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Chapter 1

General introduction 

Viruses are the smallest infective agents and capable of propagating only in living cells. 
Although the structure of these particles are as simple as a genome (DNA or RNA) protected 
by a capsid and/or an envelope, they possess highly evolved mechanism to recognize 
susceptible host cells, to inject their genetic material and to hijack the host cell machinery 
to reproduce. Hence, viruses use the host cell machinery to produce viral proteins while their 
genome encodes only for limited number of proteins. Some of these viruses may interfere 
with the host cell functions, induce cell death or/and initiate immune-mediated reactions 
resulting in pathological consequences for the host. Many of these viruses are of economical 
and public health importance because they induce diseases that compromise the health and 
welfare of both animals and humans. It is therefore necessary to understand each step of the 
virus life cycle- attachment, penetration, replication and release- for discovering preventive 
and therapeutic measures against such viral diseases.
 
It is clear that every step of the virus life cycle is significant for the outcome of the infection. 
Nevertheless, the attachment of the virus is the first and one of the most critical steps affecting 
sequential steps of the virus infection. For many viruses infection occurs via the epithelium 
of the organ systems that are exposed to the external environment including  nasopharynx, 
respiratory tract, gastrointestinal tract or the genital tract of the host (1). Since the host 
has evolved protective machineries against pathogens including the innate and adaptive 
immune system, establishing a sustained infection in susceptible cells is a challenge for a 
virus (2). The first physical barriers, for example mucus and ciliary movement in the respiratory 
tract or gut flora and peristalsis movements in the gastrointestinal tract, prevent adhering of 
pathogens to host cells. Viruses are equipped with specialized viral attachment proteins on 
their capsids or the envelopes to establish a successful interaction with the host epithelium, 
despite the fact that host cells are surrounded by such an undesirable environment. These 
viral attachment proteins recognize specific cell surface molecules that are described as viral 
receptors to allow the virus attachment to the target membrane and initiate the infection.

Viral attachment proteins

Viruses are composed of genetic material protected by a protein coat or capsid and in some 
viruses the capsid is encased with an envelope of lipids. While the former are described 
as naked viruses the later are known as enveloped viruses. For example polioviruses 
capsid consists of four structural virus-encoded proteins. These proteins are arranged in a 
icosahedral symmetry forming deep canyons surrounding a12 fold axis (2). These canyons 
interact with receptors on target membrane to initiate the poliovirus attachment (2). For  
enveloped viruses viral glycoproteins in the envelope can mediate the initial virus host 
interaction. For example, for influenza viruses hemaglutinin proteins (HA) spanning through 
the viral membrane as class 1 fusion proteins recognize specific receptors on the host cell (3). 
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Similarly, coronaviruses have major viral attachment glycoproteins, called spikes ( reviewed 
in chapter 2), that are required for binding and allowing the entry of virus into cells. 

Viral receptors 

Viruses exploit surface molecules on membranes to enter host cells. Such molecules that are 
required to establish virus binding to target cells are named viral receptors. These can range 
from carbohydrates, glycoproteins or lipids presents in the cell membrane (2). For example, 
while sialic acids can act as receptor for several viruses including orthomyxovirus, coronavirus, 
adenovirus and reovirus (4), proteoglycans are used by rhinoviruses (5) and murine coronavirus 
(6). As for protein receptors, viruses may exploit one or multiple membranous proteins to 
attach and entry. Many viruses appear to use single protein receptors to bind to host cells, 
for example poliovirus specifically uses poliovirus receptor (PVR) which is known as cluster 
of differentiation (CD)155 to attach (7). Interestingly, while viruses like SARS coronavirus 
binds to two protein receptors, in particular angiotensin-converting enzyme (ACE-2) (8) or 
liver-SIGN (L-SIGN) (9) some other viruses including  human immunodeficiency virus (HIV) 
may require three protein receptors,CD4, chemokine expression patterns of protein and lipid 
receptors but likely also carbohydrates. 

Viral tropism

Viral tropism is described as limiting a virus infection to a restricted cell type of a certain 
organ. Although the presence of the receptor is a major requirement for establishing virus 
attachment and susceptibility of a cell, the viral tropism is determined by three additional 
factors; accessibility (to what extent host cells are exposed to a virus for initiating the 
interaction), permissivity (availability of differentially expressed intracellular gene products 
to support and produce the progeny), and the local intrinsic and innate immunity defence of 
the host against pathogens (2). For example presence of CD155 in many tissues predispose 
these organs for poliovirus but poliovirus infection is primarily localized in oropharyngeal 
and intestinal mucosa and motor neurons resulting in gastrointestinal and nervous disease 
(10). In some cases polioviral infection can be observed in other tissues including muscles 
(1). Notably, certain enveloped viruses may display expanded viral tropism and host range by 
infecting several organ systems within a host or infecting more than one host species. One of 
the best studied of such viruses is influenza virus. In particular, influenza A viruses are capable 
of infecting many organs in a specific host including respiratory system, spleen, kidney, and 
brain (11). Strikingly these viruses can also infect a wide range of hosts including mammals 
and birds. 

Coronaviruses

Coronaviruses are enveloped viruses containing a single stranded positive RNA genome. 
Spike glycoproteins protruding from the envelop mediate virus attachment to its receptor and 
subsequent fusion of the viral membrane with that of the host cell (2). For coronaviruses, the 
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spike has been shown to contribute to the cell and tissue tropism (reviewed in chapter 2). The 
viral receptor for coronaviruses can range from sialic acids to specific protein receptors on the 
target membrane of the host cell. For examples bovine coronaviruses uses sialic acids,Neu5,9 
Ac2 (12) while feline coronaviruses bind to the protein receptor, feline aminopeptidase N 
(APN;(13)). Some other coronaviruses like porcine transmissible gastroenteritis virus (TGEV) 
may use both sialic acids and APN on the target membrane (13, 14). 

Viruses in birds: Avian coronaviruses

Viruses can infect a wide range of hosts; varying from bacteria and plants to animals and 
humans. While many viral infections may pass unnoticed, some are of major importance due 
to their implications on health and welfare of plants, animals and/or humans. In particular, 
viruses that can infect avian hosts have been studied intensively due the occurrence of the 
pandemics of highly pathogenic influenza A virus infection or “bird flu’’. Viral infections in 
domesticated birds can result in huge economic losses in the poultry industry. In wild birds, 
infections may be asymptomatic, but these viruses may remain in these birds and thus 
they may act as reservoirs (11). Particularly wild birds may be ideal reservoirs because of 
their ability fly over long distance and hence they can effectively spread viruses along the 
migration routes.

Coronaviruses in birds are considered economically important pathogens worldwide. They 
are classified in the genus Gammacoronaviridae, family Coronaviridae. Infectious bronchitis 
virus (IBV) is the prototype of this group and can cause severe respiratory disease in chickens. 
In addition, coronaviruses have been reported to induce respiratory disease in other avian 
species, including pheasants, pigeons and  peafowls (15). Interestingly, apart from infecting 
the respiratory system IBV is capable of replicating in other organ systems within a specific 
host, indicating that IBV has an extended virus tropism. On the other hand, some other 
gammacoronaviruses, for an example turkey, guineafowl and quail coronaviruses have been 
observed to possess a more restricted tropism by limiting the infection to the gastrointestinal 
system (16-18).  

Aim and outline of this thesis

Viral and host factors that enable the attachment of a virus to the target host cell are crucial in 
defining viral tropism. This thesis was aimed to identify these factors for avian coronaviruses 
in view of understanding the mechanism behind viral tropism. To this end several novel 
methods were established to study the first step in the avian coronavirus infection cycle. 

As outlined in the introduction, avian coronaviruses appear to have a rather broad virus 
tropism and pathogenicity by inducing disease in many different organ systems including the 
respiratory, gastrointestinal and urogenital system. In contrast to IBV, which primarily causes 
respiratory disease but as well disseminates to other organs, the coronaviruses in turkey, 
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guineafowl and quail appear only to infect the gastrointestinal systems. Understanding the 
viral tropism and host range of these viruses can improve our knowledge in implementing 
prevention and control measures and developing novel antivirals.

Chapter 2 provides an overview on the function of the gammacoronavirus spike proteins 
and its role in defining the tropism and susceptibility. In addition it summarizes the 
reported data on  tissue interactions of the coronaviral spike. Chapter 3 describes the use 
of recombinant spike proteins as a tool to understand the tropism of gammacoronaviruses 
using infectious bronchitis virus, the prototype of the group, as an example. The novel 
avian tissues microarray and its benefits in view of defining organ and susceptibility to a 
particular coronavirus are demonstrated in Chapter 4. Chapter 5 reveals a novel receptor for 
enterotropic gammacoronaviruses and receptor specificity towards defining their restricted 
enterotropism. While  differences in the tissue interactions of mutated influenza virus 
attachment proteins, HAs, have been shown in Chapter 6 the detailed protocol of evaluating 
tissue interactions with protein histochemistry is described in Chapter 7. Overall we provide 
evidence for viral and host determinants that mediate avian coronavirus tropism. In the final 
discussion (Chapter 8) remaining gaps in defining the tropism and pathogenicity of avian 
coronaviruses will be discussed. 
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Abstract

Avian coronaviruses of the genus Gammacoronavirus are represented by infectious bronchitis 
virus (IBV), the coronavirus of chicken. IBV causes a highly contagious disease affecting the 
respiratory tract and, depending on the strain, other tissues including the reproductive and 
urogenital tract. The control of IBV in the field is hampered by the many different strains 
circulating worldwide and the limited protection across strains due to serotype diversity. This 
diversity is believed to be due to the amino acid variation in the S1 domain of the major viral 
attachment protein spike. In the last years, much effort has been undertaken to address the 
role of the avian coronavirus spike protein in the various steps of the virus’ live cycle. Various 
models have successfully been developed to elucidate the contribution of the spike in binding 
of the virus to cells, entry of cell culture cells and organ explants, and the in vivo tropism and 
pathogenesis. This review will give an overview of the literature on avian coronavirus spike 
proteins with particular focus on our recent studies on binding of recombinant soluble spike 
protein to chicken tissues. With this, we aim to summarize the current understanding on the 
avian coronavirus spike’s contribution to host and tissue predilections, pathogenesis, as well 
as its role in therapeutic and protective interventions. 

Keywords: Avian Coronavirus; Gammacoronavirus; Infectious Bronchitis Virus IBV; Spike; 
Binding; Tropism; Pathogenesis; 
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1. Introduction

Avian coronaviruses of poultry belong to the genus Gammacoronavirus within the order 
Nidovirales. Avian gammacoronaviruses can cause major health problems with subsequent 
economic losses in several commercially kept bird species, predominantly chickens (Gallus 
gallus). The genus Gammacoronavirus comprises not only viruses of domesticated birds, but 
also two recently discovered cetacean coronaviruses (Mihindukulasuriya et al., 2008; Woo et 
al., 2014). In addition, avian coronaviruses belonging to the genera Gammacoronavirus and 
Deltacoronavirus have been detected in wild bird species (Chu et al., 2011; Woo et al., 2009; 
Woo et al., 2012), but details on their pathogenesis and host range are yet unknown. In this 
review we will focus on the avian gammacoronaviruses of poultry, in particular on the role of 
the spike protein in the outcome of infection. 
 The avian infectious bronchitis virus (IBV) causes infectious bronchitis in chickens. It is 
to date the most important and best-studied gammacoronavirus and is therefore considered 
the genus’ prototype. IBV was the first coronavirus described, and was discovered in the 
Unites States in the 1930s (Schalk and Hawn, 1931). Currently, it is worldwide present in 
both industrial and back yard chickens (reviewed by Cook et al., 2012; Jackwood, 2012; 
Sjaak de Wit et al., 2011). IBV principally infects the epithelium of its hosts’ upper airways, 
which leads to respiratory distress, and predisposes for secondary bacterial airway infections 
(Dwars et al., 2009; Matthijs et al., 2003). Several IBV strains additionally show a subtype-
dependent tropism for other epithelia, including the renal tubuli, the oviduct and parts of 
the gastrointestinal tract (reviewed in Cook et al., 2012; Ignjatovic and Sapats, 2000; Raj and 
Jones, 1997). This results in variable morbidity, mortality, pathology and production losses 
in poultry. The great diversity of IBV strains worldwide makes it difficult to prevent infectious 
bronchitis in chickens . The presence of IBV-like and other  avian coronaviruses in other bird 
species (including turkey, pheasant, quail, guineafowl, partridge, peafowl, duck, goose and 
pigeon)(Cavanagh, 2005), complicates the field situation for avian coronaviruses even more.  
 IBV is an enveloped virus with a positive sense single-stranded RNA genome of 27.6 kb 
(Masters and Perlman, 2013). The 5’ two-third of the viral genome comprises open reading 
frame (ORF)1ab, which encodes for 15 nonstructural replicase proteins (nsp2-16) involved in 
RNA replication and transcription. The 3’ one-third of the viral genome codes for the structural 
proteins, which are interspersed by the accessory genes 3a, 3b, 4b/intergenic region, 5a, 5b. 
These accessory genes are group specific and have, while being dispensable for IBV replication 
in vitro (Casais et al., 2005; Hodgson et al., 2006), yet unknown functions in vivo. The structural 
proteins of IBV include the spike protein S, the envelop protein E, the membrane protein M 
and the nucleocapsid protein N (Masters and Perlman, 2013). After genomic replication, the 
N protein forms together with the RNA genome the ribonucleocapsid, which is encapsidated 
by the structural proteins E, M and S to generate the virus particle. 
 The virus’ major adhesion molecule is the spike protein S. The characteristics of the 
S protein are described in detail in Chapter 4. Much effort has been undertaken to address 
the role of the spike protein in various steps of the virus’ live cycle, and in the outcome of 
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infection in vivo with respect to tropism and pathogenesis. Various models have successfully 
been developed to study different steps of the IBV infection. This review provides an overview 
of the literature and recent achievements regarding the spike protein of avian coronaviruses, 
to summarize our current understanding on the spike’s contribution to host and tissue 
predilections, pathogenesis, and its role in therapeutic and protective interventions. 

2. Infectious bronchitis 

The disease described as ‘infectious bronchitis’ is a collection of symptoms caused by IBV 
subtypes, which can be discriminated based on genotype, serotype and protectotype (Sjaak 
de Wit et al., 2011). The classical subtype causing respiratory disease, IBV Massachusetts 
41 (M41), was isolated by Van Roekel in the United States in 1941 (reviewed by Fabricant, 
1998). Subtypes other than M41 also cause respiratory disease, but with varying severity. 
Respiratory disease is often clinically characterized by dyspnea, coughing, rales and serous 
nasal discharge (Cavanagh and Gelb Jr, 2008). It is caused by infection of the ciliated 
epithelium of the upper respiratory tract (mainly nasal cavity and trachea), resulting in loss 
of ciliary activity, degeneration, desquamation and loss of these cells. In addition, infected 
tissues shows hyperemia and inflammation (Fig. 1A), which is mainly characterized by the 
presence of heterophilic granulocytes and lymphocytes (Fig. 1B). IBV can also spread to 
the lower respiratory tract and cause aerosacculitis (Bezuidenhout et al., 2011). Usually, 
the epithelium is restored to normal within 2 – 3 weeks via a state of extensive hyperplasia 
(Dwars et al., 2009; Nakamura et al., 1991; Purcell and McFerran, 1972).
 From the respiratory tract, the virus spreads through the host via viremia (Jones and 
Jordan, 1972) to the epithelial cells of the renal tubuli (Chen and Itakura, 1996; Condron and 
Marshall, 1986; Purcell et al., 1976) and the ciliated epithelium of the oviduct (Crinion et al., 
1971; Jones and Jordan, 1971). Here the virus causes respectively renal failure with urate 
obstruction due to tubular necrosis with mononuclear inflammation (Chen and Itakura, 1997; 
Jones, 1974), and oviductal necrosis and malformation leading to abnormal egg production 
and inability to lay (Chousalkar and Roberts, 2007). The severity of the disease in various 
organs depends on the IBV subtype and ultimately determines the mortality in chickens.  
 Minor pathological changes due to IBV infection can occasionally be seen in other 
organs. The virus has been shown to infect glandular epithelial cells of the proventriculus 
(Yu et al., 2001), as well as cells resembling histiocytes and lymphoid cells in and enterocytes 
covering the cecal tonsils (Owen et al., 1991). However, this does not result in significant 
clinical gastrointestinal disease. IBV can also infect the Harderian gland (Toro et al., 1996; Toro 
et al., 1997; van Ginkel et al., 2008), an organ involved in the immune response. Finally, it has 
been reported that testicles can be infected, from which IBV can be venereally transmitted by 
the semen (Gallardo et al., 2011). 
 Avian coronaviruses have been detected in various other poultry species. While some 
of these IBV- or IBV-like viruses display high sequence similarity to IBV or IBV vaccine strains 
(Liu et al., 2005; Sun et al., 2007), others strains are much more divergent and may represent 
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Figure 1. Macroscopic, histological and immunohistochemical analyses of chicken trachea of 
mock-infected or IBV M41-infected layer chickens. 

Seven-day-old SPF layer chickens were oronasally infected with PBS (mock) or M41 and sacrificed at various time 
points after infection. (A) Longitudinally-opened trachea of mock (upper) and IBV-M41 infected (lower) chicken 
at 7 dpi; the M41-infected trachea shows small amounts of mucoid material in the lumen and marked multifocal 
hyperemia of the mucosa. (B) Hematoxilin and Eosin (H&E) (left) and anti-IBV S2 MAb 48.4 immunohistochemistry 
staining (right) of a section of the trachea of a mock-infected (7 dpi) or M41-infected (3 dpi and 7 dpi) chicken. 
The trachea of the M41-infected chicken at 3 dpi shows an intact epithelial lining with minimal hyperemia, while 
both ciliated epithelial cells and non-ciliated mucus-producing epithelial cells show marked intracytoplasmic 
presence of S2 antigen. At 7dpi, the trachea has lost normal architecture due to desquamation of the ciliated and 
non-ciliated epithelium with replacement by a hyperplastic, more squamous non-ciliated epithelium, infiltration 
by large numbers of lymphocytes, marked hyperemia and in the superficial layer presence of necrotic cells. The 
lumen contains desquamated epithelial cells, marked numbers of heterophilic granulocytes and abundant mucoid 
material. Both the epithelial lining and lumen show cells containing the S2 antigen. There are no changes observed 
in the mock-infected chicken trachea. Scale bars represent 50 µm.
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different virus species (reviewed in (Cavanagh, 2005). For example, turkey coronavirus TCoV 
is very divergent in its spike gene, and causes in contrast to the respiratory disease observed 
for IBV, gastrointestinal disease in turkeys (Meleagris gallopavo). Swollen and edematous 
intestines with frothy content are the result of the observed severe enteritis (Cavanagh, 2001; 
Guy, 2000; Maurel et al., 2011). Quail coronavirus, which has a high spike sequence identity 
to TCoV, also causes enteritis with subsequent diarrhea and reduced growth in young quails 
(Coturmix coturmix)(Torres et al., 2013). In guinea fowl (Numida meleagris), guinea fowl 
coronavirus results in acute enteritis and pancreatitis (Liais et al., 2014). Other IBV(-like) 
coronaviruses cause respiratory and kidney diseases in pheasants (Phasianus colchicus) 
(Cavanagh, 2005; Gough et al., 1996), and respiratory disease and pancreatitis in pigeons 
(Columbia livia; Qian et al., 2006). In wild birds, avian gammacoronaviruses are detected, but 
without clinical signs in the respective hosts (Cavanagh, 2005; Chu et al., 2011). 

3. Model systems

Laboratory studies on IBV are hampered by the inability of IBV field strains to grow in 
continuous cell lines. Despite this, several in vitro and ex vivo models, in addition to in vivo 
models, are available. IBV can be cultured in intra-allantoically inoculated embryonated 
chicken eggs. The virus infects epithelial cells of the chorioallantoic membrane (CAM) (Fig. 
2A) and the chicken embryo. Infectious virus particles accumulate in the allantois fluid, from 
which they can be harvested. Morphological changes occur in both the CAM (thickening) 
and the embryo (curling, stunting, growth retardation)(Loomis et al., 1950). In addition, 
ex vivo organ explants have been developed, of which tracheal organ cultures (TOCs) are 
most commonly used (Darbyshire et al., 1976). As read-out parameter for infection a scoring 
system for ciliostasis has been developed (Cook et al., 1999). Oviduct organ explants (Mork 
et al., 2014) have been developed to study IBV strains with tropism for reproductive tract. 
Finally, most IBV field strains grow on isolated primary chicken embryo kidney (CEK) (Gillette, 
1973) cells (Fig. 2B), although adaptation may be required. 
 To study IBV in a laboratory setting, the cell culture adapted IBV strain Beaudette is 
most commonly used (Beaudette and Hudson, 1937). In contrast to most IBV field strains, 
Beaudette can infect baby hamster kidney cells (BHK-21) and monkey kidney cells (Vero) 
(Fig. 2B) (Madu et al., 2007; Otsuki et al., 1979). Beaudette was obtained by serial passaging 
of the virulent Massachusetts M41 strain in embryonated chicken eggs and cultured cells 
(Beaudette and Hudson, 1937). As a consequence of the adaptation, Beaudette lost its ability 
to infect chickens and is not pathogenic for chickens (Geilhausen et al., 1973). 
 The cell culture adapted IBV strain Beaudette has also been the primary choice as 
backbone for the development of recombinant viruses (Casais et al., 2001; Fang et al., 2007; 
Youn et al., 2005). Only recently, a recombinant system based on the attenuated H120 vaccine 
strain was generated (Zhou et al., 2013). Recombinant viruses are excellent tools to dissect 
the contribution of each of the viral proteins to the various steps of the infection cycle. Such 
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evaluation is much more cumbersome with wild type IBV strains, where frequently multiple 
mutations across the genome are present that may all contributing to disease in chickens. 
 To fundamentally study the role of the spike protein in virus binding, recombinant 
soluble spike proteins have become practical tools. Protein histochemistry assays in which 
binding patterns of different IBV spike proteins to various chicken tissues can be compared 
have been developed by us (Wickramasinghe et al., 2011) and others (Shahwan et al., 2013). 
These assays also allow the elucidation of specific host attachment factors involved in IBV 
infection, as detailed in the following chapters.

4. The spike protein

4.1. Characteristics

The spike protein is the largest of the coronavirus structural proteins, and constitutes the 
characteristic club-like or petal-shaped 16-21 nm protrusions that emerge from the virion 
surface, giving it a corona-like appearance when visualized by electron microscopy (Masters 
and Perlman, 2013). The spike protein monomer is a transmembrane glycoprotein with a 
molecular mass of around 128 kDa before glycosylation (Masters and Perlman, 2013). A 
cleaved N-terminal signal peptide (Binns et al., 1985) directs the S protein towards the 
endoplasmatic reticulum (ER), where it obtains extensive terminal N-linked glycosylation 
(Cavanagh, 1983). Around thirty potential N-linked glycosylation sites have been predicted 

Figure 2: Infection of embryonated eggs, cell culture BHK21 cells, and primary chicken embryonic 
kidney cells (CEK) with IBV Beaudette and -M41.  

(A) 10-day-old embryonated chicken eggs were inoculated with Beaudette and M41 and chorioallantoic membranes 
(CAM) were stained with anti-IBV S2 MAb 48.4; (B) BHK21 and CEK cells were inoculated with IBV Beaudette and 
-M41, fixed at 8 hpi and immunofluorescence was performed using the anti-IBV N protein MAb26.1. IBV antigens were 
present in Beaudette-inoculated BHK21, CEK and CAM, while for M41 infection was only observed in CEK and CAM. 
Scale bars for CAMs represent 50 µm; pictures of BHK21 and CEK cells were taken at 40x magnification.
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for the IBV spike protein (Binns et al., 1985), increasing its mass to about 200 kDa. After 
glycosylation in the ER, the monomers oligomerize to form  dimers or trimers (Cavanagh, 
1983; Delmas and Laude, 1990; Lewicki and Gallagher, 2002). 
 The S protein of avian gammacoronaviruses is cleaved by a furin-like host cell protease 
at the highly basic pentapeptide motif RRFRR, generating the subunits S1 and S2 of about 
500 and 600 amino acids in size, respectively (Cavanagh et al., 1986). All reported IBV S 
protein sequences contain this cleavage recognition site, and minor amino acid variations 
are believed not to correlate with serotype, pathogenicity and tropism (Jackwood et al., 
2001). The N-terminal S1 subunit is part of the large ectodomain and forms the bulb of the 
oligomeric S protein. The C-terminal S2 subunit comprises the other part of the ectodomain 
forming a narrow stalk, and the short transmembrane and endodomain. 
 The coronavirus spike protein is a class I viral fusion peptide, in which the variable S1 
domain is involved in host cell receptor binding and the conserved S2 domain mediates 
fusion of the virion and cellular membranes (Bosch et al., 2003; Masters and Perlman, 2013). 
All mapped receptor-binding domains (RBD), including that of IBV (Promkuntod et al., 
2014), are located at various positions within the S1 domain (Masters and Perlman, 2013). 
The S2 membrane fusion unit of the ectodomain contains two heptad repeat regions (HR1 
and HR2), which interact to form the coiled-coil structure of the stalk (de Groot et al., 1987), 
and a putative fusion peptide. After endocytosis, conformational changes in the S protein 
are triggered by exposure to acidic pH in endosomes (Chu et al., 2006), resulting in fusion 
of the viral envelope with the cellular membrane. In contrast to some other coronaviruses, 
no endosomal proteases have been elucidate to contribute to the infection of IBV (see also 
Chapter 6.5). Although the S2 domain is not principally involved in binding to a host cell 
receptor, the interplay between S1 and S2 might synergistically determine the avidity and 
specificity of virus attachment (de Haan et al., 2006; Promkuntod et al., 2013). 

4.2. Sequence diversity

In contrast to virus species belonging to the alpha- and betacoronaviruses, which occur 
as only one or two different serotypes, there are many different serotypes of the chicken 
gammacoronavirus IBV (Jackwood, 2012; Sjaak de Wit et al., 2011). As the main antigenic 
viral protein containing epitopes for neutralization (Cavanagh et al., 1986; Kant et al., 1992; 
Koch et al., 1990; Mockett et al., 1984; Niesters et al., 1987), the high sequence diversity of 
the S1 domain accounts for this serotypical variation. While amino acid sequence identity 
for the conserved S2 domain is usually ≥90% between different serotypes, variation in the 
S1 domain ranges from 2-3% up to 50%, with an average of 20-25% (Britton and Cavanagh, 
2007). A phylogenetic tree of S1 proteins of various IBV reference strains is shown in Figure 3, 
showing the relationship amongst the selected avian coronavirus species with regard to the 
spike.  
 There is a correlation between the amino acid sequence identity and the level of cross-
protection: IBV strains within the same serotype usually share more than 95% amino acid 



23

Review: avian coRonaviRus spike 

Ch
ap

te
r 2

identity in S1 (Cavanagh, 2001), whereas IBV strains of other serotypes share less than 85% 
amino acid identity (Cavanagh, 2005). However, some highly similar strains show only limited 
cross-protection, whilst a high level of cross-protection may exist for strains with a much 
lower homology (reviewed in Sjaak de Wit et al., 2011). 
 Using monoclonal antibodies, five conformation-dependent neutralizing antigenic 
sites were mapped on S1, as well as another immunodominant region in the N-terminal 
region of S2 (Koch et al., 1990; Kusters et al., 1989; Lenstra et al., 1989). The five neutralizing 
antigenic sites on S1 co-locate within three hypervariable regions (HVRs) (Cavanagh et al., 
1988; Cavanagh et al., 1992; Moore et al., 1997; Niesters et al., 1987), suggesting the HVRs to 
be involved in antigenicity and hence serotypical variation. The nucleotide sequence of (part 
of) the S1 subunit of the spike has traditionally been used for genotyping (OIE, 2013). For 
diagnostic purposes, genotyping of IBV isolates is usually limited to the hypervariable amino 
terminus region of S1. As a result of the great genetic variability of IBV variants, a definitive 
nomenclature and genetic classification system is, however, still lacking. 
 The high sequence diversity of the IBV S1 domain and the hypervariable amino terminus 
in particular (Cavanagh et al., 1998; Lee and Jackwood, 2001), is thought to be the result of 
accumulation of mutations and selection. The average rate of synonymous mutations in the 
genomes of coronaviruses is about 1.2 x 10-3 substitutions/site/year (Hanada et al., 2004). 
The reason for the high sequence diversity of the IBV spike is unknown, but probably includes 
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Figure 3: Phylogenetic analysis of the amino acid sequences of the S1 subunit of the spike protein 
for selected avian gammacoronaviruses. 

Sequences were aligned using MUSCLE. The unrooted tree was generated according to the best fit model using 
MEGA 6.06 with the Maximum Likelihood method, LG model, Gamma Distributed, with complete deletion of gaps. 
Bootstrap values (500 replicates) are indicated at the nodes when >70.
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selective pressure, high virus titers and high viral subpopulation diversity (Jackwood et al., 
2012). Intrahost selection of specific IBV subpopulations may be the result of the chicken 
immune response, affinity for host receptors and microenvironmental differences between 
organ systems (Toro et al., 2012). The emergence of new IBV variants is subsequently facilitated 
by the high basic reproductive number, estimated to be 19.95 (de Wit et al., 1998). The wide-
spread use of live-attenuated vaccine strains and the subsequent selective pressure induced 
by neutralizing antibodies against the spike may force the adaptation of the virus to escape 
immunity, and hence result in faster evolutionary rates (as discussed in (Jackwood et al., 
2012). 
 Next to mutations, genetic recombination may lead to the creation and emergence of 
new genetic variants that are very different from the parental strains (Masters and Perlman, 
2013). The occurrence of recombination has been reported for many coronaviruses, with so-
called recombination hot spots representing regions in the genome with higher recombination 
breakpoint incidence. Such hot spots have been mapped for IBV to nsp2, nsp3, nsp16 and 
immediately upstream of the spike gene (Thor et al., 2011). The last mentioned hot spot 
is of special interest, as the S protein contains viral neutralizing epitopes and determines 
tropism. Hence, recombination of the S gene may result in the emergence of new strains, new 
serotypes, or even new viruses infecting other hosts. It was hypothesized that a one-time 
double cross-over event  between IBV and a yet unknown other (avian) coronavirus upon 
infection of a single host led to the emergence of TCoV (Jackwood et al., 2010).

4.3. Spikes of other avian coronaviruses

Although IBV has been described primarily as a chicken pathogen, IBV or IBV-like gamma 
coronaviruses have been found in peafowl, partridge, blue-winged teal, pigeon, mallard duck, 
graylag goose (Cavanagh, 2005), pheasant (Cavanagh et al., 2002), guineafowl  (Cavanagh, 
2005; Liais et al., 2014) and various wild bird species (Chu et al., 2011). Most of these viruses 
have not been isolated, but were detected and partly characterized by molecular methods 
only. 

Poultry other than chicken from which avian gammacoronaviruses have been isolated 
include turkey, quail and guinea fowl (Cavanagh, 2005; Circella et al., 2007; Liais et al., 2014; 
Torres et al., 2013). TCoV is thought to originate from a recombination of IBV with a gene 
from unknown origin (Jackwood et al., 2010). IBV and TCoV full genomes are about 86% 
similar, while the similarity for the S gene is less than 36%. Extensive genetic variation in the 
S gene suggests that North American and European TCoVs subsequently evolved differently 
(Fig. 3; Maurel et al., 2011), resulting in the creation of different serotypes (Jackwood et al., 
2010). The genome of guinea fowl coronavirus aligns to the TCoV genome, suggesting a 
common ancestor, but a current separate evolutionary path (Liais et al., 2014). The S1 of 
quail coronavirus has ~80% amino acid identity with certain TCoV strains, and only ~17% 
aa identity with IBV. However, as the rest of the genome of quail coronavirus are yet to be 
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determined, it is not known whether quail coronavirus evolved with guineafowl and turkey 
coronavirus or separately. S1 sequences from coronaviruses detected in some other poultry 
species, including that of pigeon, partridge and duck, are much less divergent from the S1 of 
IBV reference strains (Fig. 3). It is, however, unknown whether IBV has a broader host-range 
than currently thought, or that these various bird species were infected by a number of yet 
uncharacterized IBV-like viruses.

Figure 4: Binding of S1 proteins of different IBV strains to trachea and other clinically relevant 
tissues.  

Recombinant S1 proteins of IBV M41, H120, Beaudette, B1648 and QX were produced and attachment profiles were 
compared by performing spike histochemistry as previously described (Wickramasinghe et al., 2011) on trachea 
(A) and other chicken tissues (B). Binding of the S1 of the virulent Massachusetts M41 strain corresponded with the 
cells reported to be sensitive for infection with M41. Specifically, M41 S1 had a greater binding avidity than that of 
the attenuated vaccine strain H120 on trachea and lung (Wickramasinghe et al., 2011). For Beaudette S1 no obvious 
binding could be observed on chicken trachea (Wickramasinghe et al., 2011), but also not on CAM (Promkuntod 
et al., 2013). The S1 of the nephropathogenic B1648 did not show any appreciable staining of the trachea and the 
kidney, while for the S1 of QX, a strain with reported reproductive tract tropism, only mild patchy staining to the 
oviduct was observed. Scale bars represent 50 µm; (C) Schematic representation of the ability of recombinant 
trimeric spike proteins to bind to a selected set of tissues and the reported ability of the corresponding IBV strains to 
infect these tissues; na: data not available from literature; nd: not done.  

5. The role of the spike protein 

As argued above, the spike displays high sequence diversity amongst all circulating IBV 
strains. It is therefore believed to play a crucial role in the outcome of the infection. Below 



26

Chapter 2

we will provide an overview of the literature on avian coronavirus spike binding to cells and 
tissues, and the role of the spike in defining tropism and pathogenicity.

5.1. In tissue binding

The effect of sequence diversity in S1 proteins between IBV strains on binding was clearly 
demonstrated by applying recombinant S1 proteins to chicken tissues using spike 
histochemistry (Wickramasinghe et al., 2011)(Fig. 4). The binding avidity of recombinant 
trimeric S1 proteins of IBV Massachusetts strains M41, H120 and Beaudette correlated with 
the reported pathogenicity of those strains in vivo (Wickramasinghe et al., 2011). Strikingly, 
trimeric soluble S1 proteins of other strains, including the nephropathogenic B1648 and the 
QX causing reproductive tract disorders, hardly showed any appreciable binding to trachea 
(Fig. 4A) and other clinically relevant organs, like kidney and oviduct (Fig. 4B). Only for IBV QX 
limited staining of the oviduct was observed. An overview of the observed binding of various 
trimeric spike proteins to tissues and the previously reported infectivity of that particular 
tissue by the corresponding IBV strain is depicted in Fig. 4C.
 When expressed as dimers fused to the human Fc tail, M41 S1 showed much less 
avidity than trimeric M41 S1 for chicken trachea, while B1648 S1 dimers gained, to a limited 
extend, the ability to bind (Fig. 5). These results are in line with the previously observed 
binding patterns of dimeric S1 of B1648 and QX to oviduct explants (Mork et al., 2014) and 
other IBV permissive cells, including tracheal epithelial cells and primary chicken kidney 
cells (Shahwan et al., 2013). Similarly, dimeric Beaudette S1 bound to chicken cells (Hesse 
et al., 2012), while trimeric Beaudette S1 was not sufficient for binding to trachea (Fig. 4A; 
Wickramasinghe et al., 2011) and CAM (Fig. 4B; Promkuntod et al., 2013). Differences in 
amount of staining between laboratories might be explained by the use of 20-fold higher 
protein concentrations by Shahwan and coworkers (Shahwan et al., 2013) compared to that 
used by Wickramasinghe et al. Nevertheless, it is clear that the multimerization state of the 
spike affects the binding characteristics.
 With similar spike histochemistry assays, the contribution of the spike domains to 
binding was elucidated. The N-terminal 253 amino acids of the S1 of the IBV Massachusetts 
strain M41, but not the C-terminal domain (Fig. 6A) had bound to cells in an α-2,3-sialic acid 
dependent manner (Promkuntod et al., 2014). Using the differences in binding between M41 
and Beaudette S1 proteins amino acids 38, 43, 63, and 69, partly overlapping with HVR1,  
were identified as critical residues for binding of M41 (Promkuntod et al., 2014). IBV M41 is 
the only gammacoronavirus for which the RBD has been identified. Likely important binding 
properties also reside in this domain of other avian gammacoronaviruses. The contribution of 
domains outside the S1 became clear when studying Beaudette spike binding (Promkuntod 
et al., 2013). While Beaudette S1 was not sufficient for binding to chicken trachea (Fig. 6A), 
CAM (Fig. 4B), and BHK21 cells (Fig. 6B), extension of this protein with the S2 part of the spike 
ectodomain resulted in binding to BHK21 cells (Fig. 6B) and CAM (Promkuntod et al., 2013). 
Interestingly, extension of the M41 spike, now comprising the complete ectodomain, resulted 
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in an increased affinity and extended binding profile to the chicken trachea (Fig. 6B), and thus 
S1 and S2 might work together to determine the avidity and specificity of virus attachment.

5.2. In cell culture tropism

The IBV spike glycoprotein is a determinant of cell tropism, and the extended host cell 
tropism of Beaudette (see Chapter 3 of this review) is merely determined by this protein. 
By replacing the ectodomain of the spike of Beaudette by that of M41 in the Beaudette viral 
background using recombinant IBVs (Casais et al., 2003), it was observed that the BeauR-
M41(S) acquired the cell tropism of IBV M41. While M41, recombinant Beaudette and BeauR-
M41(S) had the ability to produce progeny virus on primary chicken kidney cells, the Vero, 
BHK-21 and CEF cells only supported infection and replication of Beaudette (Casais et al., 
2003). A recombinant Beaudette in which the S1 gene of Beaudette was replaced by that of 
H120 was recently generated  (rBeau-H120(S1e)) and retained its ability to grow on Vero cells 
(Wei et al., 2014), indicating that the prerequisites for infection of cell culture cells resides in 
S2 sequence of Beaudette. 
 There is contradictory data published on the cause of the extended host range of 
Beaudette. Major putative factors that are studied include additional cleavage of the S 
protein by host proteases and extended binding to host attachment factors, which are 
both discussed in Chapter 6 of this review). In addition, it has been shown that particular 
mutations in the S protein that drive the cell-cell fusion activity determine the infectivity of 
Beaudette (Yamada et al., 2009). It might well be that not only attachment to additional host 
factors, but also fusion and perhaps other downstream events contribute to the cell culture 
tropism of Beaudette. 

FIGURE 5: Binding characteristics of recombinant trimeric and dimeric  IBV S1 proteins.

Recombinant S1 proteins produced in frame with the GCN4 trimerization motif and the Strep-tag (‘trimers’) or in 
fusion with the human Fc tail (‘dimers’) were applied to chicken trachea. Using similar protein amounts for dimeric 
and trimeric S1 (at a concentration of 0.1 mg/ml ), trimeric M41.S1 bound with higher avidity to trachea compared 
to dimeric M41.S1. In contrast, dimeric B1648.S1 showed limited binding to trachea, while for trimeric B1648.S1 no 
binding at all could be detected. Scale bars represent 50 µm.
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5.3. In in vivo tropism and pathogenesis

While the S1 domain is important in binding and the S2 domain contributes to determining 
the in vitro tropism of IBV, the role of the S protein in vivo is less clear. Exchange of the spike 
protein of Beaudette by that of virulent M41 and 4/91 IBV strains in the viral Beaudette 
genome resulted in apathogenic recombinant viruses BeauR-4/91(S) (Armesto et al., 2011) 
and BeauR-M41(S) (Hodgson et al., 2004); the latter only showing poor replication in trachea 
and nose compared to M41 (Hodgson et al., 2004). In addition, replacement of only the 
S1 domain of Beaudette by that of the vaccine strain H120 rendered nonpathogenic virus 
that could be isolated from tracheal swabs till day 6 (Wei et al., 2014), indicating that the 
recombinant virus had the ability to infect and replicate in the respiratory tract. To conclude 
to what extend the spike protein determines in vivo tropism clinical studies comparing the 
organ and cell preferences of the recombinant and parent viruses are needed. The previously 
mentioned studies nevertheless suggest that the spike properties do not fully determine 
pathogenicity of IBV in chickens. 

Fgure 6: IBV spike domains involved in binding. 

Spike histochemistry was performed using recombinant soluble spike domains. (A) the N-terminal S1 domain 
(M41.NTD, comprising aa 19-272 of the spike) and the C-terminal S1 domain (M41.CTD, comprising aa 273-532 of 
the spike) of M41 were applied to chicken trachea. The NTD was both sufficient and required for attachment to 
chicken tissues, and thus contained the receptor-binding domain (Promkuntod et al., 2014); (B) recombinant S1 and 
ectodomains of Beaudette and M41 were produced as soluble recombinant proteins and applied to BHK21 cells 
and chicken trachea, respectively. Binding of Beaudette spike to cell cultures was only observed for the ectodomain, 
while the extension of S1 with the S2 ectodomain for M41 increased the binding avidity to the trachea (similarly as 
observed before for the CAM; (Promkuntod et al., 2013). Scale bars represent 50 µm.
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 Further elucidation of the contribution of the spike to tissue tropism and pathogenesis 
in vivo came from studies reporting intrahost variation. Viral subpopulations with amino acid 
differences in S1 distinct from the predominant vaccine populations were selected in the 
trachea (Gallardo et al., 2010; McKinley et al., 2008; van Santen and Toro, 2008), tears and 
Harderian gland (van Santen and Toro, 2008), and reproductive tract (Gallardo et al., 2010). 
These subpopulations were suggested to have different phenotypes across organs (Gallardo 
et al., 2010; Ndegwa et al., 2014), and their selection might depend on the IBV specific immune 
responses (Ndegwa et al., 2014; Toro et al., 2012). 
 The nonstructural replicase proteins encoded by ORF1ab clearly contribute to the 
fitness and pathogenicity of IBV in vivo. A recombinant IBV composed of the structural region 
of the virulent M41 and the replicase genes of the nonvirulent Beaudette (Armesto et al., 2009) 
did not show any clinical symptoms after inoculation in chickens, and tracheas of all birds had 
100% ciliary activity, in contrast to M41. No virus or viral RNA could be detected in the trachea 
of birds infected with the recombinant BeauR-Rep-M41-Struct-2. It is of interest to elucidate 
whether this virus can replicate at the inoculation site, and to determine whether the lack 
of pathogenicity was due to reduced fitness. Further evidence on the role of the replicase 
genes in pathogenicity came from a study in which the genome sequences of virulent and 
avirulent ArkDPI IBV viruses were compared (Ammayappan et al., 2009). Next to the spike, 
most amino acid substitution were located in ORF1a. The proteins encoded by this region in 
other coronaviruses are known to have an immune regulatory role and determine the viral 
replication rate. Thus, they might be involved in controlling the host response to infection, 
or the fitness of the virus. The replicase region is, however, not the sole determinant of IBV 
pathogenicity as replicase gene sequences of IBVs recovered from infected chickens were 
identical to those of vaccine viruses, with a lack of correlation with the pathotype (Mondal 
and Cardona, 2004).

6. Host determinants

The binding of the coronavirus spike protein to a host factor, and the subsequent fusion of the 
virus and host cellular membranes, are the first steps in virus’ life cycle. The main host factor 
that is involved in IBV attachment is alpha2,3-linked sialic acid. In addition, specific lectins, 
heparan sulfate and cellular furin have been shown to play a role in Beaudette infection 
in vitro. Where knowledge on host factors involved in IBV infection is limited, such as with 
regard to the possible existence of a protein receptor, available data for other coronaviruses 
is shortly reviewed. The interaction between the spike protein and its specific attachment 
factors is considered to be mainly responsible for the restricted host species range and tissue 
tropism of coronaviruses. Hence, the distribution of the receptors is critical for the outcome 
of infection in vivo. 
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6.1. Sialic acids

Alpha2,3-linked sialic acids have been identified as a receptor determinant for IBV in both 
cells and TOCs (Abd El Rahman et al., 2009; Winter et al., 2006; Winter et al., 2008). Binding 
of alpha2,3-linked sialic acids to specific lectins corresponded with the susceptibility 
of these cells to IBV infection, and desialylation by neuraminidase hampered infection. 
Our lab (Wickramasinghe et al., 2011) and others (Mork et al., 2014; Shahwan et al., 2013) 
demonstrated that binding of recombinant S1 proteins to chicken tissues ex vivo (including 
trachea, lung, intestine and kidney) also depended on alpha2,3-linked sialic acids (Fig. 7A). 
In particular, glycan array studies revealed that the S1 protein of the IBV Massachusetts M41 
strain specifically bound the di-sialodated glycan Neu5Acα2,3Galβ1,3(Neu5Acα2,3Gal1,4)-
GlcNAc (Wickramasinghe et al., 2011). Rahman et al (Abd El Rahman et al., 2009) suggested 
that the observed variation in tissue tropism between different IBV strains might be explained 
by a difference in preference for specific sialic acids. In this respect, no particular sialic acid 
could be identified in glycan arrays applying S1 proteins of other IBV strains, including H120, 
B1648 and QX (data not published). This suggests that either these proteins bind with much 
lower affinities to the same sialic acid, or that they recognize yet other unidentified host factor, 
including specific sialic acids which might be not present on this array. While the results of 
Mork et al (Mork et al., 2014) suggest that binding of recombinant dimeric S1 proteins of IBV 
strains with different pathogenicity to sialic acids is comparable, our studies using trimeric 
S1 proteins indicate that there might not only be differences in binding characteristics of 
different spikes (Fig. 4), but also differences in the attachment profiles of the spike protein 
to tissues from different animals. For example, binding of the same trimeric M41 S1 protein 
to oviduct of broiler and layer chickens (Fig. 7B) showed remarkable differences in binding 
patterns, suggesting differences in attachment factor expression. 
 Several other coronaviruses use host surface glycans containing sialic acids as 
attachment factor (Schwegmann-Wessels and Herrler, 2006). It has been shown that 
sialic acid binding can affect the tropism or the pathogenicity of the virus. For the murine 
betacoronavirus MHV extended attachment to O-acetylated sialic acids has been shown 
to affect cell tropism, resulting in increased neurovirulence (Kazi et al., 2005). The 
alphacoronaviruses porcine respiratory coronavirus and related transmissible gastroenteritis 
virus both principally use a cellular protein receptor, but the extended ability of the latter to 
bind to sialic acid is linked to its enterotropism (Krempl et al., 1997; Schultze et al., 1996). 
Interestingly, IBV does not express a receptor-destroying enzyme (Winter et al., 2006), which 
is in contrast to avian influenza virus and certain betacoronaviruses (Schwegmann-Wessels 
and Herrler, 2006). To compensate for the observed lower binding affinity of the IBV spike 
compared to the HA attachment protein of avian influenza (Wickramasinghe et al., 2011) 
other host attachment factors might be involved.
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6.2. Protein receptors

So far, for none of the gammacoronaviruses a functional protein receptor has be identified. 
For many alpha and betacoronaviruses, specific protein receptors have been identified that 
restrict the host and tissue infection. Several of the alphacoronaviruses (including porcine, 
feline, canine and certain human coronaviruses) utilize aminopeptidase N (APN) as receptor 
protein, while the protein receptor usage of betacoronaviruses is more variable (Masters 
and Perlman, 2013). Murine coronavirus uses CEACAM1 as receptor (Masters and Perlman, 
2013), the human alphacoronavirus NL-63 and the betacoronavirus SARS-CoV both use ACE2 
(Masters and Perlman, 2013), while the betacoronavirus MERS-CoV uses DPP4 (Raj et al., 
2013). Miguel et al. (Miguel et al., 2002) suggested a role for APN during IBV entry, but  Chu et 
al (Chu et al., 2007) concluded that feline APN was not a functional receptor for IBV. Whether 
there actually is a cell surface protein receptor to determine the tropism of IBV remains to be 
elucidated.  

6.3. Lectins

Overexpression of the human C-type lectins DC-SIGN or L-SIGN in normally non-permissive 
cell lines enhanced infection of IBV in a sialic acid independent manner (Zhang et al., 
2012). Similar second or co-receptors, besides the mentioned protein receptors, have been 
identified for the human coronaviruses SARS-CoV (Jeffers et al., 2004; Marzi et al., 2004; Yang 
et al., 2004), 229E (Jeffers et al., 2006) and NL63 (Hofmann et al., 2006), and for the feline 
coronaviruses FIPV (Regan and Whittaker, 2008) and FeCoV (Regan et al., 2010). However, 
as DC-SIGN and L-SIGN are mainly expressed on non-epithelial cells, like dendritic cells and 
endothelial cells of liver and lymph nodes, respectively, the role for chicken homologues of 
human DC-SIGN/L-SIGN in IBV pathogenesis in vivo is hence speculative. 

