
ABSTRACT

In bovine milk serum, the whey proteins with the 
highest N-glycan contribution are lactoferrin, IgG, and 
glycosylation-dependent cellular adhesion molecule 
1 (GlyCAM-1); GlyCAM-1 is the dominant N-linked 
glycoprotein in bovine whey protein products. Whey 
proteins are base ingredients in a range of food prod-
ucts, including infant formulas. Glycan monosaccharide 
composition and variation thereof may affect function-
ality, such as the interaction of glycans with the im-
mune system via recognition receptors. It is therefore 
highly relevant to understand whether and how the 
glycosylation of whey proteins (and their functionality) 
can be modulated. We recently showed that the glyco-
profile of GlyCAM-1 varies between cows and during 
early lactation, whereas the glycoprofile of lactoferrin 
was highly constant. In the current study, we evaluated 
intercow differences and the effects of macronutrient 
supply on the N-linked glycosylation profiles of the ma-
jor whey proteins in milk samples of Holstein-Friesian 
cows. Overall, approximately 60% of the N-glycan pool 
in milk protein was sialylated, or fucosylated, or both; 
GlyCAM-1 contributed approximately 78% of the total 
number of glycans in the overall whey protein N-linked 
glycan pool. The degree of fucosylation ranged from 
44.8 to 73.3% between cows, and this variation was 
mainly attributed to the glycans of GlyCAM-1. Dietary 
supplementation with fat or protein did not influence 
the overall milk serum glycoprofile. Postruminal infu-
sion of palm olein, glucose, and essential AA resulted 
in shifts in the degree of GlyCAM-1 fucosylation within 
individual cows, ranging in some cases from 50 to 71% 

difference in degree of fucosylation, regardless of treat-
ment. Overall, these data demonstrate that the glyco-
sylation, and particularly fucosylation, of GlyCAM-1 
was variable, although these shifts appear to be related 
more to individual cow variation than to nutrient sup-
ply. To our knowledge, this is the first report of varia-
tion in glycosylation of a milk glycoprotein in mature, 
noncolostral milk. The functional implications of vari-
able GlyCAM-1 fucosylation remain to be investigated.
Key words: bovine whey glycoprotein, N-linked 
glycosylation, glycosylation-dependent cell adhesion 
molecule 1, dietary intervention, Holstein-Friesian

INTRODUCTION

Bovine milk serum contains N-glycosylated whey 
proteins. Glycan chains add diversity and functional 
characteristics to these proteins. For example, patho-
genic bacteria recognize and adhere to specific glycan 
patterns that are present in the gut mucosa. The gly-
cans present on ingested milk glycoproteins can act 
as decoys, preventing bacterial attachment (Barboza 
et al., 2012; Wang et al., 2017). N-Linked glycans can 
also interact with pattern-recognition receptors of the 
innate immune system, acting as immune-modulating 
agents (de Kivit et al., 2011; Figueroa-Lozano et al., 
2018, 2020). Glycan modification with sialic acid or 
fucose residues is known to affect this receptor interac-
tion (Varki and Gagneux, 2012; Falconer et al., 2018). 
The 3 main N-linked glycoproteins in bovine milk se-
rum are IgG (0.1–0.5 mg/mL), lactoferrin (0.1–0.3 mg/
mL), and glycosylation-dependent cellular adhesion 
molecule 1 (GlyCAM-1; also known as proteose pep-
tone 3, PP3) or lactophorin (0.3–1.2 mg/mL; Conesa 
et al., 2005; Cheng et al., 2008; Valk-Weeber et al., 
2020a). These proteins have distinct glycoprofiles by 
which they can be identified and quantified (Valk-
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Weeber et al., 2020a, b). Recently, it was identified 
that GlyCAM-1, a 37-kDa glycoprotein with a single 
N-glycosylation site that is always occupied, dominates 
the whey N-glycoprofile (Valk-Weeber et al., 2020a). 
The recognizable pattern of glycans expressed on any 
specific glycoprotein is generally constant and highly 
dependent on genetic regulation (Ohtsubo and Marth, 
2006; Neelamegham and Mahal, 2016). However, glycan 
pattern can be altered under specific conditions, such 
as disease states (Rodrigues and Macauley, 2018), or 
under hormonal influences present at the onset of lacta-
tion (Takimori et al., 2011; Valk-Weeber et al., 2020c). 
In dairy cattle, the glycosylation pattern of lactoferrin 
isolated from milk collected at 3, 30, and 90 DIM was 
demonstrated to be highly stable within a single cow as 
well as between cows (Valk-Weeber et al., 2020c). The 
glycoprofile of GlyCAM-1 appeared to be less stable, as 
variations in the sialylated and fucosylated glycans of 
the same cow were observed in milk collected at 30 and 
90 DIM (Valk-Weeber et al., 2020b).

The factors that affect GlyCAM-1 glycosylation re-
main unknown. We hypothesized that glycan synthesis 
could be modified by ingested nutrients. There is evi-
dence for dietary influences on glycosylation, such as a 
decreased sialylation of liver proteins in rats as a result 
of a high-fat diet (Henriquez et al., 1979), and increased 
blood serum protein sialylation upon consumption of 
a polysaccharide supplement in humans (Alavi et al., 
2011). Dietary effects on milk serum glycoproteins in 
ruminant species remain to be studied. Therefore, the 
main objective of this study was to investigate the re-
lationship between nutrient supply and variation in the 
glycan concentration and glycoprofile of proteins in bo-
vine milk serum. The second aim was to investigate the 
intra- and intercow variations in bovine whey protein 
glycosylation, with a specific focus on GlyCAM-1. We 
studied milk serum protein N-glycosylation using previ-
ously described methods (Valk-Weeber et al., 2020a,b). 
By these methods, a detailed chromatogram of the N-
linked structures of milk serum is generated, providing 
information on the structures present and their quan-
tity. These detected structures can be further catego-
rized to their protein of origin and provide a protein 
concentration estimate. These methods were applied 
toward milk samples from 2 studies that tested the ef-
fect of macronutrient supply on lactation performance 
of Holstein-Friesian dairy cattle (Nichols et al., 2018, 
2019). Specifically, intercow variations in glycoprofile 
composition were studied in milk serum obtained from 
these experiments. We hypothesized that intracow 
variation could be induced by the dietary interventions 
used in these studies. We expected that the differences 
in diet composition and treatment administration be-
tween studies would allow elucidation of variation in 

