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ABSTRACT: Sulfated N-glycans play a crucial role in the
interaction between influenza A virus (IAV) and its host. These
glycans have been found to enhance viral replication, highlighting
their significance in IAV propagation. This study investigated the
expression of acidic N-glycans, specifically sulfated and phosphory-
lated glycans, in the egg whites of 72 avian species belonging to the
Order Anseriformes (waterfowls). We used the glycoblotting-based
sulphoglycomics approach to elucidate the diversity of acidic N-
glycans and infer their potential role in protecting embryos from
infections. Family-specific variations in sulfated and phosphorylated
N-glycan profiles were identified in waterfowl egg whites. Different
waterfowl species exhibited distinct expressions of sulfated trans-
Gal(+) and trans-Gal(−) N-glycan structures. Additionally, species-
specific expression of phosphorylated N-glycans was observed. Furthermore, it was found that waterfowl species with high avian
influenza virus (AIV) prevalence displayed a higher abundance of phosphorylated hybrid and high-mannose N-glycans on their egg
whites. These findings shed light on the importance of phosphorylated and sulfated N-glycans in understanding the role of acidic
glycans in IAV propagation.
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Influenza A virus (IAV) membrane proteins, hemagglutinin
(HA) and neuraminidase (NA), play crucial roles in virus

infectivity, transmissibility, pathogenicity, and host specificity.1

Combinations of different HA and NA subtypes give rise to
some of the deadliest IAVs that have caused major pandemics.2

IAVs can evolve and evade neutralization by antibodies and
vaccinations through antigenic evolution.3 In host specificity,
human-adapted IAVs HA exhibit binding specificity toward
sialyl-LacNAc, characterized by an α2,6 linkage between Sia
and Gal, while avian IAVs bind to sialyl-LacNAc with α2,3
linkages.4,5

IAVs are spreading to a wide range of host species, with
avian species belonging to the Order Anseriformes (water-
fowls) serving as its natural reservoir.2 Waterfowl are resistant
to avian influenza virus (AIV) and show no clinical symptoms
despite harboring almost all subtypes of IAV.6,7 Avian species
primarily experience IAV infections in their respiratory and
intestinal tracts. In chickens, the respiratory tract is the initial
site of infection, facilitating viral transmission through aerosol
droplets. On the other hand, ducks transmit the virus through
the oral−fecal route, as IAV replication occurs in their
intestine, colon, and cloaca, typically observed in birds infected
with low pathogenic avian influenza virus (LPAIV). In
contrast, highly pathogenic avian influenza virus (HPAIV)
causes systemic infections, affecting various tissues such as the
heart, brain, spleen, liver, and oviduct.6−8

HPAIV has been observed and isolated in the oviducts of
certain avian species. Additionally, LPIAV infection of avian
oviduct explants has been demonstrated in chickens, turkeys,
and ducks, with susceptibility observed in all oviduct sections,
particularly the magnum cells.9 This susceptibility explains the
detection of HPIAV in yolk and egg albumen, suggesting a
potential role of the reproductive tract in the pathobiology of
IAV in avian species. Furthermore, egg-borne influenza viruses
not only impact wild and domesticated birds but also pose
serious implications for viral dissemination to humans.10,11

Avian IAVs exhibit species-specific differences in the
receptor binding specificities of HA. While Sia-α2,3Gal is
considered the minimum essential glycan structure for binding,
the fine details of HA specificity vary depending on the original
host species. These binding specificities of avian IAVs are
determined through synthetic glycan library evaluations using
microarray or histochemical analyses.6,12,13 Therefore, it is
crucial to determine the glycan structures expressed in host
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cells and tissues, as the receptor binding specificities of HA
play a crucial role in determining tissue and species tropism of
IAV. Information about the glycan structures on these tissues is
valuable for identifying critical structures that IAVs would bind
to, highlighting the significance of host cell glycans as natural
barriers for transmission between different species.8

Recent studies have shed light on the importance of sulfated-
glycan structures on IAV hosts. Notably, the inoculation of
IAV into MDCK cells overexpressing sulfotransferase resulted
in a 90-fold increase in viral replication. Fuc- and sulfated
Sialyl-LacNAc moieties were found to be expressed in chicken
embryos, suggesting their involvement in the efficient
propagation of human H1N1 in chicken embryos.14,15 These
findings underscore the importance of thoroughly evaluating
different sulfated-glycan structures on IAV hosts, considering

that the receptor binding affinity of each hemagglutinin
subtype varies and greatly depends not only on α2,3/6-linked
sialosides but also on the underlying glycan structures.13,14,16

