHex1Hex5HexNA
c4 38 

NeuAc1dHex1Hex5HexN
Ac4 25 

NeuAc1dHex1Hex4HexN
Ac4 12 

NeuAc2dHex1Hex5HexNA
c4 4 dHex1Hex3HexNAc5 3 dHex1Hex3HexNAc5 18 

NeuAc1dHex1Hex4HexNA
c5 5 

NeuAc1dHex1Hex5HexN
Ac5 3 

NeuAc1dHex1Hex3HexN
Ac5 1 

  		 dHex1Hex6HexNAc5 6 NeuAc1Hex4HexNAc5 2 

  		   		 dHex1Hex4HexNAc5 1 

  		   		
NeuAc1dHex1Hex4HexN
Ac5 9 

1 Hex is hexose, HexNAc is N-acetylhexosamine, dHex is deoxyhexose, NeuAc is N-acetylneuraminic acid 
2RA is relative abundance in percentage 
  
TTaabbllee  SS--22::  Composition of free glycans by percent mass.   

CCoonnssttrruucctt   HHeexx%%  HHeexxNNAAcc%%  ddHHeexx%%  NNeeuuAAcc%%  
AAvveerraaggee  

MMaassss  

M41 43.4 44.0 5.8 6.8 2046.9 

N33A 45.8 41.9 4.9 7.3 1988.5 

V57A 47.5 41.6 5.1 5.7 1869.6 

V58A 44.8 42.4 5.2 7.7 1995.6 

N59A 46.0 42.2 5.2 6.6 1971.9 

N85A 43.3 42.6 5.1 9.0 2080.6 

N126A 44.2 41.4 5.1 9.3 2088.8 

N145A 38.6 46.0 5.6 9.8 1923.7 

N160A 45.4 41.2 4.5 8.9 2078.9 

N194A 44.2 42.6 4.9 8.2 1930.5 

N219A 48.7 40.7 4.5 6.2 1803.3 

N229A 53.6 37.5 3.8 5.1 1741.0 

N246A 49.3 42.5 4.6 3.6 1829.2 

2std 7.2 3.9 1.0 3.6 226.4 

mean 45.8 42.0 5.0 7.2 1949.9 

minus 2std 38.6 38.2 3.9 3.6 1723.5 

plus 2std 53.0 45.9 6.0 10.9 2176.3 
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AABBSSTTRRAACCTT  
Infection of chicken coronavirus infectious bronchitis virus (IBV) is initiated by binding of 
the viral heavily N-glycosylated attachment protein spike to the alpha-2,3-linked sialic acid 
receptor Neu5Ac. Previously, we have shown that N-glycosylation of recombinantly 
expressed receptor binding domain (RBD) of the spike of IBV-M41 is of critical importance 
for binding to chicken trachea tissue. Here we investigated the role of N-glycosylation of 
the RBD on receptor specificity and virus replication in the context of the virus particle. 
Using our reverse genetics system, we were able to generate recombinant IBVs for nine 
out-of-ten individual N-glycosylation mutants. In vitro growth kinetics of these viruses were 
comparable to the virus containing the wild-type M41-S1. Furthermore, Neu5Ac binding by 
the recombinant viruses containing single N-glycosylation site knock-out mutations 
matched the Neu5Ac binding observed with the recombinant RBDs. Five N-glycosylation 
mutants lost the ability to bind Neu5Ac and gained binding to a different, yet unknown, 
sialylated glycan receptor on host cells. These results demonstrate that N-glycosylation of 
IBV is a determinant for receptor specificity. 
 
KKEEYYWWOORRDDSS  
N-glycosylation; virus–host interactions; infectious bronchitis virus; coronavirus; spike 
protein. 
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IINNTTRROODDUUCCTTIIOONN  
Infectious bronchitis virus (IBV) is an enveloped, positive-strand RNA virus, belonging to the 
genus Gammacoronavirus in the order of Nidovirales. IBV is endemic in most countries 
around the world and causes huge economical losses in the poultry industry. Many 
different IBV strains circulate worldwide, which were recently classified into 32 
phylogenetic lineages (G-I 1–27, G-II, GIV-GVI) (1). Viruses of the historically 
first identified IBV Massachusetts group (Mass, including the prototype IBV-M41 
and attenuated derivative IBV-H52) are now typed as G-I- 1, which in Europe is currently 
the third most prevalent genotype (2). IBV-Mass primarily infects the ciliated epithelial 
lining of the respiratory tract of chickens and infection leads to clinical symptoms including 
sneezing, coughing and snicking (3).  

The virion of IBV is composed of four structural proteins, including the 
nucleocapsid (N) protein, encapsidating the genomic RNA, and the envelope proteins 
membrane (M), envelope (E) and spike (S). The S protein of IBV is a homo-trimer, which is 
translated as a single polypeptide and subsequently cleaved by host proteases to generate 
two subunits, S1 and S2. These subunits remain non-covalently bound in the virion, where 
S2, the stalk of the spike, is anchored in the membrane and essential for virion–host 
membrane fusion. The S1 subunit forms the head of the spike protein, which is essential 
for receptor binding. IBV strains use (alpha- 2,3-linked) sialic acids (4, 5) for viral 
attachment to host cells. For IBV-M41 in particular Neu5Acα2-3Galβ1-3GlcNAc (Neu5Ac) 
has been identified as its glycan receptor (6). 

Spikes of coronaviruses are heavily decorated with glycans on asparagine (N) 
residues (N-glycosylation, consensus sequence N-x-S/T), and conserved across different 
genotypes (7–10). Glycosylation of the spike in human coronaviruses proved a determinant 
for protein folding (8, 9), receptor interactions (11) and can mask neutralizing epitopes 
present on the spike, thereby affecting the host immune system (12). To support, a 
single amino acid substitution in a N-glycosylation site in the receptor binding domain 
(RBD) of SARS-CoV resulted in reduced binding to the host defense peptide mannose-
binding lectin, thereby potentially affecting the immune reaction after SARS-CoV 
infection (12). For IBV- M41, the cryo- EM structure revealed 20 asparagine residues are 
decorated with N- glycans present on the spike (13), of which nine are present on the M41- 
RBD. Furthermore, others have shown that specific N- glycosylation mutations in the spike 
of a cell- adapted, non- pathogenic IBV- Beaudette strain result in delayed replication in 
Vero cells (7). Recently, we showed using recombinantly expressed IBV- M41 RBDs 
(composed of the N-terminal domain of the S1 protein (14)) that at least nine- out- of-ten 
N- glycosylation consensus sequences in the RBD are indeed decorated with a variety of 
glycans (15). Single N- to- A mutations of each of these N- glycosylation sites demonstrated 
that glycosylation of M41- RBD at six different positions (N33, N59, N85, N126, N160 and 
N194) were essential for binding to its receptor Neu5Ac in glycan ELISA and for binding to 
chicken trachea tissues (6). Here we set out to study whether the effects observed using 
recombinant proteins is reflected by recombinant virions when the same mutations are 
introduced in the S1 protein of IBV- M41. 
To assess the role of N- glycosylation of the spike of pathogenic IBV- M41, we set out to 
rescue recombinant viruses using our previously published targeted recombination system 
(16), where the S1 of vaccine strain H52 was replaced by that of IBV- M41 (r- M41- S1) or 
by individual N- glycosylation mutants thereof (r- M41- N-#-A). While nine- out- of- ten 

63



Chapter 4	

	64 

recombinant viruses could be rescued, showing similar replication kinetics in chicken 
embryo kidney (CEK) cells compared to r- M41- S1, the receptor specificity of five mutants 
was changed, based on glycan ELISA and hemagglutination assays using chicken 
erythrocytes. This reveals that N- glycosylation of S1 in the virion has implications on 
receptor binding and specificity. 
 
RREESSUULLTTSS  
RReeccoommbbiinnaanntt  vviirruusseess  wwiitthh  NN--ttoo--AA  ssuubbsstt ii ttuutt iioonn  iinn  tthhee  RRBBDD  ccaann  aall ll ,,   eexxcceepptt  ffoorr   
NN112266AA,,   bbee  rreessccuueedd..   
To study the role of N- glycosylation of the spike of IBV- M41 in the context of the virion, 
we generated ten N- glycosylation knock- out variants of the receptor binding domain 
(RBD). To this end, in the plasmids used to generate recombinant IBV- H52, the S1- coding 
sequence of IBV- H52 was replaced by that of wild- type IBV-M41- S1, or by M41- S1 in 
which point mutations in individual N- glycosylation sites were introduced, resulting in 
asparagine (N) to alanine (A) substitution (schematic S1 representation in figure 1a). 
Targeted RNA recombination was performed using the previously established system (16) 
and recombinant viruses were rescued on ECEs. All viruses, except r- M41- N126A, could be 
rescued, as confirmed by the detection of viral protein expression in the chorioallantoic 
membranes (CAM) of inoculated eggs (figure 1b, representative picture of clone 1). In four 
independent targeted recombination experiments, the rescue of r- M41- N126A was 
unsuccessful, as no viral protein expression in CAM tissue was observed (figure 1b), as well 
as no viral genomes being detected in the allantoic fluid by RT- qPCR of P0 (data not 
shown). For each rescued N- glycosylation knock- out mutant, two independent clones 
were isolated, passaged twice on ECE, after which the S1 gene was sequenced to confirm 
the presence of the N- to- A substitution and to verify that no additional mutations were 
introduced. Virus stocks were grown in ECE after which by RT- q- PCR the viral quantity was 
determined ranging between 1.27×107 and 1.29×109 viral genomic RNA copies/ml 
(figure 1a), and used in subsequent experiments. 
  
NN--ggllyyccoossyyllaatt iioonn  ooff   tthhee  RRBBDD  ddooeess  nnoott   aaffffeecctt   vviirraall   iinnffeecctt iioonn  aanndd  rreeppll iiccaatt iioonn  iinn  
CCEEKK  cceell llss ..   
To compare the growth kinetics of the rescued recombinant viruses, CEK cells were 
inoculated with r- M41- S1 and each of the rescued N- glycosylation mutants. After 8 h, 
infection of CEK cells was confirmed by observing viral nucleocapsid protein expression for 
all viruses in immunofluorescent staining (figure  2a, representative picture of clone 1). The 
growth kinetic of all the viruses was assessed determining the relative viral load in the CEK 
culture supernatant at different time points post infection (figure 2b, clone 1 is shown). All 
recombinant viruses grew to titers not significantly different from r- M41- S1 (figure 2b), 
with the exception of clone 2 of r- M41- N145A (not shown), which had a titer around 
1×102 throughout the course of infection, whereas titers of r- M41- S1 were between 
1×104 and 1×105 from 8 h p.i. onwards for both clones. IBV- M41wt was included as a 
positive control, which showed a significant higher viral load at 48 and 72 h p.i., potentially 
explained by the chimeric nature of the genetic background of the recombinant viruses and 
IBV- M41wt. These results show that all rescued recombinant viruses were able to enter 
CEK cells, and replication in CEK cells appears not to be affected significantly by N- 
glycosylation of the RBD of the IBV spike.  

64



Recombinant IBV spike N-glycosylation	

	 	  

 

  
  
FFiigguurree  11::  Generation of recombinant IBV with M41- S1 or N- glycosylation knock- out mutation in IBV- H52 
background (r- M41- S1, r- M41- N-#-A). (a) Schematic overview of the M41- S1 protein including the N- 
glycosylation sites present in the RBD of the wild- type and the introduced N- to- A substitutions in the N- 
glycosylation knock- out mutants (numbering starts with amino acids ALY of the mature protein, signal peptide not 
shown). The numbers above the schematically represented mature wild- type M41 protein indicate all positions of 
the asparagine (N) substituted by alanine (A) residues. (b) Immunohistological staining of IBV- S2 in CAMs after 
inoculation with r- M41- S1 and r- M41- N-#-A mutants collected after targeted recombination (P0). Negative 
control was inoculated with non- electroporated LR7 cells. Clone 1 is shown of each mutant, no differences 
between the two individual clones of each mutant were observed. 
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FFiigguurree  22::  Infection and replication of recombinant IBVs on CEK cells. (a) Immunofluorescent staining of CEK cells 
inoculated with wild- type IBV- M41, r- M41- S1 or N- glycosylation mutants (N-#-A) using an antibody against the 
nucleocapsid protein. (b) Growth kinetics of wild- type IBV- M41 and recombinant IBVs assessed by RT- qPCR 
analysis. RNA was extracted from cell- culture supernatant collected at 8, 24, 48 and 72 h p.i. Data points 
represent means and standard deviations of the triplicates. Clone 1 is shown of each mutant. * indicates 
significant difference P <0.05 of IBV- M41 compared to r- M41- S1. 

