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Abstract As one of several biologically active compounds
in milk, glycoproteins have been indicated to be involved in
the protection of newborns from bacterial infection. As
much of the physical and immune development of the
tammar wallaby (Macropus eugenii) young occurs during
the early phases of lactation and not in utero, the tammar is a
model species for the characterization of potential develop-
mental support agents provided by maternal milk.

In the present study, the N- and O-linked glycans from
tammar wallaby milk glycoproteins from six individuals at
different lactation time points were subjected to glycomics
analyses using porous graphitized carbon liquid chromatog-
raphy electrospray ionization mass spectrometry. Structural
characterization identified a diverse range of glycan struc-
tures on wallaby milk glycoproteins including sialylated,
sulphated, core fucosylated and O-fucosylated structures.
30 % of N-linked structures contained a core (α1-6) fucose.
Several of these structures may play roles in development,
and exhibit statistically significant temporal changes over
the lactation period. The N-glycome was found to contain
structures with NeuGc residues, while in contrast the O-
glycome did not. O-fucosylated structures were identified
in the early stages of lactation indicating a potential role in
the early stages of development of the pouch young. Overall
the results suggest that wallaby milk contains structures
known to have developmental and immunological signifi-
cance in human milk and reproduction in other animals,
highlighting the importance of glycoproteins in milk.
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Sulph Sulphate
IgY Immunoglobulin Y
IgG Immunoglobulin G

Introduction

In all mammalian groups studied to date, a delay in the
development of the immune system has been observed [1].
While any delay would appear to be disadvantageous to
newborns in combating infection, they can however receive
immune system protective agents from their mothers via the
placenta whilst in utero and then via their mother’s milk
after birth [1]. In humans, due to breast milk’s unique blend
of compounds, breast fed infants have been shown to be less
affected by gastric infections [2]. Studies investigating the gut
flora of breast-fed babies in comparison to formula-fed babies
have demonstrated differences in bacterial strain colonization
[3, 4]. Also, the survival rate of breast fed infants is signifi-
cantly higher compared to formula fed babies [5].

The marsupial tammar wallaby (Macropus eugenii) has
been shown to be a model species for investigation of
changes in mammalian milk composition in relation with
early infant development. The pouch young’s underdevel-
oped state at birth results in complete reliance on their
mother’s milk for nutritional and developmental support in
the first 100 days of lactation before they leave the mother’s
pouch and begin to consume food from their surroundings
during the next 200 days of lactation [6]. Tammar milk
composition changes over the 300 day lactation period in
accordance with the developmental needs of the pouch
young [7]. For example, major whey proteins in wallaby
milk that are known to be involved in immune protection
change throughout lactation depending on the development
of the young’s immune system [6]. Although it is not certain
exactly when each pouch young immune development
phase begins and ends, the lactation period can be approx-
imately broken up according to the three phases: incompe-
tent (first ~35 days), transitional (~45 to 105 days) and
competent (~115 days onwards) [6]. Because most of the
physical and immune development of the pouch young
occurs ex-utero after a relatively short 26 day gestation
period [8], relationships between milk composition and
pouch young development needs can be proposed.

Glycans make up a large percentage of innate immune
system components and can be found either as free oligo-
saccharides or as glycoconjugates such as glycoproteins,
glycosaminoglycans, glycolipids or mucins [9]. Glycans
are involved in a number of different functions and cellular
processes, such as cell adhesion and signaling [10–12]. This
involvement mediates different downstream processes, one
of which is immune system development and protection. In

human milk, it is hypothesized that a mechanism of immune
protection is provided by the ability of free glycans to bind
to foreign bacteria and thus carry them out of the body
through the digestive process [9]. Infection is therefore
avoided as bacteria are prevented from binding to intestinal
glycan receptors in the gut epithelium. This hypothesis is
supported as many of these glycans remain intact during
their passage through the alimentary canal and digestive
system [13]. Thus it can be assumed that a proportion of
the glycan constituents of glycoproteins remain unaffected
by the digestive process and present a set of binding glycan
epitopes in addition to the free sugars. Milk glycans have
also been shown to influence the development of the gut
microbiome by their role as a growth substrate. Marcobal et
al. [14] showed that Bifidobacterium longum subsp. infan-
tis, Bacteroides fragilis, and Bacteroides vulgatus strains
metabolized human milk oligosaccharides with high effi-
ciency, whereas Enterococcus, Streptococcus, Veillonella,
Eubacterium, Clostridium, and Escherichia coli strains had
reduced growth or did not grow at all when fed with a
mixture of milk oligosaccharides. Thus the milk glycome
(and glycoproteome) can act both by providing decoy bind-
ing sites for pathogens and as prebiotics for enrichment of
beneficial bacteria.