Egg white samples offer valuable insights into glycan
diversity and their roles in protecting embryos from infections.
The structural diversity of egg white glycans is species-specific,
resulting from environmental pressures, such as pathogenic
invasions. Additionally, since embryos are unable to produce
antibodies, immunoglobulins from the hen are transferred into
the egg, providing a snapshot of the maternal immune system’s
specific defense against pathogens.17 Hence, the diversity of
glycans in egg whites can be inferred from the evolutionary
history of antipathogenic offense and defense.18 In this study,
we conducted a large-scale analysis of avian egg whites from
the Order Anseriformes (Waterfowls) using the glycoblotting-

Figure 1. (A) Representative MALDI-TOF MS acidic N-glycan profiles (in negative-ion mode) of the four waterfowl families (anhimidae,
anseranatidae, dendrocygnidae, and anatidae) belonged to the order Anseriformes. (B) Heat map representation of the area normalized acidic N-
glycan profiles of the 72 waterfowl species depicting the relative abundance of each m/z value (total 89) identified as N-glycan peaks. MALDI-TOF
MS profile of D. viduata is shown on top of the heat map.
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Figure 2. MALDI-TOF/TOF MS profiles of selected BOA-labeled acidic N-glycans from waterfowl’s egg whites. TOF/TOF analysis was
performed in positive-ion mode on the [M + 2Na − H]+ ion adducts of each N-glycans. (A) TOF/TOF MS profile of a complex N-glycan type�
A8 (1297.4 m/z, [M − H]−; 1343.4 m/z, [M + 2Na − H]+). (B) TOF/TOF MS profile of a hybrid N-glycan type�A16 (1459.5 m/z, [M − H]−;
1505.4 m/z, [M + 2Na − H]+), wherein both A8 and A16 were identified to have monosulfation on its terminal GlcNAc. (C) TOF/TOF MS
profile of a phosphorylated high-mannose-type N-glycan − A22 (1594.7 m/z, [M − H]−; 1640.6 m/z, [M + 2Na − H]+). Linkage-specific MS/MS
structural analysis of each glycan species was not attempted.
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based sulphoglycomics approach we previously described. Our
findings unveiled a wide range of sulfated and phosphorylated
N-glycan species that exhibit distinct expression patterns in
waterfowl egg whites. Importantly, we inferred the potential
significance of these glycan variations concerning influenza
infection prevalence in waterfowl.

■ RESULTS AND DISCUSSION
Sulphoglycomics Revealed Diverse Acidic N-Glycans

in Waterfowl Egg Whites. We analyzed egg whites from 72
avian species that belong to the order Anseriformes (water-
fowls). The species were classified into different families based
on Sibley’s DNA−DNA hybridization, wherein 64 of the
species belong to Anatidae, 6 from Dendrocygnidae, 1 from
Anhimidae, and 1 from Anseranatidae (Table S1). Acidic N-
glycans (i.e., sulfated and phosphorylated) from egg whites
were analyzed using the glycoblotting-based sulphoglycomics
workflow we described previously.19 Briefly, egg white N-
glycans were released using PNGase F, followed by glycan
enrichment, methyl esterification, and benzyloxyamine (BOA)-
labeling by glycoblotting. BOA-labeled N-glycans were then
fractionated by using an amine-functionalized weak anion
exchange (WAX) microcolumn. Neutral and monomethylated
sialyl N-glycans were eluted first with 1% AcOH in 50% MeCN
(neutral fraction), while sulfated and phosphorylated N-
glycans were eluted next with 1% NH4OH in 5% MeCN
(pH 10.5) (acidic fraction). MALDI-TOF MS analysis of the
acidic fractions from the waterfowl egg whites (72 species)
detected a total of 89 monoisotopic peaks in negative-ion
mode [M − H]− identified as acidic N-glycan peaks (Table
S2). However, 89 does not correspond to the number of N-
glycan structures due to the presence of structural isomers for
every m/z value observed. Figure 1A shows the representative
acidic N-glycan profiles of each waterfowl family. Major acidic

