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ABSTRACT 

 

Milk oligosaccharides are a class of carbohydrates composed of three to twenty 

monosaccharides, which are found in mammalian milk and other dairy products. Bioactivities, 

including prebiotic, anti-pathogenic, and immunomodulatory activities, as well as roles in 

cognition, have been ascribed to milk oligosaccharides featuring particular structural motifs. The 

most prevalent source of milk oligosaccharides for humans is breast milk, but a comparable 

source of these beneficial compounds for formula-fed infants or individuals at other life stages is 

not currently available. As a result, milk oligosaccharides are recent targets for addition to infant 

formulas and nutraceuticals. Harnessing the bioactive potential of naturally occurring milk 

oligosaccharides, however, is challenged by low commercial availability of human breast milk 

and low concentrations of similarly structured milk oligosaccharides in traditional bovine dairy 

streams. This dissertation presents a look into the abundances of milk oligosaccharides and their 

potential sources form several non-traditional angles and proposes potential alternative sources 

for their isolation. 

 

Chapter I introduces bovine milk oligosaccharides, highlights the current sources for bovine milk 

oligosaccharide isolation and their associated challenges, and proposes the more concentrated 

dairy stream, delactosed permeate, as a potential new source for bovine milk oligosaccharide 

isolation.  

 

Chapter II focuses on the ‘gold standard’ human milk oligosaccharides and how the 

concentrations of key oligosaccharides in human milk vary with lactation stage and maternal 

gene expression. 



v 
 

 

Building off of the foundation established in Chapters I and II, Chapters III through VI delve 

more in-depth into how non-human milk oligosaccharide abundances are impacted by specific 

factors, and how harnessing these elements may allow for improved milk oligosaccharide 

isolation by increasing their source concentrations. 

 

Chapter III examines the impact of maternal diet on bovine milk oligosaccharide abundances. 

This study was the first to successfully demonstrate significant differences in bovine milk 

oligosaccharide yields with changes in dietary fiber levels. 

 

Chapter IV takes a more in-depth look at the composition of delactosed permeate, and is the first 

study to quantify bovine milk oligosaccharides in this promising concentrated dairy waste 

stream. 

 

Chapter V expands beyond traditional western sources of commercial milk to investigate the 

milk oligosaccharide profiles of all mammalian species through the compilation and analysis of 

five decades of published milk oligosaccharide research. A comprehensive review of milk 

oligosaccharide literature at this magnitude has never before been undertaken. The analysis of 

the compiled data revealed overarching influences of phylogeny and evolution on milk 

oligosaccharide profiles and allowed for the identification of non-bovine milks that feature 

oligosaccharide profiles with key similarities to human breastmilk that are promising potential 

sources for milk oligosaccharide isolation. 
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Finally, Chapter VI summarizes the main conclusions of the dissertation, provides perspective on 

the current challenges relating to milk oligosaccharide analysis, and proposes future directions 

for research in this field. 
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ABSTRACT 

Bovine milk oligosaccharides (BMOs) have demonstrated and hypothesized benefits for infants, 

including protecting against pathogens and promoting cognitive development, making them 

promising ingredients for infant formulas and nutraceuticals. Isolation of BMOs from traditional 

dairy streams is challenged by low BMO concentrations compared to non-bioactive, simpler 

sugars like lactose. Delactosed permeate presents a promising alternative dairy stream for 

sourcing BMOs, yet improving oligosaccharide concentrations in the starting milk, possibly 

through modifications to cows’ diets, may be needed. Understanding how dietary components 

influence milk composition and selecting ideal source(s) will be vital to meet the growing 

demand for milk oligosaccharides as ingredients. 