The free oligosaccharides of tammar wallaby milk have
previously been investigated, revealing the presence of neu-
tral oligo- and polysaccharides, and sialylated saccharides
[15–20]. The presence of free sugars in tammar milk appears
to be tightly controlled according to the needs of the pouch
young. Messer and Green [17] observed in two wallaby
mothers, that milk rich with oligosaccharides was produced
for newborn young while concurrently producing milk com-
prising mainly monosaccharides in a separate teat for young
no longer permanently residing in the pouch. At parturition,
only lactose is present in tammar milk, followed by the
presence of larger oligosaccharides and hexose, increasing
in concentrations from day 4 onwards of lactation before
declining rapidly at around 170 days [17]. By around
224 days, monosaccharides make up the majority of tammar
milk content, including galactose, glucose, glucosamine,
galactosamine and sialic acid moieties [17].

In the present study, the protein bound glycome of tam-
mar wallaby milk was explored in relation to the develop-
ment of pouch young using the well established system of
porous graphitized carbon (PGC) liquid chromatography
(LC) electrospray ionization mass spectrometry (ESI-MS)
[21–23]. The protein bound oligosaccharides were moni-
tored at different stages of the lactation period reflecting
the different immune system development stages of the
wallaby young. Although the tammar milk free oligosac-
charides have been characterized [20], no previous analysis
has been conducted on glycoproteins in tammar wallaby
milk and the changes in glycosylation over lactation time.
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Results

The N-glycome of wallaby milk glycoproteins

Glycoproteins were isolated from 2 μL of wallaby milk
from different stages of lactation using precipitation with
chloroform and methanol. After immobilisation of the re-
solubilised proteins on PVDF membrane, N-glycans were
released by PNGase F, isolated, and the global profile of the
N-linked oligosaccharides (N-glycome) characterised by
PGC-LC ESI-MS/MS (Fig. 1a). Inter-animal variability
appeared to be minimal as seen from the average N-glycan
MS profiles of six different individuals at similar lactation
time points (Figure 1, Supp data). However, comparison of
the N-glycan PGC-LC Base Peak Chromatograms (BPC),
that more accurately defines the isomeric heterogeneity of
the glycans, at different lactation times, indicated that global
glycosylation changes occurred over the lactation period in
all individuals (Figure 2, Supp data).

PGC-LC ESI-MS/MS for differentiation of N-glycan
isomeric structures

Many glycan masses are the sum of compositional isomers
with different branched structures. Investigation and differen-
tiation of these isomeric structures by MS/MS was facilitated
by the use of online PGC-LC before ESI-MS/MS detection as
exemplified by the example shown in Fig. 2. A doubly
charged signal with the m/z of [M-2H]2− 0 965.9 Da was
found to elute as five chromatographic peaks. This mass can
correspond to two different monosaccharide compositions:
HexNAc4Hex5NeuAc (N10, Table 1) or HexNAc4Hex4Fuc-
NeuGc (N11, Table 1). While three of the peaks could be
assigned by MS/MS fragmentation to the composition Hex-
NAc4Hex5NeuAc, with each structure differing only in the
position and linkage of NeuAc, the peak eluting at approxi-
mately 53 min in Fig. 2c was clearly assigned as a (α1,6) core

fucosylated biantennary structure (Fig. 2c) with one NeuGc on
the 3′ arm antenna. Digestion with (α-2,3–6) neuraminidase
and (ß-1,4) galactosidase confirmed the PGC-LC ESI-MS/MS
results (Fig. 2c & d). The four N-acetylneuraminic acid con-
tainingm/z [965.9]2− isomers were differentiated using them/z
979.3 diagnostic fragment ‘D’ ion for 6′ arm linked N-acetyl-
neuraminic acid residues and matched to the elution profile of
the same structures from Nakano et al. [24]. D-ions are
produced from cleavages around the branching mannose res-
idue of the N-glycan chitobiose core, causing the loss of the
core and the 3′ arm, therefore providing 6′arm-specific com-
positional information [25].

Statistical analysis of the temporal changes
of the N-glycome

Overall, 37 structures were identified by MS/MS and/or
retention time over all samples (see Table 1). 62 % of
identified N-glycan structures were of the biantennary type
and 30 % of structures contained a core (α1,6) fucose. N-
glycans containing both NeuAc and NeuGc were found on
wallaby milk glycoproteins with 17 structures containing
NeuAc (46 %) being more prominent compared to NeuGc
(16 %), and one structure containing both NeuAc and
NeuGc (n11, Table 1).

Statistical analysis using a linear mixed-effects model of
the most abundant 16N-glycan masses (see N1-N16, Table 1)
uncovered eight structures exhibiting temporal changes
consistently across individuals between at least two time
points (p<0.05, Table 1). These changes were displayed
through box plots in order to graph the loge normalized
percentage abundances of each structure from all six indi-
viduals over time (Fig. 3). Five of these eight structures
were core fucosylated (N1, N2, N11, N4 and N6) with
three of these five (N1, N4 and N6) exhibiting the same
temporal trend starting with an initial relatively low abun-
dance at the incompetent immune development stage with

Fig. 1 Base peak
chromatograms of a
representative tammar wallaby
milk N-glycan (a) and
O-glycan sample (b).
N/n0N-linked oligosaccharide,
O0O-linked oligosaccharide.
Details of these structures are
shown in Tables 1 and 2
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a subsequent increase over the transitional stage, followed
by subsequent decrease in the final competent stage
(Fig. 3a). The remaining two core fucosylated structures
(N2 and N11) showed a significant increase in abundance
over the lactation period (Fig. 3b).