glycan composition in response to nutrient composition 
and delivery in lactating ruminants.

MATERIALS AND METHODS

Experiments and Milk Sample Collection

All experimental procedures were conducted under 
the Dutch Law on Animal Experiments in accordance 
with EU Directive 2010/63 (European Commission, 
2010).

Study A: Dietary Protein and Fat Supplemen-
tation. The complete study design has been described 
by Nichols et al. (2018). Briefly, 56 Holstein-Friesian 
cows (20 primiparous, 138 ± 64 DIM; 36 multiparous, 
3.7 ± 1.8 lactations, 181 ± 93 DIM) were used in a 
randomized complete block design where supplemental 
energy from protein or fat was tested in a factorial ar-
rangement. The study consisted of 2 successive periods 
(control and experimental), each consisting of 21 d of 
diet adaptation and 7 d of measurement. A basal TMR 
(consisting of 34% grass silage, 33% corn silage, 5% 
grass hay, and 28% concentrate on a DM basis; de-
scribed in detail by Nichols et al., 2018) was fed during 
the control period. Cows were blocked based on similar 
parity, DIM, and DMI (4 cows per block) during the 
final 7 d of the control period. These animal character-
istics were determined as those that would most affect 
the response to the dietary treatments, and were thus 
chosen as blocking criteria. Cows were randomly as-
signed (within block) to 1 of 4 dietary treatments dur-
ing the experimental period: (1) low protein, low fat, 
(2) high protein, low fat, (3) low protein, high fat, and 
(4) high protein, high fat. The high-protein and high-
fat diets were obtained by restricting the basal diet 
intake of individual cows by 5% and supplementing 2.0 
kg of a 50:50 mixture (DM basis) of rumen-protected 
soybean meal and rapeseed meal (high protein; SoyPass 
+ RaPass; both xylose-treated; Borregaard LignoTech, 
Sarpsborg, Norway) or 0.68 kg of rumen-inert hydro-
genated long-chain fatty acids (high fat; mainly C16:0 
and C18:0; Hidropalm, Norel, Madrid, Spain) into the 
concentrate portion of the TMR.

Cows were milked twice daily at 530 and 1630 h. 
Milk samples from individual cows were collected at 
2 subsequent morning and afternoon milkings (fixed 
volume of milk per kilogram of milk produced) in the 
final 7 d of each period. Milk samples from the morning 
and afternoon milkings were pooled by cow into a single 
sample per period and stored at −20° until glycoprofile 
analysis.

Study B: Postruminal Infusion of Glucose, 
Palm Olein, and AA. Effects of isoenergetic levels of 
glucose (GG) or palm olein (LG) at low (LMP) and 
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high (HMP) MP levels were tested using postruminal 
infusion. The complete study design has been described 
by Nichols et al. (2019). Briefly, 6 rumen-fistulated 
Holstein-Friesian cows each received 6 experimental 
infusion treatments according to a randomly assigned 6 
× 6 Latin square design (all 6 cows were subjected to 
the 6 experimental infusions in varying orders). Within 
the Latin square, each treatment immediately preceded 
and followed each other treatment exactly once in each 
square and is therefore balanced for first-order carry-
over effects (Williams, 1949). The infusion periods con-
sisted of 5 d of continuous abomasal infusion followed 
by 2 d of no infusion. The infusion treatments consisted 
of (1) saline (control; LMP-C), (2) GG (1,319 g/d; 
LMP-GG), (3) LG (676 g/d; LMP-LG), (4) EAA 
infused in a casein profile (844 g/d; HMP-C), (5) GG 
(1,319 g/d) plus EAA (844 g/d; HMP-GG), and (6) 
LG (676 g/d) plus EAA (844 g/d; HMP-LG). Infu-
sion dosages (g/d) of LMP-GG, LMP-LG, and HMP-C 
were designed to be isoenergetic based on the gross 
energy content of the EAA infusion (24.3 MJ/kg) and 
an assumed 80% digestibility of LG (NRC, 2001) and 
100% digestibility of EAA and GG. Cows were fed a 
TMR consisting of 42% corn silage, 31% grass silage, 
and 27% concentrate (DM basis; described in detail by 
Nichols et al., 2019).

Cows were milked twice daily at 530 and 1530 h. 
Milk samples (5 g of sample/kg of milk produced) from 
individual cows (morning and afternoon milkings) from 
the final 3 d of each infusion period were pooled into a 
single sample per cow and stored at −20°C until glyco-
profile analysis.