N-glycans expressed by Anhimidae (Chauna torquata) and
Anseranatidae (Anseranas semipalmata) have monoisotopic
masses above 1800 m/z. While acidic N-glycans with low m/z
values (below 1800 m/z) are observed for Anatidae (Anas
platyrhynchos) and Dendrocygnidae (Dendrocygna viduata).
The relative abundance of each monoisotopic peak (m/z
values) identified as N-glycans expressed in the egg whites of
the 72 waterfowl species described in this work are shown as
Heat Map in Figure 1B. It can be noticed that two acidic N-
glycans (A8 and A16) are highly expressed across all 72
waterfowl species. A8 and A16 have monoisotopic masses of
1297 m/z and 1459 m/z, respectively. A8 (1297 m/z) was
inferred to have a glycan composition of HexNAc1Su1 +
Hex3GlcNAc2 (complex N-glycan), while A16 (1459 m/z)
had Hex1HexNAc1Su1 + Hex3GlcNAc2 (hybrid/complex N-
glycan). On the other hand, A37 (1783 m/z) was also noted to
be abundant in some species. A37 glycan composition was
inferred to be Hex3HexNAc1Su1 + Man3GlcNAc2, multiple
hexoses with a single HexNAc residue on its antennae indicate
that probably it has a monosulfated hybrid N-glycan structure.
MALDI-TOF/TOF MS Analysis of Acidic N-Glycans.

MALDI-TOF/TOF MS analysis of the acidic N-glycan species
was performed in positive-ion reflectron mode on their
corresponding single-charged disodiated molecular ions [M +
2Na − H]+. The common glycosidic bond cleavages (B and Y
ions) and cross-ring cleavages (A and X ions) observed in the
TOF/TOF spectra of acidic N-glycans enable an informative
sequence assignment of their glycan structures. Diagnostic
fragment ions and neutral losses implicating BOA-labeled
sulfated N-glycan structures were observed. A neutral loss of
326 m/z was found across all TOF/TOF MS spectra indicating
the loss of the reducing end GlcNAc terminus labeled with
BOA. Followed by a subsequent neutral loss of another
GlcNAc residue (m/z 203) at the N-glycan core structure.

Figure 3. Multivariate hierarchical clustering analysis (HCA) of the 72 egg white samples from Anseriformes species. Waterfowl species were
clustered according to the differential expression of acidic N-glycan (i.e., sulfated and phosphorylated) expressed on egg whites. Relative abundance
of the 89 monoisotopic masses identified as acidic N-glycans on egg white samples are shown as a heat map.
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Also, a cross-ring fragment (0,2A) of the GlcNAc residue at the
reducing end terminus was observed with a concurrent 206 m/
z neutral loss. Fragment ions bearing the sulfate moiety were
also detected in the TOF/TOF spectra. The fragment ion peak
at m/z 328 corresponds to the loss of a monosulfated GlcNAc
residue [SO3 + GlcNAc + 2Na]+ at the nonreducing end of the
N-glycan structure. Fragment ions at m/z 489, 651, and 814
correspond to [SO3 + GlcNAc + Hex + 2Na]+, [SO3 +
GlcNAc + Hex2 + 2Na]+, and [SO3 + GlcNAc + Hex3 + 2Na]+,
respectively, indicating the sequential cleavages of the mannose
residues of the N-glycan core. Furthermore, a neutral loss of
sodium sulfite (m/z 102) occurs readily20 and observed cross-
ring fragments (1,4X and 2,4X) of the GlcNAc antennae may

suggest that the sulfate group is attached at C6 position
(Figure 2A,B).

Phosphorylated N-glycan structures were also observed on
egg whites as previously reported.19 Figure 2C shows the
MALDI-TOF/TOF MS profile of a monomethylated
phosphorylated high mannose (Man6). Similar to the sulfated
N-glycans TOF/TOF profiles, a neutral loss of m/z 326 and
subsequent neutral loss of the second GlcNAc residue on the
N-glycan core were also observed. The cross-ring fragment ion
0,2A was also present. This suggests that these neutral losses
(m/z 326, 203, and 206) are characteristics of a BOA-labeled
N-glycan TOF/TOF MS fragmentation.18,21 On the other
hand, diagnostic fragmentation ions bearing the phosphate

Figure 4. (A) Principal component analysis of the acidic N-glycans expressed on egg whites from 72 waterfowl species. The model resulted in 8
principal components (PCs) explaining 90.52% of the variance within the data set. The 72 waterfowl species were also classified into 3 groups
based on their acidic N-glycan expressions. (B) Representative MALDI-TOF MS spectra of each group revealed specific acidic N-glycan species
that cause the variation between groups.
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group were detected. The molecular ion peak of the
monomethylated phosphate group [PO3Me + 2Na]+ was
observed at m/z 140.7, while [PO3Me + Hex2 + 2Na]+,
[PO3Me + Hex5 + 2Na]+, and [PO3Me + Hex6 + 2Na]+ were
also observed at m/z 462.9, 949.4, and 1112.0, respectively.
Cross-ring fragment ions 0,4X4′ and 2,5X4′ of the mannose
residue at the α1−6 antennae may suggest that the phosphate
moiety is attached to the C6 position.