6.4. Heparin sulfate

Next to the potential contribution of the S2 domain (Chapter 5.1), the extended host tropism 
of the cell culture adapted IBV strain Beaudette might as well be explained by binding to 
an additional cell surface receptor, namely heparan sulfate (Madu et al., 2007). This is a 
well-known receptor for many different viruses (Liu and Thorp, 2002), including a murine 
coronavirus MHV mutant with extended host range (de Haan et al., 2005). Upon passage in 
cell culture, both IBV Beaudette (Madu et al., 2007) and MHV (de Haan et al., 2005) adapted by 
the acquisition of heparan sulfate-binding sites, which enabled the use of heparin sulfate as 
alternative attachment/entry receptor. The putative heparin sulfate-binding site of Beaudette 
overlaps with a second furin cleavage site in the S2 domain (Madu et al., 2007). Madu et al 
showed that the infectivity of Beaudette could be inhibited in the presence of soluble heparin 
or in cell lines lacking heparan sulphate, and concluded that heparin sulfate had a role as 
attachment and entry factor for Beaudette. Replacing the proposed heparan sulphate 
binding sequence (RRKR/S) in S2 by the corresponding sequence of M41 (PRRR/S), however, 
suggested that the heparan sulphate binding site is not crucial for entry, as infectious viruses 
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could be recovered from Vero cells (Yamada and Liu, 2009). Using our spike histochemistry 
assay we demonstrated that site was also not required for the attachment of Beaudette spike 
ectodomain to susceptible chicken tissues (Promkuntod et al., 2013) (Fig. 8). 

6.5. Host proteases

Furin is a well-known host protease for coronaviruses (Masters and Perlman, 2013). Furin-
dependent cleavage of the IBV spike between S1 and S2 is believed to occur during virus 
assembly (Cavanagh, 1983), and was suggested not to correlate with pathogenicity of the 
IBV strain (Jackwood et al., 2001). An additional furin-cleavage site in the S2 subunit of 
the Beaudette was suggested to be involved in the furin-dependent entry and syncytium 
formation in vitro (Yamada and Liu, 2009). This corresponded with the observation that a 
productiveness of IBV Beaudette infection correlated with cellular furin expression (Tay et al., 
2012). Yamada et al (Yamada and Liu, 2009) hypothesized a novel XXXR/S cleavage site in the 
IBV spike, corresponding to the position of the additional S2 cleavage site in Beaudette, for 
cleavage by other yet unidentified host protease. Such a host protease might contribute to 
the tropism of IBV strain, as it has recently been observed that Beaudette entry, while being 
furin-dependent on Vero cells, depended on a yet unidentified protease in chicken kidney 
cells (C. Winter, personal communication).  

Figure 7: Binding of M41.S1 is sialic acid dependent and differs between the oviduct of broiler 
and layer.  

Spike histochemistry using recombinant M41.S1 proteins was performed as described before (Wickramasinghe 
et al., 2011) on sections of (A) trachea of broiler and (B) oviducts of layer and broiler. Binding of M41.S1 could be 
inhibited by pretreating the trachea with neuraminidase from Vibrio Cholera (VCNA) and by pre-incubating the spike 
with the Neu5Acα2,3 specific glycan SiaLec (data not published). While M41.S1 has high binding avidity for oviduct 
of the layer, binding to broiler oviduct almost lacking. Scale bars represent 50 µm.
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7. Vaccine development and protection

The spike protein induces both humoral and cellular immune responses in chickens infected 
with IBV(Cavanagh, 2007). The presence of antibodies does not necessarily correlate with 
protection against IBV (Cavanagh et al., 1986; Collisson et al., 2000; Ignjatovic and Galli, 
1994). Cytotoxic T lymphocytes (CTL) are also critical in preventing disease (Collisson et al., 
2000), and CTL epitopes are present on both the spike protein as well as in the nucleocapsid 
(Collisson et al., 2000; Liu et al., 2012). 
 Several different strategies are currently employed to generate vaccines against IBV. The 
strategies employed to evoke protective immune responses in chickens can be subdivided in 
the use of live attenuated vaccines, viral vectors and DNA plasmids,  and recombinant IBVs. 
Many of the commercially available vaccines to protect poultry against infectious bronchitis 
in the field are of the live-attenuated type (Sjaak de Wit et al., 2011), while most of the other 
approaches are still under experimental investigation. The overview below is given in the 
context of the spike protein and its role in protection.

7.1. Life-attenuated vaccines

Live-attenuated IBV vaccines, obtained by serial passaging of an IBV isolate in embryonated 
eggs, were among the first IBV vaccines developed and still constitute most of the currently 
marketed IBV vaccines. Attenuation is based on the adaptation of a virulent field isolate to 
chicken embryos, with the aim of generating viruses with reduced virulence in chickens, while 
retaining the ability to induce sufficient immune responses to protect against a challenge 
virus. In attenuated virus strains, most mutations are observed in the spike and in the region 
encoding for the replicase proteins (Ammayappan et al., 2009; Mondal and Cardona, 2004). 
It is, however, yet impossible to predict based on a genetic sequence whether the IBV strain 
is sufficiently attenuated, while potent enough to induce and effective immune response. In 

Figure 8: Beaudette spike ectodomain binding to chorioallantoic membrane tissue. 

Spike histochemistry was performed using recombinant wild type Beaudette spike ectodomains (Beau.ED), or 
the ectodomain in which the proposed heparan sulphate binding site SHRKHS (aa 686–691) was replaced by the 
sequence of M41 SPRRRS (Beaud.ED*M41); Beau.ED in the presence of 10 mg/ml heparin, or application of Beau.
ED  after treatment of tissues with 1mU neuraminidase of Vibrio Cholera (VCNA, as described in (Promkuntod et al., 
2013). The proposed heparan binding sequence was not required for binding of Beaudette spike, nor could binding 
be blocked with heparin; binding to CAM was dependent on sialic acids. Scale bars represent 50 µm.
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addition, the use of attenuated live-vaccines poses a risk of residual pathogenicity associated 
with vaccine back-passage in flocks (Abro et al., 2012; McKinley et al., 2011; OIE, 2013). Despite 
this, live attenuated IBV vaccines are still the golden standard to protect chickens from IBV, as 
immune responses are high. 

7.2. Viral vectors and DNA plasmids 

Delivery of spike proteins through the use of DNA plasmids or viral vectors to chickens has 
resulted in variable levels of protective immunity (Cavanagh, 2007). DNA vaccine studies show 
that the immunization of chickens with genes encoding multiple structural proteins of IBV can 
increase the level of humoral and cellular responses compared to the use of individual genes 
(Guo et al., 2010; Yang et al., 2009). In contrast to vector vaccines commonly used in the poultry 
field to transport and present parts of other avian pathogens (including Newcastle disease 
virus, fowl pox virus, and herpes virus of turkeys/Marek’s disease virus), no such vaccine is 
marketed for IBV. Delivery of the spike using attenuated strains of other pathogens, including 
Mycoplasma gallisepticum vaccine strain (Shil et al., 2011) and recombinant baculoviruses 
(Zhang et al., 2014) showed only partial protection against challenge with homologous IBV. 
Vector vaccines might be improved by addition of immune-related molecules, as these can 
reduce clinical symptoms and viral RNA levels  (Chen et al., 2010; Shi et al., 2011; Wang et al., 
2009; Zeshan et al., 2011). Importantly, when cloning into a DNA plasmid or viral vector, the 
particular sequence of the S1 domain has to be taken into account, as already one amino acid 
mutation can reduce the ability to confer protection against challenge considerably (Toro 
et al., 2014). While most studies only express the S1 domain, recently Toro and coworkers 
showed that the S2 protein can also contribute to the protection against heterologous IBV 
challenge(Toro et al., 2014). Despite promising developments, viral vector vaccines and DNA 
vaccines for IBV still perform less well than existing live-attenuated vaccines. 

7.3. Recombinant viruses 

Studies in which recombinant viruses were tested for their ability to protect against challenge 
in vivo have shed more light on the role of the spike and other genes in attenuation and 
induction of protective immune responses. Vaccination with recombinant IBV Beaudette 
with spikes of virulent M41 (BeauR-M41(S); (Hodgson et al., 2004) and 4/91 (BeauR-4/91(S); 
(Armesto et al., 2011) protected chickens against a challenge with IBV M41 and -4/91, 
confirming the importance of homologous spike proteins in the induction of protective 
immune responses. Moreover, the presence of the S1 domain of IBV vaccine strain H120 in a 
Beaudette background bone was already sufficient to significantly decrease morbidity after 
challenge with the serologically related virulent M41 (Wei et al., 2014). The recombinant virus 
induced IBV-specific antibodies to a similar extend as the live attenuated H120 vaccine, and 
could result in fewer histopathological changes. Recombinant IBVs as vaccines are promising, 
as in contrast to vector vaccines and DNA plasmids they gain comparable levels of protection 
as obtained by live-attenuated vaccines. Future research of these recombinant vaccines will 
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likely focus on the quantification of protective immune responses and the ability to induce 
protection against multiple serotypes.  

8. Summarizing conclusions

In this review we summarized the current knowledge on avian coronavirus spike proteins. 
We addressed both the fundamental spike characteristics, and provided an overview of 
experimental data on the role of the spike in binding and entry in cell culture, tissue tropism 
ex vivo, pathogenesis and protection in vivo. 
 The fundamental characteristics of the spike proteins of avian coronaviruses resemble 
that of other members of the subfamily Coronavirinae in many ways. However, the serotype 
diversity caused by the sequence diversity between S1 proteins seems to be unique for 
IBV. Coronaviruses with divergent spike sequences have also been identified in other 
poultry species, including turkey. While IBV is primarily a respiratory pathogen in chicken, 
coronaviruses of turkey cause predominantly gastrointestinal disease. The pathogenesis and 
tropism of gammacoronaviruses in many other bird species is less clear, and it remains to be 
determined whether these are truly different viruses or whether IBV has a broader species 
tropism than previously thought. 
 The N-terminal domain of the spike protein contains the receptor binding domain. This 
domain of S1 of the prototype Massachusetts M41 strain is both sufficient and required for 
attachment to chicken tissues. The binding preference and avidity of trimeric S1 for chicken 
tissues correlates with the reported tropism and pathogenicity in vivo. Binding characteristics 
of recombinant dimeric S1 proteins differ in this respect, but also require alpha2,3-linked 
sialic acids on the cell surface to attach. It remains to be established whether host- or organ-
specific expression of sialic acids or yet unidentified host factors, including a putative protein 
receptor or host protease, contribute to limiting the tropism of various IBV strains.  
 The spike protein is the main determinant for IBV tropism in cell culture. The extended 
tropism of IBV Beaudette has been linked to several features of the S2 domain, including a 
heparan sulfate binding site, a second furin cleavage site, fusion-promoting mutations, as 
well as its synergistic interaction with S1. Only limited information is available on the actual 
role of the spike in determining the virus’ preference for organs and cells in vivo, but despite 
this, it is clear that the spike is not the sole contributor to the IBV pathogenicity, as viral 
replicase genes also contribute to the outcome of the disease in chickens.  
 Finally, both the S1 and S2 domains, but also the nucleocapsid protein are important 
for the induction of protective immune responses. Selective pressure, likely enhanced by 
extensive vaccination, as well as intrahost selection results in adaptive evolution of avian 
coronaviruses by mutation and recombination. Due to the occurrence of many different IBV 
strains worldwide, and the limited cross protection across serotypes, vaccination to control 
infectious bronchitis in the poultry industry still remains a big challenge.
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Abstract 

Binding of viruses to host cells is the first step in determining tropism and pathogenicity. 
While avian infectious bronchitis coronavirus (IBV) and avian influenza A virus (IAV) infection 
both depend on α2,3-linked sialic acids, the host tropism of IBV is restricted compared to 
that of IAV. Here, we investigated whether the interaction between the viral attachment 
proteins and the host could explain these differences by using recombinant spike domains 
(S1) of IBV strains with different pathogenicity, as well as the hemagglutinin (HA) protein 
of IAV H5N1. Protein histochemistry showed that S1 of IBV-strain M41 and HA of IAV-strain 
H5N1 displayed sialic acid-dependent binding to chicken respiratory tract tissue. However, 
while HA bound with high avidity to a broad range of α2,3-linked sialylated glycans, M41-S1 
recognized only one particular α2,3-linked disialoside in glycan array. When comparing the 
binding of recombinant IBV-S1 proteins derived from IBV strains with known differences in 
tissue tropism and pathogenicity, we observed that while M41-S1 displayed binding to cilia 
and goblet cells of the chicken respiratory tract, S1 derived from the vaccine H120 and the 
non-virulent Beaudette strain had reduced or no binding to chicken tissues, respectively, in 
agreement with the reduced ability of these viruses to replicate in vivo. While also the S1 
protein derived from the nephropathogenic IBV-B1648 hardly displayed binding to respiratory 
tract, distinct binding to kidney cells was observed, but only after sialic acid removal from 
S1. In conclusion, our data demonstrate that the attachment patterns of the IBV S proteins 
correlate with the tropism and pathogenicity of the corresponding viruses.
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Introduction

Binding of a virus to the host cell is a first and important step in determining tissue and host 
specificity, and ultimately pathogenicity. While some viruses, like influenza A virus (IAV), 
bind to relative abundant and universal host factors, and may therefore infect various host 
species, other viruses have a more restricted repertoire of susceptible hosts, limited by their 
requirement for specific virus receptors on host cells. In general, coronaviruses, which cause 
respiratory and/or intestinal infections in either avian or mammalian species, are examples 
of viruses with a narrow host tropism. 
 Coronaviruses are enveloped, positive-strand RNA viruses of both human and 
veterinary importance. Infectious bronchitis virus (IBV) is the prototype avian coronavirus, 
belonging to the genus Gammacoronaviridae. IBV infections are restricted to domestic fowl 
(predominantly chicken, Gallus gallus), causing a highly contagious respiratory disease with 
huge economical impact. Many IBV geno- and serotypes, which differ extensively in their 
pathogenicity for poultry, are circulating worldwide (reviewed in (15)). The initial target of IBV 
is the epithelial surface of the respiratory tract, but IBV infects also several non-respiratory 
tissues like the gastrointestinal tract, the oviduct and the kidney. Infection of the enteric 
tissues is usually not associated with clinical signs, while replication in the kidney might 
cause nephropathogenicity depending on the IBV strain (reviewed in (15)). So while IBV 
host tropism is restricted to chickens, the cell and tissue tropism in chickens varies greatly 
between different IBV strains. 
 The coronaviralenvelope contains the major attachment spike (S) protein, the 
membrane (M) protein, and the minor envelope (E) protein (reviewed in (60)). The spikes, 
consisting of trimers of S proteins (23) are required for attachment to the cells and subsequent 
fusion of the viral and cellular membranes. The S protein is thus largely responsible for cell 
and host tropism. In agreement herewith, it has been shown for many coronaviruses (31, 42, 
54), including IBV (13), that substitution of the S ectodomain by that of another coronavirus 
results in viruses with the in vitro cell preference of that of the donor spike. Many, although 
not all, S glycoproteins are cleaved during synthesis into two subunits, the N-terminal S1 and 
the C-terminal S2 subunit (17, 36, 36, 71). While S1 attaches the virion to the cell membrane 
by interacting with cell receptors, S2 is responsible for membrane fusion (12). For IBV, the 
receptor-binding domain has not yet been mapped, but as in other coronaviruses (29, 43, 65, 
70) the cell binding determinants likely reside in the S1 subunit. Furthermore, the S1 domain 
is the main inducer of neutralizing antibodies and protective immune responses and displays 
high variation (5-50%) between IBV strains (15, 16, 35, 37, 38, 59).
 In general, the requirement for specific virus receptors on host cells restricts the 
coronaviral host repertoire. For many coronaviruses, but not for IBV, specific protein receptors 
have been elucidated. For IBV, attachment to and infection of host cells, both cultured cells 
(69) and ex vivo trachea organ cultures (68), has been shown to depend on alpha2,3-linked 
sialic acid (α2,3-sia)(55). Only for IBV-Beaudette, a strain with an extended host range in cell 
culture after serial passage in eggs (46, 50), an additional host attachment factor, heparan 
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sulphate, has been resolved (46). However, as this strain lost its ability to replicate in chickens 
(28, 33) the relevance of this host factor in vivo can be questioned. As α2,3-sia is abundantly 
present in many different animal species, other yet unknown determinants likely restrict 
the IBV host tropism. IBV may require an, yet unidentified, second receptor or other host 
factor in addition to α2,3-sia to enter cells. Alternatively, IBV may only bind to a very specific 
subset of α2,3-sialidated glycans, only present in chickens. Either way, IBV strain-dependent 
differences in tissue tropism might be explained by different preferences of their S proteins 
for α2,3-sia containing glycans.
 As binding of the spike protein of IBV to host cells likely plays an important role in 
determining host and tissue tropism and thus the outcome of the infection, it is of particular 
interest to elucidate the characteristics of this interaction. To study these interactions, we 
decided to generate recombinant spike proteins, as most IBV strains are very limited in 
their ability to grow in cell culture and acquire genomic mutations rapidly as a result of cell 
culture adaptation (24). A similar recombinant protein approach has recently been taken to 
determine the receptor binding properties of hemagglutinin (HA) proteins of IAVs (22). As 
both IBV and avian IAV are known to bind to α2,3-sialylated glycans, we first compared the 
interactions of recombinant S1 and HA proteins with avian tissues and glycans. In agreement 
with their different tropism, the attachment proteins of IBV and IAV differed dramatically in 
their avidity and specificity. Next, we analyzed the receptor binding of S proteins derived 
from IBV strains with reported differences in pathogenicity. Using histochemistry and glycan 
array analyses we showed that the binding of these viral proteins correlate with their tissue 
tropism and reflect the pathogenicity of these viruses in vivo. 

Materials and Methods

Genes and expression vectors

IBV encoding sequences were obtained from the National Center for Biotechnology 
Information (NCBI) GenBank (http://www.ncbi.nlm.nih.gov/entrez/): IBV-M41 accession 
number AY851295, IBV-Beaudette CK accession number AJ311317, IBV-H120 accession 
number FJ888351, and IBV-B1648 accession number X87238. Human codon-optimized 
sequences of the S1 encoding domains (initiating directly downstream of the signal 
sequence till the furin cleavage site: IBV-M41, -Beaudette and -H120: aa19 to 532; IBV-B1648: 
aa19-536) were synthesized (GenScript) and cloned into the pCD5 vector (73). The S1 
genes were preceded by a sequence encoding an N-terminal CD5 signal peptide and 
followed by sequences encoding a C-terminal artificial GCN4 trimerization domain (GCN4; 
RMKQIEDKIEEIESKQKKIENEIARIKKLVPRGSLE)(32) and the Strep-Tag II (ST; WSHPQFEK, IBA 
GmbH) for affinity purification. Amino acid alignment of the IBV S1 domains was generated 
by Neighbor-Joining phylogeny and is depicted in Fig. 5A. The cloning of H5 (NCBI accession 
number ABW90137.1) of avian influenza H5N1into pCD5 was described before (20). 
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Protein expression and purification

The pCD5 expression vectors containing the S1 domain-encoding sequences were 
transfected into HEK293T cells as previously described (11, 21).Tissue culture supernatants 
were harvested 7 days post transfection. The S1 proteins were purified using Strep-Tactin 
sepharose beads according to the manufacturer’s instructions (IBA GmbH). Similarly purified 
culture supernatants of HEK293T cells transfected with a pCD5 plasmid lacking the S1 coding 
sequence served as negative controls. When indicated, S1 proteins bound to Strep-Tactin 
beads were treated with Vibrio cholerae neuraminidase(VCNA, Roche; 2 μU/ml)for 3 h at 
37 °C, followed by three washing steps prior to elution of the protein fromthe beads. The 
concentrations of the proteins were determined using the NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific Inc) and confirmed by Western blot. The expression and purification 
of H5 of avian influenza H5N1 was performed in a similar way (20). 

Western blot 

IBV-S1 and H5N1-HA protein expression and purification was analyzed by SDS–PAGE 
followed by Western blotting using the HRPO-conjugated Strep-Tactin antibody (IBA GmbH). 
When indicated, the S1 proteins were treated with PNGaseF (New England Biolabs Inc.) prior 
to electrophoresis according to the manufacturer’s procedures in order to remove N-linked 
oligosaccharides. 

Solid phase assay

Binding of IBV-S1 and H5N1-HA was assessed by fetuin binding assay. To this end, 100 μg/
ml fetuin per well was used to coat 96-well Nunc maxisorp plates (NalgeNunc International). 
Recombinant S1 or HA was precomplexed with HRP-linked anti-Strep-tag antibody (2:1 molar 
ratio) for 30 min at 0 °C prior to overnight incubation of limiting dilutions on the fetuin-coated 
plates. Binding was subsequently detected using tetramethylbenzidine (TMB) substrate 
(BioFX) in an ELISA reader (EL-808[BioTEK]), reading the OD at 450 nm. 

Spike and HA histochemistry

Formalin-fixed paraffin-embedded tissues from a 6-week-old male broiler chicken and 
from a male barnacle goose (Brantaleucopsis) were sectioned at 4 μm. Tissue sections were 
deparaffinized, rehydrated, and antigen retrieval was performed by boiling in 10mM sodium 
citrate (pH6.0) for 10 min. Endogenous peroxidase was inactivated by 1% hydrogen peroxide 
in methanol for 30 min at RT, and after washing with PBS-0.1%Tween (TPBS) the slides were 
blocked with 10% normal goat serum for 30min at RT. To detect S1 protein binding to avian 
tissues, proteins (S1: 100 μg/ml and H5: 2μg/ml) were precomplexed with Strep-Tactin-HRPO 
(1:200, IBA GmbH) for 30 minutes on ice before applying them onto the slides. After overnight 
incubation at 4°C, the slides were rinsed three times in PBS and the binding was visualized 
with 3-amino-9-ethyl-carbazole (AEC, Sigma Aldrich). The tissues were counterstained with 
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hematoxylin and mounted with Aquamount (Merck). To check for nonspecific staining, 
slides were incubated with comparable volumes of similarly purified culture supernatants of 
HEK293T cells transfected with a pCD5 plasmid lacking the viral protein-encoding sequences. 
Images were captured using a CCD camera and Olympus BX41 microscope linked to a Cell^B 
imaging software (Soft Imaging Solutions GmbH, Germany).
 When indicated, sialic acids were removed from the tissues by incubating the slides 
with 1 mU VCNA for 20 h at 37 °C before spike histochemistry was performed. 
 The ability of Maackia amurensis (MAA) lectins to block the binding of S1 to the tissues 
was studied by pre-incubating the slides with a concentration range (8-256 μg/ml) of non-
conjugated MAAI and MAAII (Vector Laboratories Inc) overnight at 4°C, prior to performing 
spike histochemistry.  

Lectin histochemistry

MAA lectins were used to detect α-2,3-linked sialic acids. Biotin-labeled MAA I and MAAII 
(Vector Laboratories Inc.) were applied to formalin-fixed paraffin-embedded tissues after 
antigen retrieval and endogenous peroxidase blocking as described for spike histochemistry. 
After blocking with 10% normal goat serum for 30 min at RT, 7 μg/ml lectins were applied to 
the slides and incubated overnight at 4°C. Next, the slides were washed three times in TPBS 
and subsequently incubated with peroxidase-conjugated avidin for 30 min using the Vector 
ABC kit (Vector Laboratories Inc).Peroxidase was revealed with AEC (Sigma Aldrich), and 
after counterstaining with hematoxylin the tissues were mounted with Aquamount (Merck). 
Images were captured using a CCD camera and Olympus BX41 microscope linked to a Cell^B 
imaging software (Soft Imaging Solutions GmbH).

Glycan array analysis

Microarray printing has been described previously (9). Printed slides of the CFG glycan library 
(CDC versions 4.1 and 4.2, see Suppl. Table 1 for represented glycans) were used in these 
experiments. Ligand profiling of IBV-S1 proteins and HA of H5N1 was essentially performed 
as reported(62). Briefly, 200 μg/ml recombinant proteins were precomplexed with HRP-
linked anti-Strep-tag antibody (2:1molar ratio) for 30 min at 0°C prior to incubation for 60 
min on the microarray slide under a microscope cover-glass in a humidified chamber at RT. 
Microarray slides were subsequently washed by successive rinses in TPBS and overlaid with 
an AlexaFluor 488-coupled secondary antibody. After repeated washes with TPBS, PBS, and 
deionized water the slides were immediately subjected to imaging (9).
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Results

Expression, purification, and biological activity of IBV-M41 S1 and H5N1-HA 
proteins

Receptor binding properties can be successfully studied using a recombinant protein 
approach, as has recently been demonstrated for hemagglutinin (HA) of influenza A 
virus strains (22). To investigate the interactions between the IBV and the host, we took a 
similar approach by cloning the codon-optimized sequence of the S1 gene of the virulent 
Massachusetts reference strain M41 (14) into a pCD5 expression vector, preceded by the CD5 
signal peptide, and followed by sequences encoding the GCN4 trimerization domain and 
the Strep-Tag II (Fig. 1A). Expression of the proteins was achieved by transfection of human 
HEK293T cells and proteins secreted into the medium were purified using the Strep-Tag 
technology (IBA, GmbH, Germany). In parallel, we expressed and purified the HA glycoprotein 
of the highly pathogenic avian influenza strain H5N1, similarly as described previously (20). 
The resulting proteins were analyzed by Western blot using the Strep-Tactin antibody either 
before or after PNGaseF treatment. M41-S1 migrated around 105kDa in SDS-PAGE (Fig. 1B), 
and removal of the N-linked glycans with PNGaseF increased its electrophoretic mobility to 
around 70kDa. So the S1 proteins are highly glycosylated, as expected (71). The recombinant 
HA protein was also glycosylated, and migrated at around 60 kDa after removal of its N-linked 
glycans. The oligomeric states of HA and S1 were confirmed by blue native PAGE analysis 
and gel filtration column chromatography (20) and data not shown). In conclusion, soluble 
oligomeric glycosylated IBV-S1 proteins can be expressed and purified like previously 
described for HA. 
 To compare the biological activity of M41-S1 with that of HA, we determined its ability to 
bind to sialylated glycans present on bovine fetuin, a blood glycoprotein that contains both 
N-linked and O-linked sialylated glycan side chains. Fetuin has been shown to provide a good 
substrate to analyze the receptor binding properties, and hence the tropism determinants, 
of various influenza HA proteins (22). Recombinant HA and S1 were precomplexed with anti-
Strep-tag antibody, as detailed in the Materials and Methods, before performing a solid phase 
binding assay. To our surprise, no binding of M41-S1 was detected, in contrast to HA, which 
displayed concentration-dependent binding to fetuin (Fig. 1C).  Likely, sialylated glycan side 
chains present on the fetuin are either not recognized by the spike of IBV or the avidity of S1 
for fetuin is below detection level. Comparable results were obtained when investigating the 
binding to glycophorin, another blood protein containing mainly O-linked sialylated glycans 
(data not shown). 
 Next, we decided to investigate the binding characteristics of these proteins to more 
natural substrates. To this end, we used tissues of the chicken respiratory tract, the primary 
target organ of both IBV and avian influenza. Tissue slides were prepared from formalin-fixed, 
paraffin embedded trachea and lung from a 6-week-old broiler chicken. In histochemistry we 
applied the soluble recombinant S1 and HA proteins after precomplexing them with Strep-
Tactin-HRPO. For M41-S1, binding could readily be observed to both the chicken trachea 
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and lung. In particular, M41-S1 bound to the base of the cilia of the epithelial cells lining the 
surface of the trachea, as well as to the mucus-producing goblet cells (Fig. 1D). In the chicken 
lung, M41-S1 attached specifically to parabronchial epithelial cells (Fig. 1D). The cells to which 
S1 bound were previously reported to be sensitive for IBV (1, 68) and corresponded to the 
pathological lesions observed after IBV infection in vivo (1, 6, 7), indicating that the binding 

Figure 1. Expression of recombinant IBV-S1 and H5N1-HA proteins.

(A) Schematic representation of the S1 and HA expression cassettes. The S1 or HA ectodomain-encoding sequences 
were cloned in frame with DNA sequences coding for a signal sequence, the GCN4 isoleucine zipper trimerization 
motif, and the Strep-tag II under the control of a CMV promoter; (B) S1 proteins expressed in HEK293T cells and 
purified from the culture media were analyzed by SDS–PAGE followed by Western blot using the Strep-Tactin; when 
indicated the samples were treated with PNGaseF prior to electrophoresis; (C) Fetuin binding was analyzed by 
solid phase binding assay as described in Material & Methods. The graph represents the results of an independent 
experiment performed in triplicate; (D) Spike - and HA histochemistry was performed by incubating chicken trachea 
and lung tissues with Strep-Tactin-precomplexed M41-S1 (5 μg) or H5N1 (0.1 μg) as described in Materials and 
Methods. Binding is indicated by arrowheads.
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of S1 was specific. No staining was observed when incubating the tissue slides with similarly 
purified culture supernatant of cells transfected with an empty vector (data not shown). For 
HA, the binding specificity resembled that of M41-S1 to the chicken trachea and lung closely 
(Fig. 1D), while additional binding of HA to the tips of the cilia of the tracheal epithelium 
was observed. Interestingly, the amount of HA protein required for binding in histochemistry 
was considerably less than that required for M41-S1 (0.1 and 5 μg per section, respectively), 
which is in agreement with previously reported data on influenza virus and IBV binding to 
tracheal organ cultures (69). When applying HA proteins expressed in a cell line lacking the 
ability to generate sialylated N-glycans (thereby more closely resembling the glycosylation 
state of virion-associated HA in the presence of neuraminidase), the avidity of HA for tissues 
further increased (data not shown and (21)). In conclusion, recombinant soluble protein 
histochemistry provides an attractive means to study the binding characteristics of viral 
attachment proteins. Furthermore, our data show that the IBV-S1 protein is functional and 
that the lack of detectable binding of M41-S1 in the fetuin solid phase assay might be due to 
low avidity for this substrate (Fig. 1C).

Viral protein specificity for sialic acids of the chicken respiratory tract

For both IBV and avian IAV it is known that α2,3-sialylated glycans on host cells play a role in 
the virus infection. To investigate the contribution of α2,3-sia in the attachment of M41-S1 and 
HA to the chicken respiratory tract, we first pretreated the tissue slides with neuraminidase of 
Vibrio cholerae (VCNA) to cleave off tissue-bound α2,3-sia before performing histochemistry. 
Binding of M41-S1 to chicken trachea and lung was completely abolished after VCNA 
treatment of the tissues (Fig. 2A), indicating that M41-S1 requires sialic acids as host factors to 
attach to the chicken respiratory tract. For HA, a marked reduction of staining of the trachea 
and the air capillaries of the lung (Fig. 2A) was observed. Binding of HA could, however, not 
completely be prevented, likely due to incomplete removal of sia in combination with its high 
avidity for the chicken respiratory tract. 
 We next compared the attachment pattern of the viral proteins with that of Maackia 
amurensis (MAA) lectins detecting α2,3-sia. As differences in tissue distribution have been 
observed for different isoforms of MAA (49), we used both biotinylated MAAI and MAAII in 
our study. For MAAI, binding to the cilia of the epithelial cell layer, as well as weak binding 
to the mucus-producing goblet cells of the trachea was observed, while MAAII had a more 
profound avidity for tracheal goblet cells (Fig. 2B). Clear differences were observed between 
MAAI and MAAII binding to the lower respiratory tract. While MAAI preferentially bound to 
parabronchial epithelium, MAAII rather bound to connective tissue within the chicken lung 
(Fig. 2B). Therefore, MAAI resembled the binding of M41-S1 and HA to chicken respiratory 
tract most closely. 
 Finally, we investigated the ability of MAAI to block M41-S1 binding to the chicken 
respiratory tract by pre-incubating tissue slides with non-biotinylated MAAI. Binding of 
M41-S1 to the trachea and lung could be completely blocked using 64 μg/ml of MAAI (Table 
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1). Interestingly, lower concentrations of MAAI only blocked M41-S1 attachment to the goblet 
cells, but not to the epithelial cells of the trachea. In the lung, 8 μg/ml MAAI was already 
sufficient to completely block binding of M41-S1. Taken together, these data show that IBV 

Figure 2. Spike- and lectin histochemistry on chicken respiratory tract. 

(A)Chicken respiratory tract slides were pretreated with PBS (-VCNA) or PBS with VCNA (+VCNA) before performing 
spike and HA histochemistry; (B) Lectin histochemistry was performed by incubating chicken trachea or lung slides 
with biotinylated lectins MAAI and MAAII. Binding is indicated by arrowheads.
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M41-S1, just as avian IAV HA (21), binds to chicken tissue in α2,3-sia dependent manner and 
functions as a lectin.  

Host specific binding of M41-S1 and HA

IBV and IAV both prefer binding to α2,3-linked sialic acids, however, their host tropism is 
markedly different. While IBV infection is restricted to domestic fowl, IAV infections can occur 
in many different species. To investigate whether the reported differences in host tropism 
of these viruses might be explained by species specific binding to the respiratory tract, we 
compared the attachment of M41-S1 and HA to the respiratory tract of barnacle goose. 
In histochemistry, we observed that M41-S1 was able to bind to goblet cells and mucus 
covering the epithelium of the goose trachea, however, no specific binding to the cilia of the 
epithelial cells was observed (Fig. 3). In the lung, no binding of M41-S1 to goose parabronchal 
epithelium was detected (Fig. 3), in contrast to what was observed for chicken lung (Fig. 1D), 
although some staining of the goose primary bronchus could be observed (not shown). In 
contrast, HA was able to bind with high avidity to both the cilia and the goblet cells of goose 
trachea and to the epithelium of primary, secondary and parabronchi. Taken together, our 
data suggest that the inability of IBV-M41 to infect goose can (at least partly) be explained by 
the restricted binding of the spike proteins to the goose respiratory epithelial cells. 

Table 1. Blocking of M41-S1 binding to chicken respiratory tract tissues a.

Host specific binding of M41-S1 and HA

IBV and IAV both prefer binding to α2,3-linked sialic acids, however, their host 

tropism is markedly different. While IBV infection is restricted to domestic fowl, IAV 

infections can occur in many different species. To investigate whether the reported 

differences in host tropism of these viruses might be explained by species specific 

binding to the respiratory tract, we compared the attachment of M41-S1 and HA to 

the respiratory tract of barnacle goose. In histochemistry, we observed that M41-S1 

was able to bind to goblet cells and mucus covering the epithelium of the goose 

trachea, however, no specific binding to the cilia of the epithelial cells was observed 

(Fig. 3). In the lung, no binding of M41-S1 to goose parabronchal epithelium was 

detected (Fig. 3), in contrast to what was observed for chicken lung (Fig. 1D), 

although some staining of the goose primary bronchus could be observed (not 

shown). In contrast, HA was able to bind with high avidity to both the cilia and the 

goblet cells of goose trachea and to the epithelium of primary, secondary and 

parabronchi. Taken together, our data suggest that the inability of IBV-M41 to infect 

goose can (at least partly) be explained by the restricted binding of the spike proteins 

to the goose respiratory epithelial cells. 

Table 1. Blocking of M41-S1 binding to chicken respiratory tract tissues a.

Tissue 
type

Tissue(s) to which M41 S1 (5 μg/ml) bound in the presence of MAAI at the 
following concn (μg/ml)b:
0 8 16 32 64

Trachea Goblet cells/cilia Cilia Cilia Cilia —
Lung Epithelium — — — —

a Tissue slides were preincubated with various concentrations of nonbiotinylated 
MAAI lectin before the application of Strep-Tactin-precomplexed M41 S1. No binding 
was observed in the presence of 64 μg/ml MAAI.
b —, no binding.

Fine glycan specificity of M41-S1

a Tissue slides were preincubated with various concentrations of nonbiotinylated MAAI lectin before the application 
of Strep-Tactin-precomplexed M41 S1. No binding was observed in the presence of 64 μg/ml MAAI.
b —, no binding.

Fine glycan specificity of M41-S1

To elucidate the fine receptor specificity of M41-S1, we next characterized its oligosaccharide 
binding specificity by performing glycan array analysis (in collaboration with the Consortium 
for Functional Glycomics, http://www.functionalglycomics.org/static/index.shtml). To this 
end, soluble M41-S1 was precomplexed with the Strep-tag II antibody, and binding to printed 
slides representing over 450 glycans (Suppl. Table 1) was detected using a FITC-conjugated 
secondary antibody. The binding profile revealed that M41-S1 specifically recognized only 
one sialic acid-containing glycan: [Neu5Acα2,3Galβ1,3(Neu5Acα2,3Galβ1,4)-GlcNAc] (Fig. 4 
and Suppl. Table 1, column M41-S1). Although this α2,3-di-sialoside was the only substrate 



58

Chapter 3

recognized, we can, however, not exclude that binding of M41-S1 to respiratory tissues also 
involves other sialic acid-containing moieties that are not represented on the glycan array. 

Figure 3. Histochemistry of M41-S1 and H5N1-HA on goose respiratory tissues. 

Spike - and HA histochemistry was performed by incubating trachea and lung tissues of barnacle goose with Strep-
Tactin-precomplexedM41-S1 (5 μg) or H5N1 (0.1 μg) as described in Materials and Methods. Binding is indicated by 
arrowheads.

Figure 4. Glycan array analysis of M41-S1 and 
H5N1-HA. 

Recombinant M41-S1 and H5N1-HA proteins were 
precomplexed with Strep-MAb and subjected to glycan 
array slides. Glycan numbers are given on the y-axis, 
and are sorted according to the binding profile of HA of 
H5N1. The structure of the glycan recognized by M41-S1 
is depicted (generated with Glycoworkbench(10)). The 
complete glycan array results as well as the identity of 
all glycans are shown in Supplementary Table 1. 
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Next, we compared the fine receptor specificity of M41-S1 with that of HA expressed in 
HEK293GnTI cells impaired in glycosylation, to mimic the in vivo situation most closely. The 
HA protein demonstrated binding to many different glycans (Fig. 4 and Suppl. Table 1, column 
H5N1-HA), consisting of type 1 and type 2 chain glycans containing α2,3-linked sialic acids (as 
expected, (27, 64)). Furthermore, the avidity of HA binding to glycans was much higher than 
that of M41-S1 (compare RFU between H5N1-HA and M41-S1, Fig. 4), in agreement with the 
observed differences in histochemistry. In conclusion, while M41-S1 has relatively low avidity 
for sialic acid-containing glycans, it has markedly high fine receptor specificity. 

Binding of IBV-S1 proteins to chicken tissues reflects the virus growth in vivo

With our spike histochemistry assay, we have a feasible assay to investigate the binding 
characteristics of the IBV spike protein. Therefore, we decided to expand our investigation by 
comparing the binding features of S1 proteins of IBV strains with differences in pathogenicity. 
We chose four IBV strains with reported differences in clinical symptoms in chickens as 
representative examples: in addition to the virulent Massachusetts strain M41(14), we 
focused on the S1 proteins of the vaccine Massachusetts strain H120 (8), the avirulent and 
cell culture-adapted Massachusetts strain Beaudette (5), and the nephropathogenic strain 
B1648 (48, 51). Although the pathogenicity profiles of these strains vary markedly in vivo, their 
S1 proteins share 75-95% sequence identity (summarized in Fig. 5A).
 To allow their expression as soluble proteins, codon-optimized sequences of all S1 
genes were cloned into the pCD5 expression vector and proteins were produced and purified 
in a similar way as described for M41-S1. The resulting proteins were analyzed by Western 
blot using the Strep-Tactin antibody either before or after PNGaseF treatment. The results 
show that all S1 proteins displayed a similar electrophoretic mobility, migrating around 
105kDa in SDS-PAGE(Fig. 5B) and that they appeared to be glycosylated to a similar extend 
as M41-S1 (+PNGaseF, Fig. 5B).
 First, we compared the binding characteristics of M41-S1 with that of the related, 
but avirulent, S1 proteins of the Massachusetts strains H120 and Beaudette to the chicken 
respiratory tract. Both strains are generated by serial passage (for 120 and at least 250 times, 
respectively) in embryonated eggs and are considered nonpathogenic for chickens. However, 
while H120 is a widely used vaccine strain (8), Beaudette almost completely lost its capacity 
to replicate in vivo (28). Spike histochemistry was performed by applying similar amounts of 
S1 proteins (5 μg) per slide. We observed that H120-S1 bound with much lower avidity to the 
trachea and the lung compared to M41-S1 (Fig. 5C). In particular, weak staining of the cilia, 
but no binding to goblet cells was observed in the trachea. In the lung, only minor staining 
of epithelial cells in the air capillaries could be detected. For Beaudette-S1 no binding to the 
respiratory tract could be detected at all (Fig. 5C), even when using five-fold higher amount of 
protein (data not shown). In conclusion, the binding avidities of the investigated Massachusetts 
S1 proteins correlate with the reported differences in virus growth of the respective IBVs in 
vivo. Furthermore, our data suggest that already few mutations in the S1 gene, likely arisen by 
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serial passaging of IBV in eggs, can alter the binding avidity of S1 proteins to chicken tissues. 
This was in line with our glycan array data, showing that both H120-S1 and Beaudette-S1 
lost their ability to bind to [Neu5Acα2,3Galβ1,3(Neu5Acα2,3Galβ1,4)GlcNAc], without gaining 
specificity for other glycans (Suppl. Table 1, columns H120-S1 and Beaudette-S1). Whether 

Figure 5. Expression of recombinant IBV S1 proteins and spike histochemistry. 

(A) Alignment of the S1 amino acid sequences of M41, H120, Beaudette and B1648. Indicated is the percentage of 
amino acid similarity with the reference M41 strain and the reported pathogenicities; (B) S1 proteins expressed in 
HEK293T cells and purified from the culture media were analyzed by SDS–PAGE followed by Western blot using 
the Strep-Tactin; when indicated the samples were treated with PNGaseF prior to electrophoresis; (C-D) Spike 
histochemistry was performed applying similar amounts of precomplexed M41-S1, H120-S1, Beaudette-S1, and 
B1648-S1 onto tissue slides of chicken (C) trachea, lung, (D) intestine and kidney. Binding is indicated by arrowheads.
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binding of H120 to tissues, but not to the glycan array, is due to differences in sensitivity of 
these assays or because of the restricted representation of glycans on the array, remains to 
be elucidated. 
 As IBV has been isolated from the intestine (53) and sialic acids are abundantly present 
in the gut (30), we next investigated the binding of S1 proteins to intestinal tissue. For both 
M41-S1 and H120-S1 mainly binding to mucus-producing goblet cells was observed (Fig. 5D). 
Noticeable higher avidity of H120-S1 for those cells was observed, as demonstrated by the 
higher intensity of staining when using similar amounts of S1 protein. Likely, as IBV replication 
in the chicken gut usually does not result in clinically evident disease (15), H120-S1 binding to 
sialic acid-rich intestinal mucins might facilitate virus excretion via the feces. Like observed 
for the respiratory tract, no detectable binding of Beaudette-S1 could be observed. 
 Strikingly, in none of the investigated tissues any appreciable binding of the more 
diverse B1648-S1 protein could be detected (Fig. 5C). As IBV-B1648, after respiratory infection, 
induces severe nephropathogenicity (51), we next decided to compare its binding to kidney 
tissue with that of M41. M41 replication in the kidney has been reported, however, this usually 
does not result in renal disease (7). In accordance with the cells supporting replication of M41 
in vivo (7), M41-S1 showed clear binding to epithelial cells of the distal convoluted tubules in 
the cortex and to thick segments of the medullary loops in histochemistry (Fig. 5D). Again, 
and unexpectedly, for B1648-S1 no attachment to the kidney could be detected (Fig. 5D).  

Role of sialic acids in spike protein attachment to tissues 

While the Massachusetts S1 proteins are highly similar in amino acid sequence, the S1 domain 
of B1648 is more divergent from M41-S1, with 75% rather than 95% amino acid identity. 
One other remarkable observation done for several nephropathogenic strains is their poor 
hemagglutination ability (S. de Wit, personal communication); while M41 can hemagglutinate 
red blood cells, the ability of nephropathogenic strains seems to be severely hampered. As 
the ability to hemagglutinate is affected by the presence of sialic acids on the virion, usually 
requiring pretreatment with neuraminidase, we decided to investigate the contribution of 
sialic acids on S1 proteins in binding to tissues. To this end, S1 proteins of M41 and B1648 
were treated with VCNA to remove sialic acids before performing spike histochemistry. For 
M41-S1, treatment with VCNA resulted in complete loss of binding to epithelial and goblet 
cells of the respiratory tract, while only some residual staining was observed to goblet cells of 
the intestine and to some medullary loops in the kidney (Fig. 6A). On the contrary, B1648-S1 
gained binding after VCNA treatment both to intestinal mucus-producing cells, as well as to 
kidney tissue. In particular, this protein bound specifically to cells of the mucus-excreting 
collecting tubules and collecting ducts in the medulla (Fig. 6A), these cells did not bind 
M41-S1. So while sialic acids present on the M41 spike are required for binding, they actually 
appear to block the binding of B1648-S1 to tissues. Strikingly, VCNA-treated B1648-S1 did 
not bind to the chicken respiratory tract (Fig. 6A), perhaps due to low avidity for host factors 
present on those cells. In a parallel experiment, we determined whether the presence of sialic 
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acids on Beaudette-S1 also blocked its ability to bind tissues slides. After VCNA treatment 
of this S1protein, however, no gain of binding to any of the tissues was observed (data not 
shown).

Figure 6. Spike histochemistry of neuraminidase treated M41-S1 and B1648-S1 to chicken tissue. 

(A) S1 proteins of M41 and B1648 were pretreated with Vibrio cholerae neuraminidase before applying them to 
slides of chicken trachea, lung, intestine, and kidney; (B) Lectin histochemistry using biotinylated MAA lectins onto 
kidney tissues; (C) Kidney tissue was pretreated with VCNA to remove α2,3-linked sia before applying VCNA-treated 
B1648-S1. Binding is indicated by arrowheads.
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 To further identify the nature of the binding ligands of B1648-S1, we first compared 
VCNA-treated B1648 binding with MAA lectin staining of the chicken kidney. MAAI displayed 
strong binding to convoluted tubes and collecting tubules, but also binding to glomeruli 
and medullary loops was observed (Fig. 6B). MAAII binding was more specific towards 
convoluted tubules in the cortex and collecting ducts and tubules, and therefore resembled 
the binding of B1648-S1 to the kidney better than MAAI. Subsequent blocking of kidney 
slides with unlabeled MAAII before applying the VCNA-treated B1648 protein showed that 
264 μg/ml MAAII was required to completely block binding of B1648-S1 (data not shown), 
indicating that this spike protein again could serve as a lectin. To confirm the involvement of 
α2,3-sia in B1648-S1 binding, kidney slides were pretreated with VCNA before applying VCNA-
pretreated B1648-S1. The lack of binding after treatment (Fig. 6C) clearly demonstrated that 
attachment was α2,3-sia dependent. Finally, the specific glycan binding profile of VCNA-
treated B1648-S1 was investigated by glycan array. Unfortunately, no specific binding to any 
of the glycans present on the array could be detected (Suppl. Table 1, column B1648-S1+ 
VCNA). Notwithstanding, our data provide evidence to explain the reported differences in 
tissue tropism and pathogenicity of those viruses for the host. 