Whey Protein Separation, Glycan  
Release, and Labeling

Milk samples were processed according to the proce-
dures described by Valk-Weeber et al. (2020a,b). Milk 
aliquots of 1 mL were thawed in a water bath (37°C for 
30 min), homogenized by regular inversion, and defat-
ted by centrifugation (4,000 × g for 10 min at 4°C). 
Milk serum was prepared by acidifying defatted milk 
to pH 4.6 using ammonium acetate buffer (125 mM, 
pH 4.6) in a 1:1 (vol/vol) ratio. Caseins were pelleted 
by centrifugation (11,000 × g for 5 min at 20°C), and 
100 µL of the supernatant (milk serum, acid whey) was 
taken for the subsequent step. Lactose was removed 
from milk serum by protein precipitation with 400 µL 
of methanol containing ammonium acetate (100 mM), 
followed by supernatant removal after centrifugation 
(11,000 × g for 5 min at 20°C). The resulting whey 
protein pellets were redissolved in 75 µL of 80 mM 
phosphate buffer at pH 7.5 containing 2% SDS and 2% 
β-mercaptoethanol, by warming to 37°C for 10 min, 

followed by rigorous vortex mixing. Proteins were de-
natured by heating to 85°C for 15 min and cooled to 
room temperature before adding 25 µL of 10% Nonidet 
P-40 (NP-40 substitute, Sigma-Aldrich Chemie N.V., 
Zwijndrecht, the Netherlands). Glycans were released 
by peptide-N-glycosidase F treatment (100 units/
sample; PNGase F, Flavobacterium meningosepticum, 
New England Biolabs, Ipswich, UK). Glycan labeling 
via reductive amination and cleanup was performed as 
described by Ruhaak et al. (2008) and Valk-Weeber 
et al. (2020b), with anthranilic acid (Sigma-Aldrich) 
as the fluorescent label and 2-methylpyridine borane 
complex (Sigma-Aldrich) as the catalyst. Each glycan 
received a single fluorescent label at the reducing termi-
nus. Analysis was performed in duplicate for study A; a 
single analysis was performed for study B.

Chromatography and Chromatogram Analysis

Fluorescently labeled glycans were separated by hy-
drophilic interaction liquid chromatography and mea-
sured by fluorescent detection (excitation wavelength: 
330 nm, emission wavelength: 420 nm) according to 
the methods described by Valk-Weeber et al. (2020b). 
The HPLC chromatograms obtained from acid whey 
protein glycoprofile analysis were integrated using 
Chromeleon software (version 6.8, Thermo Fischer Sci-
entific, Waltham, MA), with each chromatogram divid-
ed manually into 32 individual peaks on a fixed baseline 
(Figure 1). After integration, peak areas (mV × min) 
were generated for the 32 individual peak clusters. The 
glycan structures of all glycoproteins in the milk serum 
are represented in the obtained chromatograms. Previ-
ously, it was determined that the structures represented 
in the chromatogram originate primarily from GlyC-
AM-1, lactoferrin, and IgG (Valk-Weeber et al., 2020b). 
Each of these major glycoproteins expresses a unique 
glycan fingerprint. In previous work we structurally 
identified all glycans represented in the peak clusters of 
these glycoproteins (Valk-Weeber et al., 2020b). How-
ever, glycan structures of similar length and complex-
ity coelute in 1 peak cluster, and some glycans may 
originate from more than 1 protein. Therefore, multiple 
structures can be present in a single peak cluster, with 
varying contributions to the total peak cluster area. In 
our current analysis, we simplified the chromatogram 
by allocating primary (≥50–90%), secondary (25–49), 
and minor (≥25%) area-contributing structures (Valk-
Weeber et al., 2020b; Supplemental Table S1, http: / 
/ dx .doi .org/ 10 .17632/ 88h99xfmp8 .1). A single repre-
sentative structure (i.e., the primary structure of each 
peak cluster) was taken into consideration, based on 
its dominant contribution to the total chromatogram 
peak area (Supplemental Table S1). For each of the 32 

Valk-Weeber et al.: VARIABILITY OF BOVINE WHEY PROTEIN N-GLYCANS

http://dx.doi.org/10.17632/88h99xfmp8.1
http://dx.doi.org/10.17632/88h99xfmp8.1


Journal of Dairy Science Vol. 104 No. 4, 2021

peak clusters, a single protein of origin (GlyCAM-1, 
IgG, lactoferrin) of the primary glycan structure was 
allocated (Table 1).

Statistical Analysis

Study A. Peak areas for the 32 individual peak clus-
ters (Figure 1) obtained from the duplicate analyses 
were averaged. The proportions of GlyCAM-1 protein, 
sialylation, and fucosylation were calculated using the 
sum of the representative peak areas (Table 1) divided 
by the sum of the peak area of clusters 1 to 32. Groups 
were created for the evaluation of the effect of parity, 

DIM, milk yield (MY), and DMI (Table 2) based on 
the characteristics of individual cows during the final 
7 d of the control period. Variance in the proportion 
of GlyCAM-1, sialylation, and fucosylation as a result 
of parity, DIM, MY, and DMI (control period only) 
was analyzed by ANOVA using the GLM procedure of 
SAS (version 9.4; SAS Institute Inc., Cary, NC). Parity, 
DIM, DIM normalized by MY (DIMnorm), MY, and 
DMI were set as independent variables. The variable 
DIMnorm was calculated as the product of the DIM 
peak areas and MY (kg/d) divided by the mean MY 
(kg/d) in the control period. Multiple comparisons of 
least squares means between the lowest and highest 
group classification of each parameter were performed 
using a Tukey-Kramer adjustment. Differences were 
considered significant at P < 0.05.

Variance in glycoprofile, as assessed by the total of 
the 32 individual integrated peak clusters (peak area) 
and the proportion of GlyCAM-1, sialylation, and fu-
cosylation, was analyzed using the MIXED procedure 
of SAS (version 9.4). The level of protein and fat and 
their interaction were set as fixed effects, block was 
set as a random effect, and the parameters measured 
during the control period were used as covariates. Dif-
ferences were considered significant at P < 0.05.