It should be noted that there are a few unassigned fragment
ions on each MALDI-TOF/TOF MS spectra. Thus, care must
be taken when interpreting these TOF/TOF data due to the
possibility that the parent ion is a composite of several isomeric
forms of each glycan structure, which are commonly found in
biological samples. Lastly, an MS/MS linkage-specific analysis
of the glycan structures was not attempted due to the low
signal intensities of cross-ring fragments.

Figure 5. (A) Phylogenetic tree of 16 waterfowl species reconstructed based on the mitochondrial Cytochrome b (cty b) gene using the maximum
likelihood method and Tamura−Nei model (TN93 G) in MEGA11. Influenza virus prevalence (VP) of each species is shown as bar graph.22,26 (B)
Differential expression of acidic N-glycans between waterfowl species with low viral prevalence (LVP) and high viral prevalence (HVP) is shown as
a volcano plot. Partial least-squares discriminant analysis (PLS-DA) of the 16 waterfowl species based on viral prevalence (C, D) and based on their
lineage classification (E, F). Variable importance to projection (VIP) scores show important glycoforms that strongly influenced the PLS-DA score
plot.
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Differential Expression Profiles of Acidic N-Glycans in
Waterfowls Egg Whites. Multivariate analysis was employed
to explore and understand the relationships among the
Anseriformes species’ different acidic N-glycan expressions of
egg whites. Agglomerative hierarchical clustering analysis
(HCA) employing the Ward linkage method and Euclidean
distance metric was used to group the egg whites from 72
waterfowl species based on the relative abundance of the 89
monoisotopic peaks (acidic N-glycan peaks) (see Table S2).
The dendrogram (Figure 3) shows that the 72 waterfowl
species are grouped into two major clusters (A and B) based
on their acidic N-glycan expressions. Waterfowl species
belonging to Cluster A expressed acidic N-glycans having
monoisotopic masses above 1800 m/z, whereas Cluster B
expressed little to none. Waterfowl species in Cluster B were
grouped based on the expressed N-glycans having m/z values
below 1800 m/z. These two major clusters were further
subgrouped into 4 clusters (Clusters 1A, 2A, 1B, and 2B).
Clusters 1A and 2A split from the branch of Cluster A, while
Clusters 1B and 2B split from Cluster B. The branch
differentiation between Clusters 1A and 2A is due to the
expression of the monosulfated hybrid N-glycan (A37) having
a monoisotopic mass of 1783 m/z. Clusters 1B and 2B were
grouped according to the relative abundances of 1297 m/z
(A8) and 1459 m/z (A16) expressions. Interestingly,
Anseriformes species belonging to Cluster A is a mixture of
the four (4) waterfowl families, while Cluster B was exclusively
Anatidae family species.

Principal component analysis (PCA) was performed to
visualize the variance of the acidic N-glycans expressed on
waterfowl egg whites. The PCA is an unsupervised model that
finds natural variation in the data without overfitting on new
vectors (principal components, PCs). The observations
(waterfowl species) are displayed in the score plots, while
the variables (acidic N-glycans) are shown as loading plots.
The analysis resulted in a PCA model explaining 90.52% of the
variance within the data set using 8 principal components.
Figure 4A displays the score plot using PC1 (29.9%), PC2
(19.5%), and PC3 (15.4%), which accounts for 64.8% of the
total variance between the differential expressions of acidic N-
glycans in egg whites from the 72 waterfowl species. The 72
waterfowl species were classified into three major groups,
wherein 12 species clustered in Group 1 (Blue), while Group 2
(Red) had 56 species and Group 3 (Green) only had 4 species.
Interestingly, waterfowl species belonging to Group 1 are the
same species that belonged to Cluster 1A from hierarchical
clustering analysis. Group 2 is a mix of species that belong to
Clusters 2A, 1B, and 2B. While Group 3 species belonged to a
specific branch of Cluster 2A. The group classification of every
waterfowl species was due to some specific acidic N-glycans
expressed on their respective egg whites. Figure 4B displays a
representative MALDI-TOF MS spectrum of Groups 1, 2, and
3, which clearly shows the acidic N-glycans that cause the
variation of each group. Phosphorylated high-mannose and
hybrid sulfated N-glycans were observed in Group 1. Complex
and hybrid sulfated N-glycans without terminal galactose were
the abundant glycan structures present in Group 2. Group 3
expressed multiantennary complex N-glycans having terminal
galactose on their antennae. It was also noted that some
waterfowl species belonging to Group 2 expressed multi-
antennary complex N-glycans similar to Group 3 but of lower
abundance. The list of acidic N-glycan species that gave the
variance between each group on PCA analysis is listed in Table