 

BACKGROUND 

Breast milk is widely considered to be the ideal source of nutrition for infants, and the World 

Health Organization (WHO) recommends that mothers exclusively breastfeed their newborns for 

at least the first six months of life and continue breastfeeding with the addition of 

complementary foods for up to two years. (WHO, 2009) In addition, many recent studies have 

shown associations between breastfeeding and a reduction of the risk of diseases such as obesity, 

(Owen, et al., 2005) asthma, (Kull et al., 2009) and necrotizing enterocolitis (Meinzen-Derr et 

al., 2009) as well as a reduction in infant mortality. (Meinzen-Derr, et al., 2009; Vennemann et 

al., 2009) However, breastfeeding is not always a practical nor attainable option for all mothers. 

When mothers are unable to breastfeed or cannot provide sufficient milk for their babies, infant 

formula, which attempts to mimic human milk composition, is often used as a substitute. (Martin 

et al., 2016) 
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Because infant formula is composed primarily of bovine milk-derived ingredients, which 

inherently contain much lower levels of oligosaccharides than human milk, (Dong et al., 2016; 

Fong, et al., 2011; Martin-Sosa, et al., 2003) infants consuming formula instead of breastmilk 

receive only trace amounts of the bioactive molecules responsible for many of the benefits 

attributed to breastfeeding. (Salli, et al., 2019) In attempts to counteract this, several infant 

formulas include non-milk oligosaccharide supplements such as galactooligosaccharides (GOS), 

inulin, fructooligosaccharides (FOS), or polydextrose. (Akkerman et al., 2019; Ma, et al., 2018; 

Nijman, et al., 2018; Fanaro, et al., 2005) GOS consists of a combination of galactose dimers and 

compounds with a degree of polymerization (DP) between 3 and 15, composed of multiple 

galactose units and a terminal glucose. (Tzortzis & Vulevic, 2009) Most commercial GOS 

products contain primarily DP 2 to 5 oligosaccharides with the constituent linkages (β1-2, 3, 4, 

or 6) depending on the enzyme used for GOS synthesis. FOS and inulin are fructans containing 

almost exclusively β2,1-linked fructose monomers, with or without a terminal glucose. The use 

of the terms inulin and FOS is inconsistent; however, they are most commonly distinguished as 

inulin having a DP of 10 to 60 and short-chain FOS as having a DP of less than 10. (Roberfroid, 

2007) Polydextrose is a highly branched glucose polymer of DP 2-120 (average DP=12) that 

contains primarily α or β1-6 glycosidic linkages, but may also include α or β 1-2, 2-3, and 2-4 

linkages. (Do Carrmo et al., 2016; Cho et al., 1999) Because of their homooligomeric 

composition, these alternative oligosaccharides, do not contain the wide array of structural 

characteristics featured by human milk oligosaccharides (HMOs) that are key for many of their 

beneficial biological effects. (Bode et al., 2016; Barile & Rastall, 2013) 
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More recently, a few infant formulas have been supplemented with a small number of 

synthetically produced HMOs; however, with only a few compounds included at low 

concentrations, these formulas still lack the unique structural diversity exhibited by HMOs in 

breastmilk. Thus, other alternative sources that more closely mimic the structural complexity and 

diversity of HMOs seen in breast milk are needed. 

 

Bovine milk oligosaccharides (BMOs) are a class of carbohydrates that are indigestible to 

mammals, yet they have the potential to play a significant role in human health. BMOs are a 

promising alternative to help fill this void due to their structural similarity to many HMOs as 

well as their demonstrated safety and tolerability. Another advantage of applying BMOs as a 

supplement to infant formula is their wide availability in dairy processing side streams and waste 

streams. BMOs are composed of between 3 and 11 monosaccharides connected through a variety 

of glycosidic linkages. BMO constituent monosaccharides may include glucose (Glc), galactose 

(Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), fucose (Fuc), N-

acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). BMOs are based on 

one of two core structures at their reducing end: lactose (Gal(β1-4)Glc) or lactosamine (Gal(β1-

4)GlcNAc). These core structures can be further expanded through the addition of β1-3-, β1-4- 

or β1-6-linked Glc, Gal, GlcNAc or GalNAc units, and the resulting backbones may be 

decorated with α2-3- or α2-6-linked sialic acid (Neu5Ac or Neu5Gc) or, more rarely, α1-2- or 