Study B. The proportions of GlyCAM-1 protein, 
sialylation, and fucosylation were calculated using the 
sum of the representative peak areas (Table 1) divided 
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Figure 1. Chromatographic separation of glycans isolated from acid whey proteins showing the major contributing glycan structure for each 
of the 32 integrated peak clusters. A complete annotation of the glycan structures detected in a typical bovine whey glycoprofile is described by 
Valk-Weeber et al. (2020b). The symbols used to represent the building blocks and glycosidic linkages of a typical glycan structure are described 
in the legend. Gal = galactose; Man = mannose; Fuc = fucose; GalNAc = N-acetylgalactosamine; GlcNAc = N-acetylglucosamine; Neu5Ac 
= N-acetylneuraminic acid; Neu5Gc = N-glycolylneuraminic acid. Common motifs: LacdiNAc = GalNAcβ(1,4)GlcNAc; LacNAc = Galβ(1,4)
GlcNAc.

Table 1. Overview of glycan peak clusters attributed to the major 
glycoproteins glycosylation-dependent cell adhesion molecule 1 
(GlyCAM-1), lactoferrin, and IgG in bovine acid whey

Item  Peak cluster1

Glycoprotein
 GlyCAM-1 4, 7–10, 13–20, 22–32
 Lactoferrin and IgG 1–3, 5, 6, 11, 12, 21
Glycan decoration
 Sialylated 13–20, 22–32
 Fucosylated 8, 10, 11, 14, 16–20, 23, 25–27, 31
1Peak cluster numbers correspond to those referenced in Figure 1. For 
glycoprotein, peak clusters in chromatograms are shown that are as-
sociated with specific glycoproteins as described by Valk-Weeber et al. 
(2020b). For glycan decoration, peak clusters are shown that contain 
glycans with added sialic acid or fucose.



Journal of Dairy Science Vol. 104 No. 4, 2021

by the sum of the peak area of clusters 1 to 32. Vari-
ance in glycoprofile, as assessed by the total of 32 inte-
grated peak clusters and the proportion of GlyCAM-1, 
sialylation, and fucosylation, was analyzed using the 
MIXED procedure of SAS (version 9.4). The levels of 
GG, LG, and AA and their interaction (GG × AA and 
LG × AA), as well as period, were set as fixed effects 
and cow was a random effect. Differences were consid-
ered significant at P < 0.05. We observed no carryover 
effects between periods, assessed by testing for an effect 
of the previous treatment in the ANOVA.

For the evaluation of intercow variation, cow, period, 
and treatment (LMP-C, LMP-GG, LMP-LG, HMP-C, 
HMP-GG, and HMP-LG) were set as fixed effects, with 
no random component. Multiple comparisons of least 
squares means by cow were performed with a Tukey-
Kramer adjustment, and differences were considered 
significant at P < 0.05.

RESULTS AND DISCUSSION

Overall Whey Protein Glycoprofile Evaluation

To evaluate the variation in whey protein glycopro-
file, we used chromatograms to calculate the total peak 
cluster areas (mV × min) and the contribution made 
by GlyCAM-1 glycans, as well as the ratio of fucosyl-
ated or sialylated structures or both, originating from 
GlyCAM-1, IgG, and lactoferrin (Table 3). It should 
be noted that glycan structures can be sialylated, fu-
cosylated, both, or neither. Previously, we established 
that the observed peak cluster areas in the glycoprofile 
chromatograms have a direct relationship with the pro-
tein concentration in milk serum (Valk-Weeber et al., 
2020a). Because each N-glycan receives 1 fluorescent 
label, and it was previously observed that labeling was 
nonselective for different N-glycan structures, the peak 
areas are representative of quantities of specific glycans 
(Bigge et al., 1995). The high level of variation observed 
in the values for total N-glycan peak areas from the 
same amount of milk (1 mL), which ranged from 1,004 
to 3,178 mV × min across studies, indicated that the 
concentration of N-glycosylated proteins varied greatly 

between cows in both studies. Because GlyCAM-1 has 
only 1 N-glycosylation site, which is always occupied, 
there is a direct relationship between glycan peak clus-
ter areas and protein concentration (Valk-Weeber et al., 
2020a), and the GlyCAM-1 concentration in relation-
ship to LF and IgG can be observed by their associated 
peak area ratio. The proportion of GlyCAM-1 glycans 
relative to the total chromatogram showed little varia-
tion regardless of study (overall average: 78.4 ± 3.0%), 
which indicated that the relative concentration ratio of 
GlyCAM-1:(lactoferrin + IgG) was maintained despite 
the fluctuations observed in the total peak area of the 
chromatogram (peak clusters 1–32). The contributions 
of sialylated (59.7 ± 3.7%) and fucosylated (58.4 ± 
7.3%) glycans were similar. The higher standard de-
viation for the fucosylated glycans suggests that these 
glycans varied relatively more than sialylated glycans. 
We hypothesized that variations in glycoprofile could 
originate from various factors such as intercow differ-
ences, cow characteristics such as parity, DIM, MY, 
and DMI, or nutrient supply to the animal.