Discussion

In this study we have used a comparative approach to investigate the binding characteristics 
of the S1 protein of avian coronavirus IBV strains with reported differences in both organ 
tropism and pathogenicity. Spike histochemistry demonstrated that the attachment patterns 
of S1 resembled the reported cell and tissue tropism of the respective strains. Moreover, 
binding affinities of IBV Massachusetts strains correlated with their reported pathogenicity 
profiles in vivo. Finally, the observed differences in binding of IBV-S1 and the HA protein of 
influenza virus H5N1 to various avian tissues and glycans resemble distinct preferences for 
avian hosts. 
 Sialic acids are important to establish an IBV infection in cells in vitro (1, 68, 69), 
however, the exact requirements for this interaction had not been elucidated until now. Here 
we have demonstrated that the IBV spike protein interacts, in a sialic acid dependent way, 
with tissues of a susceptible host. In particular, all binding S1 proteins used α2,3-sialidated 
substrates, as attachment could be inhibited by pretreatment of the slides with VCNA a well 
as by preincubating them with Maackia amurensis lectins, which preferentially bind to α2,3-
sialidated oligosaccharides. α2,3-sia are present on the chicken trachea (26, 52, 52), the lower 
respiratory tract (1), the intestine (52), and the kidney (this study), however, interpretation of 
lectin histochemistry data is difficult due to variation in binding of MAA isoforms and lectins 
from different suppliers (our data and (49)). So although lectin histochemistry is widely 
used to gain insight in virus-host interactions, it appears limited in determining fine glycan 
specificity. With the recently developed glycan microarray technology receptor specificities 
can be studied in more detail (9, 63) and allowed us to identify one particular α2,3-disialiated 
glycan as fine receptor ligand of M41-S1. It will be of interest to test whether this glycan has the 
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ability to block the infection of IBV. To our knowledge, no studies have yet analyzed specific 
N-linked glycan modifications in avian tissues, with the exception of the chorio-allantoic and 
amniotic cells of embryonated eggs (61) from which the, in this study identified, disialoside 
was not reported. To ultimately correlate the host and tissue tropism of IBV with the tissue 
distribution of specific glycans, a better understanding of avian glycobiology is required.
 Although IBV and avian influenza virus both prefer binding to α2,3-linked sialic acids, 
their host tropism is markedly different. While IBV has a very narrow species tropism, only 
infecting chicken, avian influenza infects many different avian species. In contrast to IAV, 
IBV does not contain neuraminidase activity to regulate in vivo binding (58). Therefore, 
it must have evolved other mechanisms to avoid being trapped by mucins covering the 
epithelium. When comparing the affinities of IBV-S1 and HA, derived from H5N1 possessing 
neuraminidase activity to cleave off bound sialic acids in vivo, the relatively low avidity of S1 
became evident (10-fold lower in glycan array and 50-fold lower in histochemistry, and (69)). 
Furthermore, glycan array analyses indicate that M41-S1 has a high specificity for glycans; it 
bound to only one distinct α2,3-disialidated N-glycan, while HA recognized many different 
α2,3-linked sialic acids (this study and (27, 64)). Therefore, we suggest that low avidity and 
high specificity of IBV-S1 for sialic acids might contribute to the restricted host tropism of IBV. 
 Our data suggest that sialic acid binding of the S1 domain of IBV may be a determinant 
for in vivo growth and tropism of IBV. Although sialic acid binding appears to be a conserved 
feature of IBV (this study and (1, 68, 69)), differences in avidity and preferences for specific 
sialoconjugates explain, at least partly, to the observed in vivo pathotypes. While the observed 
differences in binding are in agreement with the reported growth differences of IBV strains in 
vivo, strikingly only minor differences between virus strains were reported in trachea organ 
cultures (TOCs; 19, 33, 68). This discrepancy between S1 binding and TOC infection may be 
due to the differences in sensitivities of these assays, as low avidity binding to sialic acids 
might be sufficient to establish a TOC infection but below the detection limit of our assay. 
Otherwise, other viral proteins may contribute to TOC infection. In particular a role for the 
S2 domain of Beaudette is proposed, as its extended tropism in vitro has been associated 
with a predicted heparin-binding site in this domain (46), and no binding of Beaudette-S1 to 
cell culture cells known to be sensitive for Beaudette could be observed (data not shown). 
We are currently developing a full length spike expression system to be able to investigate 
whether this domain contributes to binding to cells. Despite the differences in assays, our 
data indicate that limited amino acid changes (M41, H120, and Beaudette are 95% identical) 
are yet sufficient to change the binding avidity to tissues and glycans. For H5N1, few amino 
acid mutations in the hemagglutinin appeared to be sufficient to change the attachment 
pattern (18) and sialic acid preference (22, 66). Whether IBV strains with altered sialic acid 
preferences will evolve remains to be seen.
 A role for the spike protein in determining IBV tissue and host tropism has been 
suggested before, as egg-adapted viruses, which are attenuated in adult chickens, 
predominantly accumulate mutations in the spike protein (3, 24, 45). The role of the spike 
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in determining tropism is further underscored in studies describing spike mutations due to 
selective pressure in various adult chicken tissues causing a phenotypic shift (25) or reversion 
to virulence of vaccine strains (34, 47, 67). However, as these viruses did not only accumulate 
mutations in the spike but also in other parts of the viral genome, the exact role of the spike 
protein in determining tropism and pathogenicity remains to be elucidated. Other studies 
indeed suggest that the S1 domain is not the only viral determinant for the clinical outcome. 
It has been shown that the presence of the virulent M41 spike ectodomain was not sufficient 
to confer pathogenicity to a recombinant Beaudette virus in vivo (33), but that rather the IBV 
replicase proteins contribute to IBVs pathogenicity in chickens (4). 
 Interestingly, while removal of sialic acids from the S protein derived from the 
nephropathogenic IBV was required for tissue binding, the same treatment of the M41 and 
H120 S proteins abolished binding; for Beaudette the presence of sialic acids on the spike 
appeared not to be the reason for the lack of binding. This discrepancy is puzzling, and 
rather unexpected, as glycosylation of all S1 expressed proteins seemed to be comparable 
(Fig. 5B). Although it can not be formally excluded, we do not consider it very likely that our 
results would be much affected by the expression system used, as avian and mammalian 
cells synthesize glycoproteins carrying very similar oligosaccharides (2). Perhaps there are 
yet unresolved differences in glycosylation and/or sialylation of the S1 proteins of various 
IBV strains, involved in providing a proper conformation to bind to cells (39). While all 
investigated S1 proteins contain 18 potential N-glycosylation sites, two of these sites are 
located more upstream in B1648-S1 compared to the other S1 proteins. If these sites are 
occupied, the glycan might block the receptor binding site of B1648 when sialylated. It might 
also well be that the respective sialic acid binding sites of the various IBV-S1 proteins differ, 
with concomitant changes in binding characteristics. As the receptor binding domain for IBV 
has not been identified yet, this awaits further investigation. 
 For several other coronaviruses the contribution of sialic acid binding in 
pathogenicity has previously been reported. For transmissible gastroenteritis virus (TGEV), 
its enteropathogenicity in piglets (40, 41) has been associated with the presence of sialic 
acid binding sites in the spike (56), whereas the serologically related porcine respiratory 
coronavirus (PRCV), devoid of such binding sites, lacked the ability to cause enteric disease. 
In striking contrast to IBV and TGEV, other coronaviruses that bind sialic acids, for example 
bovine coronavirus (BCoV) and some mouse hepatitis coronavirus (MHV) strains, do contain 
acetylesterase (HE) activity to regulate their sialic acid binding in vivo (reviewed in (57)). For 
these viruses, temperature-dependent HE activity (BCoV, (44)) and levels of HE expression 
(MHV, (72)) seemed to correlate with preferred virus replication sites in vivo and pathogenicity. 
 In conclusion, our study revealed intriguing differences between spike characteristics 
of IBV strains with various pathogenicities and shows that IBV S1 attachment patterns can 
be used to predict and explain the viral tropism. Our S1 proteins are excellent tools to further 
dissect spike-host interactions and to elucidate parallels and differences between IBV strains, 
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but also between other avian viruses, as demonstrated here by the HA protein binding of 
avian influenza H5N1. 
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Glycan Nr. Glycan Structure H5N1-HA M41-S1 H120-S1 Beaudette-S1
Mean RFU SD Mean RFU SD Mean RFU SD Mean RFU SD

248 Neu5Acα2-3Galβ1-4[6OSO3]GlcNAcβ-Sp8 42295 3042 24 13 12 11 32 35
239 Neu5Acα2-3Galβ1-3[6OSO3]GalNAcα-Sp8 37784 2050 14 11 6 3 160 75
238 Neu5Acα2-3Galβ1-3(Neu5Acα2-3Galβ1-4)GlcNAcβ-Sp8 30254 3591 3308 257 26 27 42 27
240 Neu5Acα2-3Galβ1-3(Neu5Acα2-6)GalNAcα-Sp8 28911 5109 12 4 4 1 15 8
258 Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 28422 2365 5 5 7 6 8 2
314 Neu5Acα2-3Galβ1-3(Neu5Acα2-3Galβ1-4GlcNAcβ1-6)GalNAcα-Sp14 24739 2931 180 228 27 17 68 16
315 Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 24434 1540 14 8 3 4 48 54
249 Neu5Acα2-3Galβ1-4(Fucα1-3)[6OSO3]GlcNAcβ-Sp8 23550 1516 13 2 2 1 39 40
257 Neu5Acα2-3Galβ1-4GlcNAcβ-Sp8 22853 1354 6 5 19 11 26 20
291 Neu5Acα2-3Galβ1-3GlcNAcβ1-3Galβ1-3GlcNAcβ-Sp0 22285 672 12 5 10 8 9 9
322 Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 20076 668 9 6 16 4 8 4
255 Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 19880 2219 4 4 24 10 24 9
285 Galβ1-3(Neu5Acα2-3Galβ1-4GlcNAcβ1-6)GalNAcα-Sp14 19427 591 1 3 4 4 21 18
256 Neu5Acα2-3Galβ1-4GlcNAcβ-Sp0 19325 2195 11 9 3 4 8 7
231 Neu5Acα2-3(Neu5Acα2-3Galβ1-3GalNAcβ1-4)Galβ1-4Glcβ-Sp0 18918 3813 5 4 8 6 20 8
260 Neu5Acα2-3Galβ1-4Glcβ-Sp0 18173 2782 8 7 4 6 13 8
243 Neu5Acα2-3Galβ1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Sp0 17244 561 5 4 4 4 13 11
439 Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ-Sp8 17050 1784 29 34 49 76 15 4
235 Neu5Acα2-3Galβ1-3[6OSO3]GlcNAc-Sp8 16775 1354 49 31 16 9 208 80
292 Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-3GlcNAcβ-Sp0 16539 835 6 11 17 7 26 19
261 Neu5Acα2-3Galβ1-4Glcβ-Sp8 14470 446 10 4 11 4 29 19
241 Neu5Acα2-3Galβ1-3(Neu5Acα2-6)GalNAcα-Sp14 13421 1268 12 18 14 5 23 14
373 Neu5Acα2-3Galβ1-4GlcNAcβ1-3GalNAc-Sp14 8334 942 7 6 2 4 198 75
234 Neu5Acα2-3GalNAcβ1-4GlcNAcβ-Sp0 6398 3803 7 4 10 8 8 7
244 Neu5Acα2-3Galβ1-3GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 6063 1315 5 6 26 7 34 34
323 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 4240 1612 7 3 7 4 12 12
246 Neu5Acα2-3Galβ1-3GlcNAcβ-Sp0 4215 1114 20 6 5 4 15 11
247 Neu5Acα2-3Galβ1-3GlcNAcβ-Sp8 2903 1135 285 101 14 12 4 4
395 Neu5Acα2-3Galβ1-3GlcNAcβ1-3GalNAcα-Sp14 2176 899 7 3 5 11 8 9
242 Neu5Acα2-3Galβ-Sp8 1952 645 32 24 10 6 8 8
220 Neu5Acα2-3Galβ1-3GalNAcα-Sp8 1894 852 16 17 18 14 9 2
221 Neu5Acα2-3Galβ1-3GalNAcα-Sp14 651 390 13 9 1 5 8 7
251 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 556 108 38 54 2 2 45 67
334 Neu5Acα2-3-Galβ1-3(Galβ1-4(Fucα1-3)GlcNAcβ1-6)GalNAc-Sp14 554 275 22 8 63 78 33 14
348 Galβ1-4GlcNAcβ1-2Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 538 63 4 4 4 3 12 4
447 Galβ1-4(Fucα1-3)GlcNAcβ1-6GalNAc-Sp14 365 146 4 4 4 2 115 48
375 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3GalNAcα-Sp14 271 60 68 83 31 18 65 25
250 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 218 88 -1 5 7 4 7 4
431 GlcNAcβ1-4(GlcNAcβ1-2)Manα1-3(GlcNAcβ1-4)(GlcNAcβ1-6(GlcNAcβ1-2)Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp21 194 323 3 7 19 14 7 4
339 GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 192 29 71 35 28 8 67 16
269 Neu5Acα2-6Galβ1-4Glcβ-Sp0 190 140 44 9 20 17 80 112
122 Galα1-6Glcβ-Sp8 187 319 25 14 56 19 76 32
188 GlcNAcβ1-6(Galβ1-3)GalNAcα-Sp8 185 224 7 3 4 3 5 6
170 GlcNAcα1-3Galβ1-4GlcNAcβ-Sp8 176 353 25 15 9 3 23 17
162 Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ-Sp8 168 264 9 4 1 3 4 1
409 Neu5Acα2-3Galβ1-3GalNAcβ1-4(Neu5Acα2-8Neu5Acα2-3)Galβ1-4Glcβ-Sp0 168 211 3 3 5 3 7 2
216 [3OSO3]Galβ1-4(Fucα1-3)[6OSO3]GlcNAc-Sp8 151 153 3 4 4 2 109 68
208 Manα1-2Manα1-6(Manα1-3)Manα1-6(Manα1-2Manα1-2Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 148 239 21 17 59 22 219 53
90 GalNAcα1-3GalNAcβ-Sp8 145 127 6 2 10 3 13 7

328 Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-3(Fucα1-4)GlcNAcβ-Sp0 139 22 13 14 5 9 12 8
33 [3OSO3]Galβ1-4[6OSO3]GlcNAcβ-Sp0 136 203 9 12 5 1 104 28

359 Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-3(Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAβ-S131 85 8 11 9 6 15 13
279 Neu5Gcα2-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 124 191 2 2 22 12 42 18
236 Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAcβ-Sp8 120 66 363 20 1 16 28 19
264 Neu5Acα2-6Galβ1-4[6OSO3]GlcNAcβ-Sp8 119 100 14 12 5 6 7 9

3 Manα-Sp8 118 83 12 7 6 1 76 55
190 GlcNAcβ1-6GalNAcα-Sp14 107 84 4 4 4 4 3 4
232 Neu5Acα2-3(Neu5Acα2-6)GalNAcα-Sp8 105 87 33 14 1 2 22 12
310 Manα1-6Manβ-Sp10 100 180 27 12 39 55 236 205
164 Galβ1-3(Galβ1-4GlcNAcβ1-6)GalNAcα-Sp8 97 76 11 6 2 3 5 2
421 GalNAcα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-3GalNAc-Sp14 94 21 11 15 23 10 39 43
56 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp13 93 45 -1 3 26 19 15 7

414 Galα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAcβ1-3GalNAc-Sp14 91 134 6 7 13 5 40 22
413 Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3GalNAcα-Sp14 89 62 8 4 20 11 65 59
449 Fucα1-2Galβ1-4GlcNAcβ1-3(Fucα1-2Galβ1-4GlcNAcβ1-6)GalNAc-Sp14 84 87 9 9 7 5 106 19
354 KDNα2-6Galβ1-4GlcNAc-Sp0 80 110 0 3 2 2 5 4
385 GlcNΑcβ1-2(GlcNΑcβ1-4)Manα1-3(GlcNΑcβ1-2Manα1-6)Manβ1-4GlcNΑcβ1-4GlcNΑc-Sp21 76 124 11 6 2 1 -2 4
253 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ-Sp8 75 52 5 7 24 9 35 19
237 Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 68 41 7 3 22 19 14 10
377 Galβ1-3GalNAcα1-3(Fucα1-2)Galβ1-4Glc-Sp0 67 110 5 7 24 11 85 44
338 GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ-Sp0 67 59 6 5 8 4 12 1
138 Galβ1-3GalNAcα-Sp16 65 54 11 5 6 2 111 82
227 Neu5Acα2-3(6-O-Su)Galβ1-4(Fucα1-3)GlcNAcβ-Sp8 64 48 7 3 7 6 25 10
340 GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 63 48 12 9 8 11 29 5
415 GalNAcα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAcβ1-3GalNAc-Sp14 60 49 9 8 2 6 13 16
212 Manα1-6(Manα1-3)Manα1-6(Manα1-2Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 53 46 2 5 41 10 51 34
332 GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 52 50 11 16 8 11 9 19
266 Neu5Acα2-6Galβ1-4GlcNAcβ-Sp8 52 42 15 14 10 7 22 11
433 Galβ1-4GlcNAcβ1-4(Galβ1-4GlcNAcβ1-2)Manα1-3(GlcNAcβ1-4)(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp50 66 11 5 4 1 17 9
357 Fucα1-2Galβ1-3GlcNAcβ1-2Manα1-3(Fucα1-2Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp20 50 29 7 7 22 14 6 5
336 GlcNAcα1-4Galβ1-4GlcNAcβ-Sp0 48 37 23 8 14 10 64 20
444 Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-2(Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-4)Manα1-3(Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-2M46 24 2 4 26 16 22 3
392 Galα1-3Galβ1-3(Fucα1-4)GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-3(Fucα1-4)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-S 45 45 12 10 28 15 18 8
308 GlcNAcβ1-4GlcNAcβ-Sp12 43 27 10 3 10 22 41 28
397 Galβ1-4(Fucα1-3)GlcNΑcβ1-3GalNΑcα-Sp14 41 20 7 7 15 9 0 7
92 GalNAcα1-4(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 41 75 10 5 11 13 8 3

442 [6OSO3]Galβ1-3[6OSO3]GlcNAc-Sp0 40 20 49 40 11 13 76 8
440 GalNAcβ1-6GalNAcβ-Sp8 40 63 7 4 23 18 11 9
160 Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 40 54 7 9 7 3 11 2
391 Galα1-3Galβ1-3GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp19 39 32 3 2 6 7 20 18

Supplementary Table S1 
The glycan numbers and structures represented on the printed slides of the CFG glycan libraries are listed. Binding of the soluble glycoproteins H5N1-
HA, IBV-M41-S1, H120-S1, Beaudette-S1, and VCNA B1648-S1 to each glycan is shown as mean relative fluorescent units (RFU) and standard 
deviation of 6 replicates. 
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146 Galβ1-3GlcNAcβ-Sp0 26 7 6 9 6 3 12 2
361 Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 26 40 27 41 21 3 56 49
389 Neu5Acα2-3(GalNAcβ1-4)Galβ1-4GlcNAcβ1-3GalNAcα-Sp14 26 12 4 4 1 3 23 15
399 Galα1-4Galβ1-3GlcNΑcβ1-2Manα1-3(Galα1-4Galβ1-3GlcNΑcβ1-2Manα1-6)Manβ1-4GlcNΑcβ1-4GlcNΑcβ-Sp19 26 19 -1 9 11 6 34 18
254 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp8 25 7 10 5 4 3 14 13
299 Galβ1-4GlcNAcβ1-3(Galβ1-4GlcNAcβ1-6)Galβ1-4GlcNAc-Sp0 25 8 13 13 4 5 4 4
420 Galα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-3GalNAc-Sp14 25 13 13 7 15 3 26 18
194 Glcα1-6Glcα1-6Glcβ-Sp8 24 10 9 5 13 12 58 19
179 GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp8 24 13 28 35 18 16 47 63
408 Galβ1-3GalNAcβ1-4(Neu5Acα2-8Neu5Acα2-3)Galβ1-4Glcβ-Sp0 24 11 13 4 14 21 88 32
401 Galα1-3Galβ1-4GlcNΑcβ1-3GalNΑcα-Sp14 24 13 144 242 -1 2 65 29
223 Neu5Acα2-8Neu5Acα2-8Neu5Acα2-3(GalNAcβ1-4)Galβ1-4Glcβ-Sp0 24 19 11 5 3 2 9 10
343 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 24 13 3 7 3 3 45 52
222 Neu5Acα2-8Neu5Acα2-8Neu5Acα2-8Neu5Acα2-3(GalNAcβ1-4)Galβ1-4Glcβ-Sp0 24 4 1 9 12 4 5 5
133 Galβ1-3(Neu5Acα2-6)GalNAcα-Sp14 24 9 3 4 4 1 10 5
97 GalNAcβ1-4GlcNAcβ-Sp0 23 17 6 3 4 2 11 12

118 Galα1-4Galβ1-4GlcNAcβ-Sp0 23 14 5 5 1 2 27 15
168 Galβ1-4Glcβ-Sp0 23 31 11 11 3 4 22 8
38 [4OSO3][6OSO3]Galβ1-4GlcNAcβ-Sp0 23 21 12 10 10 5 123 53

341 GlcNAcα1-4Galβ1-3GalNAc-Sp14 23 32 28 14 25 3 123 23
374 Neu5Acα2-6Galβ1-4GlcNAcβ1-3GalNAc-Sp14 23 14 2 2 2 2 6 4
443 Fucα1-2Galβ1-4GlcNAcβ1-2(Fucα1-2Galβ1-4GlcNAcβ1-4)Manα1-3(Fucα1-2Galβ1-4 GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-23 12 8 11 7 5 19 9
304 GlcAβ1-3GlcNAcβ-Sp8 22 4 24 21 7 3 26 21
184 GlcNAcβ1-4Galβ1-4GlcNAcβ-Sp8 22 15 24 9 7 3 7 1
186 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ-Sp8 22 34 11 6 3 2 87 20
349 GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-Sp22 22 4 12 9 17 11 70 20
72 Fucα1-2Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 22 13 2 6 7 4 14 16

112 Galα1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp8 21 17 4 4 25 12 16 10
337 GlcNAcα1-4Galβ1-3GlcNAcβ-Sp0 21 10 71 64 4 11 38 31
317 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 21 21 8 3 5 6 16 10
321 Galβ1-3GlcNAcβ1-2Manα1-3(Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp19 21 9 20 11 14 5 9 7
297 Galβ1-3Galβ1-4GlcNAcβ-Sp8 21 5 7 1 6 1 5 4
274 Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-3(Fucα1-4)GlcNAcβ-Sp0 21 13 81 93 7 7 12 7
287 Galβ1-4(Fucα1-3)[6OSO3]GlcNAc-Sp0 21 10 14 10 1 2 86 25
434 Galβ1-4GlcNAcβ1-2Manα1-3(GlcNAcβ1-4)(Galβ1-4GlcNAcβ1-6(Galβ1-4GlcNAcβ1-2)Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp21 14 137 160 5 6 9 6
303 GalNAcβ1-3Galβ-Sp8 21 8 19 13 7 2 14 7
350 Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-Sp22 20 4 6 3 2 5 13 4
381 Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ1-3(Galβ1-4GlcNAcβ1-6)Galβ1-4Glc-Sp21 20 7 5 6 31 17 -3 8
203 KDNα2-3Galβ1-4GlcNAcβ-Sp0 20 5 0 3 2 7 8 8
103 Galα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAcβ-Sp8 20 7 2 3 -3 4 7 5
173 GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα-Sp8 20 9 1 2 2 3 1 3
450 Galα1-3Fucα1-2Galβ1-4GlcNAcβ1-3(Galα1-3Fucα1-2Galβ1-4GlcNAcβ1-6)GalNAc-Sp14 20 4 8 6 8 2 7 7
451 GalNAcα1-3Fucα1-2Galβ1-4GlcNAcβ1-3(GalNAcα1-3Fucα1-2Galβ1-4GlcNAcβ1-6)GalNAc-Sp14 20 4 87 152 1 7 244 121
289 Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-3(Fucα1-4)GlcNAcβ-Sp0 20 16 8 3 5 5 20 20
233 Neu5Acα2-3GalNAcα-Sp8 20 8 12 2 4 4 88 18
455 Galα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-2Manα1-6(Galα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-2Manα1-3)Manβ1-4GlcNAcβ1-4(Fucα1-6) 20 11 3 3 23 15 67 24
418 GlcNAcβ1-2Manα1-3(GlcNAcβ1-2(GlcNAcβ1-6)Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp19 19 5 4 3 1 2 104 177
446 Galβ1-4GlcNAcβ1-6GalNAc-Sp14 19 9 16 12 5 1 15 9
89 GalNAcα1-3(Fucα1-2)Galβ-Sp18 19 6 12 8 6 6 376 87

448 Galβ1-4GlcNAcβ1-2Manα-Sp0 19 9 8 2 3 3 50 18
294 [6OSO3]Galβ1-4[6OSO3]GlcNAcβ-Sp0 19 10 19 5 16 8 164 159
423 Fucα1-2Galβ1-3GlcNAcβ1-2Manα1-3(Fucα1-2Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-Sp22 19 16 6 4 1 2 54 29
82 GalNAcα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 19 7 27 43 8 5 26 14

347 Galβ1-4GlcNAcβ1-2Manα1-6Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 19 8 21 16 21 11 9 7
94 GalNAcβ1-3(Fucα1-2)Galβ-Sp8 19 20 7 5 3 5 9 7

280 Neu5Gcα2-3Galβ1-4GlcNAcβ-Sp0 19 4 12 15 5 4 0 2
136 Galβ1-3GalNAcα-Sp8 19 16 19 8 31 41 15 7
270 Neu5Acα2-6Galβ1-4Glcβ-Sp8 19 11 4 3 5 4 15 5
456 Neu5Acα2-6Galβ1-4GlcNAcβ1-6(Fucα1-2Galβ1-3GlcNAcβ1-3)Galβ-4Glc-Sp21 18 10 10 3 1 2 6 6
460 Galα1-3(Fucα1-2)Galβ1-3GalNAcα-Sp8 18 10 6 11 12 7 5 5
362 Galβ1-3(Fucα1-4)GlcNAcβ1-2Manα1-3(Galβ1-3(Fucα1-4)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-Sp22 18 10 9 8 21 18 53 14
5 GalNAcα-Sp15 18 11 8 6 4 3 38 52

335 GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 18 4 6 10 5 8 19 9
55 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 18 11 43 48 9 9 10 5

345 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 18 6 9 8 54 52 22 24
219 Fucα1-2[6OSO3]Galβ1-4[6OSO3]Glc-Sp0 18 6 10 7 6 4 19 12
213 Manα1-6(Manα1-3)Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 18 7 10 4 7 3 13 6
158 Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 18 9 4 2 12 1 10 10
31 [3OSO3]Galβ1-4(Fucα1-3)GlcNAc-Sp0 17 20 10 8 4 3 5 2

142 Galβ1-3GalNAcβ1-4Galβ1-4Glcβ-Sp8 17 14 6 5 5 5 18 7
23 [3OSO3]Galβ1-4(Fucα1-3)[6OSO3]Glc-Sp0 17 7 5 6 13 7 40 30
34 [3OSO3]Galβ1-4[6OSO3]GlcNAcβ-Sp8 17 12 12 5 11 4 72 35
29 [3OSO3]Galβ1-3GlcNAcβ-Sp0 17 9 9 4 3 3 20 7

144 Galβ1-3GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 17 9 2 3 7 9 57 18
369 Galα1-3Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-S17 7 68 70 60 52 127 200
386 Fucα1-2Galβ1-3GalNAcα1-3(Fucα1-2)Galβ1-4Glcβ-Sp0 17 8 21 12 12 11 9 5
9 Neu5Acα-Sp8 17 13 8 4 11 7 21 24
22 [3OSO3][6OSO3]Galβ1-4GlcNAcβ-Sp0 17 8 21 14 6 4 121 29

148 Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 17 7 8 5 2 4 9 4
88 GalNAcα1-3(Fucα1-2)Galβ-Sp8 17 9 1 5 3 5 9 2

211 Manα1-3(Manα1-2Manα1-2Manα1-6)Manα-Sp9 17 10 10 3 0 2 13 2
161 Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ-Sp0 16 8 6 3 12 12 15 3
218 Fucα1-2Galβ1-4[6OSO3]GlcNAc-Sp8 16 11 3 4 4 4 42 17
140 Galβ1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Sp0 16 10 1 2 6 4 2 5
151 Galβ1-4(Fucα1-3)GlcNAcβ1-4Galβ1-4(Fucα1-3)GlcNAcβ1-4Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 16 1 0 1 3 4 22 24
201 GlcAβ1-6Galβ-Sp8 16 5 16 12 7 4 22 8
432 Galβ1-4GlcNAcβ1-2Manα1-3(GlcNAcβ1-4)(Galβ1-4GlcNAcβ1-2)Manβ1-4GlcNAcβ1-4GlcNAc-Sp21 16 7 5 7 1 5 16 11
427 Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3GlcNAcβ1-6)Galβ1-4Glc-Sp21 16 3 17 7 13 7 15 6
327 Neu5Acα2-6Galβ1-4GlcNAcβ1-3Galβ1-3GlcNAcβ-Sp0 16 8 26 10 10 7 44 35
284 Neu5Gcα-Sp8 16 7 19 9 11 8 20 9
306 GlcNAcβ1-3Man-Sp10 16 17 16 10 3 6 70 29
54 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-N(LT)AVL 15 9 19 18 11 13 -3 5
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27 [3OSO3]Galβ1-3(Fucα1-4)GlcNAcβ-Sp8 13 7 9 13 10 5 20 19
49 Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 13 14 4 3 11 6 17 5

461 Galα1-3(Fucα1-2)Galβ1-3GalNAcβ-Sp8 12 2 3 10 16 9 27 45
53 Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 12 5 27 24 3 4 174 258

302 Galβ1-4GlcNAcβ1-6Galβ1-4GlcNAcβ-Sp0 12 12 1 2 0 4 11 6
265 Neu5Acα2-6Galβ1-4GlcNAcβ-Sp0 12 1 2 23 7 2 7 7
167 Galβ1-4GlcNAcβ-Sp8 12 10 3 3 2 2 30 18
298 Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 12 3 1 4 6 3 7 2
366 Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp21 12 5 43 29 13 24 16 5
214 Manβ1-4GlcNAcβ-Sp0 12 8 2 1 3 2 60 69
134 Galβ1-3(Neu5Acβ2-6)GalNAcα-Sp8 12 9 5 3 22 21 18 9
305 GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 12 6 3 2 2 3 26 7
245 Fucα1-2[6OSO3]Galβ1-4Glc-Sp0 12 6 0 3 2 6 14 23
71 Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ-Sp8 12 8 -1 3 10 5 20 12

224 Neu5Acα2-8Neu5Acα2-8Neu5Acα2-3Galβ1-4Glcβ-Sp0 12 7 27 29 0 5 14 8
24 [3OSO3]Galβ1-4Glcβ-Sp8 12 5 16 4 12 10 53 29

196 Glcβ1-6Glcβ-Sp8 12 3 16 16 38 10 63 33
110 Galα1-3GalNAcα-Sp16 12 8 36 20 139 195 208 211
115 Galα1-3Galβ1-4Glcβ-Sp0 12 3 7 5 3 6 8 8
171 GlcNAcα1-6Galβ1-4GlcNAcβ-Sp8 12 11 9 7 11 13 4 3
86 GalNAcα1-3(Fucα1-2)Galβ1-4Glcβ-Sp0 12 2 3 4 1 1 3 3
87 GlcNAcβ1-3Galβ1-3GalNAcα-Sp8 12 6 6 4 6 5 59 27

113 Galα1-3Galβ1-3GlcNAcβ-Sp0 12 4 10 7 2 2 35 31
143 Galβ1-3Galβ-Sp8 12 7 7 8 7 6 32 30
12 Galβ-Sp8 11 6 25 3 26 11 69 46

263 Neu5Acα2-6GalNAcβ1-4GlcNAcβ-Sp0 11 6 0 2 -1 2 118 12
114 Galα1-3Galβ1-4GlcNAcβ-Sp8 11 13 2 8 0 3 12 12
46 [6OSO3]GlcNAcβ-Sp8 11 11 8 3 8 2 39 26
61 Fucα1-2Galβ1-3GalNAcα-Sp14 11 3 0 1 22 15 10 3

309 HOOC(CH3)CH-3-O-GlcNAcβ1-4GlcNAcβ-Sp10 11 3 12 5 10 6 26 19
454 GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-6(GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-3)Manβ1-4GlcNAcβ1-4(F11 12 -2 3 2 3 7 5
11 Neu5Acβ-Sp8 11 10 11 1 10 12 9 5

330 Galα1-4Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ-Sp0 11 4 1 2 5 2 17 11
396 Fucα1-2Galβ1-4GlcNΑcβ1-3GalNΑcα-Sp14 11 10 5 3 16 10 12 6
283 Neu5Gcα2-6Galβ1-4GlcNAcβ-Sp0 11 4 11 8 1 5 11 8
19 Galβ1-4GlcNAcβ1-3(Galβ1-4GlcNAcβ1-6)GalNAcα-Sp8 11 10 12 6 5 4 33 19

155 Galβ1-4GalNAcβ1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 11 5 61 41 10 10 6 7
422 Galα1-3Galβ1-3GlcNAcβ1-3GalNAc-Sp14 11 8 3 2 9 4 21 2
127 Galβ1-3(Fucα1-4)GlcNAcβ-Sp8 11 12 4 2 4 2 1 3
394 GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 11 6 -4 3 8 5 6 3
153 Galβ1-4[6OSO3]Glcβ-Sp8 11 10 10 20 8 4 49 31
463 Glcα1-4Glcα1-4Glcα1-4Glcβ-Sp10 11 5 37 45 14 13 21 13
453 GalNAcβ1-4Galβ1-4Glcβ-Sp0 11 10 36 12 35 16 740 62
45 Neu5Acα2-3[6OSO3]Galβ1-4GlcNAcβ-Sp8 11 6 18 8 38 29 202 79

150 Galβ1-4(Fucα1-3)GlcNAcβ1-4Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 11 2 19 20 7 7 2 7
131 Galβ1-3(GlcNAcβ1-6)GalNAc-Sp14 11 3 0 7 21 12 5 5
64 Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glcβ-Sp8 11 8 9 4 3 8 15 7

197 G-ol-Sp8 11 7 31 23 11 9 77 22
352 [6OSO3]GlcNAcβ1-3Galβ1-4GlcNAc-β-Sp0 10 6 6 4 1 4 16 26
191 GlcNAcβ1-6Galβ1-4GlcNAcβ-Sp8 10 1 4 4 1 5 17 11
331 GalNAcβ1-3Galα1-4Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ-Sp0 10 2 2 4 8 6 14 19
259 Fucα1-2Galβ1-4[6OSO3]Glc-Sp0 10 10 12 2 5 3 26 12
368 Galα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-3(Galα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-S10 5 3 2 29 21 7 1
176 GlcNAcβ1-3GalNAcα-Sp14 10 8 2 6 2 4 0 5
189 GlcNAcβ1-6GalNAcα-Sp8 10 4 8 5 11 10 35 10
215 Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAc-Sp0 10 4 1 1 2 5 30 12
108 Galα1-3(Galα1-4)Galβ1-4GlcNAcβ-Sp8 10 4 38 45 -1 3 7 3
96 GalNAcβ1-4(Fucα1-3)GlcNAcβ-Sp0 10 4 5 2 8 4 9 6
32 [3OSO3]Galβ1-4(Fucα1-3)GlcNAcβ-Sp8 10 4 121 239 4 6 14 9
41 [6OSO3]Galβ1-4Glcβ-Sp0 10 6 7 16 2 2 284 79

346 Galβ1-4GlcNAcβ1-2Manα1-3Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 10 4 2 3 3 8 6 2
65 Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glcβ-Sp10 10 9 0 3 4 3 97 56

319 Neu5Acα2-8Neu5Acα2-8Neu5Acβ-Sp8 10 4 11 6 0 2 9 13
358 Fucα1-2Galβ1-4GlcNAcβ1-2Manα1-3(Fucα1-2Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp20 10 4 7 10 9 11 12 6
132 Galβ1-3(Neu5Acα2-6)GalNAcα-Sp8 10 10 61 85 6 13 1 6
107 Galα1-3(Fucα1-2)Galβ-Sp18 10 2 1 6 15 17 3 8
326 Neu5Ac(9Ac)a2-3Galβ1-3GlcNAcβ-Sp0 10 7 14 14 4 2 5 2
59 Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ-Sp8 10 3 28 14 10 5 33 8

426 Fucα1-2Galβ1-3GlcNAcβ1-3(Galβ1-4GlcNAcβ1-6)Galβ1-4Glc-Sp21 9 12 9 4 3 2 6 6
109 Galα1-3GalNAcα-Sp8 9 7 6 4 1 8 51 28
81 GalNAcα1-3(Fucα1-2)Galβ1-3GlcNAcβ-Sp0 9 2 14 28 12 4 42 10

271 Neu5Acα2-6Galβ-Sp8 9 8 16 14 4 15 18 25
353 KDNα2-3Galβ1-4(Fucα1-3)GlcNAc-Sp0 9 5 17 13 24 10 504 75
430 GlcNAcβ1-2Manα1-3(GlcNAcβ1-4)(GlcNAcβ1-6(GlcNAcβ1-2)Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp21 9 2 9 7 7 3 16 12
273 Neu5Acα2-8Neu5Acα2-3Galβ1-4Glcβ-Sp0 9 3 4 10 4 3 84 137
267 Neu5Acα2-6Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 9 5 22 11 9 4 7 5
364 Neu5Acα2-6GlcNAcβ1-4GlcNAcβ1-4GlcNAc-Sp21 9 4 11 9 9 14 14 11
139 Galβ1-3GalNAcβ-Sp8 9 5 7 1 12 3 3 3
436 Galα1-3Galβ1-4Glc-Sp10 9 6 2 8 8 3 21 6
320 Neu5Gcβ2-6Galβ1-4GlcNAc-Sp8 9 7 4 3 10 3 9 7
276 Neu5Acβ2-6Galβ1-4GlcNAcβ-Sp8 9 9 3 4 16 15 0 3
44 [6OSO3]Galβ1-4[6OSO3]Glcβ-Sp8 9 11 8 7 2 6 89 49
10 Neu5Acα-Sp11 8 5 23 16 31 14 178 21

393 Galβ1-4GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 8 3 10 9 3 2 14 13
36 [3OSO3]Galβ1-4GlcNAcβ-Sp8 8 5 10 5 16 5 85 35
95 GalNAcβ1-3Galα1-4Galβ1-4GlcNAcβ-Sp0 8 2 0 3 11 3 28 7

178 GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 8 5 6 6 9 7 43 26
376 (GalNAcβ1-4GlcNAcβ1-2Manα1-6)GalNAcβ1-4GlcNAcβ1-2Manα1-3Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 8 8 5 6 3 2 3 5
66 Fucα1-2Galβ1-3GlcNAcβ-Sp0 8 7 5 3 1 4 6 5

154 Galβ1-4GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 8 3 2 6 16 17 4 1
80 Fucβ1-3GlcNAcβ-Sp8 8 4 9 8 9 3 134 8

344 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6Manβ1-4GlcNAcβ1-4GlcNAc-Sp12 8 1 1 5 22 14 11 7
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185 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ1-4β-Sp8 7 5 17 14 3 4 544 43
84 GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp0 7 5 7 6 21 9 25 16

438 Galβ1-6Galβ-Sp10 7 7 13 7 12 8 324 131
207 Manα1-6(Manα1-2Manα1-3)Manα1-6(Manα1-2Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 7 10 19 18 18 4 270 79
106 Galα1-3(Fucα1-2)Galβ-Sp8 6 2 110 115 29 10 10 8
388 Galβ1-3GlcNAcβ1-3GalNAcα-Sp14 6 5 22 27 9 8 17 7
75 Fucα1-2Galβ1-4GlcNAcβ-Sp8 6 3 13 8 3 5 28 42

441 [6OSO3]Galβ1-3GlcNAcβ-Sp0 6 4 6 7 3 7 4 4
199 GlcAβ-Sp8 6 7 71 20 22 8 76 14
141 Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glcβ-Sp0 6 6 8 5 5 7 34 19
402 Galβ1-3GlcNAcβ1-6Galβ1-4GlcNAcβ-Sp0 6 6 3 1 5 8 14 11
20 GlcNAcβ1-3(GlcNAcβ1-4)(GlcNAcβ1-6)GlcNAc-Sp8 6 7 28 9 61 36 465 149

406 Galα1-3(Fucα1-2)Galβ1-4(Fucα1-3)Glcβ-Sp21 6 2 -1 3 1 2 26 22
318 Neu5Acα2-8Neu5Acβ-Sp17 6 5 15 10 8 6 41 16
417 Fucα1-2Galβ1-4GlcNAcβ1-2Manα1-3(Fucα1-2Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-Sp22 6 3 12 4 -1 2 -1 5
157 Galβ1-4GlcNAcβ1-3GalNAcα-Sp14 6 6 4 3 8 6 12 15
351 Galβ1-3GlcNAcβ1-2Manα1-3(Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-Sp22 6 6 14 7 7 11 33 8
60 Fucα1-2Galβ1-3GalNAcα-Sp8 6 3 1 1 10 6 9 4
79 Fucα1-4GlcNAcβ-Sp8 6 5 113 133 -1 4 66 47
37 [3OSO3]Galβ-Sp8 6 6 12 6 14 5 54 20

105 Galα1-3(Fucα1-2)Galβ1-4Glcβ-Sp0 6 2 9 7 2 1 61 21
293 [3OSO3][4OSO3]Galβ1-4GlcNAcβ-Sp0 6 5 22 4 6 9 107 28
130 Galβ1-3(GlcNAcβ1-6)GalNAcα-Sp8 6 6 26 45 19 14 11 5
370 GalNAcα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-2Manα1-3(GalNAcα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4G6 6 8 2 15 6 11 4
371 Galα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-2Manα1-3(Galα1-3(Fucα1-2)Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-S6 5 30 28 13 14 1 3
300 Galβ1-4GlcNAcβ1-3(GlcNAcβ1-6)Galβ1-4GlcNAc-Sp0 6 3 15 5 13 7 7 8
307 GlcNAcβ1-4GlcNAcβ-Sp10 6 2 15 5 21 9 29 24
62 Fucα1-2Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glcβ-Sp0 6 3 3 5 5 7 12 9
67 Fucα1-2Galβ1-3GlcNAcβ-Sp8 6 3 3 4 1 2 114 41
68 Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 5 2 5 2 3 3 -1 5
21 [3OSO3][6OSO3]Galβ1-4[6OSO3]GlcNAcβ-Sp0 5 3 -1 4 11 11 13 8

124 Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 5 4 12 4 7 6 8 3
128 Galβ1-3(Fucα1-4)GlcNAc-Sp8 5 4 154 172 12 8 3 9
73 Fucα1-2Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 5 7 1 4 7 6 4 6

356 KDNα2-3Galβ1-3GalNAcα-Sp14 5 4 5 3 14 10 16 11
295 6-H2PO3Glcβ-Sp10 5 3 17 9 7 5 109 24
91 GalNAcα1-3Galβ-Sp8 5 10 5 4 7 3 40 20

192 Glcα1-4Glcβ-Sp8 5 5 28 12 14 10 16 7
230 Neu5Acα2-3(GalNAcβ1-4)Galβ1-4Glcβ-Sp0 5 6 6 13 7 6 21 11
275 Neu5Acβ2-6GalNAcα-Sp8 5 8 20 42 3 5 25 26
316 Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 5 5 7 10 16 8 7 10
111 Galα1-3GalNAcβ-Sp8 5 6 9 5 7 3 15 10
459 Galβ1-4GlcNAcβ-(OCH2CH2)6NH2 5 5 54 49 6 5 7 4
424 Galα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-3(Galα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6) 5 6 2 5 2 2 24 13
177 GlcNAcβ1-3Galβ-Sp8 5 6 32 37 1 2 1 4
47 [9NAc]Neu5Acα-Sp8 5 4 7 3 6 6 104 51

278 Neu5Gcα2-3Galβ1-3GlcNAcβ-Sp0 5 6 7 5 1 5 2 5
43 [6OSO3]Galβ1-4GlcNAcβ-Sp8 4 2 4 5 9 4 256 47
15 GalNAcβ-Sp8 4 3 3 2 5 1 62 28

282 Neu5Gcα2-6GalNAcα-Sp0 4 6 3 1 0 1 -6 5
428 GlcNAcβ1-2Manα1-3(GlcNAcβ1-4)(GlcNAcβ1-2Manα1-6)Manβ1-4GlcNacβ1-4GlcNAc-Sp21 4 4 8 4 0 2 6 9
159 Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 4 2 13 7 5 5 55 20
398 GalNΑcα1-3GalNΑcβ1-3Galα1-4Galβ1-4GlcNΑcβ-Sp0 4 7 8 3 4 2 145 98
181 GlcNAcβ1-3Galβ1-4Glcβ-Sp0 4 5 -1 2 25 11 13 8
182 GlcNAcβ1-4-MDPLys 4 3 8 4 12 5 3 3

7 Fucα-Sp9 4 6 2 4 4 3 5 7
63 Fucα1-2Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glcβ-Sp9 4 5 6 2 0 4 75 19

206 Manα1-2Manα1-3Manα-Sp9 4 2 -1 2 3 1 18 12
117 Galα1-4(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 4 4 2 7 8 9 12 7

6 Fucα-Sp8 4 1 56 22 5 3 74 54
390 GalNAcα1-3(Fucα1-2)Galβ1-3GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp0 4 2 21 27 4 9 98 7
363 Neu5Acα2-6GlcNAcβ1-4GlcNAc-Sp21 4 3 66 54 8 2 5 2
378 Galβ1-3GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAc-Sp0 4 4 4 1 -1 2 5 4
39 [4OSO3]Galβ1-4GlcNAcβ-Sp8 4 3 0 3 3 2 45 23

165 Galβ1-3(Galβ1-4GlcNAcβ1-6)GalNAc-Sp14 4 3 4 3 1 1 142 28
175 GlcNAcβ1-3GalNAcα-Sp8 4 6 37 38 3 4 12 13
387 Fucα1-2Galβ1-3GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp0 4 4 7 9 10 7 43 21
355 KDNα2-3Galβ1-4Glc-Sp0 4 3 10 5 11 8 251 57
217 Fucα1-2[6OSO3]Galβ1-4GlcNAc-Sp0 4 3 4 2 19 11 28 29
18 GlcN(Gc)β-Sp8 3 3 14 5 18 16 202 70

104 Galα1-3(Fucα1-2)Galβ1-4GlcNAc-Sp0 3 4 166 142 1 5 13 12
121 Galα1-4GlcNAcβ-Sp8 3 3 9 4 3 4 4 7
174 GlcNAcβ1-3(GlcNAcβ1-6)Galβ1-4GlcNAcβ-Sp8 3 2 14 12 4 4 0 3
187 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ-Sp8 3 9 6 4 3 3 166 88
93 GalNAcβ1-3GalNAcα-Sp8 3 4 7 4 24 19 23 5

367 GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-3(GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4G3 2 13 10 21 14 62 87
437 Galβ1-4Galβ-Sp10 3 5 32 35 16 21 207 103
412 GalNAcα1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Sp0 3 2 16 15 31 16 13 4
169 Galβ1-4Glcβ-Sp8 2 6 34 19 21 16 93 110
152 Galβ1-4[6OSO3]Glcβ-Sp0 2 1 5 4 13 14 27 34
26 [3OSO3]Galβ1-4[6OSO3]Glcβ-Sp8 2 1 92 83 7 8 51 11
77 Fucα1-2Galβ-Sp8 2 8 47 53 4 7 129 195
40 6-H2PO3Manα-Sp8 2 4 13 13 10 5 168 56
42 [6OSO3]Galβ1-4Glcβ-Sp8 2 1 8 1 4 3 29 18
8 Rhaα-Sp8 1 1 92 114 14 8 107 42

324 Fucα1-3(Galβ1-4)GlcNAcβ1-2Manα1-3(Fucα1-3(Galβ1-4)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp20 1 6 25 25 22 16 45 12
204 Manα1-2Manα1-2Manα1-3Manα-Sp9 1 5 2 11 2 3 0 5

4 GalNAcα-Sp8 1 6 188 130 -1 8 48 15
16 GlcNAcβ-Sp0 1 3 1 2 5 3 127 51
13 Glcβ-Sp8 1 3 2 2 0 4 182 52
85 GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 1 3 8 3 9 6 34 20
30 [3OSO3]Galβ1-3GlcNAcβ-Sp8 0 4 95 131 19 14 29 9
28 [3OSO3]Galβ1-3GalNAcα-Sp8 0 4 133 73 9 8 21 6

195 Glcβ1-4Glcβ-Sp8 -1 4 14 13 11 13 20 20
14 Manβ-Sp8 -2 3 2 3 13 20 262 87

210 Manα1-3(Manα1-6)Manα-Sp9 -3 46 14 27 59 32 28 18
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Abstract 

The initial interaction between viral attachment proteins and the host cell is a critical 
determinant for the susceptibility of a host for a particular virus. To increase our understanding 
of avian pathogens and the susceptibility of poultry species, we developed novel avian 
tissue microarrays (TMAs).  Tissue binding profiles of avian viral attachment proteins were 
studied by performing histochemistry on multi-species TMA, comprising of selected tissues 
from ten avian species, and single-species TMAs, grouping organ systems of each species 
together. The attachment pattern of the hemagglutinin protein was in line with the reported 
tropism of influenza virus H5N1, confirming the validity of TMAs in profiling  the initial virus-
host interaction. The previously believed chicken-specific coronavirus (CoV) M41 spike (S1) 
protein displayed a broad attachment pattern to respiratory tissues of various avian species, 
albeit with lower affinity than hemagglutinin, suggesting that other avian species might be 
susceptible for chicken CoV. When comparing tissue-specific binding patterns of various 
avian coronaviral S1 proteins on the single-species TMAs, chicken and partridge CoV S1 
had predominant affinity for the trachea, while pigeon CoV S1 showed marked preference 
for lung of their respective hosts. Binding of all coronaviral S1 proteins was dependent on 
sialic acids; however, while chicken CoV S1 preferred sialic acids type I lactosamine (Gal(1-3)
GlcNAc) over type II (Gal(1-4)GlcNAc), the fine glycan specificities of pigeon and partridge 
CoVs were different, as chicken CoV S1-specific sialylglycopolymers could not block their 
binding to tissues. Taken together, TMAs provide a novel platform in the field of infectious 
diseases to allow  identification of binding specificities of viral attachment proteins and are 
helpful to gain insight into the susceptibility of host and organ for avian pathogens.