Two trianntenary N-glycans, N7 and N15 (Table 1),
showed an initial relatively high abundance at the incompe-
tent immune stage, dropping during the transitional stage
and followed by an increase in abundance at the final
competent stage (Fig. 3c).

The biantennary, di-sialylated structure (N12, Table 1)
varies in abundance over lactation with levels rising
between the incompetent and transitional immune stages,
then decreasing at the beginning of the competent im-
mune stage, followed by an additional decrease in some
individuals around 168 days post-partum (Fig. 3d). The

biosynthetic precursors to this glycan (N3 and N10) did
not exhibit any detectable consistent temporal trends
across individuals (p>0.05).

The O-glycome of wallaby milk glycoproteins

Structural analysis of the protein bound O-linked oligosac-
charides on wallaby milk glycoproteins (O-glycome) resulted
in the detection of 16O-glycan structures. The majority of the

Fig. 2 Investigation of the MS/MS fragmentation of five different LC-
MS peaks corresponding to m/z [965.9]2- indicated that four peaks
correspond to a biantennary N-glycan with one N-acetylneuraminic
acid. A representative MS/MS spectra from the first peak is shown in
a. The third peak however corresponds to a biantenary core fucosylated
N-glycan with one N-glycolylneuraminic acid (b). This was confirmed
by digestion with (α-2,3–6) neuraminidase and (β-1,4) galactosidase

which resulted in the loss of both the neuraminic acid and galactose
moieties on all m/z [965.9]2- isomers, with the subsequent signal
increase of the resultant structural products, m/z [731.1]2- and
[658.3]2- (c & d). N-acetylneuraminic acid containing m/z [965.9]2-

isomers were differentiated from one another using the m/z 979.3
fragment ion for 6′ arm linked N-acetylneuraminic acid residues and
elution profile from Nakano et al. [24]

Fig. 3 Box plots show the range of loge transformed percentage abun-
dance values plotted over lactation time points. The structures shown in
this figure were the only ones found under the linear mixed-effects
analysis to have significant temporal changes between at least two time
points across all individuals (p<0.05). The structures are grouped accord-
ing to their structural type and listed from left to right in order of their
biosynthetic precursors

�
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structures identified were of theO-GalNAc linked mucin-type
core 2 (68.7%) (O1- 4, O9, O11-14, Table 2) with and without
NeuAc. In a marked difference to the N-glycome, no NeuGc

containing structures were identified. 18.7 % of structures
were of O-GalNAc linked mucin-type core 1 (O7, O8 and
O10, Table 2).

Table 1 Structures of the most abundant 16N-glycan masses (N1-N16)
in wallaby milk as confirmed by MS/MS. Where structural isomers and
linkages could not be confirmed, only the composition is presented. 11
low abundance N-glycan masses (n1-n11) which could not consistently

be identified and integrated across samples are also presented but were
not used in the linear mixed-effects analysis. Different isomers bring the
total number of N-linked structures identified to 37. Isomers are listed in
order of elution

Mass number m/z Structure Mass number m/z Structure
N-glycans

Neutral Structures  

N1 a,b [731.3]2-  

N5 b [893.4]2-  

N2 a,b [812.3]2- N6 a,b [913.9]2-  

N3 [820.3]2-

N4 a,b [832.9]2- 

N7 a  [1002.9]2-

Sialylated Structures

N8 [783.3]2- N12 a [1111.5]2-

N9 [892.2]2- [1111.5]2-

N10 [965.9]2- N13 b [1046.9]2-

[965.9]2- N14 b [1067.4]2-

[965.9]2- N15 a [1148.4]2- 

[965.9]2- [1148.4]2 

N11 a,b [965.9]2-
[1148.4]2 

N16 [1294.0]2-

aiSecnadnubAwoL:serutcurtSlartueNecnadnubAwoL lylated Structures: 

n1 [698.3]2- n7 [864.3]2-

n2 [739.3]2- n8 [872.3]2-

n3 [779.3]2- n9 [884.8]2-

n4 [860.3]2- n10 b [1038.9]2-

n5 [941.4]2-

n6 [1022.4]2-
n11 [1119.4]2-

Sulphate

N-acetylglucosamine

N-acetyl neuraminic acid

N-glycolyl neuraminic acidFucose

Galactose

Mannose

N-acetylgalactosamine

a Structures exhibiting temporal changes consistently (linear mixed effects p-value<0.05) over lactation across six individual wallabies. These
trends are depicted in box plots in Fig. 3
b Core fucosylated structures
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Interestingly, 12.5 % of the O-linked structures were the
unusual O-fucose linked tri- and tetrasaccharides of the
composition NeuAcHexHexNAcFuc (O6, Table 2) and
HexHexNAcFuc (O5, Table 2). The nature of the direct O-
fucose linkage to the amino acid backbone was unambigu-
ously identified by MS/MS detection of the ions of m/z
165.1 and 350.1 Da, that are diagnostic of fucose at the
reducing end of the released oligosaccharide, and which is
in accordance with the spectra of presented by Wilson et al.
(as shown in reference 46, Figure 8).