Effects of Parity, DIM, MY, and DMI

The effects of parity, DIM, MY, and DMI were 
evaluated using the control period of study A, as this 
study used a larger and relatively more heterogeneous 
group of cows compared with study B. The data are 
presented in Table 4, showing for each parameter the 
glycosylation data for the highest and lowest value 
group. The total N-glycosylated protein concentration, 
as indicated by the chromatogram total peak area, dif-
fered significantly with MY and DIM (Table 4). After 
normalization for MY, no significant differences in total 
peak area and the individual peak clusters were de-
tected for DIM (DIMnorm). Milk yield, which generally 
decreases with increasing (>90 d) DIM, thus appears 
to have a large effect on the milk protein concentra-
tion, which is consistent with earlier reports on total 
milk protein (Gellrich et al., 2014), IgG (Eisenberg et 
al., 2015), and lactoferrin (Cheng et al., 2008). Before 
the current study, this relationship had not yet been 
characterized for GlyCAM-1. The proportion of glycans 
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Table 2. Grouping of Holstein-Friesian cows in study A based on individual characteristics in the final 7 d of the control period (no. of cows 
in each group in parentheses)

Parity (P)

 

DIM

 

Milk yield (MY)

 

DMI

Group  Parity Group  d Group  kg/d Group  kg/d

P-1 1 (20)  DIM-1 40–90 (12)  MY-1 18–25 (13)  DMI-1 16–18.9 (16)
P-2 2–3 (17)  DIM-2 91–219 (31)  MY-2 25–29.9 (30)  DMI-2 19–21.9 (22)
P-3 ≥4 (19)  DIM-3 ≥220 (13)  MY-3 ≥34 (13)  DMI-3 ≥22 (18)
Average1 2.8 ± 1.9  Average 166 ± 87  Average 29.6 ± 5.5  Average 20.6 ± 2.2
1The average ± SD value for each parameter (n = 56 cows).
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originating from GlyCAM-1 was not affected by DIM, 
MY, and DMI (P ≥ 0.11; Table 4), indicating that the 
relative GlyCAM-1:(lactoferrin + IgG) concentration 
ratio was maintained. Therefore, with the increase in 
total N-glycan peak area in the chromatogram as result 
of a lower MY, the concentration of GlyCAM-1 was 
increased in similar proportion to the concentration of 
lactoferrin plus IgG.

The concentrations of many whey proteins, includ-
ing lactoferrin and IgG, are lower in primiparous cows 
than in multiparous cows (Raimondo et al., 2019). In 
this study, we observed that the proportion of glycans 
from GlyCAM-1 increased in cows of parity 1 (80.9%) 
compared with cows of parity 4 or older (77.1%; P < 
0.01). Our results thus indicate that milk obtained 
from primiparous cows contains a relatively higher 
concentration of GlyCAM-1 versus lactoferrin and IgG. 
However, it is also possible that decreases in the pro-
tein concentration of lactoferrin and IgG in milk from 
primiparous cows resulted in the apparently higher 
GlyCAM-1 concentration.

Fucosylation and sialylation of the proteins was not 
affected by parity, DIM, MY, and DMI (P ≥ 0.44; 
Table 4); therefore, the intercow and diet effects were 
investigated without further consideration of these pa-
rameters. The study design accounted for glycoprofile 
differences induced by the whey protein concentration 
by blocking cows by parity and DIM before treatment 
assignment.

Cow Variation and Treatment Effects

Study A. To visualize glycan structures responsible 
for the variation observed in the degree of fucosylation 
(Table 3), the glycoprofile chromatograms of a selection 
of cows from study A with high (~70%; group A), me-
dium (~60%; group B), or low (~45%; group C) degree 
of fucosylation in the control period (2 representative 
cows shown per group) were plotted together with 
their respective chromatograms during the treatment 
period (Figure 2). A selection of glycan structures that 
either contained or lacked fucose was annotated in the 

chromatograms. Of this selection, structures 4, 13, 15, 
24, and 30 lack fucose, whereas 8, 16, 18, 19, 27, and 
31 represent fucosylated structures (Valk-Weeber et al., 
2020b; Figures 1 and 2); GlyCAM-1 is the main pro-
tein of origin for these fucosylated and nonfucosylated 
glycans (Valk-Weeber et al., 2020b; Table 1). By com-
parison of the glycoprofile chromatograms, we observed 
that cows that have a similar degree of fucosylation 
(i.e., high, medium, or low) also yield a visually similar 
glycoprofile (i.e., similarity between cow A1 and A2, 
cow B1 and B2, and cow C1 and C2; Figure 2). In cows 
that have a high degree of fucosylation (group A; Fig-
ure 2), fucosylated structures (8, 16, 18, 19, 27, and 31) 
dominated the glycoprofile. In contrast, in cows with a 
low degree of fucosylation (group C; Figure 2), fucosyl-
ated structures decreased and nonfucosylated struc-
tures (4, 13, 15, 24, and 30) were present in relatively 
higher quantities. The selected chromatograms showed 
no or only minimal changes in response to the treat-
ment diets irrespective of the initial fucosylation levels. 
The difference in the proportion of fucosylated glycans 
was ≤4% between the control and treatment periods 
for 51 out of 56 cows (Supplemental Table S2, http: / / 
dx .doi .org/ 10 .17632/ 88h99xfmp8 .1). The proportion of 
fucosylated glycans was also not affected by protein or 
fat (P ≥ 0.14; Table 5). Instead, intercow variation ap-
pears to play an important role in the observed degree 
of GlyCAM-1 fucosylation.