α1-3-linked fucose. (Tao et al., 2008; Aldredge et al., 2013) 

 

BMOs are classified based on their monosaccharide compositions, with those that contain one or 

more sialic acid monomers categorized as acidic, while BMOs without any Neu5Ac or Neu5Gc 
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are classified as neutral. Neutral BMOs can be further subcategorized as fucosylated and 

unfucosylated based on the presence or absence of fucose in their structures. Unlike HMOs, 

which are highly fucosylated, the majority of BMOs are acidic, and only six neutral fucosylated 

structures have been identified so far. (Aldredge et al., 2013; Robinson et al., 2018; Albrecht et 

al., 2014; Mehra et al., 2014) No oligosaccharides featuring both sialylation and fucosylation 

have been found in cows’ milk. Table 1.1 summarizes the classes of BMOs identified in prior 

studies. Although they make up a smaller percentage of the BMO fraction, neutral BMOs show a 

similar level of structural diversity as acidic BMOs. The wide range in the numbers of BMOs 

reported by the studies in Table 1.1 may be due to variation in the BMO profiles of the milk 

samples analyzed as well as differences in the techniques employed for analysis. Because the full 

structures of many larger BMOs have not yet been fully elucidated, they are often referenced by 

their composition via a five-digit code delineating the number of each monosaccharide included 

in the structure in the format: Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, where Hex is the number of 

hexose monomers (Glc and Gal) and HexNAc is the number of N-acetylhexosamine monomers 

(GlcNAc and GalNAc). 
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Table 1.1. Distributions of bovine milk oligosaccharides previously studies reporting more than 

ten BMO compounds  

Publication 

Number of unique structures identified 

Total Sialylated 

Neutral 

Unfucosylated 

Neutral 

Fucosylated 

Remoroza et al., 2020 36 16 18 2 

Liu et al., 2019 12 7 5 -- 

Robinson et al., 2019 15 3 8 4 

Liu et al., 2017 14 8 6 -- 

Schwendel et al., 2017 11 6 5 -- 

Sischo et al., 2017 29 7 20 2 

Albrecht et al., 2014 34 21 10 3 

Liu et al., 2014 13 8 5 -- 

Aldredge et al., 2013 25 8 11 6 

Sundekilde et al., 2012 50 13 32 5 

Marino et al., 2011 34 22 10 2 

Tao et al., 2009 24 17 7 -- 

Tao et al., 2008 24 17 7 -- 

 

Like HMOs, BMOs are of interest for their wide array of demonstrated and hypothesized 

bioactivities. Although their bioactivities have not yet been investigated as thoroughly as HMOs, 

BMOs have numerous proven properties that would be beneficial in human nutrition, particularly 

for infants. BMOs have shown antiadhesive and pathogen decoy activities against a number of 

pathogens in vitro including the enteric pathogens Campylobacter jejuni (Lane et al., 2012) and 

enterotoxigenic Escherichia coli (ETEC) (Martín-Sosa et al., 2002) which have been recognized 

as a leading cause of enteritis in humans worldwide. In addition, bovine colostrum, as well as its 

ultrafiltration and nanofiltration permeates, have demonstrated antiadhesive effects in vitro 

against the enteric pathogens Salmonella enterica serotype Typhimurium, enteropathogenic E. 
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coli (EPEC), and Cronobacter sakazakii. (Maldonado-Gomez et al., 2015) This adherence 

inhibition can be at least partially attributed to the BMOs present in the dairy fractions; however, 

since BMOs were not the exclusive ingredient in the products tested, peptides and glycopeptides 

may contribute to the activity as well. Purified BMOs have been shown to also act as 

immunomodulators by decreasing gut permeability and reducing inflammation in animal studies, 

as well as contributing to gains in lean body mass in animal models of infant undernutrition 

(Boudry et al., 2017; Charbonneau et al., 2016) In addition, the two most abundant acidic. 