Another group of potential functionally-interesting O-
linked glycans were identified by this study. Compositional
analysis of m/z [909.2]1−, [1120.4]1− and two isoforms of m/
z [829.3]1− (Table 2: O3, O4, O1 and O2, respectively),
indicated the presence of a 80 Da sulphate or phosphate
group on these structures. To determine whether this was a
sulphate residue loss, released O-glycans were digested with
phosphatase in a separate experiment. Phosphatase activity
was confirmed using a glycan sample from Trichoderma
reesii known to contain Man-PO4 phosphorylated N-glycans
[26], while no mass shift was observed for the phosphatase
treated wallaby O-glycans, indicating that the O-glycans
were sulphated and not phosphorylated. Also, phosphory-
lated glycans predominantly have the phosphate addition on
a mannose residue and so far no phosphorylated O-glycans
have been reported in the literature. Sulphate residues were
therefore assigned in structures O1 - O4 to the galactose

residues of the core 2-type O-glycans due to the presence of
the B1 m/z 241.0 diagnostic fragment ion [27] seen in all
four structures (see Fig. 4 for a representative MS/MS of the
m/z [829.3]1- isoforms). Although the presence of low in-
tensity m/z 284 (Panel a, Fig. 4) and 301 (Panel b, Fig. 4)
ions indicates sulphation of the N-acetylglucosamine moiety
and not the outer arm galactose residues, these fragments are
most likely present due to sulphate migration from the
galactose residue during CID as recently described by
Kenny et al. [27].

Statistical analysis of temporal changes of the O-glycome

As was seen for the N-glycans, the O-glycan BPCs indicated
that global temporal changes in milk protein O-glycosyla-
tion occurred across the lactation time in all individuals
(Figure 4, Supp data). Only minimal inter-animal variations
were seen by qualitative comparison of the average MS
spectra of the six different wallaby individuals at each time
point (Figure 3, Supp data), however, box plot visualization
of the percentage abundance values for those structures were
found to be different under the linear mixed effects analysis
and demonstrated a high degree of inter-animal variation of
each structure. Although there were fewer O-glycan struc-
tures identified than N-glycans, the overall O-glycan BPC
signal intensities were higher which allowed all structures to
be annotated and integrated across samples. Because of this,

Table 2 Structures of the 14 O-glycan masses in wallaby milk as confirmed by MS/MS. Different isomers bring the total number of O-linked
structures identified to 16. Where structural isomers and linkages could not be confirmed, only the composition is presented

Mass number     m/z Structure Mass number     m/z Structure 
O-glycans

serutcurtSdetalylaiSserutcurtSdetahpluS

O1 [829.2]1-
            O7 a [675.3]1-

            O8 [675.3]1-

O2 [829.2]1- O9 [878.4]1-

 O3 a [909.2]1- O10 [966.4]1-

O4 [1120.4]1- 

O11 [1040.4]1-

O12 [1331.5]1-

serutcurtSlartueNserutcurtSdetalysocuf-O

O5 [530.3]1- O13 [587.3]1-

  O6 a [821.3]1- O14 [749.3]1-

Sulphate

N-acetylglucosamine N-acetyl neuraminic acidFucose

Galactose N-acetylgalactosamine

a Structures exhibiting temporal changes consistently (linear mixed effects p-value<0.05) over lactation across six individual wallabies. These
trends are depicted in box plots in Fig. 3
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all O-glycan structures were included for statistical analysis
and none classified as ‘low abundance’ (as were Structures
n1-11 (Table 1) in the N-glycome). Three structures, m/z
[675.3]1−, [821.3]1−, and [909.2]1− had p<0.05 under the
mixed-effects analysis and their temporal trends over the
lactation sample time points are shown in Fig. 3 (Table 2:
O7, O6 and O3 respectively).

PGC-LC ESI-MS/MS analysis allowed separation of two
structural isomers of m/z [675.3]1− (O7 and O8, Table 2)
(Fig. 5a & b). Interestingly, the linear mixed effects model
showed only O7 to significantly change in average abun-
dance levels over the lactation period, with an increase
during the transitional immune system development stage
before decreasing as the immune system reaches competen-
cy whereas its isomer, O8 did not (Fig. 5c).