Key words

Avian coronavirus, tissue microarray, spike, viral attachment protein, sialic acids, avian 
species, susceptibility, hemagglutinin



79

AviAn tissue microArrAys to profile virAl AttAchment proteins

Ch
ap

te
r 4

Introduction

Viral infection of birds can vary from asymptomatic to severe clinical disease. In commercial 
birds viral diseases can have a large impact on the welfare of the animal as well as the 
production of eggs and meat. In addition, clinically asymptomatic infected birds may be a 
threat to the environment by becoming a reservoir for various avian viruses, including influenza 
A virus (IAV) [1]. For many avian viruses, in particular for the avian gammacoronaviruses (CoV), 
hardly anything is known about the specific interactions between virus and host determining 
the outcome of the infection. Elucidation of such viral or host determinants for predilection 
of organ system, or particular avian species, to these viruses is hampered by the lack of 
infection model systems. Novel assays are therefore needed to ultimately to better control of 
virus infections in susceptible birds. 

Avian gammacoronaviruses, belonging to the family of Coronaviridae within the order 
Nidovirales, are represented by infectious bronchitis virus (IBV), the coronavirus of chicken 
(Gallus gallus). Infectious bronchitis is a highly contagious disease, causing huge economic 
losses worldwide. While all chicken CoV strains infect epithelial cells of the respiratory system 
[2] some IBVs have a preference for other organ systems including the urogenital system 
[3]. Limited knowledge is available on which specific viral and host factors determine the 
susceptibility of specific epithelial cells within the chicken organ systems. In addition, it is 
unknown whether IBV strains, usually considered as chicken-specific, can cross the species 
barrier to infect, and cause disease, in other birds. Gammacoronaviruses have also been 
detected in other poultry species, including turkey, pheasant, pigeon, partridge, guineafowl, 
quail, goose, teal, peafowl [2], [4-7]. Some of these have high sequence similarity to IBV  
(>90 %, [7]) and are sometimes referred to IBV-like strains [2].

The coronaviral glycoprotein spike (S), residing in the viral envelope, is the major viral 
attachment protein and the determinant for the in vitro cell tropism of IBV [8]. The high 
sequence diversity between various IBV (-like) strains [2] suggests that it might contribute 
to the outcome of the infection in vivo [9], but likely it is not the only determinant for the 
pathogenicity [10]. The spike protein binds to sialic acids, in particular, α2,3-linked sialylated 
glycans [11] on the cell surface of susceptible host cells [11-13] and thus might contribute to 
the tissue and host tropism of the virus. However, as sialic acids are distributed universally in 
host tissues [14-16], combined with the observation that chicken CoV infects only particular 
cells and organ systems [3], it has been suggested that also other host factors contribute to 
the tropism. This might be an additional specific protein receptor, linkage of sialic acids to a 
particular protein or lipid, or another essential entry factor.

Distribution of viral receptors in avian species has been studied extensively to compare the 
binding with the in vivo tropism and pathogenicity of that particular virus. For example, while 
sialic acid distribution in the host tissues has been shown to correlate with tissue attachment 
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patterns of labeled virus [15], binding of viral attachment proteins to tissues reflected the in 
vivo pathogenicity of influenza virus [17]. Such a tissue-based approach therefore, can be 
taken into account to elucidate multiple host attachment factors and thus to facilitate the 
prediction of the susceptibility of an organ system or a host species to a virus. Previously 
others and we have shown that binding of recombinant coronaviral attachment proteins 
to host tissues can be used to elucidate tissue and glycan binding specificities of avian 
coronaviruses [11], [18], [19]. In particular, binding of the spike proteins from IBV strains could 
be correlated with reported pathogenicity of the virus [11].
 
To expand our knowledge on the host and organ tropism of avian gammacoronaviruses, 
we aimed at profiling tissue attachment characteristics of various IBV(-like) spike proteins. 
However, analyzing the binding of viral components on tissues, from a range of host or organ 
systems, mounted on multiple microscopic slides is laborious and demands ample amounts 
of labeled viral components. To facilitate this analysis we developed tissue microarrays 
(TMAs), representing tissues from ten different avian species, from which gammacoronaviral 
sequences were detected [2]. Multi-species and single-species TMAs were developed, by 
transferring 2 mm tissue cores from archive blocks to recipient array blocks. First, tissue 
attachment characteristics of the attachment protein hemagglutinin (HA) of influenza virus 
H5N1 and the spike protein of avian CoVs were compared on respiratory tissues of different 
avian species using multi-species TMA. Next, single-species TMA was used to study tissue 
and glycan binding profiles of spike proteins of various avian coronaviruses, including those 
detected in chicken, pigeon and partridge CoVs. We observed that recombinant spike protein 
of the prototype chicken CoV strain M41 could attach to respiratory tissues of various other 
avian species albeit with lower avidity than that observed for HA. Spike proteins of pigeon 
CoV and partridge CoV also displayed sialic acid specific tissue binding, however, their 
fine receptor specificity was not identical to that of the IBV M41 spike. In conclusion, TMAs 
are excellent tools to gain insight in virus-host interactions involved in the first step of the 
infection. 

Materials and methods 

Ethics statement 

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 of the Committee on the Ethics of Animal 
Experiment is required. 
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Animals and tissues

Tissues were selected from Canada goose, graylag goose, guineafowl, mallard duck, 
partridge, pheasant, pigeon, quail, teal, turkey, and white leghorn chicken. The donor blocks 
were sectioned to 3-4 µm. Sections were stained with hematoxylin and eosin (H&E) assessed 
microscopically to analyze the quality of preservation and to select areas from organ systems 
devoid of pathological changes for transfer into recipient blocks. 

Preparation of tissue microarray (TMA)

The recipient array block, containing 60 holes of 2 mm diameter, was prepared by first 
pouring paraplast X-TRA (Sigma, Aldrich, The Netherlands) into an array mold (IHC world, 
USA). Selected cores from the donor blocks were subsequently transferred to the recipient 
array block (Fig. 1). The array blocks were trimmed and sectioned into 4 µm TMA sections 
mounted on KP plus glass slides (Klinipath, The Netherlands). A TMA from every array block 
was stained with H&E and lectins MALI (Maackia amurensis lectin I) and MALII (Maackia 
amurensis lectin II) (Vector Laboratories) for quality control and to identify the different cell 
types in each tissue. 

Genes and expression vectors

S1 encoding sequences of pigeon and partridge CoVs [GenBank: AAZ85066 and AAT70772 
respectively] were obtained from the National Center for Biotechnology Information (NCBI). 
The pCD5 expression vectors containing S1 of chicken coronavirus, strain M41 S1 and (HA) 
of avian influenza virus are previously described [11]. To generate pCD5 expression vectors 
containing S1 of pigeon and partridge CoVs codon optimized S1 sequences were obtained 
from GenScript (USA) and cloned using the introduced upstream NheI and downstream PacI 
restriction sites into pCD5 expression plasmid by restriction digestion. The N- terminal CD5 
signal peptide was followed by the S1 gene, and c- terminal GCN4 trimerization domain 
(GCN4; RMKQIEDKIEEIESKQKKIENEIARIKKLVPRGSLE) and the Strep-Tag II (ST;WSHPQFEK, 
IBA GmbH). 

Expression and purification of proteins 

Recombinant S1 proteins were expressed and purified as previously described [11]. In short, 
pCD5 vectors containing S1/HA domains were transfected into human embryo kidney cells 
and cell culture supernatants were harvested after 7 days. S1 proteins were purified by adding 
Strep-Tactin sepharose 50% suspension (IBA GmbH) and analyzed in SDS-PAGE followed by 
western blotting and gel code blue staining. 

Protein histochemistry

Protein/spike histochemistry was performed as described previously [11] (schematically 
depicted in Fig. 2C). TMA sections were rehydrated, treated with 1% hydrogen peroxide 
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to remove endogenous peroxidases and goat serum to block nonspecific binding. Next, 
precomplexed S1/HA proteins (20- 30 µg of S1 and 2-3 µg of HA per TMA) and Strep-Tactin 
HRP were applied to TMAs and incubated at 4 0C overnight. AEC (3-amino-9-ethylcarbazole, 
Dako, The Netherlands) substrate was used to detect binding of proteins. To remove sialic 
acids, tissues were treated with Arthrobacter ureafaciens neuraminidase (Roche, USA) at a 
concentration of 1 mU/100 µl in PBS (pH 5.0) overnight at 37 0Ci
 

Fig. 1*: Development of avian tissue microarrays (TMA). 

(A) Tissue cores from similar organs from ten avian species were grouped in multispecies TMAs and tissues from one 
species were grouped in single-species TMA; (B) representative example of arrangement of tissues in multi-species 
TMA stained with H&E. 

* Figures were adjusted for thesis format
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Protein histochemistry with polyacrylamide-based sialylglycopolymers 

After precomplexing S1 proteins with Strep-Tactin HRPO for 30 min on ice either Neu5Aca2-
3Galb1-3GlcNAcb-OCH2CH2CH2NH-PAA (type I lactosamine, Lectinity Holding Inc, Russia) or 
Neu5Aca2-3Galb1-4GlcNAcb-OCH2CH2CH2NH-PAA (type II lactosamine , Lectinity Holding 
Inc, Russia) were mixed in different amounts from 50 µg/ml to 200 µg/ml and incubated on 
ice for 30 minutes. Next these mixtures were applied to TMAs. All the other steps for protein 
histochemistry were as previously described [11].

Glycan array analysis

S1 proteins of chicken CoV strain M41, pigeon CoV and partridge CoV were analyzed in the 
printed slides of the Consortium for Functional Glycomics (CFG) as previously described [11]. 
Glycan library of CFG array V5.1 was used in this experiment (Glycans included in V 5.1 are 
listed in S1 Table).

Fig. 2: Protein expression and histochemistry. 

(A) Amino acid homology of pigeon CoV S1 and partridge CoV S1 to chicken CoV S1 (strain M41-S1); (B) Purified 
recombinant proteins analyzed by SDS-PAGE and western blotting using an antibody against the Strep-tag; (C) 
Schematic presentation of protein/spike histochemistry using TMAs.
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Results

Construction of TMAs to analyze tissue specific binding of viral attachment proteins 

To test the potential application of TMAs in tissue-based analyses of viral attachment 
proteins of avian coronaviruses, tissue specimens from ten avian species from the orders 
Galliformes, Anseriformes and Columbiformes were assembled. Similar anatomical regions of 
respiratory tissues of the ten birds were grouped in a multi-species TMA (Fig. 1A, left) to allow 
comparison of tissue binding patterns of viral attachment proteins of IAV and coronaviruses 
between different avian species. To compare host and tissue specific binding properties of 
various avian coronavirus spikes (S1), tissue cores from different organ systems of each bird 
species were grouped into single-species TMAs (Fig. 1A, right). The first section from each 
array block was stained with H&E (Figs. 1B and S1 Fig.) and MALI and MALII lectins (S1 Fig.) for 
quality control purposes. H&E staining confirmed that the tissue cores were morphologically 
preserved and the cores were representative specimens of the tissue archive. Lectin 
histochemistry using MALI and MALII confirmed the presence of sialic acids, important for 
the binding of S1 of coronaviruses, on the respiratory tissues from different avian species. 
As previously described MALII staining displayed abundance of α2,3-linked sialic acids in 
ciliated respiratory epithelium of chicken, turkey and goose [15], [20], [21]. While moderate 
to low levels of these sialic  acids were observed in ciliated cells of trachea of quail, partridge, 
duck, guineafowl [14], [15], [21], [22] and absence or very low levels of α2,3-linked sialic acids 
was detected in trachea of pigeon [22]. Interestingly, MALI showed more prominent staining 
in trachea, while MALII staining was mostly detected in the lower respiratory tract. These 
staining differences between the MAL isoforms have been described previously [23]. 

Binding of hemagglutinin (HA) of avian influenza virus on multi-species TMA 

We previously showed that binding of the soluble HA of IAV H5N1 to chicken respiratory tract 
tissues is in agreement with the reported susceptibility of these cells for the virus [11]. To 
validate our multispecies TMA, we therefore first investigated whether the tissue binding 
profiles of HA on the respiratory tissues of the ten avian species, all well known to be 
susceptible for avian influenza virus [1], correlate with the preferred replication site of IAV. To 
this end, we expressed the ectodomain of HA of H5N1, analyzed the recombinant proteins by 
SDS-PAGE and western blotting (Fig. 2B) and subsequently performed protein histochemistry 
by applying HA onto multi-species TMA (Fig. 2C). A strong binding avidity for HA was detected 
to tracheal epithelium of chicken, guineafowl, turkey, partridge, pheasant, quail, Canada 
goose, graylag goose and teal (Fig. 3). HA binding was observed to ciliated cells and mucous 
glands of the  tracheal epithelium of these species. For pheasant, HA only bound to mucous 
glands, while it did not bind to pigeon trachea at all. Comparing to other avian species 
binding affinity of HA was relatively low in trachea of mallard duck. While the consequences 
of the differences in the avidity between species are not yet clear, it is important to note that 
all species showing binding of HA to the respiratory tract in our assay have been reported to 
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Fig. 3: Host specificity of HA of influenza virus H5N1. 

HA proteins (1 μg/ml) were applied to multispecies TMA containing respiratory tissues. Binding of HA to trachea of 
avian species from order Galliformes (A), Anseriformes (B), and Columbiformes (C) is shown.
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be susceptible to H5N1, including chicken, guineafowl, turkey, partridge, quail, and ducks [1], 
[24], [25], while pigeon appeared to be resistant [22]. 

Host and glycan specificity of chicken CoV S1 to multiple avian species

Next, protein histochemistry on multi-species TMA was performed using the attachment 
protein S1 domain of the prototype of chicken CoV M41 strain to elucidate its tissue 
attachment profile to respiratory tissues of various birds. We observed that chicken CoV S1 
attached with higher avidity to the respiratory epithelium of the upper respiratory tract 
  (including trachea, Fig. 4, upper rows) than to the lungs of most species (Table 1). In 
particular, S1 attached specifically to nasal epithelium and trachea of partridge, pheasant 
quail, Canada goose, graylag goose, mallard duck, and teal while it only bound to the 
trachea, and not to the nasal epithelium of guineafowl and turkey. Interestingly, limited to 
no binding of chicken CoV S1 to the upper respiratory tract of pigeon was observed (Table 
1). For lung, chicken CoV S1 attachment to guineafowl, teal and pigeon was observed, but 
not to that of other avian species (Table 1). Overall, S1 bound, as expected, only to ciliated 
cells and mucous glands. In particular (Fig. 4), binding to the trachea was observed mainly 
to ciliated epithelial cells (chicken, guinea fowl and graylag goose), to the mucous glands 
(quail, mallard duck, teal), or both (turkey, pheasant, partridge, Canada goose). Our data 
indicate that an attachment factor for chicken CoV S1 is expressed on respiratory tissues of 
a broad range of avian species. The observed differences in signal strengths and locations 
between species might well reflect the abundance of the particular attachment factor, but 
the consequence of this for the susceptibility of the host requires further study.  
 To determine whether M41 S1 required the presence of sialic acid on the host tissues, 
as being a prerequisite for binding to chicken tissues [11], the multi-species TMA was treated 
with neuraminidase prior to applying S1 proteins. No binding of chicken CoV M41 S1 to any of 
the tissues of the respiratory tract multispecies TMA could be observed after neuraminidase 
treatment (data not shown), indicating that sialic acid is not only essential for binding to 
chicken tissues [11], but also to tissues of other species. 

Previously, by performing glycan array analysis (CFG 4.2), we observed that M41 S1 bound 
to Neu5Acα2,3Galβ1,3(Neu5Acα2,3Gal1,4)-GlcNAc) [11]. Here, we first investigated the 
branch of the galactose that is biologically significant for binding of S1 to host tissues. To 
this end, synthetic sialylglycopolymer containing Neu5Acα2,3Gal1,3GlcNAc (sialic acids 
type I lactosamines) or Neu5Acα2,3Gal1,4GlcNAc (sialic acids type II lactosamines) were 
mixed with pre-complexed S1 protein and Strep-Tactin HRP and applied to chicken tissues. 
Binding of CoV S1 to the respiratory tract could be blocked with sialic acids type I at a 
concentration of 100 µg/ml but not with any of the concentrations ( from 50 to 200 µg/ml) of 
type II lactosamine (Fig. 4- compare second and third rows), suggesting that M41 S1 preferred 
Neu5Acα2,3-Gal β1,3GlcNAc over -β1,4GlcNAc subtypes on chicken tissues. In agreement 
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with this observation, M41 S1 showed a strong binding  to Neu5Acα2,3Gal1,3GlcNAc in the 
CFG Glycan Array V5.1 (S2 Fig.) which includes both types of lactosamines. 

Next, we elucidated whether binding of S1 to tissues of other avian species showed the 
same preference for sialic acid subtype by performing a similar blocking experiment. Sialic 
acids type I lactosamine could completely block the binding of S1 proteins to the trachea 
of Anseriformes (Canada goose, graylag goose, mallard duck, teal) and partridge but 
interestingly not that to the trachea of guineafowl, pheasant, quail, and turkey (Fig. 4-second 
rows). For the latter, only partial blocking was observed when using 100 µg/ml lactosamines. 
As staining did not further reduce upon increasing the concentration of sialylglycopolymers 
(up to 200 µg/ml), our data suggest that the incomplete blocking was not due to higher avidity 
of IBV S1 to these tissues. Rather, the S1 protein may bind to different attachment factors in 
different avian species. Comparable to what was observed for chicken tissues sialic acids 
type II lactosamine could not block the binding of S1 to any of the avian species included 
in the multi-species TMA (Fig. 4-third rows). While binding to tracheal tissues of all species 
depended on sialic acids, guineafowl, turkey, pheasant, and quail might allow additional 
binding to another yet unrevealed glycan subtype with higher avidity than the glycans bound 
in the natural chicken host. 
Host organ binding specificities of avian coronaviruses using single-species TMA

All chicken IBV strains show tropism primarily to the respiratory system, while some may 
exhibit additional preference for other organ systems, including the reproductive, urinary 
and gastrointestinal system [3]. We constructed the single-species TMA, containing tissues 
of multiple organ systems from one species, to gain more understanding on the binding 
preferences of a virus for particular tissues. To validate the array organ specific binding 

Table 2: Tissue binding profiles of S1 of chicken, pigeon, and partridge CoV to the organ systems 
of the respective host. 

Table 2: Tissue binding profiles of S1 of chicken, pigeon, and partridge CoV to the 

organ systems of the respective host. 

Attachment was graded as follows: - no signal, + mild, ++moderate, +++ strong

indicate that an attachment factor for chicken CoV S1 is expressed on respiratory tissues of 

a broad range of avian species. The observed differences in signal strengths and locations 

between species might well reflect the abundance of the particular attachment factor, but the 

consequence of this for the susceptibility of the host requires further study.  

To determine whether M41 S1 required the presence of sialic acid on the host tissues, as 

being a prerequisite for binding to chicken tissues [11], the multi-species TMA was treated 

with neuraminidase prior to applying S1 proteins. No binding of chicken CoV M41 S1 to any 

of the tissues of the respiratory tract multispecies TMA could be observed after 

neuraminidase treatment (data not shown), indicating that sialic acid is not only essential for 

binding to chicken tissues [11], but also to tissues of other species. 

Previously, by performing glycan array analysis (CFG 4.2), we observed that M41 S1 bound

to Neu5Acα2,3Galβ1,3(Neu5Acα2,3Gal1,4)-GlcNAc) [11]. Here, we first investigated the 

branch of the galactose that is biologically significant for binding of S1 to host tissues. To this 

end, synthetic sialylglycopolymer containing Neu5Acα2,3Gal1,3GlcNAc (sialic acids type I 

lactosamines) or Neu5Acα2,3Gal1,4GlcNAc (sialic acids type II lactosamines) were mixed 

Attachment was graded as follows: - no signal, + mild, ++moderate, +++ strong
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of chicken CoV S1 was profiled on single-species TMA and the binding specificities were 
correlated with the known tissue tropism of the chicken CoV. Chicken CoV S1 attached to 
trachea and lung (Fig. 5), as previously observed [11]. Additionally, S1 attached to various 
other tissues including kidney, conjunctiva, nasal epithelium, air sacs, ileum, large intestine, 
and bursa of Fabricius (Table 2). Overall, the tissue attachment profiles CoV S1 was in 
agreement with the susceptibility of respective organ systems to chicken CoV [2].

Some gammacoronaviruses causing respiratory disease in other poultry species have high 
sequence homology to chicken CoV M41. In particular, the S1 domains of the pigeon and 
partridge CoV are 79 and 80% identical to the S1 of IBV M41 (Fig. 2A). To gain insight in the 
role of the spike sequences in determining the host tropism and to elucidate the presence 
of attachment factors on avian species for those CoV, we expressed recombinant S1 of 
pigeon and partridge CoV. As expected, migration patterns of S1 proteins of pigeon and 
partridge CoVs were comparable to that of IBV M41 S1 (molecular weights of approximately 
110 kDa (Fig. 2B). To determine the fine glycan specificity of pigeon and partridge CoV S1, 
the S1 proteins were first analyzed by glycan array analysis. Unfortunately, S1 of pigeon and 
partridge CoV did not recognize any of the 610 specific glycans present in the glycan array 
V5.1 of the CFG (data not shown). 

The single species TMA of pigeon and partridge was next used to elucidate binding 
characteristics of these proteins to their respective hosts. When applied to pigeon tissues, 
pigeon CoV S1 showed strong attachment to the lung and only mild binding to other pigeon  
tissues (Fig. 5 & Table 2). In contrast, partridge CoV S1 showed not only strong attachment 

Fig. 5: Host tissue specificity of S1 proteins of coronaviruses. 

Protein histochemistry was performed using chicken, pigeon and partridge CoV S1 on tissues from their respective 
hosts.
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to the respiratory tract but also to intestinal tissues of partridge (Fig. 5 & Table 2). These 
data suggest that pigeon CoV S1 and partridge CoV S1 possess, as chicken CoV M41 S1, high 
affinity to respiratory system of the particular host in which the virus was detected. There 
are, however, marked differences in the avidity and specificity of each of the spike proteins 
for tissues of their respective hosts. To further investigate this, we studied the contribution 
of host sialic acids in the binding of pigeon CoV S1 and partridge CoV S1. Therefore, we first 
applied the S1 proteins onto our single-species TMA pretreated with neuraminidase. Binding 
of pigeon, partridge and chicken S1 proteins to the respective TMA was completely abolished 
(Fig. 6, second row), suggesting that all studied S1 proteins required sialic acid for tissue 
attachment. However, mixing the S1 proteins with either sialic acids type I lactosamine and 
type II lactosamine showed that the binding of pigeon CoV S1 and partridge CoV S1 could 
not be blocked by any of these specific glycans (Fig. 6-third and fourth row), in contrast to 
the observed lack of binding of M41 S1 in the presence of type I lactosamine. In conclusion, 
these results suggest that although tissue binding of pigeon CoV-S1 and partridge CoV-S1 is 
sialic acid dependent, the specific α2,3-linked sialic acid prerequisites for binding to tissues 
are not identical to that of chicken CoV M41S1. As both of these S1 proteins did not recognize 
any specific glycans in the glycan array the fine glycan specificity of these S1 proteins remains 
to be elucidated. 

Table 1: Binding profiles of chicken CoV S1 in respiratory tissues of various avian species.

Fig. 5: Host tissue specificity of S1 proteins of coronaviruses. Protein histochemistry 

was performed using chicken, pigeon and partridge CoV S1 on tissues from their respective 

hosts.

Table 1: Binding profiles of chicken CoV S1 in respiratory tissues of various avian 

species.

tissues (Fig. 5 & Table 2). In contrast, partridge CoV S1 showed not only strong attachment 

to the respiratory tract but also to intestinal tissues of partridge (Fig. 5 & Table 2). These 

data suggest that pigeon CoV S1 and partridge CoV S1 possess, as chicken CoV M41 S1, 
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Fig. 6: Glycan binding specificities of pigeon, partridge and chicken CoV S1. 

Before applying S1, TMAs were either treated non treated (S1) or pretreated with neuraminidase (NA), or S1 proteins 
were mixed with sialic acids (SA) type I or type II lactosamines.

Discussion

In this study we demonstrate that avian tissue microarrays are an excellent platform to 
elucidate host and tissue binding specificities of viral attachment proteins. In particular, 
this study revealed that the chicken coronavirus might have a broader host tropism than 
previously thought, as the IBV spike protein could bind to the respiratory epithelium of various 
avian species. Interestingly, this appeared to be due to differences in fine glycan specificity, 
although binding to the respiratory tract of other birds was still sialic acid dependent. 
The IBV spike tissue binding affinity was, however, markedly less compared to that of the 
H5 hemagglutinin of IAV H5N1, a well-known avian pathogen with tropism for many avian 
species. S1 proteins of IBV-like coronaviruses, including that of pigeon and partridge, also 
showed primarily tropism to the respiratory system of their respective host. Despite that 
sialic acid dependent binding was retained, however, their fine glycan specificity appeared 
to differ between avian coronaviruses identified in different hosts.  
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Our data show that the S1 domain of IBV M41 can attach to respiratory tissues of birds other 
than chicken, including that of Canada goose, graylag goose, guineafowl, mallard duck, 
partridge, pheasant, quail, teal and turkey. These data indicate that these birds express the 
first, but important host attachment factor for this virus. Therefore, the binding spectrum 
of S1 currently suggests that these avian species may be susceptible for chicken CoV. 
Coronaviruses genetically close to chicken CoV have been detected in various other avian 
species including both domestic and wild birds [2], [26-28] indicating that IBV or IBV-like 
viruses circulate in birds and that these viruses might infect more than one avian species [2], 
[28]. It is not yet clear whether the observed difference in the binding affinity of S1, from mild 
to strong, to tissues can be correlated with the degree of pathogenicity or tropism of the virus 
to a particular tissue. Previously, we have shown that the binding affinity of recombinant S1 
proteins of chicken CoV Massachusetts strains to chicken respiratory tract correlated to the 
reported pathogenicity of these viruses [11]. It might well be that the presence of sialic acids 
on tissues in part define the susceptibility of tissues, while other viral [10] and host factors 
contribute to the pathogenicity additionally. Further conclusions on the actual susceptibility 
of these avian species for chicken CoV and pathogenicity of this virus in these avian species 
will require in vivo infections studies. 

To elucidate specific host attachment factors, and to distinguish between glycan specificities 
of attachment proteins, the combined use of neuraminidases and specific sialylglycopolymers 
in tissue-based approaches can be employed. Here we showed that chicken CoV S1 prefers 
α2,3-linked sialic acids type I lactosamine over type II lactosamine on chicken tissues. 
Additionally, our data reveal that binding of chicken CoV to various other avian species, while 
depending on sialic acids, did not require this particular sialylated lactosamine. Previously, 
preferential binding of influenza viruses originating from different avian species has been 
described to differ in their preference for specific sialylated glycans [20], [29]. While influenza 
viruses from duck preferred α2,3-linked sialic acids type I lactosamine, IAV from chicken 
preferred type II lactosamine [20], [30] indicating that elucidation of the distribution of 
specific sialic acid sub types can provide insight into susceptibility for a particular pathogen. 
The lack of the ability to block chicken CoV S1 binding to guineafowl, pheasant, quail and 
turkey with type I lactosamine may suggest that IBV S1 recognizes additional sialylated 
glycans which may not be included in the glycan microarray [31]. Similarly, S1 proteins of 
pigeon and partridge CoV showed marked differences in their affinities to tissues of their 
respective host, albeit of no specific glycan could yet be discovered in the glycan array (data 
not shown). Despite this, our current data suggest that the fine glycan specificity of pigeon 
and partridge CoV S1 is different from that of the chicken IBV M41. 

Chicken CoV strain IBV M41 infects primarily tissues of the respiratory system, but also other 
organs including kidney and intestine [3]. On our single-species TMA, binding was detected 
to multiple organs, not only to the kidney and intestine (this paper, [11]), but also to the 
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conjunctiva, bursa of Fabricius (this paper), and oviduct (data not shown). The binding profile 
was comparable to the reported in vivo tissue tropism of IBV M41 in chickens [2], [3][2], [26-
28](2, 26-28). As for IBV-like viruses, including that of pigeon [2], [6] and partridge [2], hardly 
anything is known about the tissue tropism, our tissue binding profiles provide the first 
insight on the preference of these viruses for organ systems. Interestingly, binding of pigeon 
CoV S1 to pigeon tissues was limited to lung and intestine. In this respect, it is of interest 
to mention the limited susceptibility of pigeon for IAV, which has been associated with the 
lack of α 2,3-linked sialic acids in the upper respiratory tract [22]. Likely, this differential 
expression of host glycans might have caused the marked difference in binding of pigeon 
CoV as well. Partridge CoV S1 appeared to have a more comparable preference for host 
factors as IBV S1, as mainly binding to the respiratory and intestinal systems of partridge 
was observed. Although these initial valuable insights into the interactions between avian 
gammacoronaviruses and potential hosts, more data is required to ultimately conclude on 
the susceptibility of these birds for coronaviruses.

We have shown that TMAs are an efficient platform to analyze host and organ preferences 
of viral attachment proteins on multiple tissues at the same time. This tissue-based method 
is in fact an excellent method to assess the first step in the virus infection cycle for viruses 
for which limited model systems are available. TMAs were first introduced into the field of 
oncology for rapid and cost effective screening of molecular markers [32]. Serial sections 
from TMA accelerated the screening of hundreds of molecular markers targeted at RNA, DNA 
or proteins on the same tissue at the same time while reproducing similar data sets that one 
could obtained from individual sections [32], [33]. Here we demonstrated that in the field 
of virology by grouping 50 – 60 tissue samples in one microscopic slide TMA enabled rapid 
detection of tissue specific binding properties of S1 proteins of various avian coronaviruses 
including that of chicken, pigeon, and partridge. Our current avian TMA required only 20-30 
µg of recombinant proteins, which is approximately 20 times less recombinant protein than 
that would be required for individual tissue sections. By developing arrays as multi-species 
and single-species tissue arrays, binding specificities of S1 proteins could easily be compared 
between various avian species and between different organ systems.

In conclusion, tissue microarrays provide a fast and cost effective way to elucidate host 
and tissue binding profiles of viral attachment proteins. Such assays can provide novel 
information on the tropism of avian viruses including specific host factors involved. Further, 
tissue-binding specificities revealed that chicken CoV might have a broader species tropism 
than previously believed and specific sialylated glycans might actually contribute to the 
diverse outcome of the various avian gammacoronaviruses. 
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Chart 
Number

Structure on Masterlist

1 Gala-Sp8
2 Glca-Sp8
3 Mana-Sp8
4 GalNAca-Sp8
5 GalNAca-Sp15
6 Fuca-Sp8
7 Fuca-Sp9
8 Rhaa-Sp8
9 Neu5Aca-Sp8
10 Neu5Aca-Sp11
11 Neu5Acb-Sp8
12 Galb-Sp8
13 Glcb-Sp8
14 Manb-Sp8
15 GalNAcb-Sp8
16 GlcNAcb-Sp0
17 GlcNAcb-Sp8
18 GlcN(Gc)b-Sp8
19 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3)GalNAca-Sp8
20 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3)GalNAc-Sp14
21 GlcNAcb1-6(GlcNAcb1-4)(GlcNAcb1-3)GlcNAc-Sp8
22 6S(3S)Galb1-4(6S)GlcNAcb-Sp0
23 6S(3S)Galb1-4GlcNAcb-Sp0
24 (3S)Galb1-4(Fuca1-3)(6S)Glc-Sp0
25 (3S)Galb1-4Glcb-Sp8
26 (3S)Galb1-4(6S)Glcb-Sp0
27 (3S)Galb1-4(6S)Glcb-Sp8
28 (3S)Galb1-3(Fuca1-4)GlcNAcb-Sp8
29 (3S)Galb1-3GalNAca-Sp8
30 (3S)Galb1-3GlcNAcb-Sp0
31 (3S)Galb1-3GlcNAcb-Sp8
32 (3S)Galb1-4(Fuca1-3)GlcNAc-Sp0 
33 (3S)Galb1-4(Fuca1-3)GlcNAc-Sp8
34 (3S)Galb1-4(6S)GlcNAcb-Sp0
35 (3S)Galb1-4(6S)GlcNAcb-Sp8
36 (3S)Galb1-4GlcNAcb-Sp0
37 (3S)Galb1-4GlcNAcb-Sp8
38 (3S)Galb-Sp8
39 (6S)(4S)Galb1-4GlcNAcb-Sp0
40 (4S)Galb1-4GlcNAcb-Sp8
41 (6P)Mana-Sp8
42 (6S)Galb1-4Glcb-Sp0
43 (6S)Galb1-4Glcb-Sp8
44 (6S)Galb1-4GlcNAcb-Sp8
45 (6S)Galb1-4(6S)Glcb-Sp8
46 Neu5Aca2-3(6S)Galb1-4GlcNAcb-Sp8
47 (6S)GlcNAcb-Sp8
48 Neu5,9Ac2a-Sp8
49 Neu5,9Ac2a2-6Galb1-4GlcNAcb-Sp8
50 Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
51 Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp13
52 GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
53 GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp13
54 Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
55 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp12
56 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Man-a1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp21
57 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp24
58 Fuca1-2Galb1-3GalNAcb1-3Gala-Sp9

S1 Table: Glycan library of CFG array version 5.1
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59 Fuca1-2Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp9
60 Fuca1-2Galb1-3(Fuca1-4)GlcNAcb-Sp8
61 Fuca1-2Galb1-3GalNAca-Sp8
62 Fuca1-2Galb1-3GalNAca-Sp14
63 Fuca1-2Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0
64 Fuca1-2Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp9
65 Fuca1-2Galb1-3GlcNAcb1-3Galb1-4Glcb-Sp8
66 Fuca1-2Galb1-3GlcNAcb1-3Galb1-4Glcb-Sp10
67 Fuca1-2Galb1-3GlcNAcb-Sp0
68 Fuca1-2Galb1-3GlcNAcb-Sp8
69 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
70 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
71 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb-Sp0
72 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb-Sp8
73 Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
74 Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
75 Fuca1-2Galb1-4GlcNAcb-Sp0
76 Fuca1-2Galb1-4GlcNAcb-Sp8
77 Fuca1-2Galb1-4Glcb-Sp0
78 Fuca1-2Galb-Sp8
79 Fuca1-3GlcNAcb-Sp8
80 Fuca1-4GlcNAcb-Sp8
81 Fucb1-3GlcNAcb-Sp8
82 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb-Sp0
83 GalNAca1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb-Sp0
84 (3S)Galb1-4(Fuca1-3)Glcb-Sp0
85 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp0
86 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp8
87 GalNAca1-3(Fuca1-2)Galb1-4Glcb-Sp0
88 GlcNAcb1-3Galb1-3GalNAca-Sp8
89 GalNAca1-3(Fuca1-2)Galb-Sp8
90 GalNAca1-3(Fuca1-2)Galb-Sp18
91 GalNAca1-3GalNAcb-Sp8
92 GalNAca1-3Galb-Sp8
93 GalNAca1-4(Fuca1-2)Galb1-4GlcNAcb-Sp8
94 GalNAcb1-3GalNAca-Sp8
95 GalNAcb1-3(Fuca1-2)Galb-Sp8
96 GalNAcb1-3Gala1-4Galb1-4GlcNAcb-Sp0
97 GalNAcb1-4(Fuca1-3)GlcNAcb-Sp0
98 GalNAcb1-4GlcNAcb-Sp0
99 GalNAcb1-4GlcNAcb-Sp8
100 Gala1-2Galb-Sp8
101 Gala1-3(Fuca1-2)Galb1-3GlcNAcb-Sp0
102 Gala1-3(Fuca1-2)Galb1-3GlcNAcb-Sp8
103 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb-Sp0
104 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb-Sp8
105 Gala1-3(Fuca1-2)Galb1-4GlcNAc-Sp0
106 Gala1-3(Fuca1-2)Galb1-4Glcb-Sp0
107 Gala1-3(Fuca1-2)Galb-Sp8
108 Gala1-3(Fuca1-2)Galb-Sp18
109 Gala1-4(Gala1-3)Galb1-4GlcNAcb-Sp8
110 Gala1-3GalNAca-Sp8
111 Gala1-3GalNAca-Sp16
112 Gala1-3GalNAcb-Sp8
113 Gala1-3Galb1-4(Fuca1-3)GlcNAcb-Sp8
114 Gala1-3Galb1-3GlcNAcb-Sp0
115 Gala1-3Galb1-4GlcNAcb-Sp8
116 Gala1-3Galb1-4Glcb-Sp0
117 Gala1-3Galb1-4Glc-Sp10
118 Gala1-3Galb-Sp8
119 Gala1-4(Fuca1-2)Galb1-4GlcNAcb-Sp8
120 Gala1-4Galb1-4GlcNAcb-Sp0
121 Gala1-4Galb1-4GlcNAcb-Sp8
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122 Gala1-4Galb1-4Glcb-Sp0
123 Gala1-4GlcNAcb-Sp8
124 Gala1-6Glcb-Sp8
125 Galb1-2Galb-Sp8
126 Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
127 Galb1-3GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
128 Galb1-3(Fuca1-4)GlcNAc-Sp0 
129 Galb1-3(Fuca1-4)GlcNAc-Sp8 
130 Fuca1-4(Galb1-3)GlcNAcb-Sp8
131 Galb1-4GlcNAcb1-6GalNAca-Sp8
132 Galb1-4GlcNAcb1-6GalNAc-Sp14
133 GlcNAcb1-6(Galb1-3)GalNAca-Sp8 
134 GlcNAcb1-6(Galb1-3)GalNAca-Sp14
135 Neu5Aca2-6(Galb1-3)GalNAca-Sp8
136 Neu5Aca2-6(Galb1-3)GalNAca-Sp14
137 Neu5Acb2-6(Galb1-3)GalNAca-Sp8
138 Neu5Aca2-6(Galb1-3)GlcNAcb1-4Galb1-4Glcb-Sp10
139 Galb1-3GalNAca-Sp8
140 Galb1-3GalNAca-Sp14
141 Galb1-3GalNAca-Sp16
142 Galb1-3GalNAcb-Sp8
143 Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp0
144 Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0
145 Galb1-3GalNAcb1-4Galb1-4Glcb-Sp8
146 Galb1-3Galb-Sp8
147 Galb1-3GlcNAcb1-3Galb1-4GlcNAcb-Sp0
148 Galb1-3GlcNAcb1-3Galb1-4Glcb-Sp10
149 Galb1-3GlcNAcb-Sp0
150 Galb1-3GlcNAcb-Sp8
151 Galb1-4(Fuca1-3)GlcNAcb-Sp0
152 Galb1-4(Fuca1-3)GlcNAcb-Sp8
153 Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
154 Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
155 Galb1-4(6S)Glcb-Sp0
156 Galb1-4(6S)Glcb-Sp8
157 Galb1-4GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp8
158 Galb1-4GalNAcb1-3(Fuca1-2)Galb1-4GlcNAcb-Sp8
159 Galb1-4GlcNAcb1-3GalNAca-Sp8
160 Galb1-4GlcNAcb1-3GalNAc-Sp14
161 Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
162 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
163 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
164 Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0
165 Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp8
166 Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-Sp8
167 Galb1-4GlcNAcb1-6(Galb1-3)GalNAc-Sp14
168 Galb1-4GlcNAcb-Sp0
169 Galb1-4GlcNAcb-Sp8
170 Galb1-4GlcNAcb-Sp23
171 Galb1-4Glcb-Sp0
172 Galb1-4Glcb-Sp8
173 GlcNAca1-3Galb1-4GlcNAcb-Sp8
174 GlcNAca1-6Galb1-4GlcNAcb-Sp8
175 GlcNAcb1-2Galb1-3GalNAca-Sp8
176 GlcNAcb1-6(GlcNAcb1-3)GalNAca-Sp8
177 GlcNAcb1-6(GlcNAcb1-3)GalNAca-Sp14
178 GlcNAcb1-6(GlcNAcb1-3)Galb1-4GlcNAcb-Sp8
179 GlcNAcb1-3GalNAca-Sp8
180 GlcNAcb1-3GalNAca-Sp14
181 GlcNAcb1-3Galb-Sp8
182 GlcNAcb1-3Galb1-4GlcNAcb-Sp0
183 GlcNAcb1-3Galb1-4GlcNAcb-Sp8
184 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
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185 GlcNAcb1-3Galb1-4Glcb-Sp0
186 GlcNAcb1-4-MDPLys
187 GlcNAcb1-6(GlcNAcb1-4)GalNAca-Sp8
188 GlcNAcb1-4Galb1-4GlcNAcb-Sp8
189 GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-Sp8
190 GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-Sp8
191 GlcNAcb1-4GlcNAcb1-4GlcNAcb-Sp8
192 GlcNAcb1-6GalNAca-Sp8
193 GlcNAcb1-6GalNAca-Sp14
194 GlcNAcb1-6Galb1-4GlcNAcb-Sp8
195 Glca1-4Glcb-Sp8
196 Glca1-4Glca-Sp8
197 Glca1-6Glca1-6Glcb-Sp8
198 Glcb1-4Glcb-Sp8
199 Glcb1-6Glcb-Sp8
200 G-ol-Sp8
201 GlcAa-Sp8
202 GlcAb-Sp8
203 GlcAb1-3Galb-Sp8
204 GlcAb1-6Galb-Sp8
205 KDNa2-3Galb1-3GlcNAcb-Sp0
206 KDNa2-3Galb1-4GlcNAcb-Sp0
207 Mana1-2Mana1-2Mana1-3Mana-Sp9
208 Mana1-2Mana1-6(Mana1-2Mana1-3)Mana-Sp9
209 Mana1-2Mana1-3Mana-Sp9
210 Mana1-6(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
211 Mana1-2Mana1-6(Mana1-3)Mana1-6(Mana1-2Mana1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
212 Mana1-2Mana1-6(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
213 Mana1-6(Mana1-3)Mana-Sp9
214 Mana1-2Mana1-2Mana1-6(Mana1-3)Mana-Sp9
215 Mana1-6(Mana1-3)Mana1-6(Mana1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
216 Mana1-6(Mana1-3)Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
217 Manb1-4GlcNAcb-Sp0
218 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
219 (3S)Galb1-4(Fuca1-3)(6S)GlcNAcb-Sp8 
220 Fuca1-2(6S)Galb1-4GlcNAcb-Sp0
221 Fuca1-2Galb1-4(6S)GlcNAcb-Sp8
222 Fuca1-2(6S)Galb1-4(6S)Glcb-Sp0
223 Neu5Aca2-3Galb1-3GalNAca-Sp8
224 Neu5Aca2-3Galb1-3GalNAca-Sp14
225 GalNAcb1-4(Neu5Aca2-8Neu5Aca2-8Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-Sp0
226 GalNAcb1-4(Neu5Aca2-8Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-Sp0
227 Neu5Aca2-8Neu5Aca2-8Neu5Aca2-3Galb1-4Glcb-Sp0
228 GalNAcb1-4(Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-Sp0
229 Neu5Aca2-8Neu5Aca2-8Neu5Aca-Sp8
230 Neu5Aca2-3(6S)Galb1-4(Fuca1-3)GlcNAcb-Sp8
231 GalNAcb1-4(Neu5Aca2-3)Galb1-4GlcNAcb-Sp0
232 GalNAcb1-4(Neu5Aca2-3)Galb1-4GlcNAcb-Sp8
233 GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0
234 Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0
235 Neu5Aca2-6(Neu5Aca2-3)GalNAca-Sp8
236 Neu5Aca2-3GalNAca-Sp8
237 Neu5Aca2-3GalNAcb1-4GlcNAcb-Sp0
238 Neu5Aca2-3Galb1-3(6S)GlcNAc-Sp8
239 Neu5Aca2-3Galb1-3(Fuca1-4)GlcNAcb-Sp8
240 Neu5Aca2-3Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
241 Neu5Aca2-3Galb1-4(Neu5Aca2-3Galb1-3)GlcNAcb-Sp8
242 Neu5Aca2-3Galb1-3(6S)GalNAca-Sp8
243 Neu5Aca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp8
244 Neu5Aca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp14
245 Neu5Aca2-3Galb-Sp8
246 Neu5Aca2-3Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp0
247 Neu5Aca2-3Galb1-3GlcNAcb1-3Galb1-4GlcNAcb-Sp0
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248 Fuca1-2(6S)Galb1-4Glcb-Sp0
249 Neu5Aca2-3Galb1-3GlcNAcb-Sp0
250 Neu5Aca2-3Galb1-3GlcNAcb-Sp8
251 Neu5Aca2-3Galb1-4(6S)GlcNAcb-Sp8
252 Neu5Aca2-3Galb1-4(Fuca1-3)(6S)GlcNAcb-Sp8
253 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
254 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
255 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb-Sp8
256 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb-Sp8
257 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4GlcNAcb-Sp8
258 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
259 Neu5Aca2-3Galb1-4GlcNAcb-Sp0
260 Neu5Aca2-3Galb1-4GlcNAcb-Sp8
261 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
262 Fuca1-2Galb1-4(6S)Glcb-Sp0
263 Neu5Aca2-3Galb1-4Glcb-Sp0
264 Neu5Aca2-3Galb1-4Glcb-Sp8
265 Neu5Aca2-6GalNAca-Sp8
266 Neu5Aca2-6GalNAcb1-4GlcNAcb-Sp0
267 Neu5Aca2-6Galb1-4(6S)GlcNAcb-Sp8
268 Neu5Aca2-6Galb1-4GlcNAcb-Sp0
269 Neu5Aca2-6Galb1-4GlcNAcb-Sp8
270 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
271 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
272 Neu5Aca2-6Galb1-4Glcb-Sp0
273 Neu5Aca2-6Galb1-4Glcb-Sp8
274 Neu5Aca2-6Galb-Sp8
275 Neu5Aca2-8Neu5Aca-Sp8
276 Neu5Aca2-8Neu5Aca2-3Galb1-4Glcb-Sp0
277 Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-3(Fuca1-4)GlcNAcb-Sp0
278 Neu5Acb2-6GalNAca-Sp8
279 Neu5Acb2-6Galb1-4GlcNAcb-Sp8
280 Neu5Gca2-3Galb1-3(Fuca1-4)GlcNAcb-Sp0
281 Neu5Gca2-3Galb1-3GlcNAcb-Sp0
282 Neu5Gca2-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
283 Neu5Gca2-3Galb1-4GlcNAcb-Sp0
284 Neu5Gca2-3Galb1-4Glcb-Sp0
285 Neu5Gca2-6GalNAca-Sp0
286 Neu5Gca2-6Galb1-4GlcNAcb-Sp0
287 Neu5Gca-Sp8
288 Neu5Aca2-3Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-Sp14
289 Galb1-3GlcNAcb1-3Galb1-3GlcNAcb-Sp0
290 Galb1-4(Fuca1-3)(6S)GlcNAcb-Sp0 
291 Galb1-4(Fuca1-3)(6S)Glcb-Sp0
292 Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-3(Fuca1-4)GlcNAcb-Sp0
293 Galb1-4GlcNAcb1-3Galb1-3GlcNAcb-Sp0
294 Neu5Aca2-3Galb1-3GlcNAcb1-3Galb1-3GlcNAcb-Sp0 
295 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-3GlcNAcb-Sp0
296 4S(3S)Galb1-4GlcNAcb-Sp0
297 (6S)Galb1-4(6S)GlcNAcb-Sp0
298 (6P)Glcb-Sp10
299 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-6(Galb1-3)GalNAca-Sp14
300 Galb1-3Galb1-4GlcNAcb-Sp8
301 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
302 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3)Galb1-4GlcNAc-Sp0
303 GlcNAcb1-6(Galb1-4GlcNAcb1-3)Galb1-4GlcNAc-Sp0
304 Galb1-4GlcNAca1-6Galb1-4GlcNAcb-Sp0
305 Galb1-4GlcNAcb1-6Galb1-4GlcNAcb-Sp0
306 GalNAcb1-3Galb-Sp8
307 GlcAb1-3GlcNAcb-Sp8
308 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
309 GlcNAcb1-3Man-Sp10
310 GlcNAcb1-4GlcNAcb-Sp10
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311 GlcNAcb1-4GlcNAcb-Sp12
312 MurNAcb1-4GlcNAcb-Sp10
313 Mana1-6Manb-Sp10
314 Mana1-6(Mana1-3)Mana1-6(Mana1-3)Manb-Sp10
315 Mana1-2Mana1-6(Mana1-3)Mana1-6(Mana1-2Mana1-2Mana1-3)Mana-Sp9
316 Mana1-2Mana1-6(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-2Mana1-3)Mana-Sp9
317 Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-3)GalNAca-Sp14
318 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp12
319 Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
320 GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
321 Neu5Aca2-8Neu5Acb-Sp17
322 Neu5Aca2-8Neu5Aca2-8Neu5Acb-Sp8
323 Neu5Gcb2-6Galb1-4GlcNAc-Sp8
324 Galb1-3GlcNAcb1-2Mana1-6(Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19
325 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp12
326 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp12
327 Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20