BMOs, 3’-sialyllactose (3’-SL) and 6’-sialyllactose (6’-SL), have exhibited a role in improving 

neonatal cognitive development in animal models. (Obelitz-Ryom et al., 2019; Oliveros et al., 

2018)  

 

The prebiotic activity of oligosaccharides derived from bovine milk specifically have been 

minimally investigated; however, because of their structural homology with HMOs, BMOs are 

hypothesized to have similar prebiotic effects. This hypothesis is supported by emerging in vitro 

studies of the effects of BMOs on beneficial bacteria. In vitro supplementation with a BMO 

isolate has been shown to improve the growth of the beneficial infant gut microbes 

Bifidobacterium longum ssp. longum and Parabacteroides distasonis, as well as the probiotic B. 

animalis ssp. lactis. (Jakobsen et al., 2019; Marsaux et al., 2020) In addition, 3’-SL and 6’-SL 

have been demonstrated to promote the in vitro growth of select strains of B. breve, a prevalent 

gut microbe in infants. (Ruiz-Moyano et al., 2013) BMO supplementation has also been shown 

to increase the relative abundance of bifidobacteria among in vitro infant fecal-derived microbial 

cultures, including increased average relative abundances of operational taxonomic units (OTUs) 

for B. longum, B. bifidum, B. adolescentis, and B. breve. (Marsaux et al., 2020) Purified BMOs 
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were also used in an animal model of cancer-prone non-alcoholic steatohepatitis (NASH) mouse, 

alone and in combination with B. longum ssp. infantis. Protective effects were observed for both 

B. infantis and BMOs in terms of reduced hepatic and ileal inflammation, which could be 

correlated with increased short chain fatty acid production and reduced hydrogen sulfide and 

methane in the gut. Improved outcomes were also shown for the combination of the BMOs and 

B. infantis. Importantly, this study was the first to demonstrate that BMO supplementation alone 

increased the abundance of butyrate-generating bacteria (which have proven useful to prevent 

NASH) in addition to other direct benefits to the host, independent of the beneficial outcomes 

attributable to support of the growth of B. infantis. (Jena et al., 2018) 

 

EXISTING SOURCE: WHEY PERMEATE 

One dairy side stream that has been investigated as a source for BMO isolation is whey 

permeate, a byproduct of cheesemaking and whey protein isolation (process flowchart in Figure 

1.1, dotted outline). In 2018, more than 217.5 billion pounds of cow milk were produced in the 

US, about 1.1 billion pounds of which became cheese whey permeate. (American Dairy Products 

Institute, 2018; USDA NASS, 2020; USDA NASS, 2019) The ultrafiltration process to isolate 

whey proteins often involves the addition of some water in diafiltration mode to increase protein 

purity by enhancing the removal of salts and lactose from the whey protein retentate. A side 

effect of this process is the dilution of the obtained permeate, generally resulting in total solids as 

low as 3 to 5% in the final whey permeate. Of that solids content, the vast majority is lactose, 

and the remaining balance is composed of nitrogenous materials, residual lipids, salts, and other 

components including BMOs (Table 1.2, Figure 1.2). (Barile et al., 2009; Tetra Pak, 2020; Smith 

et al., 2016; Frankowski et al., 2014) It should be noted that this composition, while generally 
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representative, will vary substantially between batches or producers depending on the cheese 

type and applied processing techniques. 