Whilst the non-sialylated O-fucosylated structure (O5)
was found in all six individuals, its sialylated counterpart
(O6, Table 2) was only detected in three of the six individ-
uals analysed. Nevertheless the linear mixed effects model
showed a statistically significant abundance change only in
the latter. In the three individuals there was a clear
increase from the beginning of lactation through to ap-
proximately 88 days, where expression then disappeared
altogether (bottom panel, Fig. 3). Interestingly, at this
stage the immune system of the young is now competent.

The statistical analysis of the sulphated O-linked structures
showed that only the doubly sulphated m/z [909.2]1− (O3)
exhibited consistent temporal changes between individuals
over lactation. Although this structure was expressed in only
three individuals, a marked decrease in abundance was ob-
served over the first two time points with no expression seen
in the last three time points (bottom panel, Fig. 3).

Discussion

Approximately 30 % of the N-glycans identified on tammar
wallaby milk glycoproteins contained core (α1-6) fucosy-
lated structures with no antenna fucosylation identified.
(α1,6) fucosyltransferase catalyses the attachment of a fu-
cose moiety to the innermost N-acetylglucosamine residue
of an N-linked glycan core of mammalian glycans, causing a
structural change and potentially changing the role and
function of the glycoprotein [28]. Core fucosylation in pla-
cental mammals is crucial in the binding of epidermal
growth factor receptor to its ligand, which subsequently
stimulates cell differentiation and growth [29]. Studies of
(α1,6) fucosyltransferase double knockout mice lacking this
enzyme have observed growth retardation and early death
during post-natal development [30] due to disruption of
tyrosine kinase activity in the EGFR stimulated cell-
signalling pathway [29]. Thus it is possible that core
fucosylated glycans on wallaby milk glycoproteins may
also be involved supporting the development of the
wallaby young. In addition, predominantly core fucosy-
lated glycans of human milk lactoferrin have been
reported to be involved in the prevention of bacterial
binding to gut epithelial cells and infection [31]. Of the
11 core fucosylated N-linked oligosaccharide structures
identified here in wallaby milk, five structures exhibited
similar temporal trends across lactation in six different
individuals. While the direction of the trends is not all
the same for the five structures, this may be due to their
involvement in different specific processes at different
stages of lactation. Overall, the degree of N-glycan
fucosylation in wallaby milk glycoproteins (30 %) is

Fig. 4 MS/MS spectra were
annotated for the elucidation of
the m/z [829.3]1− compositional
isomers at 28.7 min (a) and
29.4 min (b). Sulphate residues
were assigned to the galactose
residues of these structures due
to the presence of the B1 m/z
241.0 diagnostic fragment ion
[51]. The presence of low
intensity m/z 284 (a) and m/z
301 (b) ions indicates
sulphation of the
N-acetylglucosamine moiety,
however these fragments are
most likely present due to
sulphate migration from the
galactose residue during CID as
recently described by
Kenny et al. [51]
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less than that reported in human milk (75 %), but
similar to bovine milk (31 %) [32].

Core fucosylation is also a modification characteristic of
Immunoglobulin G (IgG) glycosylation [33]. IgG has been
well documented in the milk of several mammals, including
the wallaby, and elicits its immune protective effects by
transport across the gut wall into the circulatory system of
the young [34, 35]. IgG is present at high levels in wallaby
colostrum and milk during the first one hundred days post-
partum [36–38] with a subsequent decrease as the pouch
young’s ability to elicit its own immune response develops.
With exception to the NeuGc-containing structures N11,
N13 and N14 (see Table 1), all the core fucosylated struc-
tures characterised in this study have been previously
reported on human serum IgG [39]. IgG glycosylation may
therefore be partially contributing to the core fucosylation
profile seen in the N-glycans of wallaby milk.

Of all the core fucosylated N-glycans characterised in
wallaby milk, three structures (N4, N6 and N14, Table 1)
contain a bisecting GlcNAc attached in (β1-4) linkage

to the innermost mannose residue of the N-linked gly-
can core. This feature is known to terminate further
N-glycan processing and elongation [28] resulting in
intermediate N-glycan structures (e.g. N4, Table 1).
Structures similar to N4, N6 and N14 have been
reported in early development stages of birds in chicken
embryo serum [40], chicken serum IgG [41], and at-
tached to IgY (avian IgG) transferred from serum to
egg-yolk in Japanese Quail [42].

Several sialylated N-linked glycan structures were
found in high abundance (N8-N16, Table 1). These struc-
tures may be involved in growth and immune support for
the wallaby young since the role of sialic acid containing
milk oligosaccharides in inhibiting the binding of patho-
gens has been documented in humans, such as inhibition
of enteropathogenic Escherichia coli [2]. Inhibition of
rotavirus is thought to be mediated by the sialylated
glycans of the lactadherin glycoprotein in human milk,
as the protein’s ability to inhibit the virus is severely
diminished after sialic acid removal [9].