S3. Furthermore, each N-glycan structure in Table S3 was
classified as trans-Gal(±) based on Hirose et al.’s18

classification of N-glycans expressed in avian egg whites.
Accordingly, trans-Gal(+) is an N-glycan structure with
terminal galactose, which is abundantly expressed in large
waterfowls as hyperbranched structures, while trans-Gal(−) are
N-glycans with little to no Gal-modified structures on their
reducing terminus, commonly expressed in small waterfowl egg
whites.
Phosphorylated N-Glycans Suggest AIV Prevalence

in Waterfowl. Previous studies revealed that the host
phylogeny is a crucial driver in the influenza A virus (IAV)
host range, indicating that phylogeny may be an essential factor
in host−virus co-evolution, which may explain the variability in
the host response to infection.22 Furthermore, species variation
in IAV prevalence is often associated with host susceptibility
and ecology.23,24 Since glycans are traits that vary between
organisms as a direct response to physiological and ecological
conditions, their structures are physical records due to genetic
and environmental influences.25 Here, we scrutinized the acidic
N-glycan expressions of egg whites from waterfowl species with
respect to the species’ virus prevalence and lineage. The virus
prevalence (VP) data used in this study was taken from the
work of Wille et al.22 and Olsen et al.26 Virus prevalence data
of Anseriformes species with >50 samples were used. A total of
16 Anatidae species belonging to Anatinae (13) and Anserinae
(3) subfamilies were included. The phylogenetic tree of these
16 waterfowl species was then reconstructed based on the
mitochondrial Cytochrome b (cty b) gene.27−29 The gene
sequences were obtained from NCBI GenBank (Table S4) and
then analyzed using Maximum Likelihood method and
Tamura−Nei model (TN93 G) in MEGA11.30,31 The tree
was rooted using Struthio camelus (ostrich) as an out-group.
Waterfowl species were then classified based on their VPs as
low viral prevalence (LVP) and high viral prevalence (HVP).
Classification was made by taking the average values of the 16
VPs. Based on the average VP (5.50%), species with VPs above
5.50% were classified as HVP, while those below it were
classified as LVP (Table S5). It can be clearly inferred from
Figure 5A that Anatinae species generally have a higher viral
prevalence compared to Anserinae species. Furthermore, Anas
rubripes (D34, 18.1%), A. platyrhynchos (D2, 12.9%), and Anas
discors (D52, 11.2%) are the top 3 species with HVP and
belong to the genus Anas.

Acidic N-glycan expressions of egg whites from the 16
waterfowl species were further analyzed according to their VP
classifications (LVP and HVP). Fold change (FC) analysis of
the glycan expression between HVP and LVP groups shown as
a volcano plot (Figure 5B) revealed three acidic N-glycans that
were highly expressed in egg whites of waterfowl species with
high virus prevalence. These differentially expressed N-glycans
are 1594 m/z (A22, phosphorylated high-mannose), 1783 m/z
(A37, sulfated hybrid N-glycan), and 1797 m/z (A39,
phosphorylated hybrid N-glycan). Furthermore, partial least-
squares-discriminant analysis (PLS-DA) was used to assess the
significant difference of N-glycans expressed between species
belonging to HVP and LVP groups. Figure 5C shows the PLS-
DA score plot using PC1 (31.1%) and PC2 (32.8%), which
explains 63.9% of the total variance between the groups.
Variable importance to projection (VIP) scores was also
determined to identify the acidic N-glycans that strongly
influence the separation of the two groups in the PLS-DA score
plot. Acidic N-glycans with VIP scores >1 are shown in Figure
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5D. The expression of these acidic N-glycans in waterfowl egg
whites provided the discriminating information between HVP
and LVP groups. Similar to FC analysis, VIP scores identified
m/z 1594, 1783, and 1797 as important discriminating
variables for species belonging to HVP. In addition, another
phosphorylated high-mannose N-glycan (A6, 1270 m/z) was
also identified as an important variable for HVP, while VIP
scores identified bi-, tri-, and tetra-antennary sulfated trans-
Gal(+) N-glycans as important variables for waterfowl species
with low virus prevalence. Interestingly, these sulfated
multiantennary trans-Gal(+) N-glycans are identified as
characteristic N-glycan structures expressed by waterfowl
species belonging to Anserinae subfamily (Figure 5E,F) with
a relatively low percentage of viral prevalence (Figure 5A).