  
FFiivvee  IIBBVV  NN--ggllyyccoossyyllaatt iioonn  mmuuttaannttss  lloosstt   aaffff iinniittyy  ffoorr   NNeeuu55AAcc..   
To assess whether the rescue of nine- out- of- ten recombinant viruses was based on 
infection through binding of Neu5Ac, we investigated whether N- glycosylation mutants in 
the viral context retained affinity for this receptor. r- M41- N145A, N219A, N229A and 
N246A, were still able to bind Neu5Ac in a concentration- dependent manner, whereas for 
r- M41- N33A, -N59A, -N85A, -N160A and -N194A no binding to Neu5Ac was observed 
(figure 3a, clone 1 shown). We observed a significantly higher avidity of r- M41- N229A for 
Neu5Ac at all applied concentrations when compared to r- M41- S1, while r- M41- N145A 
and r- M41- N219A showed a higher avidity only at the highest concentration (figure 3a). 
Interactions to Neu5Ac were not dependent on sialylation of the viruses, since 
pretreatment of the viruses with neuraminidase did not prevent binding to Neu5Ac 
(figure 3b, clone 1 shown). To confirm that the antibody used to detect the recombinant 
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viruses is not dependent on epitopes affected by N-glycosylation site mutations, the ELISA 
plate was coated with the different r- M41 viruses and absorbance of the antibody was 
measured. This resulted in the recognition of all viruses, albeit slightly higher for both 
viruses containing wildtype S1 (r- M41- S1 and IBV- M41wt) (figure 3c, clone 1 shown). 
 

 
  
FFiigguurree  33::  Binding of recombinant IBVs to Neu5Ac. (a, b) Affinity of wild- type IBV- M41, r- M41- S1 and N- 
glycosylation mutants thereof to synthetic Neu5Acα2-3Galβ1-3GlcNAc- polyacrylamide (Neu5Ac) in solid phase 
ELISA, where in (b) all viruses were pre- treated with neuraminidase (1×106 viruses applied). Bars represent means 
and standard deviations of the triplicates. Significant differences were calculated (at each virus amount) using 
one- way ANOVA where *P <0.05, **P <0.01 and ***P <0.005 indicate significant higher affinity compared to r- 
M41- S1. (c) ELISA plate coated with r- M41 or wild- type IBV- M41 to determine the antibody specificity for the 
different r- M41 mutants. Clone 1 is shown of each mutant, no significant differences between the two individual 
clones of each mutant. 
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rr--MM4411--NN3333AA,,   --NN5599AA,,   --NN8855AA,,   --NN116600AA  aanndd  --NN119944AA  rreeccooggnniizzee  aa  ddii ff ffeerreenntt  
ss iiaallyyllaatteedd  rreecceeppttoorr  ccoommppaarreedd  ttoo  rr--MM4411--SS11..   
To demonstrate and confirm the N- glycosylation mutants unable to bind Neu5Ac are 
dependent on a different (glycan) receptor, hemagglutination assays were performed using 
chicken erythrocytes (chRBC). These host cells display a variety of glycans on their surface 
(18), and are used in diagnostic tests for serotyping IBV, where IBV needs to be pre- treated 
before hemagglutination is observed (19). While r- M41- S1 had a hemagglutination titer of 
32 (table 1, first column and figure 4a), higher titers were observed for all r- M41 viruses 
that were still able to bind Neu5Ac in ELISA (table 1, first column and figure 4b). All mutants 
that lost the ability to bind Neu5Ac in ELISA (r-M41- N33A, N59A, N85A, N160A and N194A) 
showed comparable hemagglutination titer to that of r- M41- S1 (table 1, first column and 
figure 4c), confirming a functional ligand binding site is present in these mutants. As 
expected, no hemagglutination using any of the r- M41 viruses was detected when no pre- 
treatment of the viruses was applied (table 1, second and fourth column and figure 4). To 
further study the involvement of sialic acids as ligands involved in virus–host binding, 
chRBC were pre- treated with commercial neuraminidase prior to the hemagglutination 
assay. Removal of sialic acids with neuraminidase completely prevented hemagglutination, 
indicating that hemagglutination in all cases is dependent on the presence of sialic acids on 
the chRBC (table 1, last two columns, and figure 4).  

Taken together, we observed for r-M41-S1, as well as for r-M41-N145A, -N219A, -
N229A and -N246A binding to Neu5Ac in ELISA (figure 3), independent of the presence of 
sialic acids on the virion (figure 4a, b) ELISA schematics, light and dark blue virions binding 
to Neu5Ac). Interestingly, no binding to Neu5Ac was observed when r- M41- N33A, N59A, 
N85A, N160A and N194A were applied, suggesting that receptor specificity of those viruses 
has changed compared to the wild- type (figure 4) ELISA schematic, light and dark blue 
virions binding to Neu5Ac). In hemagglutination assays, binding to chRBC could only be 
observed when the virus particles, but not the chRBC, were desialylated (table 1 and 
figure 4 hemagglutination schematics). These results show that binding specificity can be 
determined using a synthetic ligand in ELISA. However, on living cells desialylation of the 
virions may be required to allow binding to a sialylated host receptor, of which the nature 
for r- M41- N33A, N59A, N85A, N160A and N194A is yet to be resolved. 
  
TTaabbllee  11::  Hemagglutination titers of r-M41-S1 and N-#-A mutants of chicken erythrocytes 
(chRBC) without and with pre-treatment of the virus and/or chRBC with neuraminidase. 
pre-treatment virus ++  --   ++  --   
pre-treatment chRBC --   --   ++  ++  
r-M41-S1 32 0 0 0 
r-M41-N33A 32 0 0 0 
r-M41-N59A 32 0 0 0 
r-M41-N85A 32 0 0 0 
r-M41-N145A 512 0 0 0 
r-M41-N160A 64 0 0 0 
r-M41-N194A 16 0 0 0 
r-M41-N219A 256 0 0 0 
r-M41-N229A 512 0 0 0 
r-M41-N246A 1024 0 0 0 
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FFiigguurree  44::  Graphic summary of the interactions between the recombinant IBVs and Neu5Ac in ELISA, and chRBC 
in hemagglutination assays, for (a) r-M41- 1, (b) r-M41- N145A, -N219A, -N229A and -N246A and (c) r-M41- N33A, 
-N59A, -N85A, -N160A and -N194A. Recombinant viruses are schematically represented in dark blue (containing 
diamonds indicating sialic acids on the virion) or light blue (sialic acids removed). chRBCs were untreated 
(schematically represented as red circles including thick black outline) or pre-treated to remove sialic acids (red 
circles without outline). Results are schematically represented side views of the assays, except for the 
hemagglutination read-outs (top views). 
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DDIISSCCUUSSSSIIOONN 

Here we reveal that N-glycosylation of at least five sites in the spike protein of IBV- M41 
affects the binding specificity for sialylated host glycans. The ability of recombinant viruses 
to recognize Neu5Ac is completely in line with binding of recombinant RBD proteins in 
ELISA (15), indicating that specific interactions and receptor specificity can be studied using 
recombinant proteins alone. In particular, r- M41 viruses containing substitutions at 
positions 33, 59, 85, 160 and 194 are dependent on a different sialylated glycan receptor 
than Neu5Ac for virus–host interactions. Importantly, r- M41- N229A and at higher 
concentrations r- M41- N145A and N219A, bound with higher affinity to Neu5Ac compared 
to r- M41- S1. These results may in part explain the higher hemagglutination titers 
observed using these mutants. Interestingly, r- M41- N246A, the mutant showing the 
highest hemagglutination titer (table 1), bound with equal avidity to Neu5Ac in ELISA 
(figure 3a). This may point towards simultaneous binding to a different sialylated receptor 
present on chRBC. Interestingly, the observed differences in receptor specificity or affinity 
do, however, not result in differences in the ability of these viruses to enter, replicate or 
produce infectious virions in primary chicken embryo kidney cells. The viruses do contain a 
functional receptor binding site as they all induce hemagglutination and we were able to 
rescue them. 

Nine- out- of- ten single substitutions in N- glycosylation sites in the spike protein 
of IBV allowed rescue of recombinant viruses. We cannot draw any definitive conclusion for 
the reason why r- M41- N126A could not be grown in embryonated eggs, but some 
speculations can be addressed. Previously, we observed that recombinantly expressed 
RBD- N126A lost its binding to chicken trachea tissue; however, this cannot be the sole 
explanation, as the same was observed for five other mutants (N33A, N59A, N85A, N160A 
and N194A) (15), which apparently are able to bind a different sialic acid receptor now that 
they are introduced into the virion. In an earlier study (7), it was shown that mutation of 
glycosylation site N144 (in our study N126), and N163 (in our study N145), of IBV- 
Beaudette resulted in lower viral titers in Vero cells compared to wild- type, suggestive that 
the glycosylation site at position 126 might be directly involved in receptor binding. In 
contrast to IBV- M41, IBV- Beaudette can bind to heparan sulphate (20), and this might 
explain the ability to rescue IBV- Beaudette in cell culture, despite N- glycosylation 
mutations introduced in the spike at position 144. 

Recently the cryo- EM structure of IBV- M41 was resolved, revealing the complete 
spike of IBV- M41 is decorated with N- glycans to (at least) 20 asparagine residues (13). In 
our previous study using recombinant M41- RBD proteins, we successfully showed at least 
nine-out-of-ten consensus sequences present in the M41- RBD are decorated with N-
glycans (all except N219) (15). Eight-out-o f-ten N-glycosylations we detected on the 
recombinant M41- RBD are in agreement with the findings in the resolved cryo- EM 
structure (13). In our study using recombinant M41- RBD, we did not detect N- glycans on 
position N219, potentially due to inadequate amount of input material. The cryo- EM study 
did not identify N- glycans on N246, so the natural occurrence of these N- glycosylation 
sites remains to be verified. In the present study we chose to include both sites and these 
N- to- A mutations (N219A and N246A) did not result in loss of affinity for the known ligand 
(figure 3a), suggesting these sites are not directly involved in Neu5Ac binding. For other 
coronaviruses including Bovine CoV (BCoV) and Human CoV- OC43 (HCoV- OC43), both 
dependent on host glycan receptors containing terminal 9-O-acteylated sialic acids, the 
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ligand binding sites are resolved and for both charged amino acids (BCoV: E182 and H185, 
HCoV- OC43: K81) and amino acids containing a ring structure (BCoV: Y162 and W184, 
HCoV- OC43: W90) are directly involved in ligand binding (21, 22). While the ligand binding 
site of IBV- M41 is not yet resolved, in silico ligand binding predictions previously point 
towards involvement of amino acids S87, N144 and T162 of the M41- RBD (15). These 
amino acids are neither charged or contain a ring structure. However, in the cryo- EM 
structure of IBV- M41, charged amino acids (D88, E161 and D164), and F86 containing a 
ring structure, are found near the predicted ligand binding site. Importantly, the predicted 
ligand binding site of IBV- M41 is surrounded by N- glycosylation sites N59, N85 and N160, 
which are all critical for Neu5Ac binding in our present study. We can only speculate on the 
exact ligand interaction for IBV- M41 and how N- glycosylation of the virion affects ligand 
binding specificity. These recombinant viruses may potentially show an altered tissue 
tropism or phenotype in vivo, which remains to be revealed. 

The infectivity and growth kinetics of the recombinant viruses were not affected 
by N- to- A mutations in the RBD. Whereas wild- type IBV- M41 showed significantly higher 
titers than r- M41- S1, possibly due to its slightly different genetic back-ground, the 
mutants showed titers comparable to r- M41- S1 at all timepoints (figure 2b). These results 
may be explained by the expression of different glycans on the cells used in this study, as 
we propose that at least two glycan receptors (Neu5Ac and an unknown receptor) are 
involved in binding of the r- M41 viruses to host cells. Since we were able to rescue the r- 
M41 viruses, analyze the growth kinetics and perform hemagglutination assays, we 
propose that both receptors are expressed on CAM tissue, CEK cells and chRBC. Whether 
the unknown receptor is expressed on trachea tissue is still an open question; however, 
when testing recombinant RBD proteins no binding to chicken trachea tissue was observed 
using RBD- N33A, -N59A, -N85A, -N160A and- N194A (15), suggesting absence or low 
expression of the unknown receptor in this tissue.  