Fig. 5 a BPCs between 21 and 27 min showing the lactation time
course of the O-glycans released from the glycoproteins of one wallaby
mother. All time points from 15 to 77 days lactation have been
normalized to the major peak in the sample and the [675.3]1- isomer
peaks separated by porous graphitized carbon liquid chromatography
can be seen on either side. b Subsequent MS/MS fragment spectra of
the two peaks allowed the different structural isomers to be character-
ized. MS/MS spectra of the linear [675.3]1− structure showed a

prominent loss of an N-acetylneuraminic acid therefore the spectra
scale was magnified to visualize the low abundance peaks. c Box plots
depicting the loge transformed percentage abundance of the two com-
positional isomers in all six individuals over lactation time indicate that
the temporal trends are not the same for both structures. Only the linear
isomer (O7) exhibited a statistically significant trend under the linear
mixed-effects analysis (p<0.05) with an increase over time across all
individuals
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The use of PGC-LC ESI-MS/MS was crucial for unam-
biguous identification of NeuGc containing core fucosylated
glycans (N11, N13 and N14, Table 1). N-glycolylneura-
minic acid is a commonly found sialic acid in all mammals
except humans, new world monkeys and guinea pigs [43]
although the sialyltransferase responsible for its addition to
glycans is always present [44]. NeuGc acid was identified
on six wallaby N-linked structures while no O-linked gly-
cans were identified carrying this monosaccharide. The
overall degree of N-glycan sialylation in the tammar wallaby
milk (59.6 %) was similar to that of bovine and human milk
(68 % and 57 % respectively) [32]. However, taking into
consideration that N-glycolylneuraminic acid is not
expressed in humans, this brings the percentage of structures
containing N-acetylneuraminic acid residues in wallaby
milk (46 %) to below that in human milk.

Mucin type O-linked glycans are usually attached to
serine or threonine residues via an N-acetylgalactosamine
residue. However, other and rarer types of glycosylation
such as the attachment of an O-fucosylated oligosaccharide
to a serine or threonine have been identified [45]. The MS-
MS fragmentation data of the O-linked fucose trisaccharide
Hex1HexNAc1Fucose1 (O5, Table 2) is in very good accor-
dance with the spectra recently reported by Wilson et al.
[46] who identified the same structure in human milk fat
globule membranes (MFGM) but not in bovine MFGM.
This structure was first found on epidermal growth factor
(EGF)-like domains [47] and the O-fucosylation site on
EGF itself is evolutionarily conserved [48]. The structure
is also involved in intracellular signalling transduction such
as the binding of Notch ligands and mediates many cell
development and differentiation processes [48]. In Drosoph-
ila, the enzyme involved in the addition of an O-fucose to
Notch receptors, O-fucosyltransferase 1, also has chaperone
activities and promotes the folding of the receptor protein
[49]. Though the highly conserved nature and importance of
O-fucosylation in cell development is indicated, it has been
little studied so we can only speculate about the biological
significance for the development of the wallaby. Its presence
only in the first stages of lactation is possibly in accordance
with the need for this modification only in early development.
The sialylated version of this O-fucosylated glycan, m/z
[821.5]1− with composition Hex1HexNAc1Fucose1NeuAc1,
(O6, Table 2) has been reported in bovine MFGM, but is not
present in human MFGM [46]. m/z [821.5]1− exhibited a
statistically significant temporal change over lactation while
its non-sialylated counterpart did not.

Sulphated glycans are known to be involved in bacterial
binding as binding epitopes for H. pylori [50], as well as in
cell signalling and cell adhesion, growth factor presentation,
development and leukocyte homing [51]. Four different
structures (O1 - O4, Table 2) were identified as having an
additional mass residue of 80 Da, corresponding to the

addition of a phosphate or sulphate group to the glycan.
Conventional ion traps instruments like the one used in this
study unfortunately do not provide the resolution and mass
accuracy required for discrimination of these two groups by
mass alone. In an earlier study that investigated the sulpha-
tion and phosphorylation of different regions of the Dioxin
receptor (DR) in mammalian cells, the presence of particular
diagnostic ions in the MS/MS were found to distinguish
between sulphation or phosphorylation on the peptides
[52]. Structures O1-O4 were therefore identified as sulph-
ated by the presence of a 80 Da MS/MS diagnostic ion, as
opposed to a 98 Da loss which indicates phosphate presence
[52]. It is important to note that the work of Dave et al.
(2009) used positive ion mode MALDI-TOF-MS for their
peptide analysis whereas negative ion mode ion trap MS has
been used in the present study. Sulphation was subsequently
confirmed when no change in peak intensity in accordance
with the loss of a phosphate group was observed after
treatment with a phosphatase enzyme. Sulphate residues
were thus assigned to the galactose residues of structures
O1-O4 due to the presence of the m/z 241.0 diagnostic ion
[27], although some evidence of sulphate migration to the
N-acetylglucosamine moiety during CID was also seen. Of
these four sulphated O-linked glycans, only m/z [909.2]1−

(O3, Table 2) showed statistically significant temporal
changes consistent across six individuals.