The differential expression of phosphorylated high-mannose
and hybrid N-glycan structures suggests that these glycans may
serve as potential determinants of the prevalence of influenza A
virus in waterfowl species. This observation provides profound
insight into the crucial role played by acidic N-glycans (i.e.,
sulfated and phosphorylated) as receptors for IAV tropism and
infection. In Figure 6, when integrated with phylogenetic and
virus prevalence information, glycomics data offer additional
knowledge of the intricate dynamics of IAV in waterfowl
populations.

Notably, the expression of acidic N-glycans in waterfowl egg
whites implies possible aspects of host and virus co-evolution.
Waterfowl species with a high virus prevalence probably have
evolved to express sulfated trans-Gal(−) N-glycan structures,
serving as an adaptive mechanism that helps small waterfowls
evade IAV infection. The lack of terminal galactose expression
in small waterfowl species may hinder the efficient binding of
IAV to sulfated trans-Gal(−) N-glycans, wherein previous
research has demonstrated the affinity of influenza virus for
sulfated LacNAc glycan epitopes.6,32,6,32 Also, the limited
expression of galactosyltransferase (GalT1, GalT2) and the
absence of enzymatic activity of GalT3 in the magnum region
of avian oviducts result in incomplete galactosylation of egg
white proteins, aligning with findings from phylogenomic and
morphological studies.18,33 This may underscore the evolu-
tionary necessity of IAV for alternative binding interactions.

Consequently, IAV may have adapted to selectively bind to
phosphorylated N-glycans, as these glycan structures are
predominantly expressed in Anatidae species with high virus
prevalence. Furthermore, a similar co-evolutionary pattern has
been observed in human IAV, as demonstrated by Byrd-Leotis
et al., where IAV exhibits binding affinity to phosphorylated
high-mannose N-glycans in human lungs.34,35 This possible co-
evolutionary relationship emphasizes the intricate molecular
interactions governing viral infection.

In contrast, large waterfowls continuously express sulfated
trans-Gal(+) N-glycans, a pattern observed that is attributed to
the low virus prevalence of IAV in these species. Notably, the
sustained expression of these glycan structures in large
waterfowls suggests the presence of a robust defense
mechanism. Consequently, these species may mount a more
vigorous immune defense compared to smaller water-
fowls,7,17,36 given that IAV effectively binds to sulfated trans-
Gal(+) N-glycans structures.6,14,32 This effective binding
potentially obviates the need for further viral adaptation in
large waterfowl populations.

However, care must be taken when interpreting these results
because the virus prevalence data used in the study was limited
to 16 Anatidae species. Furthermore, the glycomics data was
limited to waterfowl species with available VP data. We believe
that these findings are significant in understanding the
dynamics of IAV infection in waterfowl, but they may not
completely reflect the 174 waterfowl species (53 Genera)
belonging to the Order Anseriformes. Furthermore, the
implications of this work extend beyond avian populations,
offering valuable insights into influenza transmission and
infection dynamics, potentially affecting humans as well.
Especially that overexpression of high-mannose N-glycans in
humans was identified as a marker for IAV pathogenesis and
infection severity outcome.37 This study may improve
surveillance and control strategies by understanding the
intricate relationships between viral infection and glycan
structures, mitigating the risk of zoonotic transmission from
birds to humans.

Finally, the study of acidic N-glycan structures in waterfowl
species unravels the important role of acidic N-glycans as

Figure 6. Glycomics data complement phylogenetic and virus prevalence data and together provide important insights into the dynamics of IAV in
waterfowl species. The phylogenetic tree was reconstructed based on the mitochondrial Cytochrome b (Cty b) gene of 60 Anseriformes species
obtained from NCBI GenBank.
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determinants of IAV prevalence. Phylogenetic and prevalence
data complemented by glycomics data strengthens our grasp of
the co-evolutionary adaptations between the virus and its avian
hosts, illuminating the molecular intricacies governing IAV
dynamics in waterfowl populations.