The proportion of GlyCAM-1 increased in response 
to fat (77.9% on low-fat diets; 79.0% on high-fat diets; 
P = 0.01; Table 5). Milk fat concentration increased 
in response to fat in this study (Nichols et al., 2018). 
Studies have observed GlyCAM-1 both in the milk 
fat globule membrane (MFGM) and in a free form 
(0.3–1.2 mg/mL) in the serum fraction of milk (Sø-
rensen et al., 1997; Fong et al., 2007; Valk-Weeber et 
al., 2020a). It can be hypothesized that the GlyCAM-1 
concentration in the serum phase increases at a higher 
milk fat content as a result of disruption of the MFGM 
by freezing and thawing of the milk during sample pro-
cessing (McPherson and Kitchen, 1983). However, the 
contribution of proteins from the MFGM to the total 
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Table 3. Variation in peak cluster area and composition in the glycoprofile chromatograms of study A and study B1

Item2

Study A

 

Study B

 

Overall

Min Max Mean ± SD Min Max Mean ± SD Mean ± SD

Total peak area (mV × min) 1,157 3,178 1,650 ± 324  1,004 1,537 1,295 ± 96 1,564 ± 324
GlyCAM-1 (%) 67.2 84.9 78.6 ± 3.3  73.3 82.2 78.1 ± 1.8 78.4 ± 3.0
Sialylated (%) 52.9 68.3 60.5 ± 3.6  49.0 60.7 57.2 ± 2.7 59.7 ± 3.7
Fucosylated (%) 44.8 73.3 60.2 ± 5.9  39.0 71.4 53.8 ± 8.3 58.4 ± 7.3
1Study A: n = 56 cows, 112 observations; study B: n = 6, 36 observations. Min = lowest observed value; Max = highest observed value.
2Calculations were performed using the cumulative peak areas (mV × min) of peak clusters 1–32 integrated according to Figure 1 and attributed 
to glycosylation-dependent cell adhesion molecule 1 (GlyCAM-1), sialylated, and fucosylated structures according to Table 1. 

http://dx.doi.org/10.17632/88h99xfmp8.1
http://dx.doi.org/10.17632/88h99xfmp8.1
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fat globule mass is relatively modest (1.8%; Dewettinck 
et al., 2008). The concentration of GlyCAM-1 to the 
MFGM protein content was determined to be 4.5% 
relative to total butyrophilin, the main protein of the 
MFGM (Lu et al., 2016). The amount of butyrophilin 
was determined to be 1.15 g/100 g of total milk pro-
tein, whereas in the same study GlyCAM-1 (PP3) was 
determined to be 1.00 g/100 g of total protein (Bär et 
al., 2019). Considered together, the elevated contribu-
tion of GlyCAM-1 in milk serum in response to dietary 
fat supplementation cannot be fully explained by Gly-
CAM-1 association with the MFGM. Alternatively, fat 
supplementation may have increased the GlyCAM-1 
concentration, or altered the relative concentration of 
lactoferrin and IgG, which would also produce an ap-
parent increase in GlyCAM-1 contribution.

Milk total protein (whey + casein) content increased 
in response to protein (Nichols et al., 2018), but the 
concentration of the glycosylated whey proteins, as 
indicated by the total chromatogram peak area, did 
not increase with protein supplementation (P = 0.36; 
Table 5). This suggests that the increase in milk pro-
tein content observed by Nichols et al. (2018) probably 
arose from increases in the non-N-glycosylated protein 
portion of the milk, such as caseins and β-lactoglobulin. 
These proteins are either exclusively O-glycosylated or 
not glycosylated (Kontopidis et al., 2004; Jensen et al., 
2015) and therefore are not quantified in the current 
analysis of the N-linked glycoprofiles.

Study B. We observed clear visual differences in 
the glycoprofiles of the 6 cows abomasally infused with 
GG, LG, or EAA in study B (Figure 3). The degree of 
fucosylation was relatively stable throughout the infu-
sion periods for some cows (cow B3; Figure 3), whereas 
others displayed notable differences (cows B1, B2, and 
B5; Figure 3) where specific peaks shifted in intensity 
in response to the treatment infusions (i.e., nonfucosyl-
ated: 4, 13, 15, 24, and 30; fucosylated: 8, 16, 18, 19, 
27, and 31; Figure 3). However, total N-glycan peak 
area, GlyCAM-1 contribution, and the proportion of 
sialylated or fucosylated glycans were not significantly 
affected by the infusion treatments (P ≥ 0.12; Table 6). 
Instead, the major determining factor for the degree of 
sialylation and fucosylation in study B was intercow 
differences (Table 7). It is possible that the intercow 
variation in glycan composition introduced variation 
that impaired detection of the effect of the nutrient 
infusions on glycoprofiles.

An important observation is that infusions of GG, 
LG, or EAA in study B resulted in larger fluctuations 
(up to ±18%; Supplemental Table S2) in fucosylation 
than protein and fat supplementation in study A (≤4% 
variation between control and treatment; Supplemental 
Table S2; compare Figures 2 and 3). This difference in 
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Valk-Weeber et al.: VARIABILITY OF BOVINE WHEY PROTEIN N-GLYCANS

Figure 2. Annotated chromatograms of the overall whey protein glycoprofiles and degree of fucosylation shown for a selection of 6 cows 
from study A. Peak clusters are annotated according to Figure 1. The blue line illustrates the control period chromatogram, and the red line 
illustrates the treatment period chromatogram. Cows were grouped by the contribution of fucosylated (% Fuc) glycans to the overall glycoprofile 
during the control period (blue line). Group A = ~70% Fuc, group B = ~60% Fuc, group C = ~45% Fuc; 2 cows represented per group. LP/LF 
= basal TMR fed at 95% of ad libitum intake with no protein or fat supplement; HP/LF = TMR fed at 95% of ad libitum intake supplemented 
daily with 2.0 kg of SoyPass + RaPass (Borregaard LignoTech, Sarpsborg, Norway) on a DM basis; LP/HF = TMR fed at 95% of ad libitum 
intake supplemented daily with 0.68 kg of Hidropalm (Norel Animal Nutrition, Madrid, Spain) on a DM basis.
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variation in fucosylation between the 2 studies suggests 
that the site of delivery and duration of macronutrient 
supplementation may affect mechanisms underlying 
the glycosylation process. The glycosylation process re-
quires uridine diphosphate N-acetylglucosamine, which 

results from the hexosamine pathway that ties together 
AA, GG, and fatty acid metabolism (Hart et al., 2011). 
The addition of fucose to the glycan structure depends 
on the availability of the nucleotide sugar substrate 
(guanosine 5′-diphospho-β-l-fucose; GDP-Fuc) and 