It should be noted that the O-glycan abundance percen-
tages showed more variability, with a high percentage of
zero and missing values. In the case of some structures,
while clear trends in the majority of individuals are visible
in the raw data, the presence of a single outlier or one
individual exhibiting a different trend can mean that the
population averages are not found to change significantly
over time. Loge transformation of the data was undertaken
to magnify low abundance changes, and these were used to
plot the change in percentage abundance over lactation time.
This potentially may render the changes in high abundance
glycans less obvious. Alternatively it is possible that struc-
tures that do not change over time may be involved in
providing constant development aid and/or protection to
the pouch young over the duration of lactation. For example,
all but three sialylated N-glycans do not exhibit changes
over time thereby suggesting that their action may be nec-
essary to the pouch young over the whole course of
lactation.

The detailed structural characterisation of the glycosyla-
tion of the proteins in the milk of the marsupial tammar
wallaby showed structures similar to those with develop-
ment and immune protection agents in human milk and
reproductive environments in other animals. Some of these
structures also changed significantly over lactation across all
individuals, indicating their developmental and functional
significance in the maternal milk protection of the infant.
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Materials and methods

Materials

Immobilon-P Polyvinylidene Fluoride (PVDF) membranes
and 10 kDa Microcon ultrafilters were purchased from
Millipore (MA, USA). N-Glycosidase F (PNGase F) (re-
combinant cloned from Flavobacterium meningosepticum
and expressed in Escherichia coli) lyophilized in 10 mM
sodium phosphate buffer, pH 7.2, was purchased from
Roche Diagnostics (Basel, Switzerland). Ammonium ace-
tate (NH4COOH), sodium borohydride (NaBH4), Polyvinyl-
pyrrolidone (PVP) 40000 and Direct Blue 71 were obtained
from Sigma (St. Louis, MO, USA). AG50W-X8 cation-
exchange resin (H+ − form) was purchased from BioRad
(Hercules, CA) and μC18 ZipTips from Eppendorf (Ham-
burg, Germany). (α-2,3–6) Neuraminidase was purchased
from Northstar Bioproducts (MA, USA) and (ß-1,4) galac-
tosidase from Aspergillus oryzae was kindly provided by
Prof. Friedrich Altmann, University of Natural Resources
and Applied Life Sciences, Vienna. Alkaline phosphatase
and 1x dephosphorylation buffer were obtained from Roche
(Germany). HPLC-grade water was obtained using a Milli-
Q® Synthesis water purification system (Millipore, MA,
USA). ACS grade chloroform, methanol, urea (Fluka Bio-
chemica, Germany), acetic acid (LabServ, Victoria, Aus-
tralia), and ethanol (Fronine, NSW, Australia) were used in
this study.

Wallaby milk sample collection

Wallaby milk samples were collected from six different
female tammar wallabies at five time points around 13, 56,
88, 123 and 168 days post-partum. From two of the indi-
viduals, only four samples were obtained (around 15, 56,
123 and 168, and 16, 61, 90 and 157 days post-partum
respectively), providing a total of 28 samples. However, it
was ensured for all individuals that at least one of the four or
five samples collected were from each of the three immune
development stages of the pouch young: incompetent, tran-
sitional and competent [6]. Wallabies where only four sam-
ples were collected had one sample missing from either the
transitional or competent stage. Samples were collected
under approved Animal Ethics protocols (AHEC03/04- 12)
obtained by Joss et al., [6] where details of milk collection
and treatment prior to freezing can be found.

Milk protein precipitation

Frozen wallaby milk samples were thawed to room temper-
ature and proteins subsequently precipitated using chloro-
form, methanol and water [based on 53]. Briefly, 8 μl
methanol was added to 2 μl of milk sample then vortexed

and centrifuged for 10 s. Thirty μl of chloroform was
subsequently added and the mixture vortexed until the pro-
tein pellet was re-suspended, followed by brief centrifuga-
tion once again. For phase separation, 6 μl of water was
added and the protein pellet re-suspended. The total mixture
was then vortexed at 12, 000g for 4 min, resulting in the
formation of three layers: a top methanol and water layer,
middle protein layer, and a bottom chloroform layer. The
chloroform layer was discarded for removal of glycolipids
and the remaining two layers dried under vacuum. The
protein was re-solubilised with 10 μl 8 M urea and 30 min
shaking at 50 °C. Re-solubilised proteins were filtered
through a 10 kDa Microcon ultrafilter for 25 min at 12
000g, followed by twice washing with 50 μl 8 M urea and
10 mins centrifugation. Ultrafilters were then inverted into
fresh eppendorf tubes and spun to collect the milk proteins.