■ CONCLUSION
The glycoblotting-based sulphoglycomics approach revealed a
diverse array of sulfated and phosphorylated N-glycans in
waterfowl egg whites, providing meaningful insights into
influenza A virus (IAV) dynamics. Distinct variations in acidic
N-glycan expressions were observed among the four families
(Anhimidae, Anseranatidae, Dendrocygnidae, and Anatinae)
within the order Anseriformes. Waterfowl species were
differentiated based on their expressions of sulfated trans-
Gal(+) and trans-Gal(−) N-glycan structures, as well as
phosphorylated N-glycans. Moreover, phosphorylated hybrid
and high-mannose N-glycans were found to be highly
expressed in the egg whites of waterfowl species with a high
prevalence of the virus. These findings underscore the
importance of phosphorylated N-glycans, in addition to
sulfated N-glycans, in comprehending the dynamics of the
IAV in waterfowl species. Understanding these glycan
structures provides valuable insights into the factors influenc-
ing the transmission and evolution of IAV within avian
populations.

■ MATERIALS AND METHODS
Egg Whites. Egg whites from various species of Order

Anseriformes (4 families, 27 genera, 66 species) were collected
by Laskowski Jr.,38−40 and were maintained at −20 °C. The
scientific names of the birds were adapted from Sibley and
Monroe. The DNA−DNA hybridization of Sibley et al. was
used as our primary reference because their classification of
birds worldwide is complementary to the phylogenetic
analysis.41,42

Materials. Peptide N-glycosidase F (PNGase F) was
acquired from New England BioLabs (Ipswich, MA),
proteinase K was from Roche (Germany), trypsin was from
Sigma-Aldrich Corp. (St. Loius, MO), and the bacterial
alkaline phosphatase (BAP) was from Nippon Gene, Ltd.
(Tokyo, Japan). Ammonium carbamate, benzyloxyamine
hydrochloride (BOA), 3-methyl-1-p-tolyltriazene (MTT),
disialyloctasaccharide (SGP-10), hexa-N-acetylchitohexaose,
2,5-dihydroxybenzoic acid (DHB), sodium bicarbonate
(NaHCO3), 3,4-diaminobenzophenone (DABP), and tri-
fluoroacetic acid (TFA) were obtained from Tokyo Chemical
Industry Co. (Tokyo, Japan). BlotGlycoH bead was acquired
from Sumitomo Bakelite, Co., Ltd. (Tokyo, Japan).
N-Glycan Release.18,21 Lyophilized egg whites (approx-

imately 1 mg) were dissolved in 50 μL of 200 mM NH4HCO3,
followed by the addition of 4 μL of denaturation buffer (5%
SDS, 0.4 M DTT). The mixture was denatured for 10 min at
100 °C. After denaturation, 10 μL of 123 mM iodoacetamide
was added to the mix and incubated in the dark at room
temperature for 1 h. Tryptic digestion was achieved by adding
10 μL of 40 U/μL sequence-grade Trypsin (Sigma-Aldrich) in
1 mM HCl; the mixture was then incubated overnight at 37
°C, followed by heat inactivation of the enzyme at 90 °C for 10
min. The tryptic digest was allowed to cool at room
temperature, then 8 μL of reaction buffer (0.5 M Na3PO4,
pH 7.5), 8 μL of 10% NP-40, and 2 μL of 5 U/μL PNGase F

(New England BioLabs) were added, and the mixture was
incubated overnight at 37 °C. The mixture was further
digested with 10 μL of 0.5 U/μL Proteinase K (Roche,
Germany) at 37 °C for 3 h, followed by heat inactivation of the
enzyme at 90 °C for 10 min. The sample was dried in a
SpeedVac and stored at −20 °C until use.
Glycan Enrichment Using Glycoblotting.18,21,43 A 250