328 Neu5,9Ac2a2-3Galb1-4GlcNAcb-Sp0
329 Neu5,9Ac2a2-3Galb1-3GlcNAcb-Sp0
330 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-3GlcNAcb-Sp0
331 Neu5Aca2-3Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-3(Fuca1-4)GlcNAcb-Sp0
332 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
333 Gala1-4Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0
334 GalNAcb1-3Gala1-4Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0
335 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
336 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
337 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-6(Neu5Aca2-3Galb1-3)GalNAc-Sp14
338 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
339 GlcNAca1-4Galb1-4GlcNAcb-Sp0
340 GlcNAca1-4Galb1-3GlcNAcb-Sp0
341 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0
342 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0
343 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0
344 GlcNAca1-4Galb1-3GalNAc-Sp14
345 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp12
346 Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp12
347 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6Manb1-4GlcNAcb1-4GlcNAc-Sp12
348 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3Manb1-4GlcNAcb1-4GlcNAc-Sp12
349 Galb1-4GlcNAcb1-2Mana1-3Manb1-4GlcNAcb1-4GlcNAc-Sp12
350 Galb1-4GlcNAcb1-2Mana1-6Manb1-4GlcNAcb1-4GlcNAc-Sp12
351 Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
352 GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp22
353 Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp22
354 Galb1-3GlcNAcb1-2Mana1-6(Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp22
355 (6S)GlcNAcb1-3Galb1-4GlcNAcb-Sp0
356 KDNa2-3Galb1-4(Fuca1-3)GlcNAc-Sp0
357 KDNa2-6Galb1-4GlcNAc-Sp0
358 KDNa2-3Galb1-4Glc-Sp0
359 KDNa2-3Galb1-3GalNAca-Sp14
360 Fuca1-2Galb1-3GlcNAcb1-2Mana1-6(Fuca1-2Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20
361 Fuca1-2Galb1-4GlcNAcb1-2Mana1-6(Fuca1-2Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20
362 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4GlcNAb-Sp20
363 Gala1-3Galb1-4GlcNAcb1-2Mana1-6(Gala1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20
364 Galb1-4GlcNAcb1-2Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
365 Fuca1-4(Galb1-3)GlcNAcb1-2Mana1-6(Fuca1-4(Galb1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-

6)GlcNAcb-Sp22
366 Neu5Aca2-6GlcNAcb1-4GlcNAc-Sp21
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367 Neu5Aca2-6GlcNAcb1-4GlcNAcb1-4GlcNAc-Sp21
368 Galb1-4(Fuca1-3)GlcNAcb1-6(Fuca1-2Galb1-4GlcNAcb1-3)Galb1-4Glc-Sp21
369 Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-4(Galb1-4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21

370 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp20

371 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp20

372 Gala1-3Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Gala1-3Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp20

373 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp20

374 Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp20

375 Fuca1-4(Fuca1-2Galb1-3)GlcNAcb1-2Mana1-3(Fuca1-4(Fuca1-2Galb1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp19

376 Neu5Aca2-3Galb1-4GlcNAcb1-3GalNAc-Sp14
377 Neu5Aca2-6Galb1-4GlcNAcb1-3GalNAc-Sp14
378 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3GalNAca-Sp14
379 GalNAcb1-4GlcNAcb1-2Mana1-6(GalNAcb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp12
380 Galb1-3GalNAca1-3(Fuca1-2)Galb1-4Glc-Sp0
381 Galb1-3GalNAca1-3(Fuca1-2)Galb1-4GlcNAc-Sp0
382 Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3GlcNAcb1-3)Galb1-4Glcb-Sp0
383 Galb1-4(Fuca1-3)GlcNAcb1-6(Galb1-3GlcNAcb1-3)Galb1-4Glc-Sp21 
384 Galb1-4GlcNAcb1-6(Fuca1-4(Fuca1-2Galb1-3)GlcNAcb1-3)Galb1-4Glc-Sp21
385 Galb1-4(Fuca1-3)GlcNAcb1-6(Fuca1-4(Fuca1-2Galb1-3)GlcNAcb1-3)Galb1-4Glc-Sp21
386 Galb1-3GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-6(Galb1-3GlcNAcb1-3)Galb1-4Glc-Sp21 
387 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(Galb1-4GlcNAcb1-4(Galb1-4GlcNAcb1-2)Mana1-3)Manb1-

4GlcNAcb1-4GlcNAcb-Sp21
388 GlcNAcb1-2Mana1-6(GlcNAcb1-4(GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21
389 Fuca1-2Galb1-3GalNAca1-3(Fuca1-2)Galb1-4Glcb-Sp0
390 Fuca1-2Galb1-3GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp0
391 Galb1-3GlcNAcb1-3GalNAca-Sp14
392 GalNAcb1-4(Neu5Aca2-3)Galb1-4GlcNAcb1-3GalNAca-Sp14
393 GalNAca1-3(Fuca1-2)Galb1-3GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp0
394 Gala1-3Galb1-3GlcNAcb1-2Mana1-6(Gala1-3Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp19
395 Gala1-3Galb1-3(Fuca1-4)GlcNAcb1-2Mana1-6(Gala1-3Galb1-3(Fuca1-4)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4GlcNAc-Sp19
396 Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-

Sp19
397 GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp12
398 Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp12
399 Neu5Aca2-3Galb1-3GlcNAcb1-3GalNAca-Sp14
400 Fuca1-2Galb1-4GlcNAcb1-3GalNAca-Sp14
401 Galb1-4(Fuca1-3)GlcNAcb1-3GalNAca-Sp14
402 GalNAca1-3GalNAcb1-3Gala1-4Galb1-4GlcNAcb-Sp0
403 Gala1-4Galb1-3GlcNAcb1-2Mana1-6(Gala1-4Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19
404 Gala1-4Galb1-4GlcNAcb1-2Mana1-6(Gala1-4Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24
405 Gala1-3Galb1-4GlcNAcb1-3GalNAca-Sp14
406 Galb1-3GlcNAcb1-6Galb1-4GlcNAcb-Sp0
407 Galb1-3GlcNAca1-6Galb1-4GlcNAcb-Sp0
408 GalNAcb1-3Gala1-6Galb1-4Glcb-Sp8
409 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)Glcb-Sp21
410 Galb1-4GlcNAcb1-6(Neu5Aca2-6Galb1-3GlcNAcb1-3)Galb1-4Glc-Sp21
411 Galb1-3GalNAcb1-4(Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-Sp0
412 Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-Sp0
413 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-3GalNAca-Sp14
414 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-3GalNAca-Sp14
415 GalNAca1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp0
416 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3GalNAca-Sp14
417 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb1-3GalNAc-Sp14
418 GalNAca1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb1-3GalNAc-Sp14
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419 Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAcb-Sp22

420 Fuca1-2Galb1-4GlcNAcb1-2Mana1-6(Fuca1-2Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp22

421 GlcNAcb1-2(GlcNAcb1-6)Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19
422 Fuca1-2Galb1-3GlcNAcb1-3GalNAc-Sp14
423 Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-3GalNAc-Sp14
424 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-3GalNAc-Sp14
425 Gala1-3Galb1-3GlcNAcb1-3GalNAc-Sp14
426 Fuca1-2Galb1-3GlcNAcb1-2Mana1-6(Fuca1-2Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-

Sp22
427 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4(Fuca1-6)GlcNAcb-Sp22
428 Galb1-3GlcNAcb1-6(Galb1-3GlcNAcb1-2)Mana1-6(Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19

429 Galb1-4GlcNAcb1-6(Fuca1-2Galb1-3GlcNAcb1-3)Galb1-4Glc-Sp21
430 Fuca1-3GlcNAcb1-6(Galb1-4GlcNAcb1-3)Galb1-4Glc-Sp21
431 GlcNAcb1-2Mana1-6(GlcNAcb1-4)(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21
432 GlcNAcb1-2Mana1-6(GlcNAcb1-4)(GlcNAcb1-4(GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21
433 GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21
434 GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(GlcNAcb1-4(GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-

Sp21
435 Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21
436 Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-4(Galb1-4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-

4GlcNAc-Sp21
437 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4GlcNAc-Sp21
438 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-4(Galb1-4GlcNAcb1-2)Mana1-

3)Manb1-4GlcNAcb1-4GlcNAc-Sp21
439 Galb1-4Galb-Sp10
440 Galb1-6Galb-Sp10
441 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb-Sp8
442 GalNAcb1-6GalNAcb-Sp8
443 (6S)Galb1-3GlcNAcb-Sp0
444 (6S)Galb1-3(6S)GlcNAc-Sp0
445 Fuca1-2Galb1-4 GlcNAcb1-2Mana1-6(Fuca1-2Galb1-4GlcNAcb1-2(Fuca1-2Galb1-4GlcNAcb1-4)Mana1-3)Manb1-

4GlcNAcb1-4GlcNAcb-Sp12
446 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-4(Fuca1-2Galb1-4(Fuca1-

3)GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
447 Galb1-4(Fuca1-3)GlcNAcb1-6GalNAc-Sp14
448 Galb1-4GlcNAcb1-2Mana-Sp0
449 Fuca1-2Galb1-4GlcNAcb1-6(Fuca1-2Galb1-4GlcNAcb1-3)GalNAc-Sp14
450 Gala1-3Fuca1-2Galb1-4GlcNAcb1-6(Gala1-3Fuca1-2Galb1-4GlcNAcb1-3)GalNAc-Sp14
451 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-6(GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-3)GalNAc-Sp14
452 Neu5Aca2-8Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-Sp0
453 GalNAcb1-4Galb1-4Glcb-Sp0
454 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-

4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp22
455 Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4(Fuca1-6)GlcNAcb-Sp22
456 Neu5Aca2-6Galb1-4GlcNAcb1-6(Fuca1-2Galb1-3GlcNAcb1-3)Galb1-4Glc-Sp21
457 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-

4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp22
458 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19

459 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp21

460 Neu5Aca2-3Galb1-4GlcNAcb1-4Mana1-6(GlcNAcb1-4)(Neu5Aca2-3Galb1-4GlcNAcb1-4(Neu5Aca2-3Galb1-
4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21

461 Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21
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462 Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-3Galb1-
4GlcNAcb1-4(Neu5Aca2-3Galb1-4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21

463 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp21

464 Neu5Aca2-6Galb1-4GlcNAcb1-4Mana1-6(GlcNAcb1-4)(Neu5Aca2-6Galb1-4GlcNAcb1-4(Neu5Aca2-6Galb1-
4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21

465 Neu5Aca2-6Galb1-4GlcNAcb1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-6Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21

466 Neu5Aca2-6Galb1-4GlcNAcb1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-6Galb1-
4GlcNAcb1-4(Neu5Aca2-6Galb1-4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21

467 Gala1-3(Fuca1-2)Galb1-3GalNAca-Sp8
468 Gala1-3(Fuca1-2)Galb1-3GalNAcb-Sp8
469 Glca1-6Glca1-6Glca1-6Glcb-Sp10
470 Glca1-4Glca1-4Glca1-4Glcb-Sp10
471 Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-4GlcNAcb1-3)GalNAca-Sp14
472 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4(Fuca1-6)GlcNAcb-Sp24
473 Fuca1-2Galb1-3(Fuca1-4)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-3(Fuca1-4)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4(Fuca1-6)GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp19
474 Neu5Aca2-3Galb1-3GlcNAcb1-6(Neu5Aca2-3Galb1-4GlcNAcb1-2)Mana1-6(Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-

3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19
475 GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24
476 Galb1-3GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21
477 Neu5Aca2-6Galb1-4GlcNAcb1-6(Galb1-3GlcNAcb1-3)Galb1-4Glcb-Sp21
478 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana-Sp0
479 Neu5Aca2-3Galb1-4GlcNAcb1-6GalNAca-Sp14
480 Neu5Aca2-6Galb1-4GlcNAcb1-6GalNAca-Sp14
481 Neu5Aca2-6Galb1-4 GlcNAcb1-6(Neu5Aca2-6Galb1-4GlcNAcb1-3)GalNAca-Sp14
482 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-

6)GlcNAcb-Sp24
483 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-

6)GlcNAcb-Sp24
484 Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp19
485 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-

6)GlcNAcb-Sp24
486 Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-

4GlcNAc-Sp21
487 Neu5Aca2-6Galb1-4GlcNAcb1-6(Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3)Galb1-4Glc-Sp21
488 Galb1-3GlcNAcb1-6GalNAca-Sp14
489 Gala1-3Galb1-3GlcNAcb1-6GalNAca-Sp14
490 Galb1-3(Fuca1-4)GlcNAcb1-6GalNAca-Sp14
491 Neu5Aca2-3Galb1-3GlcNAcb1-6GalNAca-Sp14
492 (3S)Galb1-3(Fuca1-4)GlcNAcb-Sp0
493 Galb1-4(Fuca1-3)GlcNAcb1-6(Neu5Aca2-6(Neu5Aca2-3Galb1-3)GlcNAcb1-3)Galb1-4Glc-Sp21
494 Fuca1-2Galb1-4GlcNAcb1-6GalNAca-Sp14
495 Gala1-3Galb1-4GlcNAcb1-6GalNAca-Sp14
496 Galb1-4(Fuca1-3)GlcNAcb1-2Mana-Sp0
497 Fuca1-2(6S)Galb1-3GlcNAcb-Sp0
498 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-6GalNAca-Sp14
499 Fuca1-2Galb1-4GlcNAcb1-2Mana-Sp0
500 Fuca1-2Galb1-3(6S)GlcNAcb-Sp0
501 Fuca1-2(6S)Galb1-3(6S)GlcNAcb-Sp0
502 Neu5Aca2-6GalNAcb1-4(6S)GlcNAcb-Sp8
503 GalNAcb1-4(Fuca1-3)(6S)GlcNAcb-Sp8
504 (3S)GalNAcb1-4(Fuca1-3)GlcNAcb-Sp8
505 Fuca1-2Galb1-3GlcNAcb1-6(Fuca1-2Galb1-3GlcNAcb1-3)GalNAca-Sp14
506 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-6GalNAca-Sp14
507 GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(GlcNAcb1-4(GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-

6)GlcNAc-Sp21
508 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)Galb1-4GlcNAcb1-4(Gal b1-4GlcNAcb1-2)Mana1-

3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc-Sp21
509 Galb1-3GlcNAca1-3Galb1-4GlcNAcb-Sp8 
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510 Galb1-3(6S)GlcNAcb-Sp8 
511 (6S)(4S)GalNAcb1-4GlcNAc-Sp8
512 (6S)GalNAcb1-4GlcNAc-Sp8 
513 (3S)GalNAcb1-4(3S)GlcNAc-Sp8
514 GalNAcb1-4(6S)GlcNAc-Sp8 
515 (3S)GalNAcb1-4GlcNAc-Sp8 
516 (4S)GalNAcb-Sp10
517 Galb1-4(6P)GlcNAcb-Sp0 
518 (6P)Galb1-4GlcNAcb-SP0 
519 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-6GalNAc-Sp14
520 Neu5Aca2-6Galb1-4GlcNAcb1-2Man-Sp0
521 Gala1-3Galb1-4GlcNAcb1-2Mana-Sp0
522 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana-Sp0
523 GalNAca1-3(Fuca1-2)Galb1-4 GlcNAcb1-2Mana-Sp0
524  Galb1-3GlcNAcb1-2Mana-Sp0
525 Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-6GalNAc-Sp14
526 Neu5Aca2-3Galb1-3GlcNAcb1-2Mana-Sp0
527 Gala1-3Galb1-3GlcNAcb1-2Mana-Sp0
528 GalNAcb1-4GlcNAcb1-2Mana-Sp0
529 Neu5Aca2-3Galb1-3GlcNAcb1-4Galb1-4Glcb-Sp0
530 GlcNAcb1-2 Mana1-6(GlcNAcb1-4)(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc-Sp21
531 Galb1-4GlcNAcb1-2 Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc-Sp21

532 Galb1-4GlcNAcb1-2 Mana1-6(Galb1-4GlcNAcb1-4)(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAc-Sp21

533 Fuca1-4(Galb1-3)GlcNAcb1-2 Mana-Sp0
534 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-2Mana-Sp0
535 GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3)Galb1-4GlcNAc-Sp0
536 GalNAca1-3(Fuca1-2)Galb1-3GalNAcb1-3Gala1-4Galb1-4Glc-Sp21
537 Gala1-3(Fuca1-2)Galb1-3GalNAcb1-3Gala1-4Galb1-4Glc-Sp21
538 Galb1-3GalNAcb1-3Gal-Sp21
539 GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp12
540 GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-

Sp25
541 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-

4GlcNAcb1-4GlcNAcb-Sp12
542 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-

4GlcNAcb1-4GlcNAcb-Sp24
543 Neu5Gca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Neu5Gca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-

2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24
544 Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-

3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24
545 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-

2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
546 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-

2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25
547 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-

4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12
548 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-

4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24
549 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-

3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25
550 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-

4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25
551 Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-

4GlcNAcb1-4GlcNAc-Sp25
552 Neu5Gca2-8Neu5Gca2-3Galb1-4GlcNAc-Sp0
553 Neu5Aca2-8Neu5Gca2-3Galb1-4GlcNAc-Sp0
554 Neu5Gca2-8Neu5Aca2-3Galb1-4GlcNAc-Sp0
555 Neu5Gca2-8Neu5Gca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAc-Sp0
556 Neu5Gca2-8Neu5Gca2-6Galb1-4GlcNAc-Sp0
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557 Neu5Aca2-8Neu5Aca2-3Galb1-4GlcNAc-Sp0
558 GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-2Man a1-

3)Manb1-4GlcNAcb1-4GlcNAc-Sp24
559 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-

4GlcNAcb1-2Mana1-3)Mana1-4GlcNAcb1-4GlcNAc-Sp24
560 Gala1-3Galb1-4GlcNAcb1-2Mana1-6(Gala1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp24
561 GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-3)GalNAca-Sp14
562 GalNAcb1-3GlcNAcb-Sp0 
563 GalNAcb1-4GlcNAcb1-3GalNAcb1-4GlcNAcb-Sp0 
564 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-

3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp25

565 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp25

566 GlcNAb1-3Galb1-3GalNAc-Sp14
567 Galb1-3GlcNAcb1-6(Galb1-3)GalNAc-Sp14
568 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-

4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25

569 (3S)GlcAb1-3Galb1-4GlcNAcb1-3Galb1-4Glc-Sp0
570 (3S)GlcAb1-3Galb1-4GlcNAcb1-2Mana-Sp0
571 Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-

4GlcNAb1-2)Mana1-6(Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp24

572 Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-6(Galb1-3GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24

573 Neu5Aca2-8Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glc-Sp21
574 GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-

6)GlcNAcb-Sp24
575 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-

4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24
576 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-

2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24
577 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-

4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24
578 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-

3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24
579 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-

4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24

580 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-
3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp19

581 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp19

582 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24

583 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-
6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24

584 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAb1-2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp24

585 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24

586 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24
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Abstract

Viruses exploit molecules on target membrane as receptors for attachment and entry into 
the host cells. Thus, receptor expression patterns can define viral tissue tropism and might 
to some extent predict the susceptibility of a host for a particular virus. Previously, others 
and we have shown that respiratory pathogens of the genus gammacoronavirus, including 
chicken infectious bronchitis virus (IBV), require specific α2-3-linked sialylated glycans for 
attachment and entry. Here, we studied determinants for binding of enterotropic avian 
gammacoronaviruses, including those of turkey (TCoV-US), guineafowl (GfCoV) and quail 
(QCoV), which are evolutionary distant from respiratory avian coronaviruses based on the 
viral attachment protein spike (S1). We profiled the binding of recombinantly expressed S1 
proteins of TCoV, GfCoV and QCoV to tissues of their respective hosts. Protein histochemistry 
showed that the tissue binding specificity of S1 of turkey, quail, and guineafowl CoVs 
was limited to intestinal tissues of each particular host, in accordance with the reported 
pathogenicity of these viruses in vivo. Glycan array analyses revealed that, in contrast to IBV, 
S1 of enteric gammacoronaviruses recognise a unique set of non-sialylated type 2 poly-N-
acetyl lactosamines. Lectin histochemistry as well as tissue binding patterns of TCoV-S1 
further indicated that these complex N-glycans are prominently expressed on the intestinal 
tract of various avian species. In conclusion, our data demonstrates not only that enteric 
gammacoronaviruses recognize a novel glycan receptor, but also that enterotropism may 
be correlated with the high specificity of spike proteins for such glycans expressed in the 
intestines of the avian host. 
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Importance

Avian coronaviruses are economically important viruses for the poultry industry. While 
infectious bronchitis virus (IBV), a respiratory pathogen of chickens, is rather well known, 
other viruses of the genus gammacoronavirus, including those causing enteric disease, are 
hardly studied. In turkey, guineafowl and quail, coronaviruses have been reported to be 
the major causative agent of enteric diseases. Specifically, turkey coronavirus outbreaks 
have been reported in North America, Europe and Australia for several decades. Recently 
a gammacoronavirus was isolated from guineafowl with fulminating disease. To date, it is 
not clear why these avian coronaviruses are enteropathogenic, whereas other closely related 
avian coronaviruses like IBV cause respiratory disease. A comprehensive understanding of 
the virus’ tropism and pathogenicity explained by their receptor specificity, and the receptor 
expression on tissues was therefore needed. Here we identify a novel glycan receptor for 
enteric avian coronaviruses, which will further support the development of vaccines.
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Introduction

Entry of a virus into a host cell is defined by the interaction of a virus particle with its 
specific receptors on the target membrane. By exploiting these host cell receptors viruses 
initiate attachment, fusion, and entry of cells. A plethora of viruses including influenza virus, 
adenovirus, reovirus and rotavirus use glycans on host cell surfaces as receptors (1). Unlike 
protein receptors, which are differentially expressed in tissues and host species, glycans 
are distributed universally on many different cell surfaces. Recently, others (2-4) and we 
(5) showed that viral attachment proteins of avian coronaviruses, in particular infectious 
bronchitis virus (IBV) and IBV-like viruses causing respiratory disease, interact with tissue-
specific sialic acid structures. 

Avian coronaviruses infect both domesticated and wild birds. IBV and turkey coronavirus 
(TCoV) belong to the genus gammacoronavirus within the order Nidovirales. They are important 
pathogens of chickens and turkeys respectively, and have huge economic implications 
for the poultry industry. While IBV is a respiratory pathogen, TCoV causes gastrointestinal 
disease resulting in retardation or mortality of the entire flocks. Enterotropism has also been 
observed for some IBV serotypes, however, all IBV strains primarily infect the respiratory 
system, resulting in mild to severe inflammation of the nasal and tracheal epithelium (6, 7). 
In contrast, TCoV 
 infects primarily the intestine thereby inducing severe enteritis and appear to possess 
strict tropism to the intestinal epithelium (8, 9). Recently, guineafowl coronavirus (GfCoV) and 
quail coronavirus (QCoV) were added to the enterotropic group of avian gammacoronaviruses 
as a cause of enteritis in guineafowls (8, 10) and quails (11). 

For avian gammacoronaviruses the spike glycoprotein in the viral envelope acts as the viral 
attachment protein and is thus described as a determinant of cell (12) and tissue tropism 
(13). The spike protein contains two subunits; while S1 mediates the virus attachment, 
S2 initiates the fusion and internalization of the virus with the host cell. Previously, when 
comparing tissue-binding patterns of the S1 domain of IBV serotypes with different degrees 
of virulence, we have shown that the in vivo tropism and pathogenicity of these viruses are 
in agreement with the binding patterns of S1 to respiratory tissues (5). Similar observations 
were recorded for binding of the S1 domain of IBV-like viruses including those of pigeon and 
partridge CoVs (I.N.A. Wickramasinghe, R.P. de Vries, A.M. Eggert, N. Wandee, C.A.M. de Haan, 
A. Gröne, M.H. Verheije, submitted for publication). In particular, binding of S1 of respiratory 
gammacoronaviruses require α2,3-linked sialic acids on host tissues; specific involvement of 
sialic acids type 1 lactosamines was demonstrated for IBV-M41 S1 (5, 13). In contrast to these 
respiratory viruses, hardly anything is known about virus-host interactions determining the in 
vivo tropism and pathogenicity of enterotropic gammacoronaviruses, including the receptor 
specificity of turkey, guineafowl and quail CoV. 
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Genomic analysis indicates that IBV, TCoV-US and GfCoV are closely related, demonstrating 
84.7-88.7% nucleic acid sequence identity over their full-length genomes. The S1 domain of 
the spike gene is, however, highly variable, with the amino acid sequences of IBV and TCoV-
US sharing less than 25% sequence identity. Phylogenetic analysis of the S1 gene shows 
grouping of IBV and IBV-like viruses on the one hand, and TCoV-US and GfCoV on the other 
hand (Figure 1). QCoV clusters with the latter viruses, but further analysis is hampered by the 
lack of additional sequence data. 

Figure 1. Phylogenetic analysis of the S1 protein for selected avian gammacoronaviruses. 

Amino acid sequences were aligned with ClustalX under default settings. The unrooted ML tree was constructed 
using MEGA6.06 with the best-fit substitution model with complete deletion (WAG+G+F) and 100 bootstrap 
replicates (values indicated at the nodes). Pigeon CoV: pigeon coronavirus strain PSH050513 (AAZ85066.1); Partridge 
CoV strain GD/S14/2003 (AAT70772.1); IBV QX: IBV strain QX (AAF19629.1); IBV M41: IBV strain Mass 41 (AAW33786.1); 
IBV B1648: IBV Belgian isolate B1648 (CAA60684.1); Turkey CoV-FR: turkey coronavirus isolate FR070341j from 
France (ADK88938.1); Guineafowl CoV: guineafowl coronavirus strain GfCoV/FR/2011 (CCN27367.1); Quail CoV: quail 
coronavirus isolate quail/Italy/Elvia/2005 (ABO45243.1); Turkey CoV-US: turkey coronavirus isolate ATCC from USA 
(ABW75138.1)

Here, we investigated the receptor specificity of avian coronaviruses known to cause 
enteritis in poultry. We revealed that, by analysing the tissue and glycan specificities of the 
S1 domain of TCoV-US, GfCoV and QCoV, avian coronaviruses causing enteritis use a novel 
glycan receptor for binding of the spike to tissues. In particular, they recognize non-sialylated 
lactosamine repeats (poly-LacNAc) on complex type N-glycans. Analysis of tissues revealed 
that poly-LacNAc was expressed predominantly on the intestinal epithelium, not that of 
the respective host, but also of various other avian species. Taken together, we reveal that 
enteric gammacoronaviruses recognize a novel glycan receptor on target intestinal tissues 
of birds. In addition, the observed restricted expression patterns of these receptors in the 
intestine may contribute to the marked difference between the tissue tropism of these avian 
coronaviruses from chickens and those from other poultry species, like turkey, guineafowl 
and quail.
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Materials and methods 

Animal experiments

Respiratory tissues of specific pathogen free (SPF) chickens (Gallus gallus) intranasally 
inoculated with 105 egg infectious dose (EID)50 of IBV strain M41 at 7 day of age were obtained 
from an experiment performed, with the permission of the Dutch Ethic Committee, at 
the Department of Pathobiology, Faculty of Veterinary Medicine, Utrecht University, The 
Netherlands according to the local animal welfare regulations. Birds were humanely 
sacrificed at 1, 2, 3 and 7 days post infection (dpi) followed by necropsy.
 Intestinal tissues of SPF turkeys (Meleagris gallopavo) experimentally inoculated orally 
at one day of age with 104.7 EID50 of virus TCoV-US (isolate IN P4/1.1,kind gift of professors C.C. 
Wu and Y.M. Saif (14, 15) were obtained from an experiment performed at the French Agency 
for Food, Environmental and Occupational Heath Safety (Anses), Ploufragan-Plouzane 
Laboratory, Ploufragan, France with the approval of the relevant local ethic committee. Birds 
were humanely sacrificed at 3, 6, 14, 21 and 50 dpi after which necropsy was performed.
 
Histology and immunohistochemistry

Tissues from experimentally infected chickens and turkeys were fixed in 4 % formalin 
and subsequently dehydrated, embedded in paraffin and prepared as 3-4 µm sections 
on coated glass slides (Klinipath, Netherlands). Haematoxylin and eosin (H&E) and 
immunohistochemistry stainings were performed on serial sections. H&E stained 
sections were analysed for histopathological changes by a certified pathologist. For 
immunohistochemistry, antigen retrieval was performed by boiling sections in Tris-EDTA pH 
9.0 (pre-heated for 10 min) for 10 min at 1100kW in a microwave. After washing in PBS-0.1% 
Tween primary antibody against S2 of IBV (16, 17) or nucleocapsid of TCoV (18) were applied 
at 1:100 dilution onto tissues from chicken and turkeys. Sections was incubated for 2 hours at 
room temperature, washed again in phosphate buffer (PBS;7.4)-0.1%Tween before applying 
polyclonal mouse antibody (Envision) at a dilution of 1:1. Finally, 3-amino-9-ethylcarbazole 
(AEC; Sigma-Aldrich) was applied as substrate to visualize signal.

Genes and expression vectors

S1 encoding sequences were obtained from the GenBank (National Centre for Biotechnology 
Information). Accession numbers for S1 of TCoV-US, GfCoV and QCoV were EU022526, 
CCN27367, and ABO45243 respectively. Codon-optimized sequences for both S1 genes in 
pUC57 with upstream NheI and downstream PacI were obtained from GenScript (USA) and 
cloned into pCD5 expression vector by restriction digestion as previously described (5). The 
pCD5 expression vector containing S1 of IBV M41 S1 was previously described (5) and used 
as control. 
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Expression and purification of proteins 

Recombinant S1 proteins were expressed and purified as described in Wickramasinghe 
et al (5). Briefly, pCD5 vectors containing S1 of TCoV-US, GfCoV and GfCoV domains were 
transfected into human embryo kidney cells (HEK293T) and cell culture supernatants were 
harvested after 7 days. S1 proteins were purified by adding Strep-Tactin sepharose 50% 
suspension (IBA GmbH) and analysed by SDS-PAGE and western blotting. 

Protein histochemistry with S1 

Protein histochemistry was performed on tissue slides from our previously developed 
single or multispecies tissue microarray (TMA; I.N.A. Wickramasinghe, R.P. de Vries, A.M. 
Eggert, N.Wandee, C.A.M. de Haan, A. Gröne, M.H. Verheije, submitted for publication). For 
the purpose of this study, we selected TMAs containing respiratory and intestinal tissues 
of chicken and turkeys. When indicated S1 proteins were precomplexed with Strep-Tactin 
HRPO for 30 min on ice and subsequently mixed with the polyacrylic acid (PAA)-3’diLacNac 
type 1 (Neu5Acα2,3Galβ1,3GlcNAcβ-OCH2CH2CH2NH-polyacrylamide) or PAA-diLacNAc 
(Galβ1,4GlcNAcβ1,3 Galβ1-GlcNAcβOCH2CH2CH2NH-polyacrylamide) (both from Lectinity 
Holding Inc, Russia) in a molar ratio of 1:2 (S1:PAA-neoconjugates). S1: Strep-Tactin HRPO:PAA-
conjugate complexes were incubated on ice for another 30 minutes and subsequently 
applied onto tissue sections. Next day sections were washed with PBS-0.1% Tween, applied 
AEC (5).When indicated the tissues were treated with Arthrobactor ureafaciens neuraminidase 
(Roche, USA) at 1mU/100µl in PBS (pH 5) overnight at 37 C. 

Glycan array 

Glycan arrays for S1 proteins were performed using the Consortium for Functional Glycomics 
(CFG) V.5.2 arrays. As previously described S1 proteins were precomplexed with anti-Strep-
tag antibody and Alexa647-linked anti-mouse IgG (4:2:1 molar ratio) prior to incubation for 
15 min on ice in 100 µl PBS containing 0.1% Tween, and incubated on the array surface in a 
humidified chamber for 90 minutes. Slides were subsequently washed by successive rinses 
with PBS- 0.1% Tween, PBS, and deionized H2O. Washed arrays were dried by centrifugation 
and immediately scanned for FITC signal on a Perkin-Elmer ProScanArray Express confocal 
microarray scanner. Fluorescent signal intensity was measured using Imagene (Biodiscovery), 
and mean intensity minus mean background was calculated and graphed using MS Excel. 
For each glycan, the mean signal intensity is calculated from 6 replicates spots. The highest 
and lowest signals of the 6 replicates were removed and the remaining 4 replicates were 
used to calculate the mean signal, standard deviation (SD), and standard error measurement 
(SEM). A list of glycans on the microarray is included and can be found on the website of the 
Consortium for Functional Glycomics (http://www.functionalglycomics.org).
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ELISA-like binding assay for S1 proteins

Binding affinities were compared in ELISA-like binding assays, performed in a comparable 
way as the glycan array analyses with minor modifications. Here the total volume of 
precomplexing was 20 μl and incubated for 15 minutes on ice, samples were subsequently 
diluted 1:1 in a 384 well plate. Then 8 μl was transferred to microwell slides containing 
48 wells. Each well was imprinted with either diLacNAc, α2,3-linked sialylated diLacNAc 
and α2,6-linked sialylated diLacNAc structures with and without PAA conjugation all in 6 
replicates.

Lectin histochemistry

Lectin histochemistry was performed to detect poly-LacNAc structures and complex type 
N-glycan cores. To this end, either Erythrina cristagalli Lectin  (ECA; Vector Laboratories) 
or Phaseolus vulgaris  agglutinin (PHA; Vector Laboratories) were diluted in PBS to a 
concentration of 2 µg/ml and applied onto multispecies TMAs containing intestinal tissues 
of 10 avian species including turkey, quail, guineafowl, Canada goose, graylag goose, mallard 
duck, teal, pigeon, partridge, pheasant. After incubate overnight at 4 0C the slides were 
washed in PBS and avidin-biotin complex (ABC-kit; Vector laboratories) was applied for 30 
min to visualized the signal. 

Results

Tissue tropism of avian gammacoronaviruses IBV and TCoV-US in vivo

While most gammacoronaviruses, including the prototype IBV strain M41 in chickens, 
induce primarily respiratory disease, other viruses of this genus, like TCoV, are known to 
be enteropathogenic. To correlate the clinical manifestation of these diseases with the 
histopathological changes and virus replication in target organs we analyzed two in vivo 
experiments in which SPF chickens and turkeys were infected with IBV-M41 and TCoV-US 
respectively. Infected chickens showed clinical signs of respiratory disease, such as mild 
dyspnea, sneezing and serous exudate from the nostrils, from 4 dpi; infected turkeys showed 
signs of gastrointestinal disease with diarrhea, starting at 3 dpi. While chickens did not show 
any signs of gastrointestinal disease during the course of infection, the infected turkeys did 
not display any notorious signs of respiratory illness.

In the chicken trachea, significant histomorphological changes were detected from 3 dpi 
onwards, comprising loss of normal columnar ciliated epithelium and mucous glands, 
attenuation and squamous-like change of the epithelium. Infiltration of the mucosa and 
submucosa by marked numbers of lymphocytes and macrophages and fewer plasma cells 
was also observed. In addition, mucosal transmigration and intra-luminal accumulation 
of moderate numbers of heterophils and marked hyperemia of submucosal capillaries 
was detected (Figure 2A). While intestinal sections of infected chickens did not show any 
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significant histomorphological changes, obvious changes in the small intestine of the turkeys 
were seen from day 13 dpi onwards, including multifocal marked pseudostratification of the 
epithelium, infiltration of the epithelium by small numbers of mainly lymphocytes, formation 
of lymphoid aggregates in the lamina propria and submucosa and multifocally-scattered 
infiltration of moderate numbers of plasma cells and heterophils (Figure 2B). 

To investigate the presence of viral antigen in the infected tissues immunohistochemistry 
was performed using monoclonal antibodies against the S2 domain of the spike protein 
of IBV (Figure 2A) and the nucleocapsid protein of TCoV (Figure 2B), respectively. IBV S2 
protein was detected in the ciliated epithelium of the trachea from 2 to 7 dpi. At 2 dpi many 
morphologically unchanged epithelial cells contained large amounts of the S2 protein, 
whereas at 7 dpi, when histopathological changes were most significant, only few cells 
containing viral antigen remained (Figure 2A). Presence of TCoV nucleocapsid proteins was 
detected from 6 dpi to 13 dpi in the enterocytes of the turkey small intestine (Figure 2B). 
No viral proteins were detected by 21 dpi, the time point where the small intestine showed 
the most remarkable histopathological changes. In conclusion, both viruses infected the 
epithelial cells of the target organs, defined by the clinical symptoms, but the course of the 
infection of TCoV appeared to be slower than that of IBV. Moreover, histopathological changes 
and presence of viral proteins confirmed that unlike IBV the TCoV infection is localized in the 
intestine, as previously described (9, 10, 19). 

Enterotropic coronavirus spike binding is not sialic acid dependent 

Binding of S1 of IBV  and IBV-like CoVs (I.N.A. Wickramasinghe, R.P. de Vries, A.M. Eggert, N. 
Wandee, C.A.M. de Haan, A. Gröne, M.H. Verheije, submitted for publication) to host tissues 
is sialic acid dependent. In particular, IBV M41 uses sialic acids on type I lactosamine 
(Neu5Acα2,3Galβ1,3GcNAc) to determine its tissue-specific binding (5). To reveal whether 
turkey tissues express the previously identified avian coronavirus receptor, recombinant IBV 
S1 protein was applied onto turkey tissues and protein histochemistry was performed (5). 
IBV S1 bound to tracheal and intestinal epithelium of the chicken, as observed before (5), as 
well as to the trachea of turkey (Figure 3). No binding to the intestinal epithelium of turkey 
was observed, indicating that the turkey intestine does not express IBV-specific sialic acid-
containing glycans. Moreover, this result suggests that gastrointestinal avian coronaviruses 
might use a different receptor for attachment and entry into the epithelial cells of the 
intestine. 
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Figure 2. Histopathological and immunohistochemical findings in infected tissues of chicken 
and turkey. 

(A) Trachea of chickens infected with IBV M41 were stained with H&E or with an antibody against the 
S2 protein of IBV by performing immunohistochemistry (IHC) , (B) Small intestine of turkeys infected 
with TCoV were stained with H&E or with an antibody against the nucleocapsid protein of TCoV.  
Dpi (days post infection). Indicated are: epithelium of chicken trachea (black arrow), inflammatory cells (arrow 
heads), epithelium of turkey intestine (white arrow)
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Figure 3. Protein histochemistry of IBV M41 S1 on chicken and turkey tissues. 

Protein histochemistry was performed by applying recombinant IBV M41 S1 (5) onto trachea and small intestine of 
chicken and turkey. 

As tissue-specific binding of S1 proteins can provide insights into the receptor usage of 
the respective virus, we next expressed the S1 of TCoV-US in our mammalian expression 
system, in a similar manner as for IBV S1 (5). In parallel, we produced the S1 proteins of two 
other avian coronaviruses with reported gastrointestinal tract tropism, namely guineafowl 
(8) and quail CoV (11). Analysis of the proteins on SDS-PAGE followed by western blotting 
confirmed production of the S1 of TCoV, GfCoV and QCoV migrating around 110 kDa (Figure 
4A). Protein histochemistry was performed by applying these S1 proteins to TMAs containing 
gastrointestinal systems of turkey, guineafowl and quail. All three S1 proteins attached 
strongly to the brush border of epithelial cells and goblet cells of the small (Figure 4B) 
and large (not shown) intestine of the respective host, and no binding to the tracheas was 
observed (Figure 4B). Hence, the binding profile of the spike of TCoV to the intestinal tissue 
was comparable to the in vivo replication sites. In addition, the tissue binding patterns of S1 of 
GfCoV and QCoV were comparable to those of S1 of TCoV, and correlated to their in vivo tissue 
tropism (8, 11). To determine if the tissue binding of these S1 proteins was independent of 
the presence of sialylated glycans, we applied S1 of TCoV, GfCoV and QCoV onto the intestinal 
tissue of the respective host after treatment of the tissue with neuraminidase. The S1 of 
enterotropic CoV still had the ability to bind to desialylated tissues (Figure 4B), in contrast 
to what was observed for IBV (5, and Figure 4C).These results serve to confirm the previous 
observation that TCoV, GfCoV and QCoV bind to host cells via a different host receptor than 
that used by IBV M41.
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Figure 4. Expression and tissue binding specificities of S1 proteins. 

(A) Recombinantly expressed S1 domains of chicken IBV M41(IBV S1), turkey coronavirus (TCoV S1), guineafowl 
coronavirus (GfCoV S1), and quail coronavirus (QCoV S1) were analysed by SDS-PAGE and western blotting. (B) 
Enteric CoV S1 proteins were applied onto respiratory and intestinal tissues of their respective host. S1 was applied 
to both sialylated (-NA) and desialylated (+NA) tissues. (C) IBV S1 was applied onto sialylated (-NA) and desialylated 
(+NA) chicken trachea and small intestine controls. Desialylation was performed by treating tissues with bacterial 
neuraminidase as described in material and methods.
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Novel glycan binding specificity of TCoV-US, GfCoV and QCoV spikes

To reveal whether gastrointestinal avian coronaviruses can exploit to other, non-sialylated, 
glycans for attachment we analyzed S1 binding of TCoV-US, GfCoV and QCoV on the 
Consortium for Functional Glycomics (CFG) array version 5.2 (as described in materials 
and methods). The results showed that TCoV S1 recognized non-sialylated type 2 poly-
LacNAc structures (Figure 5 and A1). Strikingly, TCoV S1 only bound to these glycans if the 
core structure was either a bi- or tri-antennary N-glycan (as exemplified in Figure 5A, left 

Figure 5. Glycan binding specificity of avian coronavirus spike proteins. 

Glycan binding specificities of S1 of TCoV (A), GfCoV (B), QCoV (C) and plant lectins Erythrina Cristagalli lectin (ECA) 
(D) and Phaseolus vulgaris agglutinin PHA (E). A representative example of the bound glycans for TCoV is depicted 
schematically. The left panels show the results of the glycan array; bar graphs were plotted in Prism and represent 
the averaged mean signal minus background for each glycan sample and error bars are the SEM value. The right 
panel shows the results of the ELISA-like assay in which binding affinity to sialylated and non-sialylated diLacNAc 
printed with and without conjugation to PAA was measured.
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panel). To confirm the binding and to determine the affinity of TCoV S1 for these structures, 
we printed diLacNAc, α2,3-linked sialylated diLacNAc and α2,6-linked sialylated diLacNAc 
structures with and without conjugation to PAA in an ELISA-like glycan binding setup. PAA 
is commonly used to coat 96-well plates for solid-phase ELISAs as its multivalent structure 
increases the binding affinity of the viral proteins(20). Here, we observed specific binding of 
TCoV S1 to non-sialylated PAA-diLacNAc (Figure 5A, right panel), confirming that TCoV S1 did 
not, in contrast to IBV, bind to sialic acids. GfCoV and QCoV S1 showed very similar glycan 
binding specificities (Figure 5B and 5C left panels, and A1). Interestingly, however, GfCoV S1 
also recognized several N- glycans with 2,6 α-linked sialic acids, while QCoV S1 additionally 
recognized N- glycans with 2,3 α-linked sialic acids in the glycan array. The ELISA-like 
glycan binding assay, however, confirmed only specificity towards LacNAc structures and 
not towards sialylated structures (Figure 5B and 5C, right panel). Furthermore, the binding 
affinity for PAA-diLacNAc appeared to be slightly higher for TCoV S1 compared to GfCoV and 
QCoV (Figure 5, right panel). The biological relevance of this is yet unclear. 

Erythrina cristagalli lectin is known to bind specifically to terminal galactose residues on type 
2 LacNAc structures (21, 22) and was therefore taken along as a control in our assays. On the 
glycan array we observed a more promiscuous binding pattern compared to S1 proteins, as 
this lectin is not N-glycan dependent (Figure 5D, left panel and (23). In the ELISA-like assay 
we observed a significant higher binding avidity to LacNAc structures compared to the avian 
coronavirus spikes as it was also able to bind non-PAA-conjugated LacNAc (Figure 5D, right 
panel). Finally, to study N-glycan dependency, we used Phaseolus vulgaris agglutinin (22, 23) 
that indeed bound the same N-glycans in the glycan array (Figure 5E, left panel). However, 
in contrast to ECA, PHA could not bind to LacNAc structures in the ELISA-like assay (Figure 
5E, right panel). So while the more promiscuous lectin ECA can be used to profile galactose 
residues on type 2 LacNAc structures,  enteric coronavirus S1 proteins show a more strict 
specificity towards the LacNAc N-glycans.

Glycan binding specificity of TCoV-US, GfCoV and QCoV spike proteins on tissues 

Next, we analyzed the biological relevance of the glycan binding specificity of spikes of 
TCoV-US, GfCoV, and QCoV on tissues. Therefore, we mixed the S1 proteins with synthetic 
glycopolymers containing di-LacNAc (Galβ1,4GlcNAcβ1,3Galβ1,4GlcNAc) prior to applying 
the mixture to tissues. Binding of all three S1 proteins to intestinal tissues from their respective 
host was completely blocked in the presence of PAA-diLacNAc, while this compound could 
not block the binding of IBV S1 (Figure 6, left column). These results indicate that specific 
intestinal binding of TCoV, GfCoV, and QCoV S1 proteins is dependent of the availability 
of LacNAc on the tissues rather than on sialylated glycans. Reciprocally, the binding of S1 
of TCoV, GfCoV, and QCoV could not be blocked with the sialylglycopolymer containing 
Neu5Acα2,3Galβ1,3GlcNAc (Figure 6,right column), while this glycan blocked IBV S1 binding 
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to chicken trachea. These data confirm the relevance of these glycans to determine the 
receptor specificity of CoVs causing gastrointestinal disease. 

Figure 6. Blocking of the tissue binding of S1 tissues with PAA-linked glycans. 

S1 proteins were mixed with PAA-diLAcNAc or PAA-3’diLacNAc (type 1) prior to applying them to tissues.

Erythrina cristagalli lectin appeared to have somewhat broader glycan preference than the 
viral attachment proteins of avian coronaviruses (Figure 7 and A1). To compare specificity of 
ECA with the recognition of viral receptors on host tissues, we applied ECA to tissues from 
chicken, turkey, guineafowl and quail. Interestingly, ECA stained the intestine and the trachea 
of all four species; however, stronger staining was observed for the epithelium of the small 
intestine (Figure 7-left column) compared to the goblet cells of the trachea (Figure 7-right 
column) of each host. In the intestine, the staining of ECA was comparable to that of the TCoV 
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S1 (Figure 7), while no staining of the tracheas was observed for TCoV S1. Thus, the observed 
differences in the glycan specificity between ECA and the CoV S1 proteins are reflected by 
broader binding of ECA to tissues. 

LacNAc receptors are widely distributed across avian species

Finally, we investigated whether this novel receptor is present across avian species. To this 
end, lectin and spike histochemistry using ECA and TCoV-US S1, respectively, was performed 
on the multi-species TMA containing intestinal tissues of various other avian species, including 
Canada goose, graylag goose, mallard duck, teal, partridge, pigeon, pheasant and chicken. 
ECA-histochemistry revealed that except for the mallard duck, LacNAc was prominently 
distributed across the intestine (Table 1) of all the other selected birds. Similar results were 
obtained for TCoV S1, suggesting that availability of N-glycans with non sialylated poly-LacNAc 
may predispose these avian species for gammacoronaviruses that require poly-LacNAc for 

Figure 7. Lectin and protein histochemistry for respiratory and intestinal tissues. 