N- and O-glycan release from milk glycoproteins

Glycans were released from milk glycoproteins according to
Wilson et al. [54]. Briefly, to confirm linkages within glycan
structures, purified N-linked oligosaccharides were digested
with 1 μl (α2-3,6) neuraminidase with 0.5 μl (ß-1,4) galac-
tosidase in 100 mM NH4COOH at 37 °C overnight. Exo-
glycosidase activity was terminated by heating at 99 °C for
3 min before PGC-LC ESI-MS/MS analysis of the released
oligosaccharides.

For differentiation between of sulphate or phosphate mod-
ification, purified O-glycans were treated with 1 μl alkaline
phosphatase in 5 μl 1x dephosphorylation buffer and 5 μl
water overnight at 37 °C. As a positive standard for phospha-
tase activity, an N-glycan sample from Trichoderma reesii
known to contain phosphorylated N-glycans was used [26].

Carbon nanoLC ESI-MS/MS

N- and O-glycan alditols were analyzed by porous graphi-
tized carbon LC MS/MS on a capillary LC MS/MS using an
Agilent MSD ion-trap XCT Plus mass spectrometer coupled
to an Agilent 1100 capillary LC (Agilent Technologies, CA
USA). The samples were first applied to a Hypercarb PGC
HPLC column (5 μm Hypercarb, 0.32×100 mm, Thermo
Hypersil, Runcorn UK). N-linked oligosaccharides were
subsequently separated using a linear gradient with 2–
16 % (v/v) ACN/10 mM NH4HCO3 for 45 min, followed
by a gradient of 16–45 % (v/v ACN/10 mM NH4HCO3) for
20 min. The column was then washed with 45 % (v/v) ACN/
10 mM NH4HCO3 at a flow rate of 5 μl/min for 6 min
before re-equilibrating in 10 mM NH4HCO3. O-linked oli-
gosaccharides were separated using a linear gradient with 0–
25 % (v/v) ACN/10 mM NH4HCO3 for 25 min, followed by
10 min washing with 72 % (v/v) ACN/10 mM NH4HCO3 at
a flow rate of 5 μl/min. ESI−MS was performed in negative

Glycoconj J (2013) 30:523–536 533



ion mode with two scan events: full scan with mass range m/z
100–2200, and dependentMS/MS scan after collision induced
fragmentation. Automated peak recognition and tandem MS
of the top 3 most intense precursor ions was performed.

The composition of each glycan was determined from the
monoisotopic masses of detected ions shown in the base
peak (BPC) and extracted ion (EIC) chromatograms, and
was verified manually using MS/MS data. Monoisotopic
masses were searched using the GlycoMod database (avail-
able at http://www.expasy.ch/tools/glycomod) using param-
eters of±0.6 Daltons to predict the possible glycan
compositions corresponding to these masses.

Relative percentage abundance of each glycan structure
was calculated by first generating an EIC for each individual
glycan mass. Each chromatogram was smoothed using a
Gauss algorithm and the peak area/s of each glycan was
integrated. This peak area of each glycan was then
expressed as a percentage of the total area of the most
abundant glycans in the sample. These relative percentage
abundances were then used in a statistical linear mixed-
effects analysis of the structural differences occurring over
the time course of lactation. In the case of N-linked glycan
samples, the total area of the 16 most abundant masses (N1-
N16, Table 1) across all samples was integrated and ana-
lysed, and the 14 most abundant O-linked masses (O1- O14,
Table 2) for O-glycan samples. Where a glycan of low
abundance was not selected for MS/MS, its peak area was
integrated only if 1) the isotopic profile of the glycan mass
was present at least twice in succession when scanning
through the sample BPC and 2) its retention time matched
the retention time of the same mass in another sample where
MS/MS had been carried out. Structures n1-n11 (Table 1)
could not be consistently identified across samples and were
therefore not included in the statistical analysis.

Linear mixed-effects analysis

In order to identify glycans showing different abundance
between at least two time points, a linear model with mixed
effects [55] was run separately for each glycan, allowing for
a fixed time effect and an individual random effect. In the
absence of the random effect, the model would be identical
to the better known analysis of variance (ANOVA); the
mixed model was preferred as it makes allowance for the
individual variation observed in the data. The data used
consisted of the percentage abundances of the major 16N-
glycan and 14 O-glycan masses, which were loge trans-
formed as the original percentage values were skewed. In
samples where particular glycans were not present, a small
value (0.01) was added to the zero percentage so that all
values could be transformed. Glycans with mixed effect
model p-values less than 0.05 were regarded as showing
statistically significant temporal changes. All computations

were run using the R statistical software programming en-
vironment [56], with specific functionality from the nlme R
package [57]. The R code used is available from the authors
upon request.

Temporal trends of structures found to change under the
mixed-effects analyses were depicted through box plots to
display the range of the data and the degree of inter-
individual variability at each time point. Box plots were created
using GraphPad Prism version 5.0 for Windows, (GraphPad
Software, San Diego California USA, www.graphpad.com)
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