μL aliquot of a 10 mg/mL BlotGlycoH bead (Sumitomo
Bakelite, Co.) suspension was dispensed into each well of the
96-well multiScreen Solvinert filter plate (Millipore, Billerica,
MA). The filter plate was then attached to a vacuum manifold
to remove water. The dried sample containing released N-
glycans from egg whites was reconstituted with 40 μL of Milli-
Q water. A 20 μL aliquot of the reconstituted sample was
added into the wells with 10 μL of 100 μM disialylocta-
saccharide, SGP-10 (Tokyo Chemical Industry Co., Ltd.)
internal standard, and 180 μL of 2% AcOH in acetonitrile
(MeCN). The 96-well filter plate was incubated at 80 °C for
45 min until dry. Each sample well was washed with 200 μL of
2 M guanidine-HCl in 16 mM NH4HCO3, water, and 1%
triethylamine in methanol (MeOH) sequentially. Each solvent
washing was performed twice and vacuumed after each
washing step. Unreacted hydrazide functional groups on the
beads were capped with an acetyl group by incubating each
sample well with 100 μL of 10% acetic anhydride in MeOH for
30 min at room temperature. The capping solution was then
removed by vacuum and sequentially washed twice with 200
μL of 10 mM HCl, MeOH, and dioxane. On-bead methyl
esterification of the carboxyl groups of acidic glycans (e.g.,
sialic acid) was performed by adding 100 μL of 100 mM 3-
methyl-1-p-tolyltriazene (MTT) in dioxane into the sample
and incubated at 60 °C for 90 min until dry.44 The 96-well
plate was washed twice with 200 μL of dioxane, water, MeOH,
and water sequentially. The captured glycans on the
BlotGlycoH beads were labeled with benzyloxyamine (BOA)
via trans-iminization reaction. The labeling was performed by
adding 20 μL of 50 mM BOA-HCl and 180 μL of 2% AcOH in
MeCN at 80 °C for 45 min. BOA-labeled glycans were eluted
with 150 μL of water twice. The sample was dried in a
SpeedVac and stored at −20 °C until use.
Anionic-Glycan Separation Using WAX.20,45 50 μL of

100 mg/mL 3-aminopropyl silica gel suspension (1 mmol/mg,
Tokyo Chemical Industry Co. Ltd.) was packed into a 200 μL
micropipette tip with a cotton plug. The packed weak anion
exchange (WAX) microcolumn was conditioned and washed
sequentially with 100 μL of water, MeCN, and 1% AcOH in
95% MeCN twice. After every conditioning and washing step,
the column was centrifugated at 500 rpm for 2 min. BOA-
labeled N-glycans were reconstituted with 20 μL of water. A 5
μL sample aliquot was dissolved in 150 μL of 1% AcOH in
95% MeCN and then loaded into the column. The sample was
allowed to elute by gravity, and the collected eluate was
reloaded back into the column; this step was repeated three
times. The column was washed with 1% AcOH in 95% MeCN
to remove unbound and hydrophobic contaminants. BOA-
labeled neutral and monomethylated sialyl N-glycans were
eluted with 1% AcOH in 50% MeCN (neutral N-glycan
fraction), while BOA-labeled sulfated and phosphorylated N-
glycans were eluted with 1% NH4OH in 5% MeCN (pH 10.5)
(acidic N-glycan fraction). The eluates were then dried in a
SpeedVac and stored at −20 °C until use.
Mass Spectrometric Analysis. MALDI-TOF MS analysis

of BOA-labeled N-glycans was performed using Ultraflex III
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(Bruker, Bremen, Germany) operated on reflectron mode on
both positive- and negative-ion acquisition mode. Neutral and
monomethylated sialyl-glycans were analyzed in positive-ion
mode using 10 mg/mL DHB/NaHCO3 (10:1) in 50% MeCN
matrix.46,47 While sulfated glycans were analyzed in negative-
ion mode using the DABP matrix (3,4-diaminobenzophenone,
10 mg/mL in 75% MeCN with 0.1% TFA).20,45,48,49 The
MALDI-TOF and MALDI-TOF/TOF MS data were
annotated using the Bruker FlexAnalysis 3.0 software package.
Experimental m/z values were used to predict possible glycan
composition using the Expasy GlycoMod Tool and Glyconnect
Database of the Swiss Institute of Bioinformatics (https://web.
expasy.org/glycomod/) and GlycoWorkbench.50,51

Statistical Analysis. Multivariate analysis was performed
by using OriginPro statistical software (OriginLab Corp.). The
N-glycan peaks detected on MALDI-TOF MS spectra were
picked and annotated using FlexAnalysis software (Bruker
Daltonics). The peak area of each N-glycan monoisotopic peak
was normalized to the area of the most abundant N-glycan in
the MS spectra, and the peak areas were then expressed as
relative abundance. MS data sets used for the subsequent
multivariate analyses contain the relative abundance of
monoisotopic peaks (total of 89 m/z) identified as N-glycan
peaks from each egg white of 72 waterfowl species.
Hierarchical clustering analysis (HCA) was performed to
investigate the similarity of the glycan expression profiles based
on statistical distance. Principal component analysis (PCA)
was also used to explore the glycan profiles based on their
variation-covariance (information on each glycan); score plots
are provided for visual inspection of the relationships of
principal components. While MetaboAnalyst ver. 5.0 was used
to perform fold change analysis (FC), partial least-squares-
discriminant analysis (PLS-DA) and determined variable
importance to projection (VIP) scores to identify N-glycan
species that strongly influence the group separation in the PLS-
DA score plot.
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