ECA or TCoV S1 were applied onto TMAs containing trachea and small intestinal tissues of chicken, turkey, guineafowl 
and quail.
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attachment. However, while ECA staining was prominent in respiratory tissues of birds, only 
very low or no affinity of TCoV S1 to respiratory tissues was observed, indicating that TCoV S1 
recognizes a specific sets of LacNAc containing N-glycans which may be expressed uniquely 
in the intestine of these birds. The biological relevance of the expression of the viral receptor 
for TCoV in other birds is further supported by the observation that TCoV has the ability to 
infect not only turkeys, but also chickens under experimental conditions (16).

Table 1. Distribution of enterotropic gammacoronavirus receptor in intestine. ECA and TCoV S1 
was applied onto TMAs containing intestinal tissues of 11 avian species

Intestine/

avian species

ECA-

histochemistry

TCoV-S1 

histochemistry

Chicken + +

Turkey + +

Guineafowl + +

Quail + +

Canada goose + +

Graylag goose + +

Mallard duck - -

Partridge + +

Pheasant + +

Teal + +

Pigeon + +

. – absence, + presence of poly-LacNAc  or the receptor

Discussion

Here, we revealed a novel receptor for coronaviruses causing gastrointestinal tract 

disease in poultry. In particular, the viral attachment protein spike of turkey, 

guineafowl and quail coronaviruses required non-sialylated type 2 poly-LacNAc 

structures on N-glycan cores for binding. This was in marked contrast to the sialic 

acid-dependent binding of avian coronaviruses inducing primarily respiratory tract 

disease, including IBV and IBV-like viruses from partridge and pigeon (I.N.A. 

Wickramasinghe, R.P. de Vries, A.M. Eggert, N. Wandee, C.A.M. de Haan, A. 

Gröne, M.H. Verheije, submitted for publication) . The resemblance of the tissue 

binding profiles of the S1 proteins of enteric CoVs with their in vivo tropism and the 

. – absence, + presence of poly-LacNAc  or the receptor

Discussion

Here, we revealed a novel receptor for coronaviruses causing gastrointestinal tract disease 
in poultry. In particular, the viral attachment protein spike of turkey, guineafowl and quail 
coronaviruses required non-sialylated type 2 poly-LacNAc structures on N-glycan cores 
for binding. This was in marked contrast to the sialic acid-dependent binding of avian 
coronaviruses inducing primarily respiratory tract disease, including IBV and IBV-like viruses 
from partridge and pigeon (I.N.A. Wickramasinghe, R.P. de Vries, A.M. Eggert, N. Wandee, 
C.A.M. de Haan, A. Gröne, M.H. Verheije, submitted for publication) . The resemblance of 
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the tissue binding profiles of the S1 proteins of enteric CoVs with their in vivo tropism and 
the expression of poly-LacNAc containing N-glycans in the small intestine of various avian 
species suggests that tropism of those coronaviruses is defined by the restricted expression 
patterns of this novel avian coronavirus receptor in the target tissues.
Binding of S1 of enteric and respiratory CoVs to the intestinal epithelium (this manuscript) 
and the tracheal and lung epithelium (5), respectively, was in agreement with the reported in 
vivo pathotypes of avian coronaviruses. Inoculation of turkey CoV into turkey poults resulted 
in marked macroscopic and microscopic changes in the intestine, but not in other organs 
including respiratory tissues (19). Similarly, both guineafowl and quail CoV were reported 
to produce gastrointestinal related clinical signs, matching the binding of the S1 protein to 
these tissues. Our data indicate that the spike proteins contributes largely in determining the 
in vivo tissue tropism of a particular avian coronavirus. This is in line with previous reports 
in which the cell culture adapted IBV Beaudette gained tropism to trachea of chickens only 
by replacing the S1 domain of the respiratory tropic IBV strains (24, 25). In that respect, it is 
interesting to see that phylogenetic trees based on the S1 gene (Figure 1) clearly separate 
respiratory from gastrointestinal avian coronaviruses. Remarkably, the spike of a TCoV isolate 
from France (TCoV-FR, 15) had only 40% sequence identity with that of the TCoV-US strain. 
This diversity was reflected by prominent binding of this S1 to the epithelium of the bursa of 
Fabricius, and only rather mild staining of the small intestine of turkey (data not shown). As 
the TCoV-FR S1 did not show affinity to diLacNAc, nor recognized any particular glycan on 
the glycan array, further studies are needed to elucidate whether this virus uses yet another 
receptor for binding, and to determine its tropism, in turkeys. 

In our study, we observed that tissue binding of S1 of turkey, guineafowl and quail 
coronaviruses was dependent on the availability of non-sialylated poly-LacNAc containing 
N-glycans. Compared to the wide distribution of α 2,3-linked sialic acids across avian tissues 
and hosts (I.N.A. Wickramasinghe, R.P. de Vries, A.M. Eggert, N. Wandee, C.A.M. de Haan, A. 
Gröne, M.H. Verheije, submitted for publication), poly-LacNAc was detected conspicuously 
in the epithelial cells of the intestine of various birds. As poly-LacNAc containing N-glycans 
appear to act as specific receptors for enteric CoVs, we speculate that the restricted 
expression of LacNAc can account for the spatially restricted intestinal disease, like enteritis. 
In this line, the broader distribution of α 2,3-linked sialic acids across organ systems can 
explain that respiratory avian coronaviruses often show tropism for other organs (6, 7). 
Spatial and temporal expression of glycans exploited by viruses as receptors might thus 
define tissue tropism, and ultimately disease. In this respect, it is of interest to note that 
poly-LacNAcs are described to be an age-specific receptor for human rotavirus (26). As they 
are expressed predominantly in saliva of infants, neonates and young children appear to be 
more susceptible to diarrhoea caused by human rotavirus (26). As TCoV-induced enteritis 
in turkeys is more frequently descripted in young animals (9), it might well be that LacNAc 
expression also in bird is age-dependent. Whether the observed presence of LacNAc in the 
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intestine of various other bird species, based on binding of ECA and TCoV S1, truly predicts 
the susceptibility of these species for those, or other, enterotropic coronaviruses remains to 
be determined. 
Lectin histochemistry has been used previously to profile viral glycan receptor expression on 
tissues (5, 27, 28). Here, we used Erythrina cristagalli lectin to identify the terminal LacNAc 
structures, but not the core carbohydrate portion, of the LacNAc containing N-glycans (21). 
With this, we revealed that such LacNAc structures are not only expressed in the intestinal 
tract, but also in the respiratory system of several bird species. Other plant lectins, for an 
example Phaseolus vulgaris  agglutinin, identify N-glycans rather than terminal LacNAcs 
(22). Using PHA, however, no affinity for diLacNAc in the ELISA-like assay (Figure 5), nor 
PHA staining of the intestinal epithelium of chicken, turkey, guineafowl and quail could be 
detected (data not shown). Compared to these lectins, S1 of enteric CoVs recognize non-
sialylated poly-LacNAc containing N-glycans with high specificity (Figure 5 and A1) and could 
detect this attachment factor only in the intestine of birds. This strict specificity of specific 
viral lectins points towards the preferred use of viral attachment proteins over lectins for 
profiling glycans in other cells and tissues.

In our ELISA-like assay we detected that the affinity of the TCoV S1 to LacNAc was higher 
than that of the GfCoV and QCoV S1. The reason for this difference in avidity is yet unclear; 
it might be linked to the virulence and the persistence of these viruses in the field. Indeed, 
for influenza it has been suggested that high avidity to glycoconjugates might prevent 
the release of viruses from decoy receptor-expressing cells (29-31), thereby reducing virus 
infection. Although avian coronaviruses do not contain a virus-releasing enzyme like 
influenza, it might well be that they evolved a mechanism based on high avidity as well as 
high specificity towards glycans to regulate infection. In this respect, it is of interest to note 
the phenotypic differences between these viruses; while TCoV causes enteritis with rather 
low mortality rates (up to 10% (32), the mortality rate for GfCoV and QCoV is much higher, 
up to 100% (8, 11). Whether the higher avidity of S1 of TCoV towards PAA-diLacNAc actually 
resulted in the observed lower virulence remains to be seen. 
In conclusion, we elucidated the receptor specificity for the viral attachment protein S1 
of TCoV, GfCoV and QCoV. The preference of these viruses for non-sialylated poly-LacNAc 
containing glycans and its particular expression on tissues might predispose organ systems 
and hosts for coronaviruses causing gastrointestinal disease in poultry.
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Supplementary table A1: Glycan array data for S1 of TCoV, GfCoV and QCoV (CFG V 5.2) and the lectins ECA and PHA (CFG V 5.0)

TCoV S1 100ug 5.2 GfCoV S1 100µg 5.2 QCoV S1 100ug 5.2 PHA 10ug 5.0 ECA 50ug 5.0

Chart Number Structure on Masterlist Average RFU StDev Average RFU StDev Average RFU StDev Average RFU StDev Average RFU StDev

1 Gala-Sp8 -53 49 23 15 296 196 311 113 18 20
2 Glca-Sp8 14 132 2 4 -269 106 318 187 9 16
3 Mana-Sp8 -18 41 14 20 87 51 387 108 9 16
4 GalNAca-Sp8 19 33 4 9 23 24 177 106 -2 9
5 GalNAca-Sp15 -16 13 1 5 91 83 1832 2241 8 10
6 Fuca-Sp8 -37 40 25 32 82 55 -45 148 -1 9
7 Fuca-Sp9 -154 26 41 33 215 69 378 521 -15 9
8 Rhaa-Sp8 17 46 3 23 1432 1945 199 204 7 14
9 Neu5Aca-Sp8 -76 33 87 90 213 140 1026 795 -17 7
10 Neu5Aca-Sp11 -82 28 5 5 433 153 427 372 -9 12
11 Neu5Acb-Sp8 1785 2617 18273 1198 963 1085 141 71 -19 20
12 Galb-Sp8 22 61 11 9 1929 1221 132 147 14 13
13 Glcb-Sp8 49 60 -1 5 -111 21 281 195 15 12
14 Manb-Sp8 -10 11 19 27 -46 43 438 306 2 14
15 GalNAcb-Sp8 -2 49 13 10 34 107 275 249 30 48
16 GlcNAcb-Sp0 -32 56 62 74 -65 93 252 199 -18 15
17 GlcNAcb-Sp8 -6 51 16 24 -79 50 125 139 12 13
18 GlcN(Gc)b-Sp8 -142 52 109 57 -22 51 203 164 6 13
19 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3)GalNAca-Sp8 50 59 17 22 808 988 208 201 11222 1082
20 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3)GalNAc-Sp14 -18 25 19 21 -33 51 149 156 2993 349
21 GlcNAcb1-6(GlcNAcb1-4)(GlcNAcb1-3)GlcNAc-Sp8 176 126 46 65 -82 85 236 364 2 9
22 6S(3S)Galb1-4(6S)GlcNAcb-Sp0 11 28 18 36 5 30 180 56 -59 14
23 6S(3S)Galb1-4GlcNAcb-Sp0 50 28 39 30 91 149 68 138 -11 11
24 (3S)Galb1-4(Fuca1-3)(6S)Glc-Sp0 2 27 27 29 27 8 364 97 92 38
25 (3S)Galb1-4Glcb-Sp8 -51 46 1 1 54 14 253 108 16 13
26 (3S)Galb1-4(6S)Glcb-Sp0 115 105 7 21 -69 43 115 56 -8 5
27 (3S)Galb1-4(6S)Glcb-Sp8 -12 17 -6 1 11 47 160 82 4 16
28 (3S)Galb1-3(Fuca1-4)GlcNAcb-Sp8 58 36 18 9 -64 146 113 184 -2 17
29 (3S)Galb1-3GalNAca-Sp8 -4 43 -3 5 -132 123 2832 3652 -17 6
30 (3S)Galb1-3GlcNAcb-Sp0 0 38 -3 9 26 35 -35 36 -14 13
31 (3S)Galb1-3GlcNAcb-Sp8 -34 62 22 20 191 7 234 97 -29 9
32 (3S)Galb1-4(Fuca1-3)GlcNAc-Sp0 42 59 2 3 -70 32 290 247 -2 8
33 (3S)Galb1-4(Fuca1-3)GlcNAc-Sp8 -118 148 10 8 373 438 3870 4174 -23 18
34 (3S)Galb1-4(6S)GlcNAcb-Sp0 -153 63 90 145 680 211 162 278 -7 9
35 (3S)Galb1-4(6S)GlcNAcb-Sp8 -42 28 17 20 201 50 149 218 -20 9
36 (3S)Galb1-4GlcNAcb-Sp0 10 47 45 55 579 504 99 199 15 7
37 (3S)Galb1-4GlcNAcb-Sp8 16 53 2 2 37 47 185 188 -5 3
38 (3S)Galb-Sp8 25 102 71 85 6 9 68 51 1 8
39 (6S)(4S)Galb1-4GlcNAcb-Sp0 18 22 5 7 -133 78 49 33 -18 11
40 (4S)Galb1-4GlcNAcb-Sp8 68 40 7 11 -65 52 172 147 -25 4
41 (6P)Mana-Sp8 49 31 57 49 15 62 82 39 4 8
42 (6S)Galb1-4Glcb-Sp0 77 88 66 37 -36 39 88 34 -8 6
43 (6S)Galb1-4Glcb-Sp8 60 53 1 15 217 195 104 104 16 28
44 (6S)Galb1-4GlcNAcb-Sp8 29 64 73 50 131 230 92 121 -25 13
45 (6S)Galb1-4(6S)Glcb-Sp8 53 33 34 23 -339 111 101 90 9 28
46 Neu5Aca2-3(6S)Galb1-4GlcNAcb-Sp8 8 13 104 57 -175 15 89 44 -12 4
47 (6S)GlcNAcb-Sp8 -208 69 13 13 -21 13 68 18 23 30
48 Neu5,9Ac2a-Sp8 26 35 24 17 -28 59 218 54 -17 12
49 Neu5,9Ac2a2-6Galb1-4GlcNAcb-Sp8 6 31 -4 14 0 40 2 29 -9 5
50 Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 72 70 -3 4 -39 37 186 96 10 8
51 Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp13 -1 43 17 35 27 44 452 514 4 18

52 GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp12 22 30 12 17 -175 83 237 68 1 14

53 GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp13 -16 28 15 13 27 32 416 267 -16 5

54 Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 39 49 1 9 -102 74 582 180 10661 675

55 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 28 26 5 19 -34 35 38 26 -1 5

56 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-2Man-a1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 -49 49 112 127 244 190 22 6 247 19

57 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24 -62 52 145 244 -99 54 1410 841 -13 3

58 Fuca1-2Galb1-3GalNAcb1-3Gala-Sp9 36 40 19 13 307 119 253 142 20 16
59 Fuca1-2Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp9 -50 45 78 83 2 40 77 140 6 4
60 Fuca1-2Galb1-3(Fuca1-4)GlcNAcb-Sp8 56 110 -6 6 -3 12 169 105 -2 9
61 Fuca1-2Galb1-3GalNAca-Sp8 -3 25 18 33 53 18 64 49 -2 5
62 Fuca1-2Galb1-3GalNAca-Sp14 33 79 25 26 -20 23 48 44 11 13
63 Fuca1-2Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0 13 28 19 41 -1 29 98 59 -20 4
64 Fuca1-2Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp9 2 31 100 128 41 48 42 31 7 10
65 Fuca1-2Galb1-3GlcNAcb1-3Galb1-4Glcb-Sp8 -23 75 101 87 44 20 25 23 -8 14
66 Fuca1-2Galb1-3GlcNAcb1-3Galb1-4Glcb-Sp10 -1 60 43 13 28 99 108 67 28 34
67 Fuca1-2Galb1-3GlcNAcb-Sp0 13 26 273 153 32 31 45 37 -25 16
68 Fuca1-2Galb1-3GlcNAcb-Sp8 56 34 94 98 -74 51 6 103 16 16

69 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-
3)GlcNAcb-Sp0 -40 15 53 29 -667 222 33 23 6 11

70 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-
3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0 47 64 39 30 -86 22 145 97 45 38

71 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb-Sp0 -6 53 77 30 19 26 272 44 15 49
72 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb-Sp8 -132 18 19 25 35 103 142 126 2 8
73 Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0 108 92 11 29 16 34 60 30 8163 495

74 Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb-Sp0 -36 31 15 9 27 32 -46 295 8498 447

75 Fuca1-2Galb1-4GlcNAcb-Sp0 105 35 13 17 -3 25 117 57 25 6
76 Fuca1-2Galb1-4GlcNAcb-Sp8 -54 28 25 29 149 42 627 523 6283 417
77 Fuca1-2Galb1-4Glcb-Sp0 42 39 -1 7 -70 74 81 24 19 10
78 Fuca1-2Galb-Sp8 0 48 47 39 25 7 68 170 43 20
79 Fuca1-3GlcNAcb-Sp8 -11 10 -3 9 16 209 11 46 9 9
80 Fuca1-4GlcNAcb-Sp8 -70 31 532 186 218 56 2665 1607 6 8
81 Fucb1-3GlcNAcb-Sp8 17 48 36 29 -23 34 111 101 3 12
82 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb-Sp0 -79 51 31 27 229 102 -72 75 -9 8
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83 GalNAca1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb-Sp0 23 7 52 65 32 18 105 111 15 7
84 (3S)Galb1-4(Fuca1-3)Glcb-Sp0 18 100 10 11 -28 18 166 109 17 22
85 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp0 -50 17 27 59 18 15 19 24 -3 7
86 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp8 31 38 42 26 5 8 172 93 8 11
87 GalNAca1-3(Fuca1-2)Galb1-4Glcb-Sp0 46 104 38 71 16 28 114 34 2 13
88 GlcNAcb1-3Galb1-3GalNAca-Sp8 15 39 56 83 -20 21 130 59 25 21
89 GalNAca1-3(Fuca1-2)Galb-Sp8 -54 22 46 27 14 71 9 48 -31 11
90 GalNAca1-3(Fuca1-2)Galb-Sp18 75 53 34 27 213 202 75 40 12 9
91 GalNAca1-3GalNAcb-Sp8 -29 30 73 63 -84 33 30 37 -25 11
92 GalNAca1-3Galb-Sp8 29 27 16 4 -9 10 214 59 14 15
93 GalNAca1-4(Fuca1-2)Galb1-4GlcNAcb-Sp8 44 39 39 66 -142 9 84 49 -1 8
94 GalNAcb1-3GalNAca-Sp8 60 129 142 161 16 70 59 55 21 24
95 GalNAcb1-3(Fuca1-2)Galb-Sp8 -16 35 81 70 6 18 103 30 14 27
96 GalNAcb1-3Gala1-4Galb1-4GlcNAcb-Sp0 -44 28 23 26 112 92 246 92 -12 5
97 GalNAcb1-4(Fuca1-3)GlcNAcb-Sp0 -29 13 100 73 266 287 170 77 4 15
98 GalNAcb1-4GlcNAcb-Sp0 28 60 12 12 31 19 195 187 9958 189
99 GalNAcb1-4GlcNAcb-Sp8 245 64 10 17 32 177 128 210 7398 812
100 Gala1-2Galb-Sp8 -49 26 -1 2 -79 46 136 46 6 8
101 Gala1-3(Fuca1-2)Galb1-3GlcNAcb-Sp0 -144 92 18 38 -18 39 91 35 12 15
102 Gala1-3(Fuca1-2)Galb1-3GlcNAcb-Sp8 -23 23 3 4 -43 56 532 423 2 10
103 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb-Sp0 100 43 17 27 -5 19 177 109 27 12
104 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb-Sp8 -83 54 32 44 75 18 140 120 2 17
105 Gala1-3(Fuca1-2)Galb1-4GlcNAc-Sp0 30 77 -1 5 77 154 50 42 12 14
106 Gala1-3(Fuca1-2)Galb1-4Glcb-Sp0 -25 18 61 35 168 141 115 98 19 8
107 Gala1-3(Fuca1-2)Galb-Sp8 87 65 188 239 403 284 149 90 7 13
108 Gala1-3(Fuca1-2)Galb-Sp18 110 25 29 69 7 31 152 147 10 9
109 Gala1-4(Gala1-3)Galb1-4GlcNAcb-Sp8 29 34 64 51 -1 40 174 62 46 11
110 Gala1-3GalNAca-Sp8 134 54 12 6 -12 27 83 107 5 4
111 Gala1-3GalNAca-Sp16 66 61 -5 8 10 31 249 153 -4 21
112 Gala1-3GalNAcb-Sp8 -43 66 46 55 108 35 123 75 6 15
113 Gala1-3Galb1-4(Fuca1-3)GlcNAcb-Sp8 12 60 43 55 28 54 -31 92 5 7
114 Gala1-3Galb1-3GlcNAcb-Sp0 40 11 -4 11 -15 33 100 28 -14 9
115 Gala1-3Galb1-4GlcNAcb-Sp8 80 103 150 204 -8 28 21 44 10 6
116 Gala1-3Galb1-4Glcb-Sp0 -68 78 86 29 11 83 95 60 30 38
117 Gala1-3Galb1-4Glc-Sp10 54 56 29 27 129 130 228 264 34 26
118 Gala1-3Galb-Sp8 47 17 8 12 396 654 58 37 -2 13
119 Gala1-4(Fuca1-2)Galb1-4GlcNAcb-Sp8 19 49 4 9 87 71 30 120 11 20
120 Gala1-4Galb1-4GlcNAcb-Sp0 95 31 4 5 3 141 174 262 11 19
121 Gala1-4Galb1-4GlcNAcb-Sp8 35 44 34 17 87 36 39 40 0 19
122 Gala1-4Galb1-4Glcb-Sp0 242 69 15 29 12 39 160 64 5 15
123 Gala1-4GlcNAcb-Sp8 -6 44 5 10 40 34 240 256 -9 5
124 Gala1-6Glcb-Sp8 -1 35 -1 5 123 103 42 17 3 10
125 Galb1-2Galb-Sp8 -37 44 11 12 -78 31 334 289 8 16
126 Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0 37 67 10 19 9 27 4 48 -3 8
127 Galb1-3GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0 -86 99 37 22 12 35 204 295 -8 7
128 Galb1-3(Fuca1-4)GlcNAc-Sp0 -1 41 5 24 -48 61 73 19 0 17
129 Galb1-3(Fuca1-4)GlcNAc-Sp8 -51 22 49 40 -54 81 539 527 -12 7
130 Fuca1-4(Galb1-3)GlcNAcb-Sp8 -159 73 87 162 244 108 88 37 -3 12
131 Galb1-4GlcNAcb1-6GalNAca-Sp8 18 17 -2 5 -35 9 57 62 5863 646
132 Galb1-4GlcNAcb1-6GalNAc-Sp14 -41 26 19 32 -13 28 174 103 39 37
133 GlcNAcb1-6(Galb1-3)GalNAca-Sp8 212 140 43 45 -38 21 182 217 5 11
134 GlcNAcb1-6(Galb1-3)GalNAca-Sp14 190 289 7 16 30 40 217 131 -8 7
135 Neu5Aca2-6(Galb1-3)GalNAca-Sp8 -1 91 86 72 45 40 9 48 0 8
136 Neu5Aca2-6(Galb1-3)GalNAca-Sp14 30 43 197 68 79 39 357 656 10 9
137 Neu5Acb2-6(Galb1-3)GalNAca-Sp8 62 91 24 21 53 50 63 12 -24 11
138 Neu5Aca2-6(Galb1-3)GlcNAcb1-4Galb1-4Glcb-Sp10 233 187 59 103 92 73 93 35 -5 3
139 Galb1-3GalNAca-Sp8 -25 17 53 54 17 45 57 32 -20 3
140 Galb1-3GalNAca-Sp14 4 25 147 56 182 60 803 798 50 13
141 Galb1-3GalNAca-Sp16 -53 22 92 61 58 46 99 87 -15 14
142 Galb1-3GalNAcb-Sp8 -71 22 4 12 68 51 26 376 -1 7
143 Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp0 -5 30 39 40 34 18 34 20 2 14
144 Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0 61 17 18 23 105 4 -36 132 -4 9
145 Galb1-3GalNAcb1-4Galb1-4Glcb-Sp8 194 76 -1 8 9 19 83 27 -5 14
146 Galb1-3Galb-Sp8 -46 53 2 2 43 51 183 25 -4 7
147 Galb1-3GlcNAcb1-3Galb1-4GlcNAcb-Sp0 16 89 -1 2 32 39 34 54 6 10
148 Galb1-3GlcNAcb1-3Galb1-4Glcb-Sp10 19 24 -2 6 -43 148 167 127 0 3
149 Galb1-3GlcNAcb-Sp0 26 43 12 7 -487 114 122 269 -4 10
150 Galb1-3GlcNAcb-Sp8 -54 51 22 20 100 276 1941 1704 6 16
151 Galb1-4(Fuca1-3)GlcNAcb-Sp0 -8 32 8 21 -618 199 124 52 -1 4
152 Galb1-4(Fuca1-3)GlcNAcb-Sp8 5 8 44 53 206 71 108 335 29 29
153 Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0 7 26 -7 7 21 159 1235 1575 14 11

154 Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-
3Galb1-4(Fuca1-3)GlcNAcb-Sp0 55 51 81 85 -42 37 13 25 32 19

155 Galb1-4(6S)Glcb-Sp0 -28 38 47 26 -13 43 13 26 311 42
156 Galb1-4(6S)Glcb-Sp8 -89 51 20 24 -96 189 19 16 149 9
157 Galb1-4GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp8 35 35 15 19 10 39 68 34 3 7
158 Galb1-4GalNAcb1-3(Fuca1-2)Galb1-4GlcNAcb-Sp8 1 18 14 13 -19 24 137 84 -5 7
159 Galb1-4GlcNAcb1-3GalNAca-Sp8 -24 59 27 23 22 48 77 98 3434 1957
160 Galb1-4GlcNAcb1-3GalNAc-Sp14 20 43 -6 1 5 17 42 54 1902 460

161 Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-
4(Fuca1-3)GlcNAcb-Sp0 4 63 111 92 -5 8 118 97 4535 647

162 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0 67 36 205 91 16 25 87 118 4876 292
163 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0 -19 58 -4 14 140 88 96 87 9969 593
164 Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0 58 17 125 30 43 77 98 46 5704 901
165 Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp8 -69 35 0 8 116 18 184 285 10850 2064
166 Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-Sp8 28 41 16 18 -3 10 -14 23 6444 474
167 Galb1-4GlcNAcb1-6(Galb1-3)GalNAc-Sp14 -7 52 749 137 121 62 155 102 3318 391
168 Galb1-4GlcNAcb-Sp0 156 90 23 35 44 111 65 84 1712 310
169 Galb1-4GlcNAcb-Sp8 -130 132 3 6 21 54 166 90 5953 144
170 Galb1-4GlcNAcb-Sp23 25 41 -3 7 0 60 29 26 4177 679
171 Galb1-4Glcb-Sp0 -39 43 3 4 15 50 137 102 -5 8
172 Galb1-4Glcb-Sp8 9 23 6 8 -17 22 164 62 5 12
173 GlcNAca1-3Galb1-4GlcNAcb-Sp8 11 18 -4 4 30 305 2293 1465 -26 9
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174 GlcNAca1-6Galb1-4GlcNAcb-Sp8 13 59 51 70 -474 51 159 181 -11 7
175 GlcNAcb1-2Galb1-3GalNAca-Sp8 35 48 13 29 7 33 688 543 -11 11
176 GlcNAcb1-6(GlcNAcb1-3)GalNAca-Sp8 -68 15 1 9 -436 237 170 206 -2 21
177 GlcNAcb1-6(GlcNAcb1-3)GalNAca-Sp14 82 29 29 21 -113 25 62 21 14 9
178 GlcNAcb1-6(GlcNAcb1-3)Galb1-4GlcNAcb-Sp8 -19 32 4 9 -41 30 -6 32 24 37
179 GlcNAcb1-3GalNAca-Sp8 98 68 51 32 -31 71 6 30 4 18
180 GlcNAcb1-3GalNAca-Sp14 63 82 -2 10 4 26 14 61 2 10
181 GlcNAcb1-3Galb-Sp8 -197 68 25 27 8 46 157 148 -7 9
182 GlcNAcb1-3Galb1-4GlcNAcb-Sp0 -7 28 2 16 -33 24 47 74 -14 6
183 GlcNAcb1-3Galb1-4GlcNAcb-Sp8 -2 67 3 11 -3 37 81 107 -21 8
184 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0 32 48 23 34 -7 60 62 50 62 28
185 GlcNAcb1-3Galb1-4Glcb-Sp0 0 54 20 16 -2 13 4 34 -19 7
186 GlcNAcb1-4-MDPLys 53 21 48 52 547 622 -5 16 10 14
187 GlcNAcb1-6(GlcNAcb1-4)GalNAca-Sp8 -41 45 63 61 48 46 52 17 -21 8
188 GlcNAcb1-4Galb1-4GlcNAcb-Sp8 -64 67 -4 26 91 52 108 181 -14 11

189 GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-
4GlcNAcb1-Sp8 12 30 133 91 -13 12 74 102 8 14

190 GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-4GlcNAcb1-
Sp8 -76 40 187 193 120 42 50 64 15 9

191 GlcNAcb1-4GlcNAcb1-4GlcNAcb-Sp8 94 28 50 28 41 61 61 69 3 6
192 GlcNAcb1-6GalNAca-Sp8 -44 54 3 6 201 115 -1 17 -8 10
193 GlcNAcb1-6GalNAca-Sp14 32 64 17 29 -4 16 16 45 -4 8
194 GlcNAcb1-6Galb1-4GlcNAcb-Sp8 -95 88 11 14 102 57 1212 1746 19 41
195 Glca1-4Glcb-Sp8 194 68 76 34 64 74 68 79 5 7
196 Glca1-4Glca-Sp8 -5 49 1 10 32 49 121 112 13 11
197 Glca1-6Glca1-6Glcb-Sp8 -30 19 2 12 24 23 51 46 12 3
198 Glcb1-4Glcb-Sp8 -56 8 4 9 54 60 35 254 12 24
199 Glcb1-6Glcb-Sp8 55 41 28 30 -131 36 117 62 10 11
200 G-ol-Sp8 -58 33 113 24 -18 24 -114 115 31 28
201 GlcAa-Sp8 18 13 138 100 -83 148 71 31 9 11
202 GlcAb-Sp8 -33 22 88 42 -260 279 439 145 34 26
203 GlcAb1-3Galb-Sp8 34 15 28 29 -191 57 105 43 -5 16
204 GlcAb1-6Galb-Sp8 41 47 2 10 -25 31 66 112 39 11
205 KDNa2-3Galb1-3GlcNAcb-Sp0 29 72 23 18 -158 57 11 29 -10 22
206 KDNa2-3Galb1-4GlcNAcb-Sp0 229 405 19 4 -8 23 92 84 7 9
207 Mana1-2Mana1-2Mana1-3Mana-Sp9 130 121 17 26 92 190 56 88 -1 11
208 Mana1-2Mana1-6(Mana1-2Mana1-3)Mana-Sp9 4 31 26 33 -84 53 65 48 -2 7
209 Mana1-2Mana1-3Mana-Sp9 -18 26 64 62 8 12 140 158 3 5

210 Mana1-6(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp12 -1 28 -17 14 -91 36 47 76 -11 8

211 Mana1-2Mana1-6(Mana1-3)Mana1-6(Mana1-2Mana1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 -140 66 43 30 117 19 590 364 7 19

212 Mana1-2Mana1-6(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 33 28 30 25 -67 20 627 503 10 7

213 Mana1-6(Mana1-3)Mana-Sp9 -56 7 38 33 75 39 -22 49 -1 11
214 Mana1-2Mana1-2Mana1-6(Mana1-3)Mana-Sp9 40 40 30 24 -29 31 125 30 2 16

215 Mana1-6(Mana1-3)Mana1-6(Mana1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp12 45 46 8 23 -24 174 1643 238 35 26

216 Mana1-6(Mana1-3)Mana1-6(Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp12 27 58 33 28 -154 64 26 14 -10 5

217 Manb1-4GlcNAcb-Sp0 162 85 17 18 90 28 171 449 8 4

218 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-
Sp0 190 114 20 34 39 34 12 37 -12 8

219 (3S)Galb1-4(Fuca1-3)(6S)GlcNAcb-Sp8 -17 14 42 71 36 39 261 156 -3 5
220 Fuca1-2(6S)Galb1-4GlcNAcb-Sp0 29 55 13 23 4 29 36 25 -14 4
221 Fuca1-2Galb1-4(6S)GlcNAcb-Sp8 42 75 2 5 -173 22 842 1817 8233 237
222 Fuca1-2(6S)Galb1-4(6S)Glcb-Sp0 41 47 40 26 -12 22 62 44 -5 10
223 Neu5Aca2-3Galb1-3GalNAca-Sp8 -126 25 690 322 9 15 152 225 16 24
224 Neu5Aca2-3Galb1-3GalNAca-Sp14 -29 21 97 51 -17 25 35 34 -3 5

225 GalNAcb1-4(Neu5Aca2-8Neu5Aca2-8Neu5Aca2-8Neu5Aca2-
3)Galb1-4Glcb-Sp0 -7 30 94 41 4 47 36 46 18 19

226 GalNAcb1-4(Neu5Aca2-8Neu5Aca2-8Neu5Aca2-3)Galb1-
4Glcb-Sp0 41 49 77 91 -95 66 265 82 0 12

227 Neu5Aca2-8Neu5Aca2-8Neu5Aca2-3Galb1-4Glcb-Sp0 -39 57 10 5 -21 16 186 235 2 7
228 GalNAcb1-4(Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-Sp0 31 20 38 45 -47 112 60 80 -50 19
229 Neu5Aca2-8Neu5Aca2-8Neu5Aca-Sp8 89 93 91 55 4 18 -47 40 2 8
230 Neu5Aca2-3(6S)Galb1-4(Fuca1-3)GlcNAcb-Sp8 53 17 0 12 -139 38 63 85 -10 4
231 GalNAcb1-4(Neu5Aca2-3)Galb1-4GlcNAcb-Sp0 79 49 0 12 -143 148 51 58 1 12
232 GalNAcb1-4(Neu5Aca2-3)Galb1-4GlcNAcb-Sp8 47 49 18 11 -111 71 82 103 -8 3
233 GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0 71 107 -2 23 7 44 -44 39 -16 11

234 Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-
Sp0 25 37 32 76 129 96 -38 78 -16 12

235 Neu5Aca2-6(Neu5Aca2-3)GalNAca-Sp8 12 47 29 16 1619 2466 68 57 -21 2
236 Neu5Aca2-3GalNAca-Sp8 91 135 7 21 356 380 23 46 -46 8
237 Neu5Aca2-3GalNAcb1-4GlcNAcb-Sp0 40 81 10 12 631 243 -25 83 -13 18
238 Neu5Aca2-3Galb1-3(6S)GlcNAc-Sp8 -4 10 5 10 71 88 354 85 15 14
239 Neu5Aca2-3Galb1-3(Fuca1-4)GlcNAcb-Sp8 5 11 -3 17 -406 128 -30 39 -14 5

240 Neu5Aca2-3Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-4(Fuca1-
3)GlcNAcb-Sp0 62 47 17 27 -12 113 124 29 -9 6

241 Neu5Aca2-3Galb1-4(Neu5Aca2-3Galb1-3)GlcNAcb-Sp8 169 268 12 19 245 182 63 59 -14 18
242 Neu5Aca2-3Galb1-3(6S)GalNAca-Sp8 -30 52 9 7 11 34 248 38 -15 1
243 Neu5Aca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp8 226 261 0 10 40 53 49 26 -6 1
244 Neu5Aca2-6(Neu5Aca2-3Galb1-3)GalNAca-Sp14 -42 62 10 10 -47 86 345 207 0 4
245 Neu5Aca2-3Galb-Sp8 27 54 16 22 -419 420 87 22 -3 6
246 Neu5Aca2-3Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp0 40 14 19 23 -2 17 436 396 2 17
247 Neu5Aca2-3Galb1-3GlcNAcb1-3Galb1-4GlcNAcb-Sp0 21 40 37 50 -7 43 7 42 -14 9
248 Fuca1-2(6S)Galb1-4Glcb-Sp0 17 47 91 131 -531 172 69 29 8 6
249 Neu5Aca2-3Galb1-3GlcNAcb-Sp0 -105 58 16 19 -19 35 185 57 0 20
250 Neu5Aca2-3Galb1-3GlcNAcb-Sp8 41 28 30 18 -13 37 103 56 14 6
251 Neu5Aca2-3Galb1-4(6S)GlcNAcb-Sp8 61 47 22 19 6 51 36 97 -13 14
252 Neu5Aca2-3Galb1-4(Fuca1-3)(6S)GlcNAcb-Sp8 174 130 8 15 -10 26 55 68 -8 12

253 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-
3)GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb-Sp0 162 138 0 3 33 37 226 15 14 26

254 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb-Sp0 -98 71 141 232 36 26 -15 26 0 12
255 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb-Sp8 132 155 138 183 -70 46 48 62 -9 10
256 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb-Sp8 4 52 15 34 2 28 121 72 -23 15
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257 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4GlcNAcb-
Sp8 30 62 11 59 233 83 1711 3074 16 13

258 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb-Sp0 -9 46 36 24 821 708 46 39 -19 12

259 Neu5Aca2-3Galb1-4GlcNAcb-Sp0 -15 79 2 4 -6 148 6 21 -14 10
260 Neu5Aca2-3Galb1-4GlcNAcb-Sp8 38 38 122 200 761 628 -26 129 4 6
261 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0 41 48 1 7 131 26 44 92 -24 8
262 Fuca1-2Galb1-4(6S)Glcb-Sp0 33 42 7 14 -36 133 1 25 172 34
263 Neu5Aca2-3Galb1-4Glcb-Sp0 -33 27 20 10 47 23 258 77 -2 14
264 Neu5Aca2-3Galb1-4Glcb-Sp8 124 72 556 145 -120 48 88 78 3 22
265 Neu5Aca2-6GalNAca-Sp8 3 43 5 10 140 39 93 87 -12 7
266 Neu5Aca2-6GalNAcb1-4GlcNAcb-Sp0 16 69 0 17 -61 58 10 31 2 4
267 Neu5Aca2-6Galb1-4(6S)GlcNAcb-Sp8 -190 47 4 6 18 30 441 238 -19 14
268 Neu5Aca2-6Galb1-4GlcNAcb-Sp0 11 18 13 21 16 41 57 35 -19 5
269 Neu5Aca2-6Galb1-4GlcNAcb-Sp8 -1 44 16 23 -47 119 210 225 -3 5

270 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-
3Galb1-4(Fuca1-3)GlcNAcb-Sp0 103 98 3911 718 -83 100 95 10 33 23

271 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0 69 57 154 137 -73 47 45 40 -3 10
272 Neu5Aca2-6Galb1-4Glcb-Sp0 2 21 31 26 22 33 48 61 -12 15
273 Neu5Aca2-6Galb1-4Glcb-Sp8 103 88 17 28 11 58 96 47 23 31
274 Neu5Aca2-6Galb-Sp8 81 69 46 41 40 26 50 61 -7 11
275 Neu5Aca2-8Neu5Aca-Sp8 94 80 74 66 -27 61 43 26 -4 9
276 Neu5Aca2-8Neu5Aca2-3Galb1-4Glcb-Sp0 -3 36 7 8 29 35 190 34 -14 5
277 Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-3(Fuca1-4)GlcNAcb-Sp0 -20 88 68 67 70 88 78 51 1 5
278 Neu5Acb2-6GalNAca-Sp8 1132 2242 -16 9 49 102 161 318 -10 27
279 Neu5Acb2-6Galb1-4GlcNAcb-Sp8 139 190 32 25 -19 34 53 39 -15 7
280 Neu5Gca2-3Galb1-3(Fuca1-4)GlcNAcb-Sp0 6 56 19 13 44 33 667 173 5 17
281 Neu5Gca2-3Galb1-3GlcNAcb-Sp0 -2 23 2 14 6 7 63 62 -9 6
282 Neu5Gca2-3Galb1-4(Fuca1-3)GlcNAcb-Sp0 4 25 83 38 192 393 543 368 -20 7
283 Neu5Gca2-3Galb1-4GlcNAcb-Sp0 6 44 10 26 69 216 186 182 -3 10
284 Neu5Gca2-3Galb1-4Glcb-Sp0 39 18 23 41 193 145 222 674 40 16
285 Neu5Gca2-6GalNAca-Sp0 -2 40 23 17 85 84 36 33 -11 7
286 Neu5Gca2-6Galb1-4GlcNAcb-Sp0 5 45 15 12 183 103 128 121 -12 11
287 Neu5Gca-Sp8 27 58 125 155 16 24 -66 67 19 15
288 Neu5Aca2-3Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-Sp14 -63 21 62 37 120 48 -141 71 -16 7
289 Galb1-3GlcNAcb1-3Galb1-3GlcNAcb-Sp0 128 186 53 97 -105 29 -7 25 5 15
290 Galb1-4(Fuca1-3)(6S)GlcNAcb-Sp0 -16 37 36 35 168 58 43 119 124 45
291 Galb1-4(Fuca1-3)(6S)Glcb-Sp0 190 63 76 86 176 278 143 51 23 21
292 Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-3(Fuca1-4)GlcNAcb-Sp0 -85 21 200 55 -19 46 178 66 9 18
293 Galb1-4GlcNAcb1-3Galb1-3GlcNAcb-Sp0 -56 21 364 185 -16 31 21 48 812 137
294 Neu5Aca2-3Galb1-3GlcNAcb1-3Galb1-3GlcNAcb-Sp0 5 50 51 72 224 150 -10 7 -9 15
295 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-3GlcNAcb-Sp0 -16 24 65 23 84 162 -5 28 -14 10
296 4S(3S)Galb1-4GlcNAcb-Sp0 40 23 21 28 -90 38 16 13 -9 6
297 (6S)Galb1-4(6S)GlcNAcb-Sp0 68 57 220 224 33 55 9 28 -19 15
298 (6P)Glcb-Sp10 30 65 319 214 -4 24 147 131 21 11

299 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-6(Galb1-3)GalNAca-
Sp14 12 62 100 83 34 44 194 19 140 56

300 Galb1-3Galb1-4GlcNAcb-Sp8 137 40 31 18 27 25 68 72 23 17

301 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 4 16 10 6 -17 31 -5 13 4087 418

302 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3)Galb1-4GlcNAc-Sp0 67 43 30 30 0 17 27 24 27990 1342
303 GlcNAcb1-6(Galb1-4GlcNAcb1-3)Galb1-4GlcNAc-Sp0 -56 31 58 44 121 49 203 268 12250 475
304 Galb1-4GlcNAca1-6Galb1-4GlcNAcb-Sp0 56 18 19 16 249 423 41 7 1064 68
305 Galb1-4GlcNAcb1-6Galb1-4GlcNAcb-Sp0 -34 25 141 94 53 87 372 486 6208 217
306 GalNAcb1-3Galb-Sp8 5 34 -5 7 273 151 186 286 13 13
307 GlcAb1-3GlcNAcb-Sp8 13 50 27 19 201 276 324 570 0 7

308 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 45 18 27 32 31 42 250 125 9 16

309 GlcNAcb1-3Man-Sp10 -57 35 73 29 208 63 -29 17 -3 12
310 GlcNAcb1-4GlcNAcb-Sp10 142 196 14507 2428 189 182 42 26 4 12
311 GlcNAcb1-4GlcNAcb-Sp12 48 29 6 4 17 275 883 1462 -8 11
312 MurNAcb1-4GlcNAcb-Sp10 16 36 208 145 -131 47 -13 63 10 20
313 Mana1-6Manb-Sp10 -14 35 118 95 12 14 244 114 22 18
314 Mana1-6(Mana1-3)Mana1-6(Mana1-3)Manb-Sp10 201 115 121 80 -40 52 66 80 0 1

315 Mana1-2Mana1-6(Mana1-3)Mana1-6(Mana1-2Mana1-2Mana1-
3)Mana-Sp9 99 38 265 425 -107 73 64 30 14 12

316 Mana1-2Mana1-6(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-
2Mana1-3)Mana-Sp9 -10 81 15 19 -403 63 4 46 -19 8

317 Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-
3)GalNAca-Sp14 37 151 111 97 -72 59 59 97 8 7

318 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 -26 11 188 95 2619 3185 35 72 -17 7

319 Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 75 46 73 52 3 29 -43 84 360 42

320 Neu5Aca2-8Neu5Acb-Sp17 -14 10 88 110 -19 14 46 11 36 26
321 Neu5Aca2-8Neu5Aca2-8Neu5Acb-Sp8 45 45 2339 1250 11 27 65 27 -10 15
322 Neu5Gcb2-6Galb1-4GlcNAc-Sp8 14 75 73 104 -26 18 61 19 52 25

323 Galb1-3GlcNAcb1-2Mana1-6(Galb1-3GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19 -20 48 24 13 -51 33 123 28 39 29

324 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 211 268 34 35 -44 49 51 28 -9 6

325 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 -42 16 -2 6 85 16 424 54 0 21

326 Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Galb1-4(Fuca1-
3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20 16 52 17 15 6 2 17 23 11 16

327 Neu5,9Ac2a2-3Galb1-4GlcNAcb-Sp0 40 59 6 8 72 40 -141 78 5 13
328 Neu5,9Ac2a2-3Galb1-3GlcNAcb-Sp0 7 32 30 70 234 165 -23 130 -10 10
329 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-3GlcNAcb-Sp0 -11 42 74 52 170 73 -35 147 6 13

330 Neu5Aca2-3Galb1-3(Fuca1-4)GlcNAcb1-3Galb1-3(Fuca1-
4)GlcNAcb-Sp0 -43 33 189 104 -8 18 168 189 8 11

331 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb-Sp0 123 150 4476 1077 250 35 -46 46 -16 12

332 Gala1-4Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0 68 20 281 223 66 25 119 52 10 10
333 GalNAcb1-3Gala1-4Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0 44 68 20 36 203 218 53 38 -11 6

334 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-
Sp0 47 37 226 182 -112 37 -6 42 12 25

335 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb-Sp0 -25 26 241 439 59 55 905 362 667 96
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336 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-6(Neu5Aca2-3Galb1-
3)GalNAc-Sp14 316 66 58 54 -81 22 152 99 67 9

337 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb-Sp0 53 25 34 45 -115 25 59 28 49 11

338 GlcNAca1-4Galb1-4GlcNAcb-Sp0 166 121 65 85 -94 90 77 45 -34 7
339 GlcNAca1-4Galb1-3GlcNAcb-Sp0 15 54 31 37 -154 221 36 64 12 27
340 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4Glcb-Sp0 27 20 8 19 -72 40 39 16 -26 7

341 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-
3Galb1-4(Fuca1-3)GlcNAcb-Sp0 -15 26 158 104 -521 186 157 140 48 35

342 GlcNAca1-4Galb1-4GlcNAcb1-3Galb1-4GlcNAcb-Sp0 -4 18 95 24 11 23 -35 14 6 20
343 GlcNAca1-4Galb1-3GalNAc-Sp14 163 174 15424 7079 -81 54 25 50 17 15

344 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-Sp12 -6 17 45 22 -141 153 25 23 -12 31

345 Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-Sp12 -2 21 29 19 39 22 57 56 13 14

346 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6Manb1-4GlcNAcb1-
4GlcNAc-Sp12 72 37 24 17 30 26 -4 16 -41 22

347 Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3Manb1-4GlcNAcb1-
4GlcNAc-Sp12 19 42 28 30 -35 14 56 91 13 12

348 Galb1-4GlcNAcb1-2Mana1-3Manb1-4GlcNAcb1-4GlcNAc-
Sp12 -54 22 19 19 106 72 192 45 4914 349

349 Galb1-4GlcNAcb1-2Mana1-6Manb1-4GlcNAcb1-4GlcNAc-
Sp12 -7 46 25 23 19 67 77 63 1470 198

350 Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp12 -38 18 120 25 32 64 -64 217 4352 497

351 GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp22 -46 43 42 45 261 110 163 85 1 3

352 Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp22 -30 59 52 81 295 201 1211 1198 3744 336

353 Galb1-3GlcNAcb1-2Mana1-6(Galb1-3GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp22 -5 43 117 84 -11 9 146 202 13 12

354 (6S)GlcNAcb1-3Galb1-4GlcNAcb-Sp0 -19 53 10 14 165 61 35 48 2127 107
355 KDNa2-3Galb1-4(Fuca1-3)GlcNAc-Sp0 91 54 253 125 9 38 178 31 11 9
356 KDNa2-6Galb1-4GlcNAc-Sp0 -48 38 90 105 122 72 60 80 -10 3
357 KDNa2-3Galb1-4Glc-Sp0 1 19 248 89 -9 40 46 75 10 6
358 KDNa2-3Galb1-3GalNAca-Sp14 25 36 29 49 41 67 710 1068 23 18