 

 

 

Figure 1.1. Generation of coproducts from cheesemaking and whey processing 
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Table 1.2. Dry basis composition of whey permeate from multiple sources, along with average 

composition. Values for components other than pH reported in percent (gram per 100 grams dry 

matter) 

 

Barile 

2009 
Smith 2016 

Tetrapak 

2020 

Frankowski 

2014 

Average 

(range) 

Solids 4.87 

±0.02 

5-6 5-6 5.38 11.1 6.47  

(4.87-11.1) 

pH 6.50 

±0.02 

-- -- -- 6.3 6.4  

(6.3-6.52) 

Lactose -- 82* 81* 87.17 85 83.8  

(81-87.17) 

Proteins 3.49 

±1.03 

0.003 

±0.003 

0.003 

±0.003 

0.19 0 
0.74  

(0-4.52) 

Non-protein N -- 2.50 

±0.04 

2.50 

±0.04 

3.16 3.36 2.88  

(2.46-3.36) 

Lipids 2.05 

±0.82 

-- -- Trace -- 2.05 

Salts/ash -- -- -- 9.48 8.26 8.87  

(8.26-9.48) 

Na -- 0.66 0.65 -- 0.98 0.76  

(0.65-0.98) 

K -- 2.51 2.43 -- 2.13 2.36  

(2.13-2.51) 

Ca -- 0.48 0.50 -- 0.54 0.51  

(0.48-0.54) 

Mg -- 0.13 0.13 -- 0.12 0.13  

(0.12-0.13) 

Cl -- -- -- -- 0.21 0.21 

*Values from graph reported in %weight/weight 
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Figure 1.2. Average composition of major components of whey permeate 

 

Because of its high lactose concentration, whey permeate has a high biochemical oxygen 

demand, making it a difficult waste stream to dispose of for dairy processors, demonstrating an 

urgency for valorization avenues for this dairy stream. (Jelen et al., 2011) Applications of whey 

permeate as a food ingredient, (Milkner et al., 2020; Beucler et al., 2006; Bradley & Rexroat, 

1988; Hargrove et al., 1976) livestock feed, (Kim et al., 2012; Naranjo et al., 2010) and 

feedstock for fermentative production of biosurfactants, (Daverey & Pakshirajan, 2010) 

biopolymers, (Koller et al., 2005; Ahn et al., 2001; Ahn et al., 2000) biogas, (Lee et al., 2009) 
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biohydrogen, (Yang et al., 2007) ethanol (Pasotti et al., 2017; Gabardo et al., 2014; Koushki et 

al., 2012; Silveira et al., 2005; Domingues et al., 2001) and other chemicals (Dornburg et al., 

2008; Ennis & Maddox, 1985; Qureshi & Maddox, 1985) have all been investigated but none of 

these uses has yet proven to be widely commercially viable.  

 

Several groups have developed and optimized techniques for the isolation of BMOs from whey 

permeate at different scales using various combinations of pH adjustment, enzymatic hydrolysis, 

microbial fermentation, and membrane filtration, with many nanofiltration processes exhibiting 

BMO recovery yields greater than 90% (Table 1.3), making the isolation of BMOs from whey 

permeate an encouraging potential valorization of this dairy processing stream. (de Moura Bell et 

al., 2019; Cohen et al., 2017; Altmann et al., 2016; Altmann et al., 2015) Despite the promise of 

these membrane filtration techniques, however, their high operating costs and capital investment 

limit their availability primarily to large commercial producers, and because the shipping of 

diluted material is not practical, consistent sources of large volumes of permeate near such 

producers are also required. 
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Table 1.3. Recovery of major bovine milk oligosaccharides from whey permeate after 

nanofiltration 

Publication 

Starting 

Material Scale 

% Recovery 

3’-SL 6’-SL 6’-SLN 2_1_0_0_0 

Bell et al. 

2018 

Colostrum 

whey 

permeate 

Pilot 94.3 93.7 93.7 -- 

Cohen et al. 