Many viruses are decorated with N-glycans on the virion surface, including the 
flaviviruses Dengue and Zika virus, influenza A virus, Ebola virus, HIV, Nipah virus and 
human coronaviruses (23). The glycans are added upon biosynthesis of the viral proteins, 
using the host- cell machinery. Consequently, these N- glycans on the viral surface can 
mimic self- antigens (24) or mask neutralizing epitopes present on the virus attachment 
proteins, potentially leading to evasion from the host immune response (24). For HIV, 
broadly neutralizing antibodies have been found in infected patients that target epitopes 
created by glycans present on the attachment protein, strongly suggesting that the viral 
‘glycan shield’ can be important for vaccine development (25). We can only speculate these 
recombinant IBV viruses with altered N- glycosylation potentially express novel glycol-
epitopes leading to broadly neutralizing antibodies protecting against IBV infection. As 
shown in the present study, the reverse genetics system developed in our laboratory 
represent the ideal tool to investigate the function of N- glycosylation on the IBV spike, 
however the biological consequences of IBV spike glycosylation remains to be studied. 
 
MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

CCoonnssttrruucctt iioonn  ooff   ppllaassmmiiddss..   To obtain the fragment coding for the M41- S1 gene, RNA 
was isolated from a virus stock of IBV- M41 (Animal Health Service, The Netherlands) using the 
QIAamp viral RNA Mini Kit (Qiagen, Germany). Reverse transcription was performed using the 
Transcriptor First Strand cDNA Synthesis Kit (Roche, Switzerland) with random hexamers according to 
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the manufacturer’s protocol. PCR was performed with Phusion Hot Start II High- Fidelity DNA 
Polymerase (Thermo Fisher Scientific) using the primers listed in Table 2. To exchange the S1 domain 
of IBV- H52 for that of M41 in the plasmid used for targeted recombination, the M41- S1 PCR product 
and the previously generated plasmid containing the H52- S gene (16) were digested using restriction 
enzymes PacI and SnaBI (both New England Biolabs, USA), ligated and subsequently transformed in 
HB101 E. coli. Sequences were confirmed by automated nucleotide sequencing (Macrogen, The 
Nether-lands). A step- wise ligation approach was used to obtain the H52 M41- S1 donor plasmid. To 
introduce mutations leading to individual N- to- A substitutions in N- glycosylation sites in the 
receptor binding domain (RBD) sequence, site- directed mutagenesis was performed using the 
primers listed in Table 2. The sequences of the plasmids containing the S1 gene with the introduced 
mutations were confirmed by automated nucleotide sequencing (Macrogen, The Netherlands). 

RReessccuuee  ooff   tthhee  rreeccoommbbiinnaanntt  vviirruusseess..   Targeted recombination was performed as 
described before (16). For each recombinant virus that was rescued, two independent clones were 
produced. Nomenclature used for the recombinant viruses is r- M41 throughout, with r- M41- S1 for 
the wild- type M41- S1 sequence (identical to accession number ABI26423.1) and r- M41- N-#-A 
representing N- glycosylation mutants, all in the IBV- H52 genetic background (S gene sequence of 
H52 identical to accession number ARJ35791.1 except for three amino acids (A132E, S678T and 
I687T). The rescued r- M41 viruses were passaged twice in 8- day- embryonated chicken eggs (ECE) 
until embryo death was observed (maximum of 7 days post inoculation). Allantoic fluid was harvested 
and the sequence of the S1 gene was assessed by automated sequencing (Macrogen, The 
Netherlands). Virus stocks were subsequently produced by inoculation of passage 2 (P2) virus (diluted 
1:  10000) in 8- day- ECE, and allantoic fluid was harvested 24 h later to use for subsequent 
experiments. Viral quantity was calculated based on RT- qPCR, as described previously (16). Primers 
were used at a final concentration of 300 nM each with the iTaq universal SYBR Green one- step kit 
(Bio- Rad Laboratories, Hercules, CA, USA). A dilution series of IBV- M41 was used as a reference for 
quantification. 

IImmmmuunnoohhiissttoocchheemmiissttrryy..   Anti-IB V immunohistochemistry on chorioallantoic 
membranes (CAM), collected in P0, was performed as described previously (16) using a monoclonal 
antibody against IBV S2 (Prionics, Thermo Fisher, USA). 

GGrroowwtthh  kkiinneett iiccss  oonn  CCEEKK  cceell llss ..   CEK cells were isolated from 18- day- ECE (17). Single- 
cell suspensions were made and seeded in 24- well plates at 1.5*105 cells per well onto glass 
coverslips. CEK cells were infected in triplicates with 1.5*106 virus particles based on the calculated 
RT- qPCR titer. Culture media samples were collected at 8, 24, 48 and 72 h post infection (p.i.), after 
which RNA was isolated and RT- qPCR was performed in duplicates as previously reported (16) using a 
dilution series of IBV- M41 as a reference for quantification. Statistical analysis was performed using 
one- way ANOVA with Dunnett's multiple comparisons test at each individual time point against r- 
M41- S1.  

IImmmmuunnooflfluuoorreesscceennccee  ssttaaiinniinngg..   CEK cells grown on coverslips were analyzed by 
immunofluorescent staining as described previously (16). Antibodies used were primary MAb 48.4 
anti- nucleocapsid (CVI, The Netherlands) and secondary antibody Alexa Fluor 488 conjugate goat 
anti- Mouse IgG (H+L) (Invitrogen by Thermo Fisher Scientific) both diluted in PBS/5 % (v/v) normal 
goat serum. 

EELLIISSAA..   Synthetic Neu5Acα2- 3Galβ1- 3GlcNAc- polyacrylamide (GlycoNZ, Russia) (0.5 µg 
per well) was coated in a 96- well maxisorp plate (NUNC, Sigma-A Aldrich) overnight at 4 ˚C. This was 
followed by a blocking step using 3 % (v/v) BSA (Sigma- Aldrich, Germany) in PBS/0.1 % (v/v) Tween. 
Virus dilutions were made in triplicate and added to the plates, followed by incubation for 2 h at 
room temperature. Where indicated, virus stocks (106 genome equivalents) were pre- treated with 
50 mU/ml of Arthrobacter ureafaciens neuraminidase (AUNA) (Sigma- Aldrich, Germany) for 1 h at 37 
°C, before application to the coated plates and incubated for 2 h at room temperature. After washing 
with PBS, primary monoclonal mouse anti IBV- S1 (104.1, CVI, The Netherlands) was applied in 
phosphate buffered Normal Antibody Diluent (NAD) (VWR Immunologic, USA) for 1 h at room 
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temperature. Dako Envision HRPO labelled polymer anti- mouse (Dako, by Agilent Technologies, USA) 
at a 1:1 ratio (v/v) in NAD was added to the wells, and after 30 min the wells were washed with PBS. 
TMB buffer (3,3′,5,5′-tetra-methylbenzidine, Thermo Scientific, USA) substrate was used as 
peroxidase substrate to visualize binding, after which the reaction was terminated using 2 N H2SO4. 
FLUOstar Omega (BMG Labtech) was used to measure optical densities (OD450nm) and MARS Data 
Analysis Software for analysis of the data. 

HHeemmaagggglluutt iinnaatt iioonn  aassssaayy..   Chicken erythrocytes (chRBC) were collected from the 
brachial vein and collected in 3.2 % (v/v) sodium citrate (NaC) (VACUETTE, Greiner Bio- One, USA). 
chRBC were washed four times (1500 r.p.m. for 10 min) in PBS without calcium chloride and 
magnesium chloride (PBS-/-) (Sigma- Aldrich, Germany) and diluted in PBS-/- to a concentration of 2 
% (v/v). Virus stocks (105 genome equivalents) and/or chRBC were pre- treated with 5 mU/ml of 
AUNA (Sigma- Aldrich, Germany) for 1 h at 37 °C before twofold serial dilutions of the virus were 
made in in PBS-/-. chRBC were applied to the (pre- treated) viruses in a 1:1 (v/v) ratio. 
Hemagglutination titers were determined after 15 min incubation at room temperature. 
  
TTaabbllee  22::  Primers used to generate the fragment coding for M41-S1 and to introduce the point mutations which 
lead to individual N-to-A substitutions at the indicated positions. 
FFiinnaall   

ccoonnssttrruucctt   

PPCCRR  ppeerrffoorrmmeedd  

oonn::   

FFoorrwwaarrdd  pprriimmeerr  RReevveerrssee  pprriimmeerr  

p-H52-M41-S1 cDNA IBV-M41 GTCTTTAATTTTTAAAATTTTAAAAGTGTGG CCATTAGTGATTTTTTAACCGGTTAAAAACTG

GTTCTC 

p-M41-N33A p-H52-M41-S1 ATTTCTAGCGAATCTAATAATGCAG

GCTC 

GCTGCTTCTTCTATAGCTATGACGG 

p-M41-N59A p-H52-M41-S1 GCTGCTTCTTCTATAGCTATGACGG AACAACACGACCACCATGAATAGTAC 

p-M41-N85A p-H52-M41-S1 CTTTGCAGATACTACAGTGTTTGTT

AC 

GCACAGTGTGCAGTACAAAACTGAC 

p-M41-N126A p-H52-M41-S1 GCTTTAACAGTTAGTGTAGCTAAG ATAGAAAAGCTGGCCATTTTTCATAG 

p-M41-N145A p-H52-M41-S1 TTTAACATCCGCATATTTAAATGGT

G 

GCATTAACACACTGAAATGATTTAAA

AG 

p-M41-N160A p-H52-M41-S1 CTGCGACCACAGATGTTACATCTG CAGAGGTGTAAACAAGATCACCATTT

AAATATAC 

p-M41-N194A p-H52-M41-S1 TGGTACTGCACAAGATGTTATTTTG GCAACAAAATAAGCCAGGGCTTTAAC 

p-M41-N219A p-H52-M41-S1 GCTTTTTCAGATGGCTTTTATCC GCCAGTATTATACTGGCATGCTAAC 

p-M41-N229A p-H52-M41-S1 CTAGTAGTTTAGTTAAGCAGAGTTT

ATTG 

CAATAAAAGGATAAAAGCCATCTG 

p-M41-N246A p-H52-M41-S1 CTACTGCTTTTACGTTACACAATTTC CAACACTATTTTCACGATAGACAATA 

Nucleotides in bold indicate the restriction site sequences used to insert M41-S1 PCR product into plasmid H52-S. 
Underlined nucleotides indicate codon mutations that result in asparagine to alanine changes. 
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AABBSSTTRRAACCTT    
Guinea fowl coronavirus (GfCoV) causes fulminating enteritis that can result in a daily death 
rate of 20% in guinea fowl flocks. Here, we studied GfCoV diversity and evaluated its 
phenotypic consequences. Over the period of 2014 to 2016, affected guinea fowl flocks 
were sampled in France, and avian coronavirus presence was confirmed by PCR on 
intestinal content and immunohistochemistry of intestinal tissue. Sequencing revealed 89% 
amino acid identity between the viral attachment protein S1 of GfCoV/2014 and that of the 
previously identified GfCoV/2011. To study the receptor interactions as a determinant for 
tropism and pathogenicity, recombinant S1 proteins were produced and analyzed by glycan 
and tissue arrays. Glycan array analysis revealed that, in addition to the previously 
elucidated biantennary di-N-acetyllactosamine (diLacNAc) receptor, viral attachment S1 
proteins from GfCoV/ 2014 and GfCoV/2011 can bind to glycans capped with alpha-2,6-
linked sialic acids. Interestingly, recombinant GfCoV/2014 S1 has an increased affinity for 
these glycans compared to that of GfCoV/2011 S1, which was in agreement with the 
increased avidity of GfCoV/2014 S1 for gastrointestinal tract tissues. Enzymatic removal of 
receptors from tissues before application of spike proteins confirmed the specificity of S1 
tissue binding. Overall, we demonstrate that diversity in GfCoV S1 proteins results in 
differences in glycan and tissue binding properties. 
 
IIMMPPOORRTTAANNCCEE  
Avian coronaviruses cause major global problems in the poultry industry. As causative 
agents of huge economic losses, the detection and understanding of the molecular 
determinants of viral tropism are of ultimate importance. Here, we set out to study those 
parameters and obtained in-depth insight into the virus-host interactions of guinea fowl 
coronavirus (GfCoV). Our data indicate that diversity in GfCoV viral attachment proteins 
results in differences in degrees of affinity for glycan receptors, as well as altered avidity for 
intestinal tract tissues, which might have consequences for GfCoV tissue tropism and 
pathogenesis in guinea fowls. 
 