Valk-Weeber et al.: VARIABILITY OF BOVINE WHEY PROTEIN N-GLYCANS

Table 5. Whey glycoprofile composition of Holstein-Friesian dairy cows receiving a basal diet (LP/LF) or diets supplemented with energy from 
protein (HP/LF), fat (LP/HF), or protein and fat (HP/HF) in study A

Item1

Treatment2

SEM

P-value3

LP/LF HP/LF LP/HF HP/HF PT FT PT × FT

Total peak area (mV × min) 1,665 1,647 1,592 1,681 39.8 0.36 0.63 0.18
GlyCAM-1 (%) 77.8 78.0 78.7 79.2 0.42 0.42 0.01 0.63
Sialylated (%) 60.0 59.9 60.8 60.5 0.47 0.66 0.10 0.84
Fucosylated (%) 59.8 60.9 60.4 61.3 0.70 0.14 0.48 0.85
1Calculations were performed using the peak areas (mV × min) of peak clusters 1–32 integrated according to Figure 1 and attributed to glyco-
sylation-dependent cell adhesion molecule 1 (GlyCAM-1), sialylated, and fucosylated structures according to Table 1.
2LP/LF = basal TMR fed at 95% of ad libitum intake with no protein or fat supplement; HP/LF = TMR fed at 95% of ad libitum intake supple-
mented daily with 2.0 kg of SoyPass + RaPass (Borregaard LignoTech, Sarpsborg, Norway) on a DM basis; LP/HF = TMR fed at 95% of ad li-
bitum intake supplemented daily with 0.68 kg of Hidropalm (Norel Animal Nutrition, Madrid, Spain) on a DM basis; HP/HF = TMR fed at 95% 
of ad libitum intake supplemented daily with 2.0 kg of SoyPass + RaPass and 0.68 kg of Hidropalm on a DM basis. For all treatments n = 14.
3PT = effect of energy from protein; FT = effect of energy from fat.

Figure 3. Annotated chromatograms of the overall whey protein glycoprofiles and degree of fucosylation of a selection of the infusion pe-
riods of the 6 cows of study B (B1–6). % Fuc = the percentage of fucosylated glycan structures represented in the chromatogram (degree of 
fucosylation). Peak clusters were annotated according to Figure 1. Low MP (LMP) or high MP (HMP) abomasal infusion treatments with saline 
(control; C), glucose (GG), and palm olein (LG): LMP-C = 0.9% saline; LMP-GG = 1,319 g/d of glucose; LMP-LG = 676 g/d of palm olein; 
HMP-C = 844 g/d of a complete EAA mixture in the same profile and amount as found in 1.5 kg of casein; HMP-GG = 1,319 g/d of glucose + 
844 g/d of EAA; HMP-LG = 676 g/d of palm olein + 844 g/d of EAA. An overview of the glycoprofile chromatograms of all infusion periods 
for the 6 cows and the degree of fucosylation is provided by Supplemental Figures S1 and S2 (http: / / dx .doi .org/ 10 .17632/ 88h99xfmp8 .1).

http://dx.doi.org/10.17632/88h99xfmp8.1
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the activity of fucosyltransferase 8 (FUT8). Both 
GDP-Fuc availability and FUT8 activity are affected 
by macronutrient supply in rats (Cortes et al., 1988; 
Biol et al., 1992). In the current analysis, mechanisms 
underlying glycan fucosylation may have been more 
sensitive to the relatively higher dose of postruminal 
EAA infused in study B (844 g/d) compared with the 
mixture of rumen-protected soybean meal and rapeseed 
meal fed in study A (delivered 449 g/d of digestible 
EAA). Further, the fat supplement in study A pro-
vided a mix of predominantly saturated C16 and C18 
fatty acids, whereas the monounsaturated LG infused 
in study B provided a mix of predominantly C16 and 
C18:1. These differences in nutrient supply could have 
affected the delicate balance in cellular availability of 
metabolites, resulting in the observed differences be-
tween the studies. The fucosylation process, GDP-Fuc 
availability, and FUT8 activity in response to metabo-
lite supply to the bovine mammary gland clearly war-
rant further study.

Differences in the length of the experimental periods 
between study A and B and the subsequent time for 
mammary gland adaptation to nutritional interventions 
also may have been factors contributing to the different 
magnitude of glycoprofile variation observed between 
the studies. Variation in fucosylation of the structures 
of GlyCAM-1 could be a short-term effect. In the case of 
study A (longitudinal design), any short-term response 
altering fucosylation may have been resolved and the 
glycoprofile restored to baseline at the time of sampling 
(after 21 d of exposure to the treatment diets). In study 
B (Latin square design), the samples were taken dur-
ing the final 3 d of the 5-d infusion, which may have 
been too early for full stabilization of the glycoprofile. 
At present it cannot be excluded that the glycoprofiles 
observed in study B represent a phase of adaptation to 
changes in macronutrient supply.