2017 

Colostrum 

whey 

permeate 

Pilot 91.8-100 92.0-100 92.7-100 -- 

Altmann  

et al. 2015 

Milk 

ultrafiltration 

permeate 

Lab 49.8±6.0 84.0±11.4 -- 58.7±7.9 

Pilot 77.5±9.3 -- -- 51.6±18.7 

Industrial 99.3±13.7 97.4±14.2 -- 70.4±17.7 

Monosaccharide compositions reported as the numbers of Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc 

 

The main challenge with using whey permeate as the starting material for BMO isolation is its 

extremely dilute nature. Cow milk, which contains around 80 to 100 mg/L BMOs, is often 

inadvertently further diluted during the ultrafiltration process. (Fischer-Tlustos et al., 2020; Fong 

et al., 2011; Gopal et al., 2000) Additionally, the disproportionately high lactose content of whey 

permeate relative to BMOs, and the structural similarity of lactose and many small BMOs further 

complicates the isolation of target BMOs at high purity. To overcome such challenges and speed 

up the process for BMO isolation, a more concentrated source of BMOs would be helpful. Such 

a source might be achieved either through the use of a more concentrated dairy processing 

stream or by improving the concentration of BMOs naturally present in the starting milk. 
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ALTERNATIVE SOURCE: DELACTOSED PERMEATE 

A potential source of more concentrated BMOs may be found in the form of delactosed permeate 

(DLP). Many large cheesemakers and dairy processing co‐ops worldwide concentrate and 

subsequently crystallize the substantial quantity of lactose present in whey permeate for food, 

and less commonly, pharmaceutical applications. To isolate lactose, whey permeate is pooled 

and concentrated from a range of 4 to 6% solids up to 60 to 65% total solids using some 

combination of membrane filtration and evaporation, yielding a wet basis lactose concentration 

ranging from 40 to 55%. The supersaturated solution is cooled and seeded with crystalline 

lactose for nucleation. The mother liquor from this crystallization process is decanted and the 

lactose crystals are washed to improve purity. The decanted mother liquor, known as DLP 

(Figure 1.1, doubled outline), is typically concentrated to approximately 20 to 30% total solids in 

an evaporator. (Wong & Hartel, 2014) 

 

Lactose production in the United States has more than doubled over the past 15 years, yet 

suitable outlets for its co‐product, DLP, are lacking. (USDA NASS, 2020) As a result, DLP is 

widely viewed as a problematic co‐product of lactose manufacture, with many processors 

considering it valueless. Currently, most DLP is given to animals or treated as wastewater by 

dairy processors. 
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Figure 1.3. Average composition of major components of delactosed permeate 
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We compiled compositional information of DLP from multiple sources (Table 1.4). Although 

various sources reported different components, we determined that the sum of the average 

composition of all reported components to be approximately 91%. The most abundant 

components in DLP on a dry basis were lactose (56%), minerals (19%), organic acids (8.6%), 

and nitrogen‐containing compounds (4.8%) (Figure 1.3). The organic acid fraction, particularly 

lactic acid content, can vary depending upon the type of cheese, its manufacturing process and 

whey treatment, as well as the degree of conversion of lactose to lactic acid during storage of 

DLP. Based on moisture sorption isotherms, the water activity at a typical value of 33% w/w 

solids ranges from 0.92 to 0.96, depending upon composition. (Liang et al., 2009) 

 

DLP also contains a substantial quantity of the bovine milk oligosaccharides present in the 

original milk. On a mass basis, the lactose‐to‐BMO ratio for whey permeate is approximately 

400:1, while in DLP it is 100:1 based on measurements conducted in our laboratory (Table 1.5). 

The observed decrease in lactose relative to BMO in DLP as compared with whey permeate 

would likely facilitate BMO purification efforts starting from DLP. Lactose and mineral removal 

will further facilitate BMO enrichment, which would yield a prebiotic product with proper 

attention to mineral content in the final product. 
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Table 1.5. Concentrations of 6 bovine milk oligosaccharides and lactose measured as-is in 

delactosed permeate using high-performance anion-exchange chromatography with pulsed 

amperometric detection 

 

Oligosaccharide Concentration (mg L-1) 

3’-Sialyllactose 650 

6’-Sialyllactose 250 

Lacto-N-hexaose 49 

3 Hex 78 

Lacto-N-neotetraose 35 

2 Hex 1 HexNAc 450 

Total quantified BMOs 1.512 g L-1 

Lactose 150 g L-1 

 