359 Fuca1-2Galb1-3GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20 136 30 192 48 73 48 400 64 27 27

360 Fuca1-2Galb1-4GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20 69 72 54 38 15 41 242 45 7137 455

361
Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAb-
Sp20 -1 57

304 272
33 44 648 153 -9 7

362 Gala1-3Galb1-4GlcNAcb1-2Mana1-6(Gala1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp20 297 332 138 37 81 137 611 803 63 23

363 Galb1-4GlcNAcb1-2Mana1-6(Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp12 -52 12 63 63 15 120 104 60 4763 747

364
Fuca1-4(Galb1-3)GlcNAcb1-2Mana1-6(Fuca1-4(Galb1-
3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAcb-Sp22 -12 48

66 46
-82 107 535 225 24 26

365 Neu5Aca2-6GlcNAcb1-4GlcNAc-Sp21 25 44 151 116 -232 173 -19 40 -26 11
366 Neu5Aca2-6GlcNAcb1-4GlcNAcb1-4GlcNAc-Sp21 53 45 133 33 -118 29 3 74 -10 20

367 Galb1-4(Fuca1-3)GlcNAcb1-6(Fuca1-2Galb1-4GlcNAcb1-
3)Galb1-4Glc-Sp21 -38 24 36 13 -37 14 115 44 30 4

368 Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-4(Galb1-
4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21 52 8 50 20 -116 7 498 100 22655 795

369
GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(GalNAca1-
3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp20 -51 33

326 118
48 53 91 25 31 43

370
Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-
2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-
Sp20 19 44

77 23
5 18 759 440 38 13

371
Gala1-3Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Gala1-3Galb1-
4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-
Sp20 3 42

7 11
41 19 409 39 8 16

372
GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(GalNAca1-
3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp20 -7 50

3 16
11 52 47 57 30 34

373
Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-
2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-
Sp20 -11 20

35 43
244 138 88 55 -5 8

374
Fuca1-4(Fuca1-2Galb1-3)GlcNAcb1-2Mana1-3(Fuca1-4(Fuca1-
2Galb1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-
Sp19 55 51

106 29
11 11 341 242 26 11

375 Neu5Aca2-3Galb1-4GlcNAcb1-3GalNAc-Sp14 -79 24 75 82 257 225 219 219 -13 9
376 Neu5Aca2-6Galb1-4GlcNAcb1-3GalNAc-Sp14 -3 36 -1 10 233 203 993 879 -1 16
377 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3GalNAca-Sp14 14 58 9 8 304 149 43 49 2 13

378 GalNAcb1-4GlcNAcb1-2Mana1-6(GalNAcb1-4GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp12 64 47 0 5 36 25 2209 1198 678 88

379 Galb1-3GalNAca1-3(Fuca1-2)Galb1-4Glc-Sp0 -73 15 39 53 266 234 6 79 13 23
380 Galb1-3GalNAca1-3(Fuca1-2)Galb1-4GlcNAc-Sp0 55 57 301 334 456 105 21 23 -2 16

381 Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3GlcNAcb1-
3)Galb1-4Glcb-Sp0 836 1730 23 39 231 214 3 31 109 22

382 Galb1-4(Fuca1-3)GlcNAcb1-6(Galb1-3GlcNAcb1-3)Galb1-4Glc-
Sp21 1 50 74 78 264 143 224 174 2 3

383 Galb1-4GlcNAcb1-6(Fuca1-4(Fuca1-2Galb1-3)GlcNAcb1-
3)Galb1-4Glc-Sp21 -45 22 -2 4 11 68 123 99 767 178

384 Galb1-4(Fuca1-3)GlcNAcb1-6(Fuca1-4(Fuca1-2Galb1-
3)GlcNAcb1-3)Galb1-4Glc-Sp21 43 56 36 38 13 23 74 111 187 76

385 Galb1-3GlcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-6(Galb1-
3GlcNAcb1-3)Galb1-4Glc-Sp21 -7 34 34 57 9 10 -94 88 56 43

386
Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(Galb1-
4GlcNAcb1-4(Galb1-4GlcNAcb1-2)Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp21 48 23

53 31
21 12 204 78 20315 1730

387 GlcNAcb1-2Mana1-6(GlcNAcb1-4(GlcNAcb1-2)Mana1-
3)Manb1-4GlcNAcb1-4GlcNAc-Sp21 49 46 41 53 157 209 23 23 26 21

388 Fuca1-2Galb1-3GalNAca1-3(Fuca1-2)Galb1-4Glcb-Sp0 -7 39 23 21 62 156 65 46 4 7
389 Fuca1-2Galb1-3GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb-Sp0 12 27 20 33 -110 41 110 336 19 30
390 Galb1-3GlcNAcb1-3GalNAca-Sp14 -11 33 54 49 -89 58 70 111 4 15
391 GalNAcb1-4(Neu5Aca2-3)Galb1-4GlcNAcb1-3GalNAca-Sp14 -37 14 62 45 -7 36 593 158 67 31

392 GalNAca1-3(Fuca1-2)Galb1-3GalNAca1-3(Fuca1-2)Galb1-
4GlcNAcb-Sp0 -7 15 25 28 -2 49 10 26 38 20

393 Gala1-3Galb1-3GlcNAcb1-2Mana1-6(Gala1-3Galb1-
3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp19 69 54 158 71 -193 112 404 41 72 23

394
Gala1-3Galb1-3(Fuca1-4)GlcNAcb1-2Mana1-6(Gala1-3Galb1-
3(Fuca1-4)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-
Sp19 67 49

82 87
-132 15 304 79 112 23

395 Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-
3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp19 -6 57 27 45 -12 26 252 72 7 7
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396 GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-Sp12 13 31 -5 4 -84 38 42 59 5804 416

397 Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-Sp12 -23 30 -2 13 76 74 343 110 3303 163

398 Neu5Aca2-3Galb1-3GlcNAcb1-3GalNAca-Sp14 5 37 41 29 22 41 146 72 9 14
399 Fuca1-2Galb1-4GlcNAcb1-3GalNAca-Sp14 -79 42 28 22 138 144 -23 230 715 39
400 Galb1-4(Fuca1-3)GlcNAcb1-3GalNAca-Sp14 -44 21 31 37 112 42 124 63 7 16
401 GalNAca1-3GalNAcb1-3Gala1-4Galb1-4GlcNAcb-Sp0 -22 69 -5 6 176 85 135 152 -9 22

402 Gala1-4Galb1-3GlcNAcb1-2Mana1-6(Gala1-4Galb1-
3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19 10 82 5 7 368 419 560 464 9 6

403 Gala1-4Galb1-4GlcNAcb1-2Mana1-6(Gala1-4Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24 21 31 30 14 154 51 2121 1304 200 19

404 Gala1-3Galb1-4GlcNAcb1-3GalNAca-Sp14 -11 39 -42 14 545 288 71 62 -7 13
405 Galb1-3GlcNAcb1-6Galb1-4GlcNAcb-Sp0 -14 61 0 5 43 166 12 53 -18 15
406 Galb1-3GlcNAca1-6Galb1-4GlcNAcb-Sp0 19 56 45 41 201 191 61 256 -10 5
407 GalNAcb1-3Gala1-6Galb1-4Glcb-Sp8 45 32 1 6 10 26 52 70 2 6
408 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)Glcb-Sp21 56 68 8 14 -11 20 110 41 17 14

409 Galb1-4GlcNAcb1-6(Neu5Aca2-6Galb1-3GlcNAcb1-3)Galb1-
4Glc-Sp21 41 40 121 113 48 10 39 42 803 83

410 Galb1-3GalNAcb1-4(Neu5Aca2-8Neu5Aca2-3)Galb1-4Glcb-
Sp0 31 116 105 84 11 47 32 37 -15 6

411 Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-8Neu5Aca2-
3)Galb1-4Glcb-Sp0 145 44 31 26 84 53 44 28 8 13

412 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-3GalNAca-Sp14 -29 25 75 51 11 61 119 50 -8 10
413 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-3GalNAca-Sp14 44 58 107 14 -56 49 215 300 22 7
414 GalNAca1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp0 -14 23 81 33 -93 103 13 37 6 21
415 Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3GalNAca-Sp14 39 56 22 2 24 26 186 40 162 44
416 Gala1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb1-3GalNAc-Sp14 -79 43 55 36 -115 217 260 184 153 62

417 GalNAca1-3(Fuca1-2)Galb1-4(Fuca1-3)GlcNAcb1-3GalNAc-
Sp14 93 34 150 80 -39 27 201 91 108 16

418
Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Galb1-4(Fuca1-
3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAcb-Sp22 74 80

180 143
-18 20 205 65 179 13

419
Fuca1-2Galb1-4GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp22 -4 14

5 5
63 52 338 75 2141 331

420 GlcNAcb1-2(GlcNAcb1-6)Mana1-6(GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19 -65 6 -2 3 -16 35 118 47 -9 3

421 Fuca1-2Galb1-3GlcNAcb1-3GalNAc-Sp14 6 21 4 6 -10 80 305 792 -26 14
422 Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-3GalNAc-Sp14 46 67 5 23 -71 18 111 66 -3 10
423 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-3GalNAc-Sp14 -49 36 17 21 66 47 1493 1062 27 28
424 Gala1-3Galb1-3GlcNAcb1-3GalNAc-Sp14 56 23 -1 10 -29 221 124 83 -18 7

425
Fuca1-2Galb1-3GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp22 14 17

3 12
11 162 560 374 -23 8

426
Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-
2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAcb-Sp22 -18 43

151 219
67 189 1155 996 4 20

427 Galb1-3GlcNAcb1-6(Galb1-3GlcNAcb1-2)Mana1-6(Galb1-
3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19 -37 30 22 16 275 117 267 106 31 25

428 Galb1-4GlcNAcb1-6(Fuca1-2Galb1-3GlcNAcb1-3)Galb1-4Glc-
Sp21 -20 40 6 14 80 26 161 106 1702 149

429 Fuca1-3GlcNAcb1-6(Galb1-4GlcNAcb1-3)Galb1-4Glc-Sp21 -11 54 128 124 248 113 594 450 6192 186

430 GlcNAcb1-2Mana1-6(GlcNAcb1-4)(GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAc-Sp21 -93 45 204 237 3 44 44724 3896 -7 5

431 GlcNAcb1-2Mana1-6(GlcNAcb1-4)(GlcNAcb1-4(GlcNAcb1-
2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21 46 33 -1 9 12 24 13118 517 -11 6

432 GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21 24 55 105 32 12 15 261 71 14 59

433 GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(GlcNAcb1-
4(GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21 -21 40 17 17 -7 46 353 58 7 26

434 Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp21 -76 37 8 26 -8 31 41537 3159 6782 590

435
Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-
4(Galb1-4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-
Sp21 -25 24

34 11
75 147 44035 5661 5296 438

436
Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-
4)(Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-
Sp21 20 17

38 33
-182 85 9066 989 11158 797

437
Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-
4)(Galb1-4GlcNAcb1-4(Galb1-4GlcNAcb1-2)Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-Sp21 -20 15

174 103
-12 66 12528 1871 9011 493

438 Galb1-4Galb-Sp10 25 47 68 81 -3 7 81 14 -15 25
439 Galb1-6Galb-Sp10 73 38 81 46 -36 58 170 22 8 9
440 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb-Sp8 44 96 24 34 -64 62 2 21 12 30
441 GalNAcb1-6GalNAcb-Sp8 5 27 213 285 -12 34 74 76 -22 8
442 (6S)Galb1-3GlcNAcb-Sp0 83 93 11 22 -33 85 63 74 -33 13
443 (6S)Galb1-3(6S)GlcNAc-Sp0 -84 56 50 17 -53 69 232 137 -17 15

444
Fuca1-2Galb1-4 GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
4GlcNAcb1-2(Fuca1-2Galb1-4GlcNAcb1-4)Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp12 67 72

-4 7
12 34 344 79 5387 267

445
Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
4(Fuca1-3)GlcNAcb1-4(Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-
2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 -25 35

46 32
-4 27 675 99 16 22

446 Galb1-4(Fuca1-3)GlcNAcb1-6GalNAc-Sp14 49 17 39 24 47 27 82 4 26 25
447 Galb1-4GlcNAcb1-2Mana-Sp0 -36 48 26 20 104 64 845 922 12 21

448 Fuca1-2Galb1-4GlcNAcb1-6(Fuca1-2Galb1-4GlcNAcb1-
3)GalNAc-Sp14 14 30 32 16 155 162 106 109 2716 94

449 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-6(Gala1-3(Fuca1-2)Galb1-
4GlcNAcb1-3)GalNAc-Sp14 13 32 1195 116 -77 82 115 345 -7 14

450 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-6(GalNAca1-3(Fuca1-
2)Galb1-4GlcNAcb1-3)GalNAc-Sp14 0 34 29 18 173 139 257 159 33 7

451 Neu5Aca2-8Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-
8Neu5Aca2-3)Galb1-4Glcb-Sp0 -32 41 29 16 106 64 52 211 7636 433

452 GalNAcb1-4Galb1-4Glcb-Sp0 38 40 126 56 37 7 458 294 -3 14

453
GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-6(GalNAca1-
3(Fuca1-2)Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp22 -47 19

25 31
337 305 346 222 -12 16

454
Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(Gala1-3(Fuca1-
2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAcb-Sp22 57 32

135 62
-7 10 102 160 -15 8

455 Neu5Aca2-6Galb1-4GlcNAcb1-6(Fuca1-2Galb1-3GlcNAcb1-
3)Galb1-4Glc-Sp21 -88 60 8 6 9 22 196 135 17 20

456
GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-6(GalNAca1-
3(Fuca1-2)Galb1-3GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp22 67 69

96 66
26 56 120 37 -17 10
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457 Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19 20 86 33 17 20 19 563 233 13802 1190

458
Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-
4)(Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp21 -72 90

-7 6
7 30 36702 1843 -33 15

459
Neu5Aca2-3Galb1-4GlcNAcb1-4Mana1-6(GlcNAcb1-
4)(Neu5Aca2-3Galb1-4GlcNAcb1-4(Neu5Aca2-3Galb1-
4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 10 59

275 209
197 169 36472 4561 -21 10

460
Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-
4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 -47 45

98 35
56 83 1051 142 -50 16

461

Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-
4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-3Galb1-
4GlcNAcb1-4(Neu5Aca2-3Galb1-4GlcNAcb1-2)Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 -6 69

328 120
-16 74 1598 498 -23 9

462
Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-
4)(Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAcb-Sp21 12 39

15 44
-49 24 2 33 -41 16

463
Neu5Aca2-6Galb1-4GlcNAcb1-4Mana1-6(GlcNAcb1-
4)(Neu5Aca2-6Galb1-4GlcNAcb1-4(Neu5Aca2-6Galb1-
4GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 0 36

54 32
9 19 105 81 13 20

464
Neu5Aca2-6Galb1-4GlcNAcb1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-6Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 -4 14

188 113
-22 24 30 22 -24 25

465

Neu5Aca2-6Galb1-4GlcNAcb1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(Neu5Aca2-6Galb1-
4GlcNAcb1-4(Neu5Aca2-6Galb1-4GlcNAcb1-2)Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 66 79

273 38
-134 50 95 80 12 12

466 Gala1-3(Fuca1-2)Galb1-3GalNAca-Sp8 -40 11 33 42 20 16 95 42 7 10
467 Gala1-3(Fuca1-2)Galb1-3GalNAcb-Sp8 -1 16 5 12 42 64 231 55 -10 8
468 Glca1-6Glca1-6Glca1-6Glcb-Sp10 -123 42 15 25 126 99 103 23 28 19
469 Glca1-4Glca1-4Glca1-4Glcb-Sp10 25 46 37 43 -7 28 -56 89 -11 15

470 Neu5Aca2-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-
4GlcNAcb1-3)GalNAca-Sp14 43 68 8 31 121 198 125 75 3 21

471
Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
4(Fuca1-3)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAcb-Sp24 20 4

155 298
30 65 732 782 0 10

472
Fuca1-2Galb1-3(Fuca1-4)GlcNAcb1-2Mana1-6(Fuca1-2Galb1-
3(Fuca1-4)GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-
6)GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp19 32 16

152 317
13 6 88 55 16 25

473
Neu5Aca2-3Galb1-3GlcNAcb1-6(Neu5Aca2-3Galb1-
3GlcNAcb1-2)Mana1-6(Neu5Aca2-3Galb1-3GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp19 42 10

97 73
-63 11 263 164 -30 12

474 GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24 57 33 47 45 -48 21 277 293 20 9

475 Galb1-3GlcNAcb1-2Mana1-6(GlcNAcb1-4)(Galb1-3GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp21 30 42 2 7 -47 117 364 303 3 43

476 Neu5Aca2-6Galb1-4GlcNAcb1-6(Galb1-3GlcNAcb1-3)Galb1-
4Glcb-Sp21 26 46 25 22 -4 93 54 36 -7 6

477 Neu5Aca2-3Galb1-4GlcNAcb1-2Mana-Sp0 -36 37 13 34 112 49 232 186 2 11
478 Neu5Aca2-3Galb1-4GlcNAcb1-6GalNAca-Sp14 41 50 -3 16 33 17 1122 573 -9 5
479 Neu5Aca2-6Galb1-4GlcNAcb1-6GalNAca-Sp14 -11 52 50 10 8 45 109 37 22 36

480 Neu5Aca2-6Galb1-4 GlcNAcb1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-3)GalNAca-Sp14 38 11 39 32 1 37 107 123 6 33

481
Neu5Aca2-6Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 -34 61

36 18
45 53 41 62 29 55

482
Neu5Aca2-3Galb1-4GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 24 34

-3 5
-25 56 217 48 -10 2

483 Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp19 -17 73 145 70 36 34 48 17 -10 15

484
Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 82 29

153 149
60 47 265 179 26674 685

485
Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-6(GlcNAcb1-
4)(Neu5Aca2-3Galb1-3GlcNAcb1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-Sp21 25 55

14 16
-50 31 54 32 -18 21

486 Neu5Aca2-6Galb1-4GlcNAcb1-6(Fuca1-2Galb1-4(Fuca1-
3)GlcNAcb1-3)Galb1-4Glc-Sp21 263 168 55 64 -129 175 75 61 30 11

487 Galb1-3GlcNAcb1-6GalNAca-Sp14 2 39 45 57 31 51 28 64 -21 6
488 Gala1-3Galb1-3GlcNAcb1-6GalNAca-Sp14 34 17 147 164 -7 23 46 58 -3 3
489 Galb1-3(Fuca1-4)GlcNAcb1-6GalNAca-Sp14 -12 12 106 68 -81 60 124 31 81 32
490 Neu5Aca2-3Galb1-3GlcNAcb1-6GalNAca-Sp14 -51 39 23 21 107 43 70 101 -29 25
491 (3S)Galb1-3(Fuca1-4)GlcNAcb-Sp0 28 22 14 10 -13 12 86 50 -13 5

492 Galb1-4(Fuca1-3)GlcNAcb1-6(Neu5Aca2-6(Neu5Aca2-3Galb1-
3)GlcNAcb1-3)Galb1-4Glc-Sp21 -10 60 12 26 49 24 -46 121 -18 8

493 Fuca1-2Galb1-4GlcNAcb1-6GalNAca-Sp14 140 117 3 9 -6 75 173 258 450 59
494 Gala1-3Galb1-4GlcNAcb1-6GalNAca-Sp14 39 41 -4 8 33 18 33 289 -15 8
495 Galb1-4(Fuca1-3)GlcNAcb1-2Mana-Sp0 -69 25 -2 5 20 28 168 32 4 5
496 Fuca1-2(6S)Galb1-3GlcNAcb-Sp0 -16 17 34 38 -78 18 161 121 -27 3
497 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-6GalNAca-Sp14 32 22 54 35 24 40 148 76 26 16
498 Fuca1-2Galb1-4GlcNAcb1-2Mana-Sp0 20 44 11 8 243 262 71 89 -10 6
499 Fuca1-2Galb1-3(6S)GlcNAcb-Sp0 36 52 17 6 -98 92 100 64 -5 14
500 Fuca1-2(6S)Galb1-3(6S)GlcNAcb-Sp0 61 61 125 111 -34 51 148 94 -43 18
501 Neu5Aca2-6GalNAcb1-4(6S)GlcNAcb-Sp8 33 44 25 32 -82 27 1917 2554 3 9
502 GalNAcb1-4(Fuca1-3)(6S)GlcNAcb-Sp8 -21 58 76 112 -13 24 35 20 -22 10
503 (3S)GalNAcb1-4(Fuca1-3)GlcNAcb-Sp8 13 37 23 22 -290 217 66 78 -23 15

504 Fuca1-2Galb1-3GlcNAcb1-6(Fuca1-2Galb1-3GlcNAcb1-
3)GalNAca-Sp14 126 57 139 148 -7 20 211 53 16 11

505 GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-6GalNAca-Sp14 -209 52 -1 8 -6 51 140 50 -27 8

506
GlcNAcb1-6(GlcNAcb1-2)Mana1-6(GlcNAcb1-4)(GlcNAcb1-
4(GlcNAcb1-2)Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc-
Sp21 -17 24

17 31
-276 146 495 189 9 17

507
Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-2)Mana1-6(GlcNAcb1-
4)Galb1-4GlcNAcb1-4(Gal b1-4GlcNAcb1-2)Mana1-3)Manb1-
4GlcNAcb1-4(Fuca1-6)GlcNAc-Sp21 85 69

95 73
23 26 4701 3129 15719 1337

508 Galb1-3GlcNAca1-3Galb1-4GlcNAcb-Sp8 27 53 23 48 69 98 -22 13 -35 8
509 Galb1-3(6S)GlcNAcb-Sp8 161 192 16 8 32 59 26 20 14 17
510 (6S)(4S)GalNAcb1-4GlcNAc-Sp8 -33 40 48 78 56 62 22 21 -74 18
511 (6S)GalNAcb1-4GlcNAc-Sp8 -59 53 103 76 8 20 175 264 0 11
512 (3S)GalNAcb1-4(3S)GlcNAc-Sp8 -9 65 177 18 -65 30 33 44 -25 20
513 GalNAcb1-4(6S)GlcNAc-Sp8 12 14 1 12 83 131 -214 54 23404 1476
514 (3S)GalNAcb1-4GlcNAc-Sp8 12 39 10 8 30 45 46 60 -27 9
515 (4S)GalNAcb-Sp10 9 10 20 20 56 39 85 18 -30 12
516 Galb1-4(6P)GlcNAcb-Sp0 139 62 135 137 -80 44 75 45 2486 495
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517 (6P)Galb1-4GlcNAcb-SP0 -11 5 -3 6 -1 30 65 67 -28 11
518 GalNAca1-3(Fuca1-2)Galb1-4GlcNAcb1-6GalNAc-Sp14 64 55 2 15 -159 86 -7 23 31 30
519 Neu5Aca2-6Galb1-4GlcNAcb1-2Man-Sp0 -62 57 -3 9 25 60 86 34 -2 19
520 Gala1-3Galb1-4GlcNAcb1-2Mana-Sp0 1 71 74 93 -114 17 21 14 32 19
521 Gala1-3(Fuca1-2)Galb1-4GlcNAcb1-2Mana-Sp0 -41 56 23 10 113 29 502 420 476 155
522 GalNAca1-3(Fuca1-2)Galb1-4 GlcNAcb1-2Mana-Sp0 -42 22 83 116 -11 53 3219 815 3 9
523  Galb1-3GlcNAcb1-2Mana-Sp0 -73 69 30 23 154 45 131 205 10 20
524 Gala1-3(Fuca1-2)Galb1-3GlcNAcb1-6GalNAc-Sp14 13 34 45 57 120 159 466 289 6 11
525 Neu5Aca2-3Galb1-3GlcNAcb1-2Mana-Sp0 131 240 27 22 -104 22 144 95 15 14
526 Gala1-3Galb1-3GlcNAcb1-2Mana-Sp0 -8 23 17 23 -4 16 55 69 -13 17
527 GalNAcb1-4GlcNAcb1-2Mana-Sp0 272 180 285 143 -28 15 -23 72 12985 988
528 Neu5Aca2-3Galb1-3GalNAcb1-4Galb1-4Glcb-Sp0 -26 15 -7 7 -31 47 60 64 -10 7

529 GlcNAcb1-2 Mana1-6(GlcNAcb1-4)(GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc-Sp21 51 40 123 125 -7 39 42251 2514 3 16

530 Galb1-4GlcNAcb1-2 Mana1-6(GlcNAcb1-4)(Galb1-4GlcNAcb1-
2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc-Sp21 -52 51 35 83 -20 25 46669 2608 14075 893

531
Galb1-4GlcNAcb1-2 Mana1-6(Galb1-4GlcNAcb1-4)(Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc-
Sp21 61 20

10 10
253 128 77 89 15693 960

532 Fuca1-4(Galb1-3)GlcNAcb1-2 Mana-Sp0 -13 19 82 36 455 626 270 117 25 25
533 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-2Mana-Sp0 104 57 188 142 -77 27 442 193 -9 4

534 GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3)Galb1-4GlcNAc-
Sp0 -9 41 143 99 9 8 7 27 19 12

535 GalNAca1-3(Fuca1-2)Galb1-3GalNAcb1-3Gala1-4Galb1-4Glc-
Sp21 -17 24 1 2 -48 65 21 153 -25 5

536 Gala1-3(Fuca1-2)Galb1-3GalNAcb1-3Gala1-4Galb1-4Glc-
Sp21 -25 43 17 6 23 40 26 48 -15 6

537 Galb1-3GalNAcb1-3Gal-Sp21 -41 44 15 7 6 90 344 597 57 123

538 GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 -106 27 -2 5 -9 31 16919 986 -38 14

539 GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25 1123 2157 245 59 -40 17 42755 2889 47 17

540
Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp12 42 35

70 72
92 62 4821 759 202 53

541
Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp24 -118 43

-11 2
-80 48 10123 895 16815 285

542
Neu5Gca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
6(Neu5Gca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24 6 26

84 22
47 69 1203 417 -19 1

543
Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
6(Fuca1-2Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24 -11 23

81 79
548 930 9019 2120 22030 553

544
GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 -36 26

78 103
394 194 3654 2094 136 28

545
GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25 -63 35

52 69
42 31 9453 3954 41 32

546
Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 19 51

436 176
-31 41 4381 701 1408 227

547
Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp24 -24 47

10883 661
261 261 11514 2337 21539 941

548

GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp25 -823 1376

16 9
-88 85 5397 507 -2 14

549

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25 7904 4998

27111 3286
-132 23 10823 1305 23116 462

550
Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
3GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAc-Sp25 105 167

19 42
-361 128 3243 429 4 3

551 Neu5Gca2-8Neu5Gca2-3Galb1-4GlcNAc-Sp0 -26 17 9 5 1 31 182 307 -28 4
552 Neu5Aca2-8Neu5Gca2-3Galb1-4GlcNAc-Sp0 21 51 15 18 -80 15 18 16 -8 6
553 Neu5Gca2-8Neu5Aca2-3Galb1-4GlcNAc-Sp0 148 149 33 57 -374 98 -42 42 -32 5

554 Neu5Gca2-8Neu5Gca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAc-
Sp0 95 39 7 20 182 113 44 28 1 15

555 Neu5Gca2-8Neu5Gca2-6Galb1-4GlcNAc-Sp0 -113 44 55 73 -20 185 67 38 -15 15
556 Neu5Aca2-8Neu5Aca2-3Galb1-4GlcNAc-Sp0 7 14 53 61 -46 58 1441 348 -9 15

557
GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-2)Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-
2Man a1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp24 -126 46

171 137
-133 95 2988 232 74 36

558
Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Mana1-4GlcNAcb1-4GlcNAc-Sp24 88 107

230 76
97 72 1198 238 11114 1112

559 Gala1-3Galb1-4GlcNAcb1-2Mana1-6(Gala1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-Sp24 54 46 150 74 31 25 3668 350 26 25

560 GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-
3)GalNAca-Sp14 -29 61 198 80 455 218 -40 22 -9 19

561 GalNAcb1-3GlcNAcb-Sp0 47 47 4 9 53 15 -25 41 -13 1
562 GalNAcb1-4GlcNAcb1-3GalNAcb1-4GlcNAcb-Sp0 67 21 38 10 109 41 27 54 29139 1288

563

GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25 20 112

234 175
-10 21 5426 588 3 6

564

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp25 19775 436

29971 20597

-39 28 20865 2769 24169 1215
565 GlcNAb1-3Galb1-3GalNAc-Sp14 75 48 38 28 -609 266 111 156 5 13
566 Galb1-3GlcNAcb1-6(Galb1-3)GalNAc-Sp14 -26 42 115 77 -45 98 131 76 39 19

567

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb-Sp25 16391 1880

35234 2388

1574 183 1049 30 19285 297
568 (3S)GlcAb1-3Galb1-4GlcNAcb1-3Galb1-4Glc-Sp0 2 33 258 430 -136 31 29 110 14 36
569 (3S)GlcAb1-3Galb1-4GlcNAcb1-2Mana-Sp0 -61 82 4 13 39 53 64 32 -66 26
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570

Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
6(Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAb1-
2)Mana1-6(Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 150 91

272 107

17 45 836 48 233 35

571

Galb1-3GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3GlcNAcb1-
3Galb1-4GlcNAb1-2)Mana1-6(Galb1-3GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 -2 29

202 98
27 33 686 88 252 50

572 Neu5Aca2-8Neu5Aca2-3Galb1-3GalNAcb1-4(Neu5Aca2-
3)Galb1-4Glc-Sp21 49 136 34 43 -5 19 240 271 -8 7

573
GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 -70 69

321 140
30 64 40030 3088 8 13

574
Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp24 156 281

1264 499
2 17 19238 1602 19826 1802

575
GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24 43 2

134 116
227 164 12565 2645 18 13

576

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
2Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 108 37

10476 2841
57 69 8160 309 22767 939

577

GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp24 39 30

258 253
-77 55 28424 4162 23 27

578

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-2Mana1-6(Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24 1805 381

28967 1628
4 48 5689 651 21275 207

579

GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp19 62 35

261 86

-13 44 26376 4903 22 35

580

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4(Fuca1-6)GlcNAcb-Sp19 924 327

46193 1303

2778 356 7250 1882 22253 2375

581

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-
3Galb1-4GlcNAb1-2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 1442 165

764 257
-140 154 3714 416 19567 4341

582

GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-
6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24 11 9

371 45
-150 38 1370 186 35 10

583

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAb1-
2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 3855 1863

17577 1609

37 42 2506 235 19980 5066

584

GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24 56 43

76 92

-161 104 1084 89 46 33

585

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-3Galb1-4GlcNAb1-2)Mana1-6(Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 9793 3496

34118 583

1118 121 1104 127 28668 1581

586

GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAb1-2)Mana1-6(GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-Sp24 -98 61

50 71

1 22 441 43 -14 46

587

Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3Galb1-4GlcNAb1-2)Mana1-6(Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAcb-
Sp24 13867 1076

48274 2173

3491 1156 301 503 30284 710
588 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3GalNAca-Sp14 -23 54 275 177 298 153 519 51 2479 189

589 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-
Sp14 48 95 169 255 943 891 839 58 2131 214

590 Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-4GlcNAcb1-
3Galb1-4GlcNAcb1-3)GalNAca-Sp14 48 72 24 39 500 304 1106 71 2646 701

591 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3GalNAca-
Sp14 -38 57 16 14 510 296 93 50 -7 21

592 GlcNAcb1-3Galb1-4GlcNAcb1-3GalNAca-Sp14 -72 29 14 22 -94 176 110 50 -8 27
593 GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-Sp14 140 23 181 186 80 112 177 198 -12 16

594 GlcNAcb1-3Galb1-4GlcNAcb1-6(GlcNAcb1-3Galb1-
4GlcNAcb1-3)GalNAca-Sp14 -5 13 15 16 45 107 15 84 11 34

595
Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
6(Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3)GalNAca-Sp14 107 54

298 351
158 123 536 275 253 108

596 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3GalNAca-
Sp14 69 62 5061 439 16 5 65 46 -8 7

597 GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3GalNAca-
Sp14 -15 69 35 18 40 50 129 100 87 27

598 Galb1-4GlcNAcb1-3Galb1-3GalNAca-Sp14 94 23 106 121 -39 16 5 71 1087 91

599 Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-
3)GalNAca-Sp14 65 21 17 8 -141 29 324 32 18 5

600 Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-
3)GalNAca-Sp14 -6 12 25 8 -56 56 575 62 36 14

601 Neu5Aca2-6Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-Sp14 78 100 185 123 -165 185 109 72 3 12

602
Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
6(Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 14 25

290 285
423 80 5343 1231 446 35

603 GlcNAcb1-6(Neu5Aca2-3Galb1-3)GalNAca-Sp14 -154 66 300 238 726 329 28 5 -20 10

604
Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
6(Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-
3)GalNAca-Sp14 33 58

51 67
84 64 965 62 179 41
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605

Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp12 74 73

3351 847
229 249 1505 448 62 23

606

Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-4GlcNAcb1-3Galb1-
4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAcb-Sp12 6 26

60 30
123 33 3513 455 122 24

607
Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
6(Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-2Mana1-
3)Manb1-4GlcNAcb1-4GlcNAcb-Sp12 86 42

886 340
-4 27 2236 206 480 35

608 GlcNAcb1-3Fuca-Sp21 29 23 54 38 -3 25 -21 117 12 52

609 Galb1-3GalNAcb1-4(Neu5Aca2-8Neu5Aca2-8Neu5Aca2-
3)Galb1-4Glcb-Sp21 59 72 8 12 33 100 217 66 38 17
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Abstract

The emergence of the novel H7N9 influenza A virus (IAV) has caused global concerns 
about the ability of this virus to spread between humans. Analysis of the receptor-binding 
properties of this virus using a recombinant protein approach in combination with fetuin-
binding, glycan array and human tissue-binding assays demonstrates increased binding of 
H7 to both α2-6 and α2-8 sialosides as well as reduced binding to α2-3-linked SIAs compared 
to a closely related avian H7N9 virus from 2008. These differences could be attributed to 
substitutions Q226L and G186V. Analysis of the enzymatic activity of the neuraminidase N9 
protein indicated a reduced sialidase activity, consistent with the reduced binding of H7 
to α2-3 sialosides. However, the novel H7N9 virus still preferred binding to α2-3- over α2-6-
linked SIAs and was not able to efficiently bind to epithelial cells of human trachea in contrast 
to seasonal IAV, consistent with its limited human-to-human transmission.
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Introduction

Up until now (6/11/2013), H7N9 IAVs infected 133 and killed 39 people in China, although only 
few cases have been reported since the beginning of May 2013. The new human H7N9 virus 
is a reassortant virus that acquired its hemagglutinin (HA) subtype 7 (H7) and neuraminidase 
(NA) subtype 9 (N9) gene segments as well as the other gene segments from (different) avian 
IAVs(1-3). Analysis of the gene sequences indicates that the novel H7N9 viruses may be better 
adapted to infect humans than other avian influenza A viruses. H7N9 viruses isolated from 
human possess for instance the E627K substitution in the PB2 RNA polymerase subunit, 
which has been shown to facilitate RNA replication in mammalian cells (4-6) and transmission 
between ferrets (7).

The specificity of the interaction of HA with sialic acids (SIAs), the cellular receptor, is a critical 
determinant of the host range of IAVs. In general, human viruses prefer binding to α2-6-linked 
sialosides, whereas avian viruses display a preference for SIAs linked to the penultimate 
galactose via α2-3-linkage(8,9). The HA receptor binding site is formed by three structural 
elements that comprise the 130 loop (residues 133–138), the 190 helix (residues 190–198), 
and the 220 loop (residues 220–229;10). While avian viruses in general contain a glutamine 
at position 226 (H3 numbering), the human H7N9 virus has a leucine residue at this position. 
This amino acid substitution has been associated with reduced binding of avian receptors 
(α2,3-linked SIAs), increased binding of mammalian-like receptors (α2,6-linked SIAs;8, 11,12) 
and with airborne transmission of H5N1 virus between ferrets (7,13).

The NA protein plays an opposing role to HA as it removes SIA residues from glycans that 
are otherwise bound to HA14. The action of the NA protein thus promotes virus release 
after budding, but is also required for detachment of virus from decoy SIAs exposed e.g. on 
mucus. Although not much is known about the determinants of NA substrate specificity, it 
is generally accepted that the activity of NA needs to match the activity of HA to achieve 
efficient viral infection and replication (15-18) It is at present not known to what extent the 
activity and specificity of the NA protein of the human H7N9 viruses contribute to infection of 
and replication in humans.

The human H7N9 virus was recently shown to replicate in the upper and lower respiratory tract 
of ferrets, the primary mammalian model for human influenza. The virus was furthermore 
efficiently transmitted via direct contact although less efficiently by airborne exposure (19). 
In the present study, we compared the receptor-binding and enzymatic properties of the 
HA and NA proteins of the human H7N9 virus from 2013 with a closely related avian H7N9 
virus. The results indicate that the novel H7N9 viruses have acquired the ability to bind to 
human-like receptors, for which substitutions at position 186 and 226 are responsible. These 
mutations are not only found in most novel human H7N9 viruses but are also found in the 
majority of novel avian H7N9 IAVs. Fortunately, however, the novel H7N9 viruses have not 
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(yet) a receptor-binding profile resembling that of seasonal IAVs and are also not able to bind 
to the human tracheal epithelium. These results are in agreement with the limited spread of 
the novel H7N9 viruses between humans.

Materials and Methods

Genes, expression vectors, protein expression and purification

Codon optimized H7 or N9 ectodomain encoding cDNAs (Genscript, USA) of A/Anhui/1/2013 
(GISAID Isolate EPI439507, referred to as H7/human and N9/human) and of A/Anas crecca/
Spain/1460/2008 (GenBank accession no. CAY39406, referred to as H7/teal and N9/teal) 
were cloned into expression plasmids similarly as described previously (20-  22). The HA 
ectodomain (a.a. 19–518; H3 numbering) encoding sequences were cloned in frame with 
sequences encoding a C-terminal artificial GCN4 trimerization motif 43 and a Strep-tag for 
affinity purification (IBA GmbH). The NA head domain (a.a. 71–465) encoding sequence was 
preceded by sequences successively coding for an N-terminal signal sequence, a double 
Strep-tag and an artificial GCN4 tetramerization domain (43). The expression plasmids 
containing the H5 gene of A/Viet Nam/1194/2004 (GenBank accession no. ACU65077.1) and 
the H1 gene of A/Kentucky/07 (GenBank accession no. CY028163) have been described earlier 
(21,44). The N1 head domain of A/Hubei/1/2010 (GenBank CY098760) was cloned similarly 
as described above. Site directed mutagenesis of the HA or NA-encoding sequences was 
performed with the Quickchange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). 
The HA and NA proteins were expressed in HEK293S GnT1(−) or HEK293T cells and purified 
from the cell culture supernatants as described previously (20- 22).

HA binding assays

Receptor-binding of HA was analyzed using a fetuin solid-phase binding and hemagglutination 
assays (20, 21) and by performing HA histochemistry on formalin-fixed, paraffin-embedded 
human tissues similarly as described previously (24). Glycan array analysis of the HA proteins 
was performed by the Core H of the Consortium for Functional Glycomics as described 
previously (20,21). The fetuin-binding assays were performed at least twice in triplicate. The 
mean values of at least two independent experiments are shown. HA proteins were expressed 
in HEK293S GnT1(−) cells, except for the HA histochemistry, for which HA proteins expressed 
in HEK293T cells were used.

NA activity assays

Activity of the NA proteins expressed in HEK293T cells was analyzed using a previously 
described fetuin-based assay (25). In brief, fetuin-coated 96-well plates, were incubated 
with limiting dilutions of recombinant soluble NA protein for 2 hour at 37°C. After washing, 
the plates were incubated with biotinylated peanut agglutinin (PNA, 2.5  μg/ml; Galab 
Technologies). Binding of PNA correlates with the amount of SIA released from galactose. 
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The specificity of the NA proteins was determined by measuring the binding of biotinylated 
SNA or MAL I (both from Galab Technologies) after incubation of fetuin with NA. The binding 
of PNA, SNA and MAL-I was detected using horseradish peroxidase-labeled streptavidin. NA 
activity assays were performed at least twice in triplicate. The mean values of at least two 
independent experiments are shown. The amount of NA protein required for half maximum 
PNA binding (EC50) was determined using the GraphPad Prism software.

Results

In the current study, we compared the receptor-binding properties of the H7 protein of 
the human H7N9 virus (referred to as human H7) with that of a closely related H7N9 virus 
derived from an Eurasian teal (Anas crecca; referred to as teal H7) using a recombinant 
protein approach (20, 21). A similar approach22 was used to compare the properties of the 
N9 proteins of these two viruses (referred to as human and teal N9). The recombinant protein 
approach renders the use of viruses, which results in obvious biosafety issues, superfluous. 
Recent studies have shown the potential of recombinant soluble oligomeric HA (sHA3) and 
NA (sNA4) proteins to study the receptor-binding properties of HA and the enzymatic activity 
of NA (17,20,21). The genetic distance between the human and teal HA and NA proteins is 
shown in supplementary Fig. S1. The teal H7N9 virus is one of the closest relatives of the novel 
H7N9 viruses that contains both the H7 and the N9 genes. This was also exemplified by a 
protein blast search with the human H7 and N9 proteins, in which the teal H7 and N9 proteins 
were the first hits that are derived from a H7N9 virus sequenced prior to 2013. Comparison of 
functional pairs of HA and NA proteins of the teal and human H7N9 viruses not only allows us 
to study and compare the receptor-binding properties and enzymatic activities of H7 and N9 
proteins derived from different hosts, but also to study the functional relationship between 
these complementary proteins.

Human and teal H7 proteins differ in their fetuin binding

The purified human and teal H7 proteins were tested for their ability to bind fetuin. Fetuin 
contains mono-, bi-, and tri-antennary glycans carrying both α2-3 and α2-6 SIAs (23). Binding 
of HA to fetuin was detected both for the teal and human H7 proteins, albeit with different 
efficiencies (Fig. 1A). The binding of the human H7 protein was significantly less efficient than 
that of the teal H7 protein (Fig. 1B). For comparison, the H5 (derived from an avian H5N1 
virus) and H1 (derived from a seasonal human H1N1 virus) proteins, which were previously 
shown to specifically bind to α2-3 andα2-6 SIAs, respectively (21,24), were also included. 
Binding of H5 to fetuin was more efficient than that of the H1 protein, which displayed 
similar binding to fetuin as the human H7 protein. We also analyzed the ability of the 
different recombinant proteins using hemagglutination assays with chicken, human or horse 
erythrocytes. (supplementary Fig. S2). The human H7 protein agglutinated both human and 
chicken erythrocytes, but to a lesser extent than the teal H7 or the H5 protein. The human 
H7 protein did not agglutinate horse erythrocytes. The H1 protein only showed appreciable 
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agglutination of human erythrocytes. These results show that the human and teal H7 
proteins have different receptor-binding properties. Whether this also reflects a difference 
in binding specificity (α2-3 versus alpha α2-6 SIA) will be addressed below. Furthermore, the 
hemagglutination assays indicate differences in receptor binding between the human H7 
and H1 proteins.

Figure 1: Fetuin binding of recombinant soluble trimeric HA proteins.

(A) Limiting dilutions of soluble HA trimers (sHA3), complexed with horseradish peroxidase (HRP)-conjugated 
antibodies, were applied in the fetuin-binding assay. The optical density at 450  nm (OD 450) corresponds with 
binding of HA to fetuin. (B) Bar graph of the HA-fetuin binding at 0.5 μg HA protein. The mean values of at least 
two independent experiments performed in triplicate are shown Standard deviations are indicated, the asterisk (*) 
indicates a significant difference in binding between the human H7 (H7/Human) and the teal H7 (H7/Teal) protein (P 
< 0.001; One-way ANOVA followed by a Dunnett’s multiple comparison test).

Human and teal N9 proteins differ in their enzymatic activity

The purified NA proteins were analyzed for their enzymatic activity by assaying the ability 
of these proteins to remove SIA residues from fetuin, which results in the formation of 
peanut agglutinin (PNA) binding sites (25;Fig. 2A). The teal N9 protein consistently displayed 
a significantly higher sialidase activity than the human N9 protein and less N9 protein was 
needed for half maximal PNA binding (EC50 of 0.01380 vs 0.029 μg, P < 0.001). In agreement 
herewith, the teal protein more efficiently reduced the binding of the  α2-3 SIA-specific 
lectin MAL I compared to the human protein (Fig. 2B). However, both proteins were equally 
inefficient in the removal of α2-6 SIAs, as incubation of fetuin with these proteins resulted in 
negligible reduction in binding of the α2-6 SIA-specific lectin SNA, compared to a control N1 
protein (Fig. 2C). Thus, compared to the teal virus, the human H7N9 virus not only carries an 
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HA protein that displays less efficient binding to fetuin, it also contains an NA protein that is 
less active.

Figure 2: Activity and specificity of recombinant soluble tetrameric NA proteins.

(A) Binding of biotinylated peanut agglutinin (PNA), which correlates with the amount of sialic acids released from 
galactose, after incubation of fetuin with limiting dilutions of soluble NA tetramers (sNA4). The specificity of the 
NA proteins was determined by measuring the binding of biotinylated MAL I, specific for α2-3 sialosides, (B) and 
SNA, specific for α2-6 sialosides (C) after incubation of fetuin with limiting dilutions of NA tetramers. The binding 
of PNA, MAL-I and SNA was detected using HRP-labeled streptavidin. The mean values of at least two independent 
experiments performed in triplicate are shown. Standard deviations are indicated, asterisks (*) indicate significant 
differences between the human N9 (N9/Human) and the teal N9 (N9/Teal) proteins (P < 0.001; One-way ANOVA 
followed by a Bonferroni test).

Residues at position 186 and 226 affect HA-receptor interactions

To identify the amino acids responsible for the observed differences in receptor binding 
between the human and teal H7 proteins, we performed site directed mutagenesis in the 
background of the teal protein. We focused on the region of the HA protein that comprises the 
130 loop, 190 helix and 220 loop, which forms the receptor binding site. This region contains 
seven amino acid differences between the teal and human H7 proteins (supplementary Fig. 
S3). With the exception of the A/Shanghai/1/2013 (H7N9) virus, these seven substitutions 
were consistently found in all human H7N9 viruses. Also most novel avian H7N9 viruses 
contain these mutations.
 Teal H7 proteins that contained each of these mutations were expressed, purified, 
and tested for fetuin binding. Most mutations had little effect on the ability of the teal H7 
protein to bind to fetuin. One mutation caused a modest but significant increase (G186V) 
in fetuin binding, while another mutation (Q226L) severely decreased the binding of the 
H7 protein (Fig. 3A  and  supplementary Fig. S4). Next, we tested different combinations of 
mutations. In general, amino acid substitutions in addition to those at position 186 or 226 
did not affect the fetuin-binding properties of the resulting proteins much compared to 
the 186 and 226 single mutant proteins. Only when the mutations at position 186 and 226 
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were combined was a fetuin-binding phenotype similar to that of the human H7 protein 
observed. (Fig. 3B and supplementary Fig. S4). Binding of this double mutant protein was 
significantly higher than that of the Q226L single mutant protein (P < 0.001). Introduction of 
two additional substitutions in the H7 protein already carrying both G186V and Q226L did 
not significantly affect fetuin binding compared to the G186V and Q226L double mutant. In 
agreement with the important role for the residues at position 186 and 226 in the teal protein 
for fetuin binding, reciprocal substitutions at positions 186 and 226 in the background of the 
human H7 protein resulted in significantly decreased (V186G) and increased (L226Q) fetuin 
binding (Fig. 3C andsupplementary Fig. S4). Thus, single substitutions at position 186 and 226 
in the background of the human H7 protein are sufficient to obtain fetuin-binding properties 
that are similar to single mutant teal proteins (compare H7/Human L226Q with H7/Teal 
G186V [P > 0.7] and H7/Human V186G with H7/Teal Q226L [P > 0.3]). In general, the fetuin-
binding properties of the recombinant proteins correlated with the ability of these proteins 
to agglutinate red blood cells (supplementary Fig. S2). Although we cannot exclude that 
other substitutions may also affect fetuin binding, we conclude that the differences in fetuin 
binding between the human and teal H7 proteins can be mostly attributed to substitutions 
at position 186 and 226.

Figure 3: Fetuin binding of mutant recombinant soluble trimeric H7 proteins.

Fetuin binding of recombinant soluble trimeric HA (sHA3) proteins carrying (A) single, (B) double or quadruple amino 
acid substitutions in H7/Teal or (C) single substitutions in H7/Human at 0.5 μg HA protein. The mean values of 
at least two independent experiments performed in triplicate are shown. Standard deviations are indicated and 
asterisks (*) and crosses (†) indicate significant differences in binding between (mutant) proteins and H7/Teal (A and 
B) or H7/Human (C), respectively (P < 0.001; One-way ANOVA followed by a Dunnett’s multiple comparison test). 
Binding at different concentrations of HA is shown in supplementary Figure S4.