KKEEYYWWOORRDDSS  
coronavirus, glycan receptor, guinea fowl, receptor affinity, spike protein, tissue tropism 
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IINNTTRROODDUUCCTTIIOONN  
Avian coronaviruses (AvCoVs) pose a major threat to poultry health, production, and 
welfare worldwide. AvCoVs are highly infectious, remain endemic in poultry populations, 
and, due to their high mutation rate, frequently produce new antigenic variants (1, 2). The 
best-known AvCoV is infectious bronchitis virus (IBV), causing mainly respiratory disease in 
chickens. In addition, IBV-like viruses have been detected in other domestic poultry, 
including turkey and quail (3–5). In guinea fowl, coronaviruses were identified for the first 
time in 2011 as the causative agent for fulminating enteritis (6). Full-genome sequencing 
revealed that guinea fowl coronavirus GfCoV/FR/2011 is closely associated with turkey 
coronavirus (TCoV) (7), with both causing gastrointestinal tract infections in their 
respective hosts (6, 8). Clinical signs related to GfCoV infection in guinea fowl include 
prostration, ruffled feathers, and decreased water and feed consumption, and GfCoV 
infection has resulted in a daily death rate of up to 20% in several farms in France (6). Upon 
necropsy of affected animals, whitish and enlarged pancreases were consistently reported. 
Histopathological analyses revealed pancreatic necrosis and lesions of various intensities in 
the intestinal epithelium, with the most severe lesions found in the duodenum of affected 
animals (6). 

Genetic classification of AvCoVs is based on phylogenetic analysis of the S1 
domain of its viral attachment protein spike (2). The spike protein is the main determinant 
for tropism (9), and the N-terminal part of the S1 of IBV has been shown to contain the 
receptor-binding domain (RBD) (10). Studies using recombinant IBV S1 and/or RBD proteins 
have demonstrated that the viral tropism is reflected by tissue binding of such proteins 
(11). Mutations in the spike proteins of IBV might result in either decreased (10) or 
increased (12) avidity for its receptor present on epithelial cells of the chicken trachea. In 
contrast to IBV, GfCoV and TCoV target the epithelial cells of the gastrointestinal tract (4, 
6), and recombinant protein binding of their S1 proteins reflects this viral tropism, with 
predominant staining of epithelial cells of the small intestine (4). Glycan array analysis 
identified elongated biantennary N-acetyllactosamine (diLacNAc) molecules on N-glycans 
as the host receptor for enteric AvCoVs, which are abundantly expressed on intestinal 
tissues (4). 

Clinical symptoms in guinea fowl similar to those reported in 2011 are 
continuously reported by veterinarians in France (personal communication). However, 
studies on newly emerging GfCoVs are particularly hampered by the lack of models to grow 
the virus. More specifically, susceptible cell lines have not yet been identified, inoculation 
of embryonated guinea fowl eggs did not result in GfCoV production (data not shown), and 
specific-pathogen-free (SPF) guinea fowls are not available for experimental infection. 

Here, we set out to study the consequences of GfCoV genetic diversity for glycan 
and tissue interactions. We revealed that the GfCoV spike gene from the 2014 –2016 
outbreak in guinea fowl flocks in France was 89% identical to that of GfCoV/2011 (7). 
Glycan and tissue binding analyses of GfCoV/2011 and GfCoV/2014 recombinant spike S1 
proteins revealed that while both proteins had the same specificities, GfCoV/2014 S1 had a 
much higher affinity toward glycan receptors and tissues of the lower gastrointestinal tract, 
in agreement with the observed replication of the virus in these tissues from field cases. 
Taking these observations together, we demonstrate that GfCoV diversity results in 
phenotypically different receptor binding properties. 
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RREESSUULLTTSS  
LLeessiioonnss  aanndd  ccoorroonnaavviirraall   pprrootteeiinn  eexxpprreessssiioonn  iinn  tthhee  ggaassttrrooiinntteesstt iinnaall   ttrraacctt   ooff   
ddiisseeaasseedd  gguuiinneeaa  ffoowwllss   bbeettwweeeenn  22001144  aanndd  22001166..   
Fulminating disease (peracute enteritis) in guinea flocks continued to be reported after the 
initial outbreak of GfCoV infection in 2011 (6). Between February 2014 and November 
2016, duodena from 29 diseased guinea fowls were collected and analyzed for lesions and 
coronaviral protein expression. Histological analysis of tissues by hematoxylin and eosin 
(H&E) staining revealed lesions in all duodena, with clear infiltration of inflammatory cells 
in remnants of the villi (figure 1, black arrowheads). For seven animals, the entire 
gastrointestinal tract was available for histological analysis, showing lesions across the 
entire length of the intestinal tract, including the colon (figure 1, black arrowheads). Viral 
protein expression using antibodies against the M protein of avian coronaviruses was 
observed in all duodena and in four out of the seven lower intestinal tracts by 
immunohistochemistry (IHC) (figure 1, white arrowheads). In the colons devoid of 
expression of viral proteins, the infiltration of inflammatory cells was noted, suggestive of a 
previous exposure to a virologic agent. 

In contrast to what we observed, virus replication of GfCoV/2011 appeared to be 
restricted to the duodenum (6). Unfortunately, we were unable to confirm the lack of 
infection of lower gastrointestinal tract samples in the previous outbreak due to 
unavailability of samples. Nevertheless, we here hypothesize that genetically divergent 
GfCoVs might have caused phenotypic differences in guinea fowls over the years. 

 
  
FFiigguurree  11::  (Immuno-)histological analyses of guinea fowl intestinal tract. Shown are representative images of 
duodenum and colon from a guinea fowl presenting with peracute enteritis in 2014 after samples were stained 
with H&E or antibodies against the M protein of infectious bronchitis virus, known to cross-react with GfCoV M 
protein in immunohistochemistry (IHC). Black arrowheads indicate inflammatory cells, and white arrowheads 
indicate viral protein expression. 
 

CCiirrccuullaatt iioonn  ooff   ggeenneett iiccaall llyy  ddiivveerrssee  GGffCCooVV..   
Gastrointestinal content collected from 20 affected animals between February 

2014 and November 2016 was analyzed for the presence of gammacoronavirus genetic 
material by one-step real-time reverse transcription-PCR (RT-PCR) using pan-
gammacoronavirus primers (13). For all samples, threshold cycle (CT) values obtained were 
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below 35 (data not shown), confirming the presence of coronaviral RNA in all tested 
samples (table 1). Next, overlapping conventional PCRs were performed with primers 
based on the spike gene of the GfCoV/2011 virus (sequences available upon request). 
Partial S1 sequences could be obtained from 10 of 20 RT-PCR-positive samples (893 to 
1,841 nucleotides (nt); 3,624 nt in the complete S sequence) (table 1); the quality and/or 
quantity of the remaining 10 samples was too low to generate PCR products. Sanger 
sequencing of the obtained fragments confirmed the presence of GfCoV in the intestinal 
content of all 10 birds, confirming continuous GfCoV circulation in France.  

Phylogenetic analysis was performed to investigate the genetic diversity of the 
obtained partial S1 sequences using maximum likelihood analyses (figure 2). The results 
showed that the 2014 –2016 sequences clearly clustered with the S1 reference gene from 
GfCoV/2011 (GenBank accession number HF544506) supported by a bootstrap value of 
100, while they were genetically more distantly related to TCoV. Each of the GfCoV 2014 –
2016 partial S1 sequences shared 85% to 88% nucleotide identity with the GfCoV/2011 S1 
sequence, and between the 2014 and 2016 partial S1 sequences, the variation was 0.1 to 
8.0%. 
 
TTaabbllee  11..   Overview of selected guinea fowls and obtained GfCoV spike sequences.    
AAnniimmaall   
nnuummbbeerr^̂   

DDaattee  ooff   
ssaammppllee  
ccooll lleecctt iioonn  
((wweeeekk//yyeeaarr))   

AAggee  aatt   
ssaammppll iinngg  
tt iimmee  
((wweeeekkss))   

AAcccceessssiioonn  nnuummbbeerr::     
((SSppiikkee  sseeqquueennccee))   
  

NNtt  iiddeenntt ii ttyy  
((%%))  wwiitthh  
GGffCCooVV//22001111--
SS11  

14-002 6 / 2014 10   
14-013 15 / 2014 8   

1144--003322  22 / 2014 7 MG765535 (nt: 1-3669) 85 
1144--003366  24 / 2014 7   
14-037 25 / 2014 7   
14-039 26 / 2014 5.5   
14-040 23 / 2014 ND* MG765536 (nt: 1-1392) 88 
14-041 23 / 2014 ND* MG765537 (nt: 1-1771) 88 
14-042 23 / 2014 ND* MG765538 (nt: 1-1392) 88 

1144--004477  33 / 2014 3 MG765539 (nt: 1-1378) 88 
14-053 37 / 2014 9 MG765540 (nt: 1-1393) 88 
14-065 44 / 2014 12   
14-066 45 / 2014 4 MG765541 (nt: 1-1384) 88 

1155--000066  3 / 2015 ND* MG765542 (nt: 1-980) 87 
1155--111166  46 / 2015 7   
1155--111188  47 / 2015 8   
16-086 38 / 2016 ND* MK290733 (nt: 1-2465) 85 
16-115 45 / 2016 4   
16-123 47 / 2016 ND* MK290734 (nt: 571-1895) 86 

^Animals identified by boldface numbers were included for immunohistological examination as well. 
*ND, not determined. 
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From only one sample a full spike sequence could be obtained (CoV/AvCoV/guinea 
fowl/France/14032/2014) while for the other samples the amount and/or quality of the 
viral RNA samples was too low for further analyses. Comparison of the S1 gene of 
GfCoV/2014 with that of GfCoV/2011 using the Kimura two-parameter distance model 
indicated that the genes had an 85% nucleotide and an 89% amino acid sequence identity. 
Alignment of the amino acid sequences did not indicate clear mutation hot spots (data not 
shown), and the huge sequence diversity with the S1 of IBV strain M41 (the only avian 
coronavirus for which a cryo-electron microscopy (cryo-EM) structure has been elucidated 
(14)) precluded further suggestions on the implications of each of the mutations. 

 
FFiigguurree  22::  Molecular phylogenetic analysis by maximum likelihood method comparing GfCoV (partial) spike 
sequences. Phylogenetic tree was based on the Kimura two-parameter model, in which bootstrap values are 
shown next to the branches. The analysis involved 22 nucleotide sequences. All positions containing gaps and 
missing data were eliminated. There were a total of 893 nucleotide positions in the final data set. Evolutionary 
analyses were conducted in MEGA, version 6. *, partial S1 sequence of GfCoV. 

 
GGffCCooVV//22001144  SS11  rreeccooggnniizzeess  tthhee  eenntteerr iicc   ccoorroonnaavviirruuss  ddiiLLaaccNNAAcc  ggllyyccaann  rreecceeppttoorr  
wwiitthh  hhiigghheerr  aafffifinniittyy  tthhaann  GGffCCooVV//22001111  SS11..   
Using the glycan array of the Consortium for Functional Glycomics, we previously 
determined that S1 from GfCoV/2011 spherically binds to the diLacNAc glycan receptors 
(Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAc) (4). To study whether the observed changes in the 
spike of GfCoV/2014 resulted in differences in recognition of this glycan receptor, we 
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recombinantly produced GfCoV/2014 S1 and GfCoV/2011 S1 and applied both proteins to 
diLacNAc-polyacrylic acid (PAA) conjugates in an enzyme-linked immunosorbent assay 
(ELISA) as previously described (4). At similar protein concentrations, GfCoV/2014 S1 
showed improved binding to this receptor (figure 3), indicating that the mutations in S1 did 
not affect the specificity but resulted in significantly higher affinity for this particular 
receptor. 
 

 
FFiigguurree  33::  Binding of GfCoV S1 to the enteric coronavirus glycan receptor diLacNAc. Concentration-dependent 
binding of GfCoV S1 proteins to Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAc in ELISA. The N-terminal domain of the S1 
protein of IBV strain M41 was used as a negative control (10). 1, significant difference between GfCoV S1 and IBV-
M41; 2, significant difference between GfCoV/2014 S1 and GfCoV/2011 S1 (P <0.001). 
 