 

Ion exchange with cation-exchange resins, electrodialysis and nanofiltration have all been 

applied to the desalination of DLP to good effect. (Wagner et al., 2014; Holst et al., 2007; 

Mikhaylin & Bazinet, 2006; Vembu & Rathinam, 1997; Mahmoud & Kosikowski, 1982;  Pratt et 

al., 1952) Electrodialysis has been the most effective at removing monovalent ions, particularly 

potassium ions, and to a lesser extent, sodium ions. Although electrodialysis was effective for 

removing monovalent ions, it was unable to remove more than 25% of divalent ions, especially 

calcium ions, and thus ion exchange or precipitation have been suggested as alternative 

desalination methods. (Mikhaylin and Bazinet, 2006) A process implementing phosphate 

addition, pH adjustment, and heating of DLP to precipitate divalent cations has also been 

developed. Monovalent cations are by far the most abundant minerals in DLP; thus, a 

combination of nanofiltration and precipitation may be most appropriate to remove both 

monovalent and divalent ions. Additional technoeconomic evaluation and understanding of the 

advantages and disadvantages of the involved unit operations required to optimally demineralize 



 

19 
 

DLP and purify BMO will be needed to make such processes feasible and efficient on a 

commercial scale. 

 

Preliminary analysis by our lab of one commercially produced DLP sample displayed a BMO 

concentration of approximately 1.5 g/L on an as‐is basis with 150 g/L lactose (Table 1.5). 

Interestingly, 1.5 g/L BMO is higher than the highest typical reported concentration of BMO in 

bovine colostrum (1 g/L) and is substantially higher than the 50 to 100 mg/L found in whey 

permeate. Beyond the six BMOs listed in Table 1.5, our lab has shown that high molecular 

weight, fucosylated oligosaccharides are also present in dairy co‐products. (Mehra et al., 2014) 

Although these are low in abundance, enriching these compounds in particular will lend even 

more specific and potent biological functionality due to their higher degree of similarity to 

human milk oligosaccharides. 

 

Assuming this BMO composition is representative of most DLP in the United States, we can 

estimate an amount of BMO in DLP produced in the U.S. With 1.2 billion pounds of lactose 

produced in 2019, and assuming a 60% recovery of lactose from the whey permeate and an 

average composition of DLP reported in Table 4, we can calculate that at least 1.69 liters of DLP 

of that composition is produced per pound of lactose. (USDA NASS, 2020) This yields an 

overall amount of 2.02 billion liters of DLP in 2019, which potentially contain a total of 3100 

metric tons of BMOs in that DLP. 

 

Despite its promise for BMO isolation, we want to acknowledge that DLP presents a number of 

challenges as a source. Drying DLP as‐is to a stable powder is problematic due to its hygroscopic 
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and syrupy nature deriving from the high mineral, organic acid, and residual lactose content. 

(Bund & Hartel, 2010; Liang et al., 2009) These properties make incorporation into final food 

products, storage, and general powder stability and flow characteristics difficult. In general, 

residual lactose concentrations remain high because lactose crystallization yields rarely surpass 

65% due to minerals and other components in whey permeate. (Paterson, 2009) The high lactose 

concentration (~15%) in DLP makes it an attractive feedstock for industrial biotechnology. 

Unfortunately, high mineral content along with high lactose concentrations lead to a high 

osmolarity and subsequent slow or limited growth of ethanol‐ or oil‐producing microorganisms. 

In addition, the relatively low pH of DLP (pH 5.3), resulting from the presence of organic acids 

may further inhibit or slow the growth of desirable fermentative organisms to aid in lactose 

removal, especially bacteria. (Frankowski et al., 2014; Liang & Hartel, 2009) One potential 

avenue for utilizing the lactose in DLP and in doing so, facilitating further BMO purification, is 

to apply a fermentation step with a yeast to consume most of the lactose. Such a process has 

already been developed for the isolation of BMO from bovine colostrum, however, the higher 

lactose and salt concentration of DLP would not be suitable for conventionally used 

Saccharomyces cerevisiae strains. Alternative yeast such as Kluyveromyces marxianus have 

already been examined in many biotechnological roles, including the production of ethanol and 

single cell protein from dairy streams. This species is particularly well suited for DLP as it can 

ferment at high temperatures, is salt tolerant, and readily and rapidly assimilates lactose.  