Glycan array analysis of H7 proteins

For a detailed analysis of the SIA-binding properties of the human and teal H7 proteins, the 
soluble trimeric HA preparations were subjected to glycan array analysis in collaboration 
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with the Consortium for Functional Glycomics. In addition, several mutant H7 proteins were 
analyzed. As expected the teal H7 protein efficiently bound to a large number of α2-3 SIA-
containing glycans (Fig. 4  and  supplementary Table S1), but did not display any binding 
above background signals to human-like  α2-6 SIA-containing receptors. The human H7 
protein displayed significantly increased binding to a subset of α2-6 and surprisingly also α2-
8-linked SIA-containing glycans when compared to the teal protein. In contrast, binding 
to α2-3 sialosides was strongly decreased but still stronger when compared to binding to α2-
6-containing glycans. The H7 proteins did not display any appreciable binding to N-glycolyl 
sialosides.

Introduction of the Q226L mutation in the teal H7 protein resulted in decreased binding 
to α2-3 sialosides and increased binding to α2-6/α2-8 sialosides, resembling, apart from 
some quantitative differences, the patterns observed for the human H7 protein. Additional 
introduction of the G186V mutation did not drastically affect the shift in binding from α2-3 
to  α2-6/α2-8 sialosides although the extent to which several individual glycans were 
bound was affected by the double mutation (e.g. reduced binding of glycans 608 and 271). 
Introduction of only the G186V mutation in the teal H7 protein clearly increased binding of HA 
to a subset of α2-3 sialosides, in agreement with the fetuin assay. Introduction of the L226Q 
substitution in the human protein resulted in negligible binding toα2-6/α2-8 sialosides but 
resulted in increased binding to α2-3 SIA-containing glycans.

Binding of HA to human tissues

Next we studied the ability of the human and teal H7 proteins to bind to human tissues. 
Previously, others have shown that human viruses with a preference for α2-6 SIAs are able 
to bind to epithelial cells lining the upper respiratory tract (URT;11,26). These human viruses 
are also able to bind to cells of the lower respiratory tract (LRT). Viruses that prefer binding 
to α2-3 SIAs are able to bind to cells of the LRT, because of the presence of α2-3 SIAs in the 
LRT, but not to the epithelial cells of the URT. Indeed, comparable results were obtained by 
performing recombinant HA histochemistry on human tissues using the H1 and the H5 protein 
(Fig. 5). The H1/Kentucky protein of the seasonal influenza virus, which was previously shown 
by microarray analysis to bind to α2-6 SIAs only (21), displayed efficient binding to the cilia of 
the human trachea epithelium. In the lung, the H1 protein bound to the ciliated epithelium 
of the bronchiole and to type I pneumocytes. In contrast, the H5 protein, which only binds 
to α2-3 SIAs (24), did not demonstrate appreciable binding to the ciliated epithelium of the 
trachea, although efficient binding to submucosal glands was observed. In the LRT, the H5 
protein displayed binding to the cilia of the bronchiole, to type II pneumocytes (Fig. 5) and 
occasionally to macrophages (data not shown). The teal H7 protein showed a similar binding 
pattern as the H5 protein and bound to submucosal glands and type II pneumocytes, 
consistent with the expression of α2-3 sialosides on these cells (27). In contrast, the human 
H7 protein only showed efficient binding to the submucosal glands. Hardly any binding was 
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Figure 4: Glycan array analysis of H7 proteins.

H7/Human, H7/Teal and the indicated single and double amino acid substitution mutants were applied to the 
glycan array. Soluble trimeric HA proteins (10  ug) were pre-complexed with anti-Strep tag mouse monoclonal 
antibody and fluorescent secondary antibodies as described (20,21). Panels display binding to glycans carrying α2-6 
linked (red), α2-8 linked (yellow) or α2-3 linked (blue) SIAs (full glycan array data will become available at  www.
functionalglycomics.org). Glycan numbers indicated on the X-axes correspond to the structures in supplementary 
table S1. Y-axes indicate relative fluorescence units. Glycans are sorted from left to right for highest binding to H7/
human (α2-6 and α2-8 SIAs) or H7/teal (α2-3 SIAs) proteins. The mean values of an experiment performed in sixfold 
are shown. Crosses (†) indicate data sets (α2-6, α2-8, or α2-3 SIAs), the mean of which is significantly different from 
the mean of the data sets obtained with the H7/human protein (P < 0.001; One-way ANOVA followed by a Dunnett’s 
multiple comparison test).
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Figure 5: HA histochemistry.

HA histochemistry was performed by incubating human trachea and lung tissues with the indicated HA proteins 
(H1/Kentucky: H1 protein derived from a human seasonal influenza H1N1 virus; H5/VN04; H5 protein from an avian 
H5N1 virus) after precomplexing with Streptactin-HRP as described previously (24). Black arrowhead point to type 
II pneumocytes, while open arrowheads point to type I pneumocytes. URT: upper respiratory tract, LRT: lower 
respiratory tract. As a negative control, slides were incubated by Streptactin-HRP in the absence of HA (mock).
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observed to the cilia of the bronchiole and to pneumocytes, in agreement with the reduced 
receptor-binding avidity of this protein. No staining was observed in the absence of HA 
(mock).

Discussion

Pandemics of influenza A virus are caused by viruses that suddenly appear from animal 
reservoirs, to which most humans have no immunity and which are able to efficiently 
transmit between humans. A prerequisite for efficient human-to-human transmission is the 
ability of the virus to specifically bind to α2-6-linked SIAs present in the upper respiratory 
tract. In view of the concerns raised by the novel human H7N9 virus we analyzed the receptor 
binding properties of this virus. The results indicate that, in comparison to avian H7N9 
virus, the human H7N9 virus displays increased binding to α2-6 as well as α2-8 sialosides 
and reduced binding to α2-3-linked SIAs. Still, whereas all seasonal/pandemic IAVs bind 
more efficiently to α2-6- than to α2-3-linked sialosides, the human H7 protein binds more 
efficiently to α2-3- than α2-6-linked SIAs and is not able to efficiently bind to epithelial cells 
of human trachea. From these results we conclude that the human H7N9 virus has not (yet) 
adapted its HA protein to such an extent that it results in a receptor-binding profile similar 
to that of pandemic/seasonal IAV. Our results are in agreement with recent studies that use 
recombinant H7 proteins to study the ability of the H7N9 viruses to interact with sialosides or 
to bind to human tissues (28- 30). Also when virions are used for receptor-binding analyses, 
human H7 viruses display lower avidity for α2-3 sialic acids and a higher avidity for α2-6 
sialosides when compared to other avian viruses. In general, binding to  α2-6 sialosides 
appears less than what is observed for human seasonal influenza viruses, which are able to 
bind to α2-6 but not α2-3 sialosides (30-33). These results are in agreement with the limited 
human-to-human transmission and airborne transmission between ferrets of the human 
H7N9 virus (31,33,34).

The relevance of the human H7N9 virus to bind to α2-8 sialosides is at present unclear. Most 
IAVs do not appear to bind to these glycans, although binding to α2-8 sialosides has been 
reported for IAV A/NWS/33 (H1N1;35), IAV X31 (H3N2) that carries the HA gene of A/Aichi/2/68 
from the 1968 pandemic (36), and IAV A/California/04/2009 (H1N1;36). α2-8 sialosides are 
most abundant in neural cells (37,38) but have more recently been identified on a number 
of proteins outside the nervous system, including the glycophorins of human erythrocytes 
(39) and serum proteins like α2-macroglobulin, plasminogen and Ig light chain (40).

To our knowledge α2-8 sialosides have never been reported to be present on epithelial cells 
in the respiratory tract or to be able to serve as functional receptors leading to cell entry. 
Nevertheless, IAVs are likely to encounter α2-8 sialosides present on the molecules described 
above and thus their potential role as decoy receptor needs to be considered, especially 
since IAV neuraminidases are not able to cleave α2-8 linkages35.
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 Relative to the teal H7 protein, the human H7 displayed reduced binding to α2-3 and 
increased, but weak, binding to α2-6 sialosides. In agreement with the hypothesis that the 
activity of NA balances the activity of HA (15-18), the human N9 protein was significantly 
less active than the corresponding teal protein, which could be attributed to a loss in the 
ability to target α2-3 SIA substrates. Both the teal and the human proteins were equally 
inefficient in the removal of α2-6 SIA residues. The relative inability of the human N9 protein 
to remove α2-6 SIA residues may negatively affect the ability of the H7N9 virus to obtain 
more efficient binding to these human-like receptors as efficient replication of such viruses 
probably requires adaptive mutations in the NA protein.

The residues at position 186 and 226 are the main residues responsible for the observed 
differences in receptor binding. Introduction of the Q226L mutation resulted in severely 
reduced fetuin binding and in decreased or increased binding of α2-3 and α2-6 sialosides, 
respectively. The reduced binding to fetuin was compensated by G186V. The observation 
that a (partial) switch in receptor specificity results in reduced binding of sialosides, which 
is compensated by mutations at other positions in the HA protein, also appears to occur for 
other HA proteins. Mutations in H5 required for airborne transmission between ferrets not 
only include mutations responsible for a switch in receptor specificity, but also the loss of 
a N-linked glycosylation site at position 158 (7,13). The loss of this glycosylation site results 
in enhanced binding of H5 to human-type receptors (41,de Vries and de Haan, unpublished 
data).

Whereas avian viruses are highly specific for binding to α2-3 sialosides, all human viruses that 
efficiently spread between humans or ferrets via respiratory droplet transmission display a 
complete switch to α2-6 receptor specificity. Strikingly, almost all novel avian H7N9 viruses 
already carry the Q226L and G186V mutations, indicating that mutations that increase 
binding to human-like receptors may be obtained by IAVs in an avian host. The increased 
ability of such viruses to replicate in humans may promote the acquirement of subsequent 
substitutions that increase α2-6 binding. Additional mutations, required for a full switch, have 
been described for H2, H3 and H5 viruses. While human H2 and H3 viruses have obtained 
the G228S substitution (42), for H5 an alternative mutation (N224K) may also suffice (13). 
A scenario of stepwise development of optimal binding has a precedent in the observed 
evolution of the H2N2 pandemic. H2N2 viruses isolated from humans during the first year 
(1957) of the “Asian” pandemic had not yet obtained the G228S substitution and show lower 
avidity towards human-like receptors (42). Probably, these viruses had not yet acquired the 
optimal SIA-binding properties for efficient human-to-human transmission. Likewise, the 
inability of the novel H7N9 viruses to efficiently transmit between humans so far, is probably 
related with the incomplete switch in receptor specificity that we observed for this virus.
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Figure S1. Unrooted protein trees. 
Unrooted protein trees were constructed from full length H7 or N9 sequences using the 
Phylip Neighbor Joining algorithm from within the Ugene package (Dayhoff PAM distance 
matrix). Host species and year of isolation can be derived from the sequence names. 
H7N9 serotypes are labeled in red, other serotypes (H7Nx, HxN9) are in black. The 
proteins analyzed in this paper are derived from A/Anhui/1/2013 (blue) and A/Anas 
crecca/Spain/2008 (green). 

Supplementary files : Chapter 6
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Figure S2. Hemagglutination assay. 
Hemagglutination titers of the different pre-complexed soluble trimeric H7 proteins and 
mutants thereof were determined using either chicken, human or horse erythrocytes using 
1 ug of HA as starting point as described previously1. Human and chicken erythrocytes 
contain both α2-6 and α2-3 sialic acids, although in different relative quantities (human 
cells contain more α2-6 sialosides than chicken cells2.  Horse erythrocytes contain hardly 
any α2-6 sialic acids, while the majority of their α2-3 sialosides are of the N-glycolyl type 
(NeuGc), which is not present on human or chicken cells, which only contain sialosides of 
the N-Acetyl type (NeuAc). Nevertheless, viruses that prefer binding to α2-3 NeuAc are 
also able to agglutinate horse erythrocytes3. The mean values of at least two independent 
experiments performed in triplicate are shown. Standard deviations are indicated and 
asterisks (*) and crosses (†) indicate significant differences in HA titer between (mutant) 
proteins and H7/Teal (A, B and C) or H7/Human (D), respectively (P<0.001; One-way 
ANOVA followed by a Dunnett’s multiple comparison test).  
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Summary 

Protein histochemistry is a tissue-based technique that enables the analysis of viral 
attachment patterns as well as the identification of specific viral and host determinants 
involved in the first step in the infection of a host cell by a virus. Applying recombinantly 
expressed spike proteins of infectious bronchitis virus onto formalin-fixed tissues allows us 
to profile the binding characteristics of these viral attachment proteins to tissues of various 
avian species. In particular, sialic acid-mediated tissue binding of spike proteins can be 
analyzed by pretreating tissues with various neuraminidases or by blocking the binding 
of the viral proteins with specific lectins. Our assay is particularly convenient to elucidate 
critical virus-host interactions for viruses for which infection models are limited. 

Key words: Protein histochemistry, Spike protein, Neuraminidase, Lectin, Formalin fixed 
tissues, Infectious bronchitis virus, Attachment, Glycan
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Introduction

Infectious bronchitis virus (IBV), an avian coronavirus belonging to the genus 
gammacoronavirus, is the major cause of contagious respiratory disease or infectious 
bronchitis in poultry. Many IBV serotypes have been isolated so far and some serotypes 
induce pathological changes in organs other than the respiratory tissues (1). This variable 
tissue tropism is likely due to tissue specific factors resulting in differences in binding or 
entry of the virus. Although a specific protein receptor for IBV is yet to be revealed it has been 
shown by removing sialic acids from the susceptible cell surface, that α 2, 3- linked sialic 
acids are a determinant of cell attachment and entry of IBV (2,3). Further elucidation of host-
virus interactions is, however, hampered due to limitations in in vitro infection model systems 
for pathogenic IBV strains.
For IBV the initial cell attachment and entry is mediated by a glycoprotein called spike protein 
residing in the viral envelope. By swapping the gene encoding for spike protein between 
different IBV serotypes it has been shown that the spike determines the tissue tropism (4). 
The spike protein is cleaved into an S1 and an S2 subunit (5,6); while S1 mediates the first 
step in infection via the initial virus-cell binding, S2 is responsible for cell entry (7). Analyzing 
the binding of S1 to tissues with our protein histochemistry protocol enables us not only to 
profile the attachment of avian coronavirus S1 proteins to various avian tissues but also to 
elucidate glycan binding specificities of IBV S1 (8) as well as determinants within S1 for tissue 
attachment (9). Thereby, this method aids to understand the in vivo tissue tropism of avian 
coronaviruses.

2.  Materials 

The amounts of buffers or chemicals prepared are described such to result in a convenient 
volume. Any other required volume can be calculated from this.

2.1  Components for expression of spike protein (S1) of IBV 

1. Expression plasmid harboring a CMV promoter, signal sequence, GCN4 trimerisation 
domain and Strep tag for purification and detection: Use codon-optimized IBV S1 
sequence of the serotype of interest (see Note 1) and clone S1 into for example pCD5 
expression plasmid (see Note 2) in frame with CMV, GCN4 and Strep tag (Figure 1). 

Figure 1. Diagrammatic representation of S1 expression cassette. 

S1 was cloned into pCD5 expression plasmid in frame with signal sequence (SS), trimerisation motif (GCN4) and 
Strep tag (ST2). The promoter sequence was from Cytomegalovirus (CMV). 
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2. Polyethylenimine (PEI) : Dissolve the powder at a concentration of 1 mg/ml at 50-60 °C 
(see Note 3). Test the efficiency by transfecting human embryo kidney cells (HEK) 293 T 
with pCMV-EGFP-N1 or any other vector expressing a fluorescent protein (see Note 3). 

3. Supplemented Dulbecco’s modified eagle medium (DMEM) : DMEM, 2% glutamine, 
10% Fetal Calf Serum, 0.1 mg/ml gentamicin. 

4. Supplemented 293 SFM II expression medium : 293 SFM II, 3.7 g/L sodium bicarbonate, 
2.0 g/L glucose, 3.0 g/L Primatone RL-UF, 0.1 mg/mL gentamicin, 1x glutaMAX, 1.5% 
dimethyl sulfoxide. Sterilize the medium by filtering.

5. T175 culture flasks. 
6. Strep-Tactin sepharose 50 % suspension or Strep-Tactin gravity flow columns
7. Elution buffer : Biotin elution buffer 10x, dilute 10 x concentrated to 1x in distilled water 

(working solution). 
8. Vivaspin 10 or 50 MWCO 3000.
9. Tube roller.

2.2  Components for protein histochemistry

1. Xylene
2. Ethanol at 100 %, 96 %, and 70 %  
3. Tissue section slides of 3-4 µm on Superfrost plus or KP plus glasses (see Note 4).
4. Citrate buffer (pH 6.0) : Add 2.1 g of citrate buffer monohydrate to 800 mL of distilled 

water and while stirring adjust the pH to 6 at room temperature by adding 10N NaOH 
drop wise. Then add up the total volume to 1000 mL by adding distilled water.

5. Strep-Tactin HRP conjugated.
6. PBS 10x : Add 35.6 g of Na2HPO4.2H2O and 6.24 g of NaH2PO4.2H2O into 2.4 L of distilled 

water. Check if the pH is 7.4-7.5 and add 216 g of NaCl.
7. PBS : Dilute stock PBS 10x in distilled water to prepare 1x working solution.
8. PBS - Tween 0.1% : Dilute 500 mL 10x stock PBS into 4500 mL of distilled water. Add 5 

mL of Tween -20.
9. PBS (pH 5.0) : Adjust the pH to 5.0 by adding 6N HCl into PBS.
10. 1% hydrogen peroxide: Add 2.85 mL of 35 % hydrogen peroxide to 97.15 mL of absolute 

methanol.  
11. Vectastain ABC Kit (Vector Laboratories Inc.) : Add 10 µL of solution A to 240 µL of PBS 

and add 10 µL of solution B to 240 µL of PBS. Mix and incubate for 30 minutes at RT.
12. 3-Amino-9-ethylcarbazole (AEC).
13. Normal goat serum : Dilute goat serum in PBS to reach 10 %. 
14. Neuraminidases : Add 1mU of Vibrio cholera neuraminidase or Arthrobactor ureafaiens 

to 100 µL of PBS (pH 5.0).
15. Lectins : Dilute MALI and MALII at a concentration gradient from 64 to 256 μg/mL in PBS 

(see Note 5). 
16. Hematoxylin.
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17. Aquatex mounting medium. 
18. Dako or Immunopen.
19. Cover slips (24x32 mm).
20. Caplin jar
21. Humidity chamber

3.  Methods

Carry out all procedures at room temperature unless otherwise specified. Centrifuge 50 mL 
tubes in a bench top centrifuge and Eppendorf tubes in microcentrifuge.

3.1  Expression of recombinant IBV S1 protein

Amounts are shown for expression of S1 protein in one T175 flask.
1. Day 1: Seed a T175 culture flask with 1x 107 HEK 293 T cells in a total volume of 25 mL of 

DMEM + medium. Incubate cells at 37 °C for 24 hours until the cells reach a confluence 
of 50-60 % (see Note 6). 

2. Day 2: Prepare reaction mix. For one T175 flask first pipette 15 µg of the expression 
vector pCD5 containing IBV S1 into DMEM and then pipette PEI into the DMEM. The total 
volume of DNA, PEI and DMEM should be 1.5 mL per flask to be transfected. Incubate 
the reaction mix for 15 minutes. Remove 5 mL of the medium from the cells and add 
the reaction mix into the medium with the T175 flask in an upright position then gently 
agitate before repositioning the flask horizontally to incubate at 37 °C for 24 hours (see 
Note 2).

3. Day 3: Replace DMEM with 20 mL of the 293 SFM + and continue incubation at 37 °C.
4. Day 8: Collect the supernatant into 50 mL tube (usually 7 days after transfection) and 

centrifuge at 276 g for 10 minutes. Transfer into new 50 mL tube and centrifuge another 
10 minutes at 1730 g. Transfer the supernatant into a new tube. The supernatant can 
now be stored at -20 °C or directly proceed to section 3.2 step 1.

3.2 Purification of recombinant IBV S1 protein

1. Add Strep-Tactin sepharose 50 % suspension (see Note 7) to the supernatant and 
incubate overnight at 4 °C on a tube roller. 

2. The next day centrifuge at 769 g for 10 minutes and carefully remove the supernatant 
without disturbing the bead pellet. Add 500 µL of PBS onto the beads, stir gently with a 
pipette tip and transfer the beads into a 2 mL Eppendorf tube (see Note 8). 

3. Wash beads 3 times using PBS (bead pellet: PBS is 1:1). 
4. Centrifuge at 800 g for 10 minutes for each wash. 
5. After the final washing step remove PBS, add elution buffer (see Note 9) and incubate 

for 5 minutes, vortexing every 1-2 minutes. 
6. Centrifuge at 800 g for 10 minutes and collect the supernatant. 
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7. To remove remaining beads in the supernatant centrifuge another 10 minutes at 800 g 
and transfer the supernatant into a new Eppendorf tube. 

8. Determine the protein concentration (see Note 10). 

3.3  Protein histochemistry (see Fig. 2 & 3)

3.3.1 Deparaffinization and rehydration of tissue sections

1. Prepare glass dishes with xylene, 100 % ethanol, 96 % ethanol, 70 % ethanol, and 
distilled water in duplicates. 

2. Arrange glass slides in a staining rack and immerse slides in xylene to distilled water 
(xylene, xylene, 100 % ethanol, 100 % ethanol, 96 % ethanol, 96 % ethanol, 70 % 
ethanol, 70 % ethanol, distilled water, distilled water). 

3. Keep slides in each dish of xylene for 5 minutes and in each dish of alcohol and distilled 
water for 3 minutes. End with immersing in distilled water.

3.0.2 Antigen retrieval

1. Place the staining rack with slides in a heat resistant jar or a container and add citrate 
buffer until the fluid level is at least 2 cm above the slides. Close the container with a lid. 

2. Boil the sections in citrate buffer for 10 minutes at 900 kW in a microwave (see Note 11). 
3. Leave the slides in the citrate buffer and allow to cool down for 15-20 minutes. 
4. Transfer slides into a coplin jar filled with PBS and keep on a platform rocker for 5 

minutes. Repeat the PBS step twice.

3.0.3 Inactivate endogenous peroxidase and blocking nonspecific staining

1. Remove PBS from the last washing step and add 1 % hydrogen peroxide until sections 
are properly covered. Close the jar with a lid and incubate for 30 minutes. 

2. Discard hydrogen peroxide add PBS - Tween 0.1% and rinse slides for 5 minutes on a 
platform rocker. Repeat the PBS - Tween 0.1% wash step twice. 

3. Dry the back of the slides and around the sections using a tissue, and draw lines around 
the tissues with a Dako or an immunopen. 

4. Place slides in a humidity chamber and apply sufficient amounts of 10 % normal goat 
serum to cover the tissues (usually 50 µL- 200 µL depending on the size of the section). 

5. Close the humidity chamber and incubate for 30 minutes. 

3.0.4 Application of spike proteins

1. Premix spike protein to a final concentration of 0.1 mg/mL and Strep-Tactin HRP 1:200 
in PBS (see Note 12) in an Eppendorf tube and incubate for 30 minutes on ice. 

2. Drain goat serum from the sections and apply sufficient amounts (usually 50 µL - 200 
µL depending on the size of the section) of spike protein : Strep-Tactin HRP complex to 
tissues. 
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3. Incubate the sections with the protein:Strep-Tactin HRP complex overnight at 4 °C.

3.0.5 Visualizing and counter staining

1. Drain the protein : antibody complex and place slides in a coplin jar filled with PBS. 
2. Rinse slides in PBS three times each for 5 minutes as previously described. 
3. Dry the back of the slides and around the tissues, place slides in a humidity chamber 

and apply AEC drop wise (See Note 13). 
4. Close the chamber and incubate for 15 minutes. 
5. Dip sections into a coplin jar with water and place glass slides in a staining rack.  
6. Rinse slides in tap water for 5 minutes and immerse in hematoxylin for 40- 60 seconds. 
7. Keep the slides in running water for 10 minutes. 
8. Finally place a coverslip to cover the tissues using Aquatex (Figure 2).

Figure 2. Schematic representation of protein histochemistry. 

S1 protein was pre-complexed with Strep-Tactin HRP before applying onto tissue section.

3.4  Protein histochemistry on tissues pre-treated with neuraminidase

1. After treating the slides with hydrogen peroxide (section 3.3.3) place the slides in a 
humidity chamber and circle the tissue regions with Dako or immunopen. 

2. Dilute 1mU of neuraminidase (see Note 14) in 100 µL of PBS (pH 5.0) and apply to 
tissues within the circle. 

3. Close the humidity chamber and keep overnight at 37 °C in an incubator. 
4. The next day rinse the slides in PBS - Tween 0.1% three times each for 5 minutes, 

incubate with 10 % goat serum for 30 minutes and continue with section 3.3.4.

1.5 Protein histochemistry for tissues blocked with lectins 

1. After treating with hydrogen peroxide (section 3.3.3), apply lectins to tissues circled with 
Dako or immunopen. 

2. Incubate the slides overnight at 4 °C in a humidity chamber. 
3. Next day rinse slides in PBS - Tween 0.1% three times each for 5 minutes and continue 

with section 3.3.4 (Figure 3).
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Figure 3. Protein histochemistry for IBV M41-S1. 

IBV M41-S1 was applied onto (A) untreated chicken trachea and (B) onto chicken trachea treated with neuraminidase. 
Positive staining (red) in cilia and goblet cells is indicated with an arrow or arrow head respectively.

4.  Notes

1. The sequences coding for spike were codon-optimized for expression in mammalian 
cells, resulting in approximately 5 times higher production of proteins than using non-
optimized viral sequences.

2. Transfection of HEK 293 T cells with pCD5 expression vector was described previously 
(10,11).

3. Dissolving of PEI in distilled water might take up to 1 or 2 days. The solution should 
be continuously stirred at 50-60 °C and when it is completely dissolved, filter sterilize, 
aliquot and store at – 20 °C . The efficiency of PEI for transfecting HEK 293 T cells with 
DNA is tested by using PEI ratios from 1:5 to 1:20. The number of transfected cells is 
counted using a fluorescence microscope under 10x magnification. The best ratio to 
use for subsequent transfection is the ratio that gives the highest percentage (usually 
40 %) of transfected cells with lowest toxicity or cell death.

4. Tissues that easily detach during antigen retrieval, including for example trachea, can 
be mounted onto KP plus slides to reduce the tissue damage.

5. Concentration gradient ensures reaching the optimum amount of lectins required for 
complete blocking of the binding of recombinant proteins.

6. By seeding 1x 107 cells per T175 flask we were able to reach 50-60 % confluence after 24 
hours post seeding. When compared to < 50 % or > 60 % cell confluence, transfection at 
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50-60 % confluence results in a significantly higher transfection efficiency and thereby 
higher amounts of recombinant proteins.

7. Proteins in the supernatant (using 5-10 µL) are analysed using SDS PAGE followed by 
western blotting to determine whether the protein is properly produced. In particular 
we check for any degradation, low or no expression and correct molecular weight (IBV 
S1 protein is highly glycosylated and migrates around 110 kDa). Upon high amounts 
of protein in the culture supernatant (usually appearing as thick bands of ≥ 5 mm in 
the film) we add 250 µL of 50 % Strep-Tactin sepharose suspension for each 10 mL 
of supernatant. However, compared to column based purification minor fraction 
of proteins were lost with the supernatant after purification with beads. If necessary 
column based purification can be done according to the manufacturer’s instructions.

8. Since beads tend to stick on to the surface of the tube, it is important not to disturb 
the sediment after centrifugation and while transferring to a 2 mL Eppendorf tube. If 
necessary, to recover more beads from the surface of the tube add PBS for another one 
or two times, but limit the total volume to no more than 1.8 mL to prevent spilling of 
beads while closing the Eppendorf tube. 

9. For every 250 µL of 50 % Strep-Tactin sepharose suspension we use 125 µL of elution 
buffer. Whenever we obtained low protein yields (< 4 mg/mL) the proteins were 
concentrated using vivaspin according to the manufacturer instructions.

10. We use ≥ 2 µL of purified proteins to measure the concentrations in Qubit fluorimeter. 
We also approximated the protein concentrations compared to a BSA standard after 
gelcode blue/ coommassie staining of a SDS PAGE gel.

11. Performing antigen retrieval in the microwave can destroy some tissues (for example 
tracheal epithelium and cartilage). In such instances transfer glass slides into a 
polypropylene coplin jar filled with citrate buffer, cover with a lid, and keep in a water 
bath preheated to 80 °C for 45 minutes. 

12. Since Strep-Tactin HRP is optimized only for western blotting different lots may complex 
to a different extent with spike proteins. Therefore, every lot number has to be tested 
using a prior lot number giving positive signals. Moreover, the amount of Strep-Tactin 
HRP to the total volume (1:200) was optimised for IBV-S1, and has to be optimized 
accordingly when using a recombinant protein with different molecular weight.

13. Wear gloves when handling AEC. Apply AEC in a fume hood and discard safely the water 
drained with AEC. For large tissue sections a coverslip can be used to spread AEC drops 
gently over the tissues, thus minimizing the required amounts of AEC to sufficiently 
cover tissues.

14. We used both Vibrio cholera neuraminidase and Arthrobactor ureafaiens neuraminidase. 
Compared to Vibrio cholera neuraminidase, Arthrobactor ureafaiens neuraminidase 
showed more efficient cleaving of sialic acids from tissues embedded in paraffin. It 
is important to apply sufficient volume of total fluid to prevent drying off the tissues 
during incubation at 37 °C.
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Summary and future perspective

This chapter will summarize the results described in this thesis and discuss the progress 
in identifying virus and host factors related to avian coronavirus attachment and thus the 
tropism. Furthermore, suggestions for future research are given.

Viral attachment proteins are excellent tools to investigate binding characteristics  
and determinants of tropism and host susceptibility of avian coronavirus.

Avian coronaviruses do not propagate in continuous cell culture lines, thereby hampering the 
evaluation of virus and host factors that mediate the attachment of these important viruses 
of birds. This thesis demonstrates that avian coronavirus attachment proteins, in particular 
the spike domains thereof can successfully be expressed in mammalian cell culture systems 
and used in binding assays to elucidate determinants and patterns of virus attachment. To 
this end the prerequisites of the interaction between viral attachment proteins and the virus 
receptors were evaluated a range of assays including protein histochemistry (Chapter 7), 
ELISA- like glycan binding assay (Chapter 5), blocking assay (Chapter 4 and 5), glycan array 
analyses (Chapter 3, 4 and 5), and lectin histochemistry (Chapter 3, 4 and 5).

Tissue binding patterns of recombinant spike proteins of avian coronaviruses were analyzed 
and compared between different coronaviruses with reported variable tropism in vivo.  For 
example, the observed tissue-binding patterns of the spike (S1) protein of respirotropic avian 
coronaviruses, including infectious bronchitis virus (IBV), pigeon and partridge CoVs, was in 
line with the reported in vivo tropism and pathogenicity of these viruses (Chapter 3 & Chapter 
4). Similarly restricted tissue binding preferences of spikes of enterotropic avian coronaviruses 
such as those from turkey, guineafowl and quail, to intestinal tissues were detected (Chapter 
5). Thus, the in vivo tropism of a coronavirus - to some extent-can be predicted by profiling 
protein-tissue interactions using protein histochemistry. This thesis shows that by defining 
the factors that mediate binding of spike to a specific tissue new insights into molecular 
mechanism of virus attachment can be gained although this assay does not completely 
mimic the natural situation within the host at the time of virus-host cell interaction.

Analysis of recombinant S1 attachment proteins in various assays including glycan arrays, 
ELISA-like glycan binding assay and blocking assays have revealed novel avian coronavirus 
receptors on the target cell membrane. In particular, for IBV M41 specific α2,3-linked sialic 
acids type I lactosamines were identified as a receptor in the glycan array, which was further 
confirmed by the ability of this specific glycan to block the binding of spike of IBV M41 to 
tissues (chapter 4). For the pigeon and partridge coronavirus no specific glycan could yet 
be revealed, but the binding was, like that of IBV M41 and other IBV strains (chapter 4) 
dependent on sialic acids. In contrast, turkey, guineafowl and quail coronaviruses preferred 
non-sialylated polylactosamines containing N-glycans (chapter 5). Thus we can conclude 
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that glycans on susceptible tissues play an important role in avian coronavirus binding and 
possibly defining the in vivo virus tropism.

Avian coronaviruses have been thought to be rather host specific. For example the prototype 
of this group, IBV or chicken CoV, was previously suggested to infect predominantly chickens. 
However, recently IBV-like viruses have been detected in various other avian species. 
Correspondingly, tissue binding patterns of spike of IBV strain M41 to tissues of other avian 
species like geese, duck, partridge, pheasant, quail, turkey, guineafowl have indicated that 
the glycan receptor for IBV is not only expressed in multiple organs of the same host but also 
in respiratory systems of various other bird species (chapter 4) . Thus IBV infection may not be 
restricted to chickens, as the initial step of infection, i.e. attachment, likely can be established 
also in other avian hosts. This finding can explain the reported incidences of detecting or 
isolating IBV viruses in other avian species including domesticated and wild birds. Hence 
expression patterns of the receptor can clearly provide insights into the susceptibility of 
particular avian hosts or the host range of avian coronaviruses. Taking together, recombinant 
viral attachment proteins are excellent tools for studying the virus-host interactions and to 
gain insight into the tropism of these viruses.

Although this thesis addresses some fundamental questions on tropism differences between 
avian coronaviruses, many more questions remain to be answered.  One of the interesting, but 
yet not understood, findings that has been described in this thesis (Chapter 3) is the unique 
difference between the tropism of different IBV pathotypes. In particular, while the S1 protein 
of the nephropathogenic IBV strain B1648 gained binding to chicken kidney tissues only after 
treating S1 with bacterial neuraminidase, the S1 of IBV strain QX, known to be pathogenic to 
the oviduct, showed only mild affinity to the epithelium of the reproductive tract. It is unclear 
whether this affinity difference is due to a virus factor or a host factor. Further investigations 
are required to understand such discrepancies between some coronaviruses.

Tissue microarray technology for detecting host susceptibility

Our approach to elucidate the virus attachment factors, host and organ susceptibility required 
a tissue bank consisting of tissues from different organ systems of the same host and various 
avian host species. The traditional method of preparing a tissue bank is by embedding several 
(usually one to five) formalin-fixed tissues in one paraffin block that may result in hundreds 
of tissue sections to be tested in protein-tissue binding assays. Thus analysis of proteins on 
multiple tissue sections prepared by the traditional method requires both large amounts of 
recombinant proteins and antibodies and it is laborious. To overcome these issues when 
analyzing recombinant viral proteins with regard to the susceptibility of various avian species 
for coronavirus infections we developed avian tissue microarrays (TMAs; chapter 4). Our data 
indicate that these TMAs are convenient platforms for elucidating virus-host interactions and 
thus can be further developed to use in infection biology.
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Enterotropic avian coronavirus- ‘being eccentric’

While respirotropic avian coronaviruses infect primarily the respiratory systems, they may 
infect, and sometimes cause disease, in other organ systems. In contrast, enterotropic 
coronaviruses are reported to possess strict tropism to the intestine. Our data show that while 
tissue binding of the spike of for example IBV M41 was detected in respiratory, urogenital 
and gastrointestinal systems, the spikes of turkey, guineafowl and quail coronaviruses 
bound only to the intestines of the respective host. Chapter 5 reveals that spikes of these 
coronaviruses recognize a unique set of non-sialylated polylactosamines containing 
N-glycans. Interestingly, protein histochemistry further confirmed that expression of this 
specific glycan group is limited to the avian intestine. This finding provides some evidence 
towards contribution of differentially expressed carbohydrates on host cells for defining the 
virus tropism. To confirm that these glycans are truly required for infection, and contribute to 
the tropism and ultimately the  pathogenicity of avian coronaviruses, appropriate infection 
models are yet to be established.

Chapters 4 and 5 highlight the significant contribution of sialylated and non-sialylated 
glycans for tissue binding of viral attachment proteins. Although limited infection models 
are available it would be of interest to determine whether the coronavirus infection can be 
blocked by pre-incubating viruses with the these glycans. Although the specific glycans could 
completely block the tissue binding of the respective S1 protein it is necessary to evaluate 
these non-sialylated glycans could mediate the in vivo infection. Such blocking assays 
may provide novel insights into antiviral therapeutics to prevent coronavirus infections 
in birds. However, all these perspectives demand setting up of infection models for avian 
coronaviruses, which is likely to be the most challenging of all in future investigations.

Other viruses and viral attachment proteins

Biological relevance of mutations in the receptor binding sites of the viral attachment 
proteins of other avian viruses like hemagglutinin (HA) of influenza virus of mammals and 
birds were analyzed in similar assays as avian coronaviruses. HA proteins of influenza virus 
H5N1 and H1N1 displayed stronger tissue- binding affinities (chapter 3 and 6) compared to 
the S1 protein of avian coronaviruses (chapter 3 and 4). While HA of human influenza viruses 
clearly preferred tissues containing α2,6- linked sialic acids, HA of avian influenza viruses 
bound to tissues with α2,3-linked sialic acids (chapter 6). Protein histochemistry using avian 
TMAs as well as tissues from other species was successfully used to demonstrate the shift in 
binding affinities between the two sialic acid types due to the amino acid mutations in HA 
proteins (chapter 7). 

Concluding remarks

Although patterns of viral attachment proteins can be correlated with the tropism and 
host susceptibility for a virus, to progress from attaching to infecting the host cell requires 
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additional factors. This includes not only host factors that can be differentially expressed, like 
intracellular gene products but also the ability of a virus to evade the host immune system. 
Obviously, this knowledge can only be gained in studies using infectious virus, rather than 
S1 proteins. However, avian coronavirus infection studies are hampered by the inability of 
these viruses to grow in cell cultures. In addition, in vivo models using living hosts are, to a 
limited extent, available, but ethical considerations as well as the difficulty of manipulating 
host factors in living animals, present a challenge. Our newly developed avian TMA as well 
as the tools and expertise to express viral attachment proteins to study the first critical step 
in the ultimate infection has significantly enhanced our knowledge on the tropism of avian 
coronaviruses.
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Samenvatting

Dit hoofdstuk is een samenvatting van de resultaten beschreven in dit proefschrift. Het 
bediscussieert de voortgang in het identificeren van virus- en gastheerfactoren die bepalend 
zijn voor coronavirusinfecties in vogels. Voorts worden suggesties voor toekomstig onderzoek 
aangedragen.

Binding van virale aanhechtingseiwitten aan weefsels van de gastheer is de eerste stap 
in de uiteindelijke infectie van het dier. In het hier beschreven onderzoek hebben we 
nieuwe technieken ontwikkeld om de virus- en gastheerfactoren die van belang zijn voor 
de aanhechting van aviaire coronavirussen te bestuderen. Dit proefschrift beschrijft dat de 
aanhechtingseiwitten van deze coronavirussen, in het bijzonder spike S1, kunnen worden 
geproduceerd in weefselkweekcellen, en dat ze vervolgens succesvol kunnen worden ingezet 
om bindingspatronen aan weefsels op te helderen. Om de interacties tussen het S1 eiwit en 
de gastheer te bestuderen zijn verschillende technieken gebruikt, waaronder eiwit- en lectine 
histochemie op weefsels en bindingsanalyses aan glycanen (suikers). 

Virale aanhechtingseiwitten toegepast om het tropisme van aviaire coronavirussen 
te voorspellen

Als eerste hebben we bepaald of de bindingspatronen van geproduceerde spike eiwitten 
van aviaire coronavirussen overeenkwamen met de beschreven ‘voorkeur’ van het virus voor 
bepaalde cellen en weefsels (tropisme). Hiervoor hebben we de binding van het S1 eiwit van 
respiratoire aviaire coronavirussen, waaronder het kippenvirus IBV (infectieuze bronchitis 
virus) en het duif- en patrijscoronavirus, aan luchtpijp- en longweefsel bestudeerd middels 
een techniek genaamd eiwithistochemie. Binding van S1 vond plaats aan dezelfde cellen 
en weefsels die door het virus in de gastheer geïnfecteerd worden en waarin afwijkingen 
worden gezien die leiden tot klinische symptomen van ziekte (pathogeniciteit) (Hoofdstuk 3 
en 4). De S1 eiwitten van aviaire coronavirussen waarvan bekend is dat ze darmen infecteren, 
zoals kalkoen-, parelhoen- en kwartelcoronavirus, bonden juist specifiek aan darmweefsel 
(Hoofdstuk 5). Het tropisme van coronavirussen in levende dieren lijkt dus te kunnen 
worden voorspeld op basis van de eiwit-weefselinteractieprofielen verkregen middels 
eiwithistochemie. 

Identificatie van nieuwe receptoren voor aviaire coronavirussen

Vervolgens werden de S1 eiwitten gebruikt om receptoren op het celoppervlak, die bepalend 
zijn voor de aanhechting aan weefsels, te definiëren. Hiertoe werd binding aan een collectie 
van glycanen (glycaanarray) bestudeerd evenals bindings- en blokkeringsanalyses op 
weefsels uitgevoerd. Voor IBV (stam M41) werden specifieke type I lactosaminen (glycanen 
met α2,3-gebonden siaalzuur) geïdentificeerd in de glycaanarray. De binding van het S1 van 
IBV aan weefsels kon worden geblokkeerd door het toevoegen van specifieke suikers die deze 
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siaalzuren bevatten (Hoofdstuk 4). Binding van het duif- en patrijscoronavirus S1 bleek ook 
afhankelijk van siaalzuren, maar de specifieke suiker waaraan deze aanhechtingseiwitten 
binden kon nog niet worden opgehelderd (Hoofdstuk 4). Kalkoen-, parelhoen- en kwartel 
coronavirussen hadden juist een voorkeur voor ongesialyleerde glycanen, in het bijzonder 
polylactosaminen (Hoofdstuk 5). De rol van deze glycaan als coronavirusreceptor was nog 
niet eerder beschreven, en heeft geleid tot nieuwe inzichten in hoe het tropisme van deze 
virussen wordt bepaald. 

Weefselmicroarray technologie voor het detecteren van gastheergevoeligheid

Het in kaart brengen van de binding van het aanhechtingseiwit aan weefsels is zeer 
waardevol gebleken, maar de analyse van eiwitbinding op meerdere weefsels vereist grote 
hoeveelheden eiwit en is tijdrovend. Om deze nadelen te omzeilen hebben we aviaire 
weefselmicroarrays ontwikkeld; een collectie van weefsels van verschillende vogelsoorten 
en orgaansystemen geclusterd in een microscopisch preparaat. Hiermee kunnen we binding 
van virale eiwitten aan weefsels van verschillende vogelsoorten relatief snel en gemakkelijk 
bestuderen (Hoofdstuk 4). 
 Over het algemeen wordt gedacht dat elk aviair coronavirus een specifieke gastheer 
heeft. Van het prototype aviaire coronavirus IBV werd lang gedacht dat het alleen kippen 
infecteert. Echter omdat er recent ook IBV-achtige virussen zijn gevonden in verschillende 
andere vogelsoorten staat de gastheervoorkeur van deze virussen ter discussie. Met onze 
unieke weefselcollectie hebben we daarom bindingspatronen van spikes van aviaire 
coronavirussen aan weefsels van andere vogelsoorten geanalyseerd. De resultaten laten 
zien dat de glycaanreceptor van IBV M41 ook in de luchtwegen van verschillende andere 
vogelsoorten (zoals gans, eend, patrijs, fazant, kwartel, kalkoen en parelhoen) voorkomt 
(Hoofdstuk 4). Dit impliceert dat IBV infecties mogelijk niet beperkt blijven tot kippen, 
aangezien de eerste stap van de infectie ook lijkt plaats te kunnen vinden in andere aviaire 
gastheren. Ook voor aanhechtingseiwitten van coronavirussen welke voorkomen in de darm 
werd gevonden dat de specifieke glycanen benodigd voor de aanhechting voorkomen op 
darmweefsels van verschillende vogelsoorten. Deze resultaten geven inzicht in de mogelijke 
gevoeligheid van bepaalde vogelsoorten voor, of de gastheerspecificiteit van, aviaire 
coronavirussen. Toekomstige studies in vivo zijn nodig om vast te stellen of deze virussen 
daadwerkelijk ook andere vogelsoorten kunnen infecteren. Daarnaast zal worden gekeken 
of de glycanen die de binding van het S1 kunnen blokkeren ook virusinfecties kunnen 
remmen. Dit kan nieuwe inzichten opleveren voor de ontwikkeling van antivirale middelen 
om coronavirusinfecties in vogels te voorkomen. 

Hoewel in dit proefschrift een aantal fundamentele verschillen in het tropisme van aviaire 
coronavirussen wordt verklaard, blijven er nog vele vragen over. Eén van de interessante, maar 
nog niet volledig begrepen, bevindingen was het verschil in tropisme van de verschillende IBV 
pathotypen (Hoofdstuk 3). Terwijl het S1 eiwit van de IBV stam B1648, welke nierinfecties in de 
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kip veroorzaakt, alleen aan nierweefsel bindt na enzymatische neuraminidase behandeling, 
liet S1 van IBV stam QX, een virus dat ziekte in de nieren en de eileider veroorzaakt, alleen 
een milde binding aan het epitheel van de voortplantingsorganen zien. Verder onderzoek is 
nodig om deze verschillen in binding te verklaren. 

Binding van aanhechtingseiwitten van andere aviaire virussen

Onze data laten zien dat onze collectie van aviaire weefsels een geschikt platform is om virus-
gastheerinteracties op te helderen en dat de array verder ontwikkeld kan worden voor gebruik 
in infectiebiologisch onderzoek. Om de bredere toepassing van onze aanpak te demonstreren 
hebben we onderzoek gedaan naar de binding van het aanhechtingseiwit van een ander, 
voor vogels en mensen belangrijk virus, het griepvirus ofwel influenza. Het hemagglutinine-
eiwit HA van de griepvirussen H5N1 en H1N1 liet een sterke weefselbinding zien aan de cellen 
waarvan bekend is dat ze in dieren worden geïnfecteerd door deze virussen. De binding van HA 
van humane griepvirussen is, zoals bekend, afhankelijk van α2,6-gebonden siaalzuren, terwijl 
HA van vogelgriepvirussen bindt aan weefsels met α2,3-gebonden siaalzuren (Hoofdstuk 6). 
Met behulp van eiwithistochemie op onze aviaire weefselmicroarrays en humane weefsels 
konden we aantonen dat biologisch relevante mutaties in het HA eiwit van belang zijn bij 
de binding aan weefsels en dus een voorspellende waarde hebben voor het bepalen van 
het tropisme. Hiermee is duidelijk geworden dat eiwithistochemie en de nieuw ontwikkelde 
aviaire weefselmicroarray ook zeer waardevol zijn voor onderzoek naar de factoren die de 
infectie van andere virussen beïnvloeden. 

Conclusie

De binding van virale aanhechtingseiwitten aan weefsels is de eerste stap in de infectie. De 
bindingspatronen van virale aanhechtingseiwitten aan weefsels kunnen worden gebruikt 
voor het voorspellen van het tropisme en de gastheergevoeligheid voor een virus. De 
eiwithistochemie en de collectie van aviaire weefsels zoals in dit proefschrift beschreven 
kunnen grote bijdragen leveren aan de kennis over het tropisme van corona- en andere 
aviaire virussen. Uiteraard zijn er ook andere factoren betrokken bij het bewerkstelligen van 
een infectie in de vogel. Dit betreft niet alleen gastheerfactoren die bijvoorbeeld essentieel 
zijn voor virusvermenigvuldiging in de gastheercel, maar ook de mogelijkheid van het virus 
om het immuunsysteem van de gastheer te omzeilen. Uiteindelijk kan deze kennis alleen 
definitief verkregen worden in studies met infectieus virus in levende dieren. Modellen 
hiervoor zijn echter beperkt beschikbaar en ethische bezwaren aan het gebruik hiervan, 
alsook de moeilijkheid om gastheerfactoren in levende dieren te manipuleren, vormen grote 
uitdagingen voor toekomstig onderzoek. Onze nieuw ontwikkelde aviaire weefselmicroarray 
in combinatie met de technieken en expertise om virale aanhechtingseiwitten tot expressie 
te brengen blijven tot die tijd zeer waardevol om onze kennis over deze belangrijke virussen 
te vergroten. 
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