TThhee  ggeenneett iicc   ddii ff ffeerreenncceess  bbeettwweeeenn  GGffCCooVV//22001144  aanndd  GGffCCooVV//22001111  ddiidd  nnoott   aalltteerr   
ggllyyccaann  ssppeecciifificciittyy..   
Next, we investigated whether the mutations in S1 resulted in recognition of additional N-
linked glycans. To this end, both S1 proteins were applied to a novel glycan array containing 
N-glycan structures with their linear counterparts, either with terminal galactose or two 
differently linked sialic acid moieties (30). Schematic representations of each of the glycans 
are given in figure 4A. The data revealed that both GfCoV S1 proteins bind to longer 
biantennary LacNAc structures (figure 4B, structures 3 and 4), including the diLacNAc 
structure used in the ELISA (figure 3). Furthermore, both GfCoV S1 proteins bound to 
longer linear LacNAc repeats (figure 4B, structure 1), which were not included in the 
previous array (4). Finally, both GfCoV S1 proteins bound longer linear and biantennary 
LacNAc repeats with terminal alpha-2,6 sialic acid (figure 4B, structures 9 to 12) but not 
those capped with alpha-2,3-linked sialic acids (figure 4B, structures 5 to 8). Erythrina 
cristagalli lectin (ECA), Sambucus nigra lectin (SNA), and Maackia amurensis lectin I (MAL1) 
were used as controls. We observed, as expected, specific binding to galactose and alpha-
2,6-linked and alpha-2,3-linked sialic acid terminal glycans, respectively (figure 4C). In 
conclusion, both GfCoV S1 proteins show specificity for the same glycans, ending with 
either galactose or alpha-2,6-linked sialic acids on the glycan array. However, the relative 
fluorescence observed for GfCoV/2014 S1 was consistently higher than that for 
GfCoV/2011 S1, which is suggestive of differences in their affinities for glycan receptors, as 
observed for diLacNAc in the data shown in figure 3. 
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FFiigguurree  44::  Glycan binding specificity of guinea fowl S1 proteins. (A) Schematic representation of selected glycan 
structures present on the glycan array; numbers correspond to those shown in the graphs. Numbers 1 to 4 
represent glycans ending with galactose, numbers 5 to 8 represent glycans capped with alpha-2,3 -linked sialic 
acids, and numbers 9 to 12 represent glycans capped with alpha-2,6-linked sialic acids. Yellow circle, galactose; 
blue square, GlcNAc; green circle, mannose. (B and C) Glycan receptor specificity of GfCoV S1 proteins and lectins 
ECA, MAL1, and SNA in glycan array assay (30). RFU, relative fluorescent units. 
 

GGffCCooVV//22001144  SS11  hhaass  hhiigghheerr  aafffifinniittyy  ffoorr   ggllyyccaann  rreecceeppttoorrss  tthhaann  GGffCCooVV//22001111  SS11..  
To allow comparison of the binding affinities of the two proteins for each glycan, we 
applied 5-fold serial S1 protein dilutions onto the glycan array and compared binding 
intensities at various scan powers. At each concentration, for all glycans shown in figure 4A, 
binding signals of GfCoV/2014 S1 (figure 5A) were consistently higher than those of 
GfCoV/2011 S1 (figure 5B). Detection of linear glycan binding (glycans 1 and 9) required 
higher concentrations and scan powers than the detection of biantennary LacNAc 
structures (glycans 3 and 4 and glycans 11 and 12) for both proteins. Interestingly, binding 
intensity of GfCoV/2011 S1 to glycans with terminal alpha-2,6 sialic acids was less than the 
binding intensity to glycans with terminal galactose (figure 5B, compare structures 3 and 4 
to structures 11 and 12 at a protein concentration of 100µg/ml to those at 20µg/ml). This 
difference in preference for galactose-terminal glycans was not observed for GfCoV/2014 
S1 since binding levels to glycan structures 3 and 4 and to structures 11 and 12 were similar 
in each dilution applied to the array (figure 5A). Taken together, the data indicate that 
GfCoV/2014 S1 has a higher affinity than GfCoV/2011 S1 for all glycans bound on the array. 
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FFiigguurree  55::  Glycan binding affinity of guinea fowl S1 proteins. (A and B) Glycan binding of GfCoV/2014 S1 and 
GfCoV/2011 S1 is shown as a heat map with 5-fold dilutions (100 µg/ml to 4 µg/ml) of the proteins applied to 
glycan array slides that were scanned at different laser intensities. RFU, relative fluorescent units. Glycan numbers 
correspond to schematic representations shown in figure 4A. 

  
TTaabbllee  22::  Relative binding of viral proteins and lectins on guinea fowl intestinal tissues 

  
Boxes are color coded as follows: white, no visible staining; gray, light to mild staining and/or not all epithelial cells 
show staining; black, intense staining with most of the epithelial cells showing positive signal. na, not analyzed. 

  
    

Treatment AUNA - + - + - + - + - - + - + +
Galactosidase - - + + - - + + - + + - - +

Tissue proven�culus
duodenum
pancreas
jejunum
ileum
ceacum na
colon
cloaca

GfCoV/2011-S1GfCoV/2014-S1 ECA SNA

83



Chapter 5	

	 

GGffCCooVV//22001144  SS11  hhaass  bbrrooaaddeerr  ggaassttrrooiinntteesstt iinnaall   ttrraacctt   ttrrooppiissmm..     
To reveal whether the observed differences in glycan binding properties of the S1 proteins 
have biological consequences for tissue tropism, we first determined whether the 
identified glycans are indeed present on gastrointestinal tract tissues of healthy, uninfected 
guinea fowl. Both SNA and ECA lectins stained the epithelial lining of the duodenum, 
jejunum, and cecum intensely, while intermediate staining of the proventriculus and colon 
was observed. In the pancreas, only limited binding of SNA was observed, with no staining 
by ECA; in contrast, in the ileum ECA strongly bound whereas SNA bound only to a limited 
extent. In conclusion, all tissues of the gastrointestinal tract, except cloaca, express GfCoV 
glycan receptors (table 2)(15). 

Next, we investigated the binding patterns of GfCoV S1 proteins to gastrointestinal 
tissues. Both proteins stained the epithelial cells of almost the entire gastrointestinal tract 
(duodenum and colon in figure 6, first column; results are summarized in Table 2), 
indicating that receptors present on the tissues allow binding of S1. Interestingly, staining 
intensities of the lower intestinal tract (ileum, cecum, and colon) were much more 
apparent for GfCoV/2014 S1 than for GfCoV/2011 S1. This prompted us to analyze avidity 
and specificity of GfCoV S1 proteins to glycan receptors in the guinea fowl gastrointestinal 
tissues. We therefore pretreated tissue slides with Arthrobacter ureafaciens neuraminidase 
(AUNA) and/or galactosidase to cleave off terminal sialic acids and/or galactose residues 
from host glycans, respectively. Treatment of the tissues with AUNA had only a minor 
effect on the binding of both GfCoV S1 proteins, with a slight decrease in binding intensity 
to the duodenum for GfCoV/2014 S1 (figure 6A, second column; Table 2). SNA lectin 
binding was completely abolished after pretreatment with AUNA, confirming that the 
treatment did effectively cleave off all sialic acids from the host glycans (table 2). 

When galactose residues were removed from the tissues by treatment with 
galactosidase prior to application of ECA, binding was severely reduced or totally absent 
(table 2). Binding of GfCoV/2011 S1 to the tissue was completely abolished (figure 6, third 
column; Table 2), indicating that GfCoV tissue engagement is almost exclusively dependent 
on the presence of galactose-terminating glycans. On the other hand, GfCoV/2014 S1 still 
clearly bound to the epithelial cells of the intestinal tract, indicating a significant difference 
in receptor binding avidity (figure 6, third column; Table 2). 

Finally, tissues were simultaneously pretreated with AUNA and galactosidase to 
remove both galactose and sialic acids from the glycans of the host. Indeed, binding levels 
of both ECA and SNA were strongly reduced (table 2). Tissue binding of GfCoV/2011 S1 was 
completely prevented, while GfCoV/2014 S1 still clearly bound to the epithelial cells of the 
gastrointestinal tract (except pancreas) (figure 6, fourth column; Table 2). These results 
suggest that either a minor amount of receptor is still present or that an additional (glycan) 
receptor is involved in tissue binding of GfCoV/2014 S1. 
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FFiigguurree  66::  Binding of GfCoV S1 proteins to guinea fowl duodenum and colon without and with enzymatic 
pretreatment of the tissues. (A and B) Spike histochemistry was performed on uninfected, healthy duodenum and 
colon tissues without and with pretreatment of enzymes (AUNA and/or galactosidase) before application of 
GfCoV/2014 S1 and GfCoV/2011 S1. Binding of proteins was visualized by red staining. 

  
DDIISSCCUUSSSSIIOONN  
In this study, we demonstrated ongoing GfCoV circulation in guinea fowl flocks in France. 
The sequence diversity between the viral attachment proteins of GfCoV circulating in 2011 
and 2014 resulted in differences in receptor binding properties with profound phenotypic 
consequences. The relationship between these findings and in vivo pathogenesis can only 
be elucidated in detail, however, when new models to study this virus have been 
developed. 

An amino acid sequence identity of 89% between viruses circulating only several 
years apart might indicate either that a novel GfCoV strain was introduced in France from a 
yet unidentified source or that there was high evolutionary pressure on the 2011 GfCoV 
strain. High mutation rates for avian coronaviruses are not uncommon (based on full-
genome sequences, around 1.2 x 10-3 substitution/site/year (16, 17)). When the S1 
sequences of GfCoV/2011 and GfCoV/2014-S1 are compared, the calculated mutation rate 
was 5 x 10-2 substitutions/site/year with a ratio of nonsynonymous to synonymous 
substitutions (dN/dS) of 0.45. Similar mutation rates of the spike have been reported for 
IBV (18) and are believed to be driven by selective pressure after vaccination (19, 20). 
However, no vaccine is available against GfCoV or against the closely related turkey 
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coronavirus, TCoV. Another driver for genetic diversity is the population size (21); however, 
this is unlikely to explain the observed high mutation rate of GfCoV 

since flocks are considerably smaller than chicken flocks. It might well be that circulating 
antibodies against field strains of GfCoV are the main drivers of the observed sequence 
diversity. Unfortunately, retrospective studies to further elucidate the contribution of virus 
evolution, the circulation of other virus populations in the last years, or the introduction of 
novel strains via, for example, trade of birds between farms are impossible due to the lack 
of archived material. 

Here, we revealed a novel glycan receptor for GfCoV, the first coronavirus that 
binds N-glycans capped with alpha-2,6-linked sialic acids. Alpha-2,6 sialic acid presence has 
been reported previously in guinea fowl large intestine (15), along with the previously 
elucidated poly-LacNAc expressed in guinea fowl small intestine (4). Together, their 
expression patterns can explain in large part the tropism of GfCoV, but this observation, 
combined with the results presented in the manuscript, does not exclude the possibility 
that yet another host factor plays a role in GfCoV/2014 infection. Initial attempts to show 
whether protein receptors, required for infection of many other coronaviruses (22–24), are 
required have yet to be successful (data not shown). 

While spike protein binding analyses suggest phenotypic differences between 
these viruses in vivo, the reported gross clinical signs in field cases between 2011 and 2014 
were not markedly different. Unfortunately, and in contrast to a previous study (6), 
attempts to study the pathogenesis of GfCoV/2014 by inoculating commercial guinea fowls 
with GfCoV-containing fecal samples did not result in manifestations of clinical signs or 
convincing detection of viral RNA by reverse transcription-quantitative PCR (RT-QPCR) (data 
not shown). Whether this was due to previous exposure of commercial birds to GfCoV and, 
hence, circulating antibodies preventing the infection remains to be investigated. 

Here, we have demonstrated that GfCoV/2014 S1 has higher affinity for glycan 
receptors and increased avidity for the lower gastrointestinal tract than GfCoV/2011 S1. 
The viral genetic diversity between these spikes and the implications for receptor 
recognition further add to our understanding of this virus for which models are basically 
lacking. 
 
MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

CCooll lleecctt iioonn  ooff   fifieelldd  ssaammpplleess..  Samples were collected from guinea fowls showing 
enteritis and concomitant high mortality (>10%) in flocks in five regions in France (Bretagne, Pays de 
Loire, Nouvelle-Aquitaine, Occitanie, and Auvergne-Rhône-Alpes) from February 2014 through 
November 2016. Gastrointestinal content was collected and stored at -80°C for viral RNA isolation. 
Tissues (duodenum, pancreas, air sac, lung, small intestine, large intestine, kidney, cloaca, trachea, 
and bursa) were collected during necropsy of euthanized or deceased animals in routine diagnostics 
by local veterinarians, fixed for 24 h in 4% (mass/vol) buffered formaldehyde, and stored in 70% 
ethanol. Immunohistochemistry. Paraffin-embedded tissues were sliced at 4µm, deparaffinized in 
xylene, and rehydrated in an ethanol gradient from 100% to 70%. Antigen retrieval was carried out in 
Tris-EDTA, pH 9.0 (preheated), before application of 1% H2O2 in methanol. After two washes in 
normal antibody diluent (Immunologic), the monoclonal antibody (MAb) mouse anti-IBV M protein 
25.1 (Prionics, Lelystad, The Netherlands), cross-reacting with TCoV and GfCoV (5), was applied for 1 
h at room temperature (RT). Slides were washed in phosphate-buffered saline (PBS)–0.1% Tween, 
and an EnVision kit (catalog no. K4001; Dako) was used for anti-mouse secondary antibody staining 
according to the manufacturer’s protocol. Slides were washed three times in PBS, and viral M protein 
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presence was visualized with aminoethyl carbazole (AEC). The tissues were counterstained with 
hematoxylin and mounted with AquaMount (Merck). 

MMoolleeccuullaarr   cchhaarraacctteerriizzaatt iioonn  ooff   GGffCCooVV..  The gastrointestinal content collected from 
affected guinea fowl was clarified by centrifugation (30 s at 11,000 x g), and RNA was extracted using 
a Qiagen Viral RNA extraction kit according to the instructions of the manufacturer. A one-step real-
time RT-PCR targeting the avian coronavirus N gene was carried out to confirm the presence of 
coronavirus RNA as previously described (13). Subsequently, the isolated RNA was reverse 
transcribed using a Revertaid kit with random hexamers (Thermo Fisher, Waltham, MA), and 
overlapping conventional PCRs were performed to amplify the guinea fowl S gene (primer sequences 
available upon request). Sanger sequencing of the resulting fragments was performed using PCR 
primers. Contigs were generated with BioEdit (version 7.0.8.0) (25) and submitted to NCBI. MUSCLE 
(26) was used for the alignment, and MEGA (version 6.06) was used with a bootstrap value of 1,000 
for the phylogeny (27). Selective pressure was calculated as dN/dS, and the hypothesis dN/dS was 
tested using the Pamilo-Bianchi-Li method (28), with a P value of 0.05 considered statistically 
significant. 

CCoonnssttrruucctt iioonn  ooff   tthhee  eexxpprreessssiioonn  vveeccttoorr..  The codon-optimized sequence for 
GfCoV/2014 S1 (CoV/AvCoV/guinea fowl/France/14032/2014), containing upstream NheI and 
downstream PacI restriction sites, was obtained from GenScript and cloned into the pCD5 expression 
vector by restriction digestion, as previously described (29). The S1 sequence is in frame with a C-
terminal GCN4 trimerization motif and Strep-tag. The expression vector encoding GfCoV/2011 S1 was 
generated previously (29). 
Production of recombinant proteins. Recombinant S1 proteins were expressed by transfection of 
human embryonic kidney (HEK293T) cells with pCD5 expression vectors using polyethylenimine (PEI) 
at a 1:12 (wt/wt) ratio. Cell culture supernatants were harvested after 6 days. The recombinant 
proteins were purified using Strep-Tactin Sepharose beads as previously described (29). 

EELLIISSAA..  Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAc (Consortium for Functional Glycomics) was 
coated in a 96-well Nunc Maxisorp plate (Sigma-Aldrich) at 0.5µg/well overnight at 4°C, followed by 
blocking with 3% bovine serum albumin (BSA; Sigma) in PBS– 0.1% Tween. S1 proteins were 
preincubated with Strep-Tactin horseradish peroxidase (HRPO) (1:200) for 30 min on ice. For each 
protein, 2-fold dilutions were made in triplicate in PBS and applied onto the coated well, followed by 
incubation for2hat room temperature. TMB (3,3’,5,5’-tetramethylbenzidine; Thermo Scientific, 
Netherlands) substrate was used to visualize binding, after which the reaction was terminated using 1 
M H2SO4. The optical density at 450 nm (OD450) was measured in a FLUOstar Omega instrument 
(BMG Labtech), and MARS data analysis software was used for data analysis. Statistical analysis was 
performed using a two-way analysis of variance (ANOVA). 

GGllyyccaann  aarrrraayy..  Glycan structures were printed in six replicates on glass slides (Nexterion 
Slide H; Schott Inc.). Prelabeled S1 proteins with Alexa Fluor 647-linked anti-Strep-tag mouse 
antibody and with Alexa Fluor 647-linked anti-mouse IgG (4:2:1 molar ratio) were applied to the 
slides (concentrations are given in figure legends) and incubated for 90 min, after which the slides 
were washed with PBS and deionized water, dried, and imaged immediately. 

As controls different lectins were applied: Erythrina cristagalli agglutinin (ECA), which is 
specific for glycans with terminal galactose, N-acetylgalactosamine, or lactose, and Sambuca nigra 
agglutinin (SNA) and Maackia amurensis lectin I (MAL1), which are specific for alpha-2,6-linked and 
alpha-2,3-linked sialic acids attached to terminal galactose, respectively. Of the six replicates, the 
highest and lowest values were removed, and of the remaining four replicates, the total signal values 
and standard deviations (SD) were calculated and plotted in bar graphs or heat maps. 

SSppiikkee  hhiissttoocchheemmiissttrryy..  Spike histochemistry was performed as previously described (29). 
S1 proteins precomplexed with Strep-Tactin–HRPO were applied onto 4 µm sections of formalin-fixed 
paraffin-embedded healthy guinea fowl tissues, and binding was visualized using 3-amino-9-ethyl-
carbazole (AEC; Sigma-Aldrich). Proteins were applied onto slides at 5 µg/ml. Where indicated (on 
figure 6, its legend, and the text), the tissues were treated per slide with 40 U β-galactosidase (β-Gal) 
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(Megazyme, USA) or 2 mU of neuraminidase (sialidase) from Arthrobacter ureafaciens (AUNA) 
(Sigma, Germany) in 10 mM potassium acetate and 2.5 mg/ml Triton X-100, pH 4.2, and incubated at 
40°C overnight (O/N) before protein application. 

LLeecctt iinn  hhiissttoocchheemmiissttrryy..  Lectin histochemistry was performed as previously described 
(4). Biotinylated Erythrina cristagalli lectin or biotinylated Sambucus nigra lectin (both from Vector 
Laboratories) were diluted in PBS to a final concentration of 2 µg/ml (ECA) or 6 µg/ml (SNA) and 
applied to healthy guinea fowl tissue sections for 30 min. After samples were washed with PBS, the 
signal was visualized by an avidin-biotin complex (ABC kit; Vector Laboratories) and counterstained 
with hematoxylin. 

DDaattaa  aavvaaii llaabbii ll ii ttyy..  Contigs are available in GenBank under accession numbers MG765535 
to MG765542 and accession numbers MK290733 and MK290734. 
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This chapter summarizes the results described in this thesis and discusses them in the light 
of the current knowledge on avian coronavirus-host interactions related to tropism. To 
elucidate critical determinants of tropism, we focused in this thesis on one of the very first 
steps in the interaction between avian coronaviruses and their hosts; in particular three 
different avian coronavirus pathotypes were investigated, being infectious bronchitis virus 
(IBV) strain M41, causing primarily respiratory disease in chickens, IBV-QX, a strain that is 
both respirotrophic and nephropathogenic for chickens, and an enterotropic guinea fowl 
coronavirus (GfCoV) strain. The data described here begin to unravel the diversity in 
specificity and affinity of the various avian coronaviruses for glycans and their contribution 
in determining AvCoV tropism.  
  
EElluucciiddaatt iinngg  aavviiaann  ccoorroonnaavviirruuss--hhoosstt   iinntteerraacctt iioonnss  
Studies on avian coronavirus-host interactions are largely hampered by the lack of feasible 
models. To fully predict and understand their in vivo viral tropism, experimental infection 
models are the only models that comprise the full complexity of all interactions. However, 
animal experimentation faces ethical and moral constrains, as well as the inherent difficulty 
in dissecting individual components of the interactions. Studies using continuous cell lines 
in cell culture are of use for many virologists, but are for avian coronaviruses limited to only 
one cell culture, lab adapted, IBV strain (IBV-Beaudette) that is unable to cause disease in 
chickens (1). Here we made use of a combination of various other models to gain more 
understanding of the tropism and the host interactions of pathogenic AvCoVs. We used 
recombinantly expressed viral attachment proteins and recombinant IBVs in binding assays, 
including tissue microarrays, glycan arrays, and hemagglutination assays, and in infection 
models, such as embryonated eggs and primary chicken kidney cells. Each of these models 
has its own benefits and limitations, but taken together they have greatly enhanced our 
current understanding of the molecular determinants of avian coronavirus tropism.  
  
IIBBVV  ssppiikkee  ddiivveerrss iittyy  ddrr iivveess  ll iiggaanndd  ssppeeccii ff iicc iittyy    
Alpha-2,3-linked sialic acids are the known ligand for IBV attachment and subsequently 
infection of host cells (2). Infection of IBV genotypes belonging to different lineages could 
be blocked by pretreatment of primary chicken kidney cells or tracheal organ cultures with 
a sialidase (3-5). In this thesis, for the first time, we demonstrated that different IBV 
genotypes make use of different sialylated glycan receptor(s) (chapter 2). Here we propose 
that several amino acid mutations in the spike might be sufficient to result in changes of 
binding specificity and can result in phenotypic differences between IBV genotypes. In 
particular, amino acids in the highly variable region 2 when introduced into QX-RBD 
(SGS100-102Y and KIP110-112MLQ) prevented binding to trachea and kidney tissue slides, 
while particularly the reciprocal mutations MLQ107–109KIP in M41-RBD expanded binding 
to kidney tissue and allowed binding to an additional glycan receptor. Previously, single 
amino acid mutations in recombinant M41-S1 proteins resulted in loss of binding to 
chicken trachea tissue (for example N38S, H43Q, P63S, and T69I all present in the RBD) (6). 
Additional mutations were described that gained binding or increased the avidity for host 
tissues as exemplified using recombinant IBV-Ark-DPI-S1. IBV-Ark-DPI is a life attenuated 
vaccine, which had upon re-isolation after vaccination one common mutation in the RBD 
(Y43H). When introduced in recombinant S1 proteins, this mutation led to an increased 
avidity for trachea tissue slides compared to wildtype (7).  
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In addition to the RBD, other parts of the spike might contribute to binding of the 
host cell. During our studies, the IBV-S1 C-terminal domain (CTD) was reported to be able 
to bind to chicken fibroblast cells (8). This was in contrast to our own previous 
observations, where a CTD composed of only the remaining (non-NTD) sequence of S1 was 
unable to bind to chicken trachea tissue (chapter 2 and (6)). This discrepancy can well be 
the result of the difference in the length of each construct. We cannot exclude that the 
CTD construct we used might not have resulted in proper folding, as the core structure of 
the CTD is based on minimal interaction between two β-sheet layers (8). Furthermore, an 
increased avidity for host tissues is commonly reported using the ectodomain (full S1 and 
ectodomain of S2) of various IBV genotypes (chapter 2, (9-11)). The S2 domain has also 
been reported to have a role in determining tropism for the cell-adapted IBV-Beaudette 
(12). Recombinant IBVs that express the M41 ectodomain spike in the IBV-Beaudette 
genetic background were unable to infect cell cultures, while a three amino acid mutation 
in M41-S2 of the spike allowed infection and replication in Vero cells (12), potentially 
through binding to heparan sulfate, as the amino acids involved were previously identified 
to be involved in heparan binding (13). However, using recombinant chimeric proteins of 
IBV-M41 and IBV-Beaudette spike, no independent receptor binding site in S2 was found, 
as well as no indication of involvement of heparan sulphate (10). In other studies, 
recombinant ectodomains, in particular that of IBV-Ark, appeared to be better in 
protection of chickens against a homologous challenge compared to vaccination with 
recombinant S1 subunit only (11), suggesting that there are neutralizing epitopes in S2 that 
in vivo improve protection.  