Control and Function of GlyCAM-1 Fucosylation

Outside of the colostrum period, the glycan fin-
gerprint of bovine lactoferrin is very stable between 
individual cows of mixed breed and throughout lacta-
tion (>30 DIM; Valk-Weeber et al., 2020b). Results 
of the current study show that the glycosylation of 
GlyCAM-1 is regulated less strictly than that of lacto-
ferrin, and we report clear variation in the GlyCAM-1 
glycoprofile outside of the brief colostrum phase. As-
suming that influential environmental factors were 
adequately controlled for in the animal experiments 
(i.e., identical housing conditions for each cow and 
measurements taken at the same time of year within 
study, randomizing cows across treatments based on 
parity, lactation stage, and feed intake), differences in 
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glycoprofile between individual Holstein-Friesian cows 
(Figure 2 and 3) may be explained by a strong genetic 
component that affects the glycosylation pattern on 
an individual-cow basis. In contrast to other milk pro-
teins, gene expression of GlyCAM-1 is not triggered by 
insulin, prolactin, and glucocorticoids (Nishimura and 
Kohmoto, 2001), suggesting a different regulation of this 
protein; however, currently no information is available 
about factors influencing its glycosylation in lactating 
mammary glands. Based on protein concentration and 
glycan contribution, GlyCAM-1 is the major N-glyco-
sylated protein (Table 3) in both bovine milk serum 
and whey protein-based products (Valk-Weeber et al., 
2020a). Unique functions for GlyCAM-1 and its glycans 
remain to be identified, although evidence exists for 
antimicrobial and mucin-like lubricating properties of 
this protein (Dowbenko et al., 1993; Campagna et al., 
2004). The glycans of GlyCAM-1 likely provide a spe-
cific functionality. The observed variable nature of Gly-
CAM-1 fucosylation described here may represent an 
adaptive process in response to altered nutrient supply 
and metabolic conditions within mammary cells. Core 
fucosylation of glycans stabilizes the glycan structure 
and highly affects the capacity of glycans to interact 
with receptors (Falconer et al., 2018). Compared with 
the normal (control) glycan structures of lactoferrin, 
modified glycans had a significantly different effect on 
Toll-like receptor signaling (Figueroa-Lozano et al., 
2018). Hypothetically, the observed variation in the 
degree of fucosylation of GlyCAM-1 may also affect 
its receptor-interaction capacity or its possible role in 
immune system activation and regulation.

In both study A and study B, cows were not selected 
or grouped based on their protein fucosylation level (i.e., 
glycoprofiles of the cows at the start of each treatment 
period were randomly distributed per group). The ef-
fect of the initial degree of fucosylation on the outcome 
of nutrient-induced alterations remains to be explored. 
Grouping by the initial degree of fucosylation and use 
of a lengthened adaptation period for the nutritional 
treatments may serve to identify the main determinants 

that induce variation. Supplementation with nutrients 
other than fatty acids, GG, or EAA may also induce 
changes in fucosylation of GlyCAM-1. Mono- and poly-
saccharides have been reported to alter the sialylation 
of serum glycoproteins in humans (Alavi et al., 2011) 
and are interesting targets to investigate for effects on 
bovine GlyCAM-1 glycosylation. Here we focused on 
the N-linked glycans of GlyCAM-1, but this protein is 
also modified by phosphorylation and O-glycosylation 
(Girardet and Linden, 1996; Coddeville et al., 1998). 
Effects of nutrient infusions on these types of modifica-
tions and potential protein functionality remain to be 
explored.

CONCLUSIONS

Here, we report considerable variations in the glyco-
profiles of whey proteins of Holstein-Friesian cows. The 
main intercow differences were observed in the degree of 
fucosylation of the N-glycans of GlyCAM-1. Although 
the other main glycoproteins in bovine whey, lactofer-
rin and IgG, also have a relatively stable glycosylation 
pattern between individual cows, GlyCAM-1 shows 
potential for strong variation. Dietary supplementa-
tion with protein and fat did not significantly alter 
the whey N-glycosylation patterns. Abomasal infusions 
with LG, GG, or EAA resulted in intracow shifts in 
the GlyCAM-1-specific fucosylated and nonfucosylated 
glycan structures; these shifts could not be statistically 
attributed to the infused nutrients. Intra- and intercow 
variations for GlyCAM-1 glycosylation have not been 
reported previously, nor has it been shown that Gly-
CAM-1 glycosylation can be modified outside of the 
colostrum phase. Thus, GlyCAM-1 differs from other 
major whey glycoproteins, such as lactoferrin, that dis-
play tight regulation of glycosylation throughout lacta-
tion, with the exception of the short colostrum phase. 
Fucosylation is an important epitope for receptor in-
teraction, and further research is needed to unravel the 
function of GlyCAM-1 as well as the effects of different 
glycoprofiles on its functionality.
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Table 7. Comparison of whey glycoprofile peak cluster areas and composition between lactating Holstein-Friesian dairy cows in study B

Item1

Cow2

SEM P-valueB1 B2 B3 B4 B5 B6

Total peak area (mV × min) 1,303 1,263 1,276 1,353 1,309 1,270 40.0 0.71
GlyCAM-1 (%) 78.7 80.0 77.3 77.5 77.6 77.4 0.74 0.11
Sialylated (%) 59.1a 55.9ab 53.7b 58.4a 57.0ab 58.0ab 1.04 0.02
Fucosylated (%) 53.7a 64.1b 54.7a 56.8a 43.2c 44.6c 1.60 <0.01
a–cMeans within a row with different superscripts differ (P < 0.05).
1Calculations were performed using the peak areas (mV × min) of peak clusters 1–32 integrated according to Figure 1 and attributed to glyco-
sylation-dependent cell adhesion molecule 1 (GlyCAM-1), sialylated, and fucosylated structures according to Table 1.
2Individual cows (B1–B6) receiving abomasal infusions for 5 d. Data are LSM and SEM calculated for individual cows over each period.
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