Sialic acids as receptors are also used by avian and human influenza A viruses for 
attachment to host cells (14). Whereas avian influenza viruses bind to alpha-2,3-linked 
sialic acids, human influenza viruses are dependent on alpha-2,6-linked sialic acids for 
infection (14). For many influenza A viruses, the interactions between the viral attachment 
protein (hemagglutinin (HA)) and their sialic acid receptors has been studied in much 
greater detail than those of avian coronaviruses. In addition, for many influenza A viruses 
the ligand binding site in the HA protein is known (for example shown in (15-18)), whereas 
for IBV the receptor binding site has only been predicted using computer models (chapter 
3). In influenza A HA proteins, introduction of a single or few amino acid mutation(s) near 
or in this receptor binding site can result in a switch in receptor specificity, where HA 
proteins that have specificity for alpha-2,3-linked sialic acids can now bind to alpha-2,6-
linked sialic acids and vice versa (16-20). Whether single amino acid mutations in the avian 
coronavirus spike, and in particular that of IBV, can drive a similar switch remains to be 
seen. 

For IBV, in silico docking experiments (chapter 3) combined with cryo-EM 
structures of the spike of IBV-M41 (8) suggest that the ligand binding site allowing binding 
to kidney tissue is positioned at a different side of the spike compared to that of alpha-2,3-
linked sialic acid binding. Glycan arrays and ELISA confirmed the loss of binding of QX-RBD 
to Neu5Ac, but could unfortunately not yet reveal the specific nature of the IBV-QX 
receptor (chapter 2). Despite the fast expansion of the number of glycans that can be 
synthetically generated, the full complexity and diversity of N-glycans present on host cells 
is not (yet) fully reflected on glycan arrays. To elucidate the additional glycan receptor used 
by IBV-QX, initial attempts were done to combine mass spectrometry analysis of released 
glycans from specific locations of host tissues that were bound by QX-, but not M41-RBD 
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protein in staining experiments, were unfortunately unsuccessful as the spatial resolution 
of the technique was not sufficient. 

The data obtained in this thesis might open up the possibility to start classifying 
IBV strains into various pathotypes based on ligand specificity. It needs to be considered, 
however, that the diversity between IBV strains circulating worldwide is huge and that we 
just start to gain understanding on virus-host interactions for nephropathogenic IBV 
viruses. It might well be that other IBV lineages use, additionally or solely, other (glycan) 
receptors. We hypothesize that the ligand specificity of the spike is the cause of the 
observed in vivo differences between IBV-M41 and -QX (21). By generating recombinant 
viruses in which virus-specific mutations are introduced and subsequent inoculation of 
these viruses in tracheal or kidney organ cultures or in vivo this hypothesis can be tested. 
Extending our knowledge on what determines which IBV strain belongs to which pathotype 
is both scientifically interesting and crucial for classification and combatting these viral 
infections in chickens. 
  
DDiivveerrss iittyy  ooff   GGffCCooVV  aaffffeeccttss   ggllyyccaann  aaffff iinniittyy      
Previous research showed that the currently known enterotropic avian coronaviruses, in 
contrast to respiratory AvCoVs, are dependent on binding to non-sialylated glycans (22). In 
particular, GfCoV and TCoV recognized type 2 poly-LacNAcs, N-glycans with a core 
structure being either bi- or tri-antennary. In chapter 5, we revealed that guinea fowl, but 
not turkey coronavirus S1 can also bind to alpha-2,6-linked sialic acids on linear and bi-
antennary N-glycans. The affinity of recombinant S1 of a newly identified GfCoV, now 
known as GfCoV/2014, was significantly higher for both ligands than that of the previously 
reported GfCoV/2011 (chapter 5). The higher affinity as well as the broader specificity of 
GfCoV compared to TCoV binding may explain the observed broader in vivo tissue tropism 
after GfCoV infection. GfCoV replication can be detected by immune histochemistry 
throughout the entire intestinal tract (23), whereas TCoV infection is primarily detected in 
the caudal parts of the intestine (caeca, colon and cloaca) (24). In guinea fowl, galactose 
terminating glycans as well as glycans capped with alpha-2,6-linked sialic acids can be 
found throughout the intestinal tract (chapter 5 and (25)). Previously, others have shown 
that in turkey, while intestinal galactose-terminating glycans are expressed (22), no alpha-
2,6-linked sialic acids terminating glycans are present (25). This might be in accordance 
with the lack of affinity of TCoV-S1 for alpha-2,6-sialic acids.  

Sequence analysis of (partial) S1 sequences available from GfCoV field infections 
from 2014-2016 revealed a sequence identity of 85-88% with GfCoV/2011-S1 (chapter 5). 
While this may suggest fast evolution, however it can also be that these strains evolved 
separately and were noticed only recently. Unfortunately, the data set of available GfCoV-
S1 sequences is too small to draw any further conclusions on this. Furthermore, alignment 
of the S1 sequences did not result in a clear hot spot of mutations that may explain the 
difference in receptor specificity and affinity between GfCoV/2014-S1, GfCoV/2011-S1 and 
TCoV-S1. Similar to IBV, the N-terminal domain of the S1 of GfCoV bound with the same 
specificity as S1 to guinea fowl tissue, while GfCoV-CTD did not show any binding to any of 
the 27 tested tissues (unpublished data). Interestingly, GfCoV/2014-NTD could also bind to 
the submucosal glands and ciliated epithelial cells of the human trachea (unpublished 
data), a tissue which abundantly expresses glycans capped with alpha-2,6-linked sialic acids 
(16, 18, 26). While the binding of GfCoV-S1 to various gastrointestinal tract tissues of 
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guinea fowl is in complete agreement with cell types infected in vivo, it is unknown 
whether a productive infection in human cells could be established, and GfCoV infections in 
humans have not been reported.  
  
SSppiikkee  ggllyyccoossyyllaatt iioonn  mmiigghhtt   gguuiiddee  rreecceeppttoorr  bbiinnddiinngg  
N-glycosylation near the receptor binding pocket may influence the ability of a virus to bind 
ligands, due to changing the conformation of the receptor binding site or physically 
affecting the interaction of the viral attachment protein and its ligand (27). Here we 
showed that abolishment of N-glycosylation at six positions in recombinant M41-RBDs 
(chapter 3) and in the IBV virion (chapter 4), resulted in loss of binding to Neu5Ac and/or 
loss of the ability to produce viable viruses, while for four N-glycosylation knock-out 
mutations binding to this ligand appears not affected. Additional binding studies of 
recombinant N-to-A RBD mutant proteins onto chorioallantoic membrane (CAM) of 
embryonated eggs confirmed that binding of all RBD proteins (except N160A) to this tissue 
was dependent on the presence of sialic acids (data not shown). Interestingly, recombinant 
viruses that lost the ability to bind to Neu5Ac gained the ability to bind to yet another 
receptor, as they could be rescued in embryonated eggs (chapter 4). This indicated that 
their receptor specificity had changed. Furthermore, our data using recombinant IBV 
viruses indicate that this/these additional receptor(s) are expressed on CAM tissue, isolated 
chicken embryo kidney (CEK) cells and chicken red blood cells (chRBC), while it is likely low 
or not present on chicken trachea (chapter 3). Changes in receptor binding upon changes 
in N-glycosylation has been observed before for the influenza A virus H3N2 using glycan 
arrays (28). It was shown that upon addition of two or four N-glycosylation sites, these 
recombinant viruses recognized fewer N-glycans, with lower avidity on average. This 
reduction in receptor avidity and broader receptor recognition did not directly correlate 
with the reduction in virulence of current circulating H3N2 viruses (28). Whether N-
glycosylation of the IBV spike has biological consequences in vivo upon infection of chicken 
and whether their phenotype might change needs to be determined. 

Four essential glycosylation sites (N33, N59, N85 and N160) in the RBD of IBV-M41 
are in close proximity of the in silico predicted receptor binding site for Neu5Ac (chapter 3). 
Interestingly, N59 in IBV-QX spike is positioned two amino acids more upstream compared 
to M41. We therefore hypothesize that differences in N-glycosylation in close proximity of 
the potential Neu5Ac pocket explains why QX-RBD has no affinity for this ligand (chapter 
2). Preliminary data using recombinant M41-RBD proteins in which the N-glycosylation 
consensus sequence at N59 was moved, now being N57 (as present in QX-RBD), showed 
loss of binding of M41-RBD to trachea tissue (data not shown). This suggests that this 
mutant lost affinity for Neu5Ac while not gaining binding to the novel QX receptor, likely 
due to the lack of the amino acid triplet KIP at positions 107-109. When in QX-RBD the 
potential N-glycosylation site was repositioned to that of M41-RBD, a more intense staining 
of the ciliated epithelium of the trachea was observed in spike histochemistry (data not 
shown), which may suggest simultaneous binding to its unknown receptor and additionally 
Neu5Ac binding. In addition, the occupation and role of three additional N-glycosylation 
consensus sequences in the RBD of IBV-QX remains to be determined.  
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AAvvCCooVV  hhoosstt   bbiinnddiinngg  mmiigghhtt  bbee  ddeeppeennddeenntt  oonn  ccaarrbboohhyyddrraattee  ––  ccaarrbboohhyyddrraattee  
iinntteerraacctt iioonnss    
Our data (chapter 3 and 4) suggest that glycan-glycan interactions might play a role in the 
binding of avian coronavirus spike proteins to their ligands. In particular, in silico modeling 
of different potential ligands binding to M41-RBD appeared to be dependent on the 
presence of modeled N-glycans (chapter 3). The potential Neu5Ac ligand binding site is in 
close proximity to four essential N-glycosylation sites in the spike (chapter 3 and 4). In 
addition, this region of the RBD protein is negatively charged, a characteristic feature 
observed in the ligand binding site of bovine coronavirus and human coronavirus OC-43, 
both dependent on sialylated ligands for their host interactions (29, 30). As all known 
coronaviruses have glycosylated spike proteins and some of them interact with a host 
glycoprotein receptor (for example Middle East respiratory syndrome-CoV to 
dipeptidylpeptidase-4 or severe acute respiratory syndrome coronavirus (SARS-CoV and 
SARS-CoV-2) with angiotensin converting enzyme 2) and/or sialylated host ligands, their 
binding might well be aided by carbohydrate-carbohydrate and/or carbohydrate-protein 
interactions.  

It is of note that N-glycans on schematic representations of spike proteins are 
often underrepresenting their complexity. Often only the first monosaccharide is included 
in protein models to show its localization on the spike, while they are likely far more 
complex, bigger and fill more space. On the coronavirus spike, N-glycans on different 
asparagine residues of one protomer can vary in composition, which is dependent on the 
expression of host transferases and the accessibility of the asparagine residue in the spike 
protein when trafficked through the ER-Golgi network upon synthesis and modification. 
The glycan composition on a specific asparagine residue (for example N33), can vary upon 
synthesis of the different protomers that are produced in host cells (chapter 3), and when 
the protomers are assembled into trimers, the composition of N-glycans present on N33 
may vary between the different protomers. Furthermore, glycosylation of a specific site can 
influence the glycan composition of other asparagine residues within the same protomer, 
as N-to-A mutations led to differences in site specific glycans compared to wildtype 
(chapter 3). At the moment, we can technically not analyze the difference in glycan 
composition present on the spike trimer, only an average of glycans present on specific 
sites can be determined. Furthermore, we observed specific sites (N126, N194, N229 and 
N246) which were on average most often decorated with glycans capped with sialic acids, 
whereas this was hardly observed for N33, N59, N85, N145 and N160 (chapter 3). 
Interestingly though puzzling, the ability of IBV to hemagglutinate, and thus bind, chRBC 
was dependent on removal of the sialic acids on the virus, which was not necessary for 
recombinant IBVs to bind to the synthetic ligand in glycan ELISA (chapter 4). More 
extensive research remains to be performed to elucidate whether there are differences in 
site-specific glycosylation between different protomers of the spike and whether these 
have biological implications for ligand binding, contribute in other stages of the viral life 
circle or change over time during infection. 
  
SSppeeccii ff iicc iittyy  aanndd  aaffff iinniittyy  ooff   AAvvCCooVV  ffoorr  tt iissssuueess  aanndd  hhoosstt   
Previously, we and others showed that binding of recombinant RBDs to paraffin embedded 
healthy tissues correlated with the cells and tissues that are affected upon infection with 
AvCoV (7, 11, 22, 31, 32). In chapter 2, however, we described for the first time a 
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discrepancy between cells positive for viral protein expression in immunohistological 
staining after in vivo infection and those cells bound by recombinant RBD proteins. For 
example, in the kidney, upon IBV-QX infection viral antigens are detected in the distal 
tubules of the kidney towards the collecting ducts and ureter, while glomeruli are negative 
((33); personal communication M. Dwars and E. Weerts). Binding of QX-RBD, in contrast, 
was almost exclusively detected in the epithelial lining of the glomerulus and in the (larger) 
collecting ducts and ureter (chapter 2). We can only speculate about this discrepancy. First, 
glomeruli are involved in filtration of among others, electrolytes and minerals. This 
filtration is aided by hydrostatic pressure from the afferent arteriole into Bowmans capsule 
and into the proximal convoluted tube (34). Potentially, this pressure can prevent stable 
attachment and infection of the virus in the glomerulus, as it is simply forced through the 
nephron and can only attach and infect cells in the larger collecting ducts where the 
hydrostatic pressure may be less. Second, if the epithelial cells of the glomerulus can be 
bound by the virus, replication of IBV may not be supported, hence the lack of detection of 
viral protein expression after infection. Third, lysis of cells or down regulation of the 
receptor after infection, an observation done for epithelial cells on the ciliated border of 
the trachea after IBV-M41 infection (35), might result in reduced reinfection and therefore 
reduced ability to detect viral antigen-positive cells.  

Interestingly, cross species infections of avian coronaviruses are only sporadically 
reported although their receptor expression is not restricted to specific bird species. 
Expression of glycan receptors containing a terminal galactose (receptor for TCoV and 
GfCoV) were found in the trachea and intestine of turkey, guinea fowl, and quail (22) as 
well on the CAM of embryonated chicken eggs (36). Furthermore, glycans capped with 
alpha-2,3-linked sialic acids have been detected in the intestines of duck, geese, pheasant, 
guinea fowl, turkey and quail (25) and on chicken CAM tissue (36), as well as on the trachea 
of chicken, guinea fowl, turkey, pheasant, quail, partridge, geese, duck, teal and pigeon 
(31). To reveal a potential cross species infection, attachment proteins of avian influenza 
(H5N1) or IBV-M41 were previously applied to trachea tissue of various bird species, where 
binding was observed to all species except pigeon (31). Finally, glycans capped with alpha-
2,6-linked sialic acids were found throughout the gastrointestinal and respiratory tract of 
guinea fowl (unpublished data), duck, geese, pheasant and only in the respiratory tract of 
turkey and quail (25) and in low abundance on CAM of embryonated chicken eggs (36). To 
our knowledge, no zoonotic events have been reported where avian coronaviruses can 
infect humans. Of course, binding alone is not sufficient for infection, which depends on 
many other factors, including the ability of the virus to reach the cells expressing the 
appropriate ligand, its ability to replicate and produce progeny virions in human cells, and 
the host’s immune system. Despite this, we recommend to monitor avian coronavirus 
infections in various species closely, as we are experiencing the drastic measures taken 
globally to date to suppress the infection caused by the pandemic SARS-CoV-2. 
  
OOUUTTLLOOOOKK  
The ability of recombinant IBVs to recognize the glycan Neu5Ac is in line with binding of 
recombinant RBD proteins in ELISA (chapters 3 and 4) indicating that specific interactions 
and receptor specificity can be studied using recombinant proteins alone. To demonstrate 
the affinity for additional ligands, glycan ELISA can only be performed when the ligand is 
known, which may be revealed on glycan arrays. These glycan arrays can consist of 
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hundreds of different compounds with different complexity and differences in terminal 
capping and are an extremely valuable tool to discover new glycan ligands (15, 37). 
However, the full complexity of the glycans present on the host is not yet represented in 
such glycan arrays, making fixed tissues and alternatively explants or systems like 
embryonated eggs very useful for further research. Finally, our data indicate that it is 
worthwhile to test not only binding of recombinant RBD proteins to primary target tissues 
such as the trachea, but also include for example CAM, as that might express a wider range 
of (glycan) receptors used by avian coronaviruses.  

In summary, the results obtained in chapter 2-5 of this thesis demonstrate that 
the amino acid sequence of the spike in combination with the presence of N-glycans on the 
spike affect binding to receptors and host cells (chapter 3 and 4), and might lead towards 
an altered tissue tropism in vivo. In particular, our studies on the glycan receptor specificity 
and affinity of three AvCoV pathotypes (chapters 2, 4 and 5) revealed both novel glycan 
receptors (chapter 5) and yet unidentified ligands used by avian coronaviruses (chapter 2 
and 4). Such identification of virus-host interactions can significantly improve targeted and 
rational design of broadly neutralizing antibodies and/or vaccination strategies which can 
be of aid to combat these important viruses in poultry. 
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NNEEDDEERRLLAANNDDSSEE  SSAAMMEENNVVAATTTTIINNGG 
Dit hoofdstuk is een samenvatting van de resultaten beschreven in dit proefschrift. Het 
geeft de voortgang weer in het onderzoek naar het ontrafelen van virus- gastheer 
interacties die bepalend zijn voor coronavirusinfecties in vogels.  

Coronavirussen kunnen verschillende gastheren infecteren. Naast de mens zijn 
verschillende zoogdiersoorten (waaronder zowel landbouwhuisdieren als 
gezelschapsdieren) en vogelsoorten vatbaar voor bepaalde coronavirussen. In wilde vogels 
lijken coronavirusinfecties zover bekend niet tot klinische symptomen te leiden, terwijl in 
gedomesticeerd pluimvee deze virussen het welzijn van de dieren negatief beïnvloeden en 
grote economische schade kunnen veroorzaken. Binnen deze groep zijn verschillende 
virusstammen die behoren tot het infectieuze bronchitis virus (IBV) de meest onderzochte 
aviaire coronavirussen. In kippen infecteert IBV met name de respiratietractus (een 
voorbeeld hiervan is IBV- M41). Sommige IBV stammen kunnen daarnaast ook andere 
organen aantasten. Hiertoe behoren onder andere infecties van het urogenitaal apparaat, 
waarbij vaak gezwollen nieren en oviduct worden waargenomen (IBV-QX als voorbeeld). 
Daarnaast leggen geïnfecteerde kippen vaak een verminderd aantal eieren en/of eieren 
van een verminderde kwaliteit. Naast IBV zijn er ook coronavirussen die andere 
pluimveesoorten zoals kalkoenen of parelhoenders kunnen infecteren. In tegenstelling tot 
IBV infecteren deze coronavirussen voornamelijk de darmen van hun gastheer. Infecties 
veroorzaakt door het parelhoen coronavirus (guinea fowl coronavirus; GfCoV)) vinden met 
name plaats in het eerste stuk van de dunne darm (duodenum), terwijl infecties in 
kalkoenen door het kalkoen coronavirus (turkey coronavirus; TCoV) meer naar het eind van 
het darmkanaal (onder andere colon) waargenomen worden.  

Coronavirussen gebruiken het aanhechtingseiwit spike (S) voor binding aan en 
binnenkomst in de gastheercel. Eerder is aangetoond dat voor IBV de eerste 254 
aminozuren van het spike eiwit voldoende zijn om aan het celoppervlak te binden; dit deel 
wordt dan ook het receptor-bindend domein (RBD) genoemd. Voor IBV is de receptor die 
op de gastheercel aanwezig moet zijn voor binding een suikermolecuul welke aan het 
uiteinde een alpha-2,3-gebonden siaalzuur (Neu5Ac) bevat. Terwijl eerder gevonden was 
dat deze receptor gebruikt wordt door IBV-M41 laat het onderzoek beschreven in 
hhooooffddssttuukk  22 van dit proefschrift zien dat IBV-QX (en mogelijk andere IBV stammen) geen 
gebruik maakt van deze specifieke receptor, maar afhankelijk is van andere gesialyleerde 
suikermoleculen voor binding aan de gastheercel. Mogelijk is dit één van de onderliggende 
factoren waarom IBV-QX deels een ander in vivo weefsel tropisme laat zien dan IBV-M41. 
Helaas bracht glycan-array analyse, een waardevol hulpmiddel om binding aan onbekende 
suikerstructuren op te helderen, geen nieuwe receptor aan het licht. Op dit moment is de 
volledige complexiteit en diversiteit van suikers die op een gastheercel aanwezig zijn helaas 
nog niet op een glycan-array aanwezig, Daarom blijft het gebruik van (formaline) 
gefixeerde weefsels, maar ook ex vivo weefselkweek en/of geëmbryoneerde eieren zoals 
beschreven in dit proefschrift, zeer waardevolle tools voor verder onderzoek naar virus-
gastheer interacties.  

Eerder is voor parelhoen en kalkoen coronavirussen beschreven dat deze aan de 
gastheercel binden via vertakte niet-gesialyleerde suikers (onder andere diLacNAc). In 
hhooooffddssttuukk  55 is beschreven dat parelhoen coronavirussen daarnaast ook aan glycanen 
met een alpha-2,6 gebonden siaalzuur kunnen binden. De resultaten in dat hoofdstuk laten 
daarnaast zien dat onderlinge verschillen tussen parelhoen coronavirussen kunnen leiden 
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tot veranderingen in de affiniteit voor receptoren. Deze veranderingen komen overeen met 
de mate van binding aan verschillende gastheerweefsels, en kunnen mogelijk verklaren 
waarom ook bij andere vogel coronavirussen verschillen in binding aan glycanen verschillen 
in tropisme kunnen veroorzaken.  

Het aanhechtingseiwit spike is tijdens de virusproductie in de gastheercel 
onderhevig aan verschillende modificaties, waaronder het aanbrengen van verschillende 
suikergroepen (N-glycosylatie). Omdat dit van invloed kan zijn op de binding, en dus het 
tropisme van het virus, hebben we de N-glycosylatie van het RBD van IBV-M41 onderzocht. 
In hhooooffddssttuukk  33 laten we zien dat op minimaal negen van de tien consensus sequenties 
voor N-glycosylatie ook daadwerkelijk een suikergroep aanwezig is op recombinant 
geproduceerde M41-RBD eiwitten. Individuele mutaties, waardoor er geen suikergroep 
meer kan worden aangebracht wanneer het eiwit wordt gemaakt, toonden aan dat N-
glycosylatie op zes van de tien plekken essentieel is voor binding van het RBD aan zowel 
zuiver Neu5Ac als aan formaline gefixeerde trachea van de kip. Ook uit computermodellen 
bleek dat N-glycosylatie waarschijnlijk belangrijk is in de vorming van de bindingsplaats 
voor Neu5Ac in het IBV-M41 spike eiwit. Dit is in tegenstelling tot de gesimuleerde 
bindingsplaats van IBV-QX en zijn nieuwe receptor, welke niet door suikers lijkt te zijn 
omgeven. In hhooooffddssttuukk  44 is deze studie uitgebreid door N-glycosylatie van het RBD te 
bestuderen in de context van het virus. Vijf van de negen gemaakte recombinante virussen 
waarin specifieke N-glycosylatie was verhinderd bleken niet meer in staat om te binden aan 
Neu5Ac, maar waren wel in staat primaire gastheercellen in kweek te infecteren. Dit 
suggereert dat deze virussen voor binding en infectie afhankelijk zijn van een andere 
receptor die door de gastheercel tot expressie wordt gebracht. Gezamenlijk laten deze 
hoofdstukken zien dat N-glycosylatie van het IBV-M41-RBD van belang is voor het bepalen 
van de receptorspecificiteit en dus het tropisme van het virus.  

Samenvattend, in dit proefschrift de interacties van drie aviaire coronavirus 
pathotypen en hun gastheer bestudeerd. Hierbij is gebruik gemaakt van recombinante 
eiwitten en virussen om de interacties met bekende en tot dusver onbekende receptoren 
te bestuderen. We laten zien dat zowel de aminozuurvolgorde als de aanwezigheid van 
suikergroepen op het spike eiwit van invloed zijn op de binding aan gastheerreceptoren. 
Met behulp van weefsel- en glycan-arrays hebben we aangetoond dat de specificiteit en 
affiniteit voor glycanen belangrijk is voor het bepalen van tropisme van vogel 
coronavirussen. Het ontrafelen van de interacties tussen spikes en bindingsfactoren kan 
bijdragen aan het ontwerpen van antilichaamtherapieën of vaccinatiestrategieën welke 
kunnen helpen bij het bestrijden van deze belangrijke virussen bij pluimvee. 
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