 

The use of DLP as a BMO source is further complicated by the inconsistency in its composition. 

Because DLP is the resultant stream from production processes involving many steps to capture 

valuable co-products like whey protein and lactose, the variability in each cheesemaking, protein 

https://en.wikipedia.org/wiki/Kluyveromyces_marxianus
https://en.wikipedia.org/wiki/Kluyveromyces_marxianus
https://en.wikipedia.org/wiki/Kluyveromyces_marxianus
https://en.wikipedia.org/wiki/Kluyveromyces_marxianus
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isolation, and lactose crystallization step must be accounted for, in addition to the variation in the 

composition of the starting milk itself. At present, there is no standard of identity for DLP, 

complicating potential efforts to standardize DLP processing and BMO isolation methods. 

 

BMO VARIATION 

Even when using more concentrated dairy streams as starting points for BMO isolation, the 

starting concentrations of BMOs in the initial milk are a limiting factor. An alternative approach 

to improving commercial BMO isolation, which could be applied in-tandem with isolation 

techniques tailored for dairy streams like mother liquor is to improve the BMO isolate by 

modifying the concentration of BMOs produced in the original milk. Such a modification also 

presents the opportunity to modify BMO profiles in addition to total BMO concentrations, 

potentially increasing the abundances of larger, more structurally complex, and fucosylated 

BMOs, which would allow BMO compositions to more closely mirror those of HMOs. Factors 

that influence BMO profiles and concentrations may include lactation timepoint, breed, parity, 

season, farming system, and diet; however not all of these factors are realistically modifiable in 

existing dairy herds. In addition, because commercial dairy streams are the result of pooling milk 

from a wide range of cows and farms, it is important to consider the widespread applicability of 

any potential modification.  

 

Lactation Time Point 

The abundance of BMOs in milk varies depending on the individual mother and state of 

lactation. Colostrum is the thick yellowish fluid rich in immunological components that is 

produced leading up to and immediately following parturition. (McGrath et al., 2016) The term 
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‘bovine colostrum’ is often used to described milk produced in the first few days postpartum; 

however, following the definition set by the USDA, colostrum is the first milking harvested after 

calving. (USDA NASS, 2007) A more appropriate descriptor of the milk produced between 

colostrum (the first milking) and mature milk is transitional milk. The composition of transitional 

milk may vary substantially between consecutive days as milk composition approaches that of 

mature, or saleable, milk. Total BMO concentrations range from about 1 g/L in colostrum to 

between 80 and 100 mg/L in mature milk (Table 1.6). Increases in BMO concentrations in very 

late lactation milk may be due to the concentrating effect of lower milk yields just before cows 

dry off. (Martin et al., 2001) 

 

In addition to the potential sources of variation described in the following sections, the 

differences exhibited in Table 1.6 between BMO concentrations reported by different studies for 

the same milking or day of lactation may be due, in part, to differences in sample preparation and 

BMO analysis techniques. Although multi-step BMO extraction is often key for analysis, each 

additional sample preparation step increases the risk of BMO losses. It is important to find a 

balance that reduces matrix effects that hinder analysis while not sacrificing BMO recoveries. 

Van Leeuwen (2019) recently reviewed the pros and cons of a wide range of sample preparation 

techniques for HMO analysis, and while there is minimal parallel research on the influence of 

sample preparation on BMO analysis, it would be reasonable to expect similar pitfalls and 

benefits for BMO extraction. In addition, while derivatization of extracted BMOs prior to 

analysis can be useful for increasing detector sensitivity for some analytical techniques, such 

measures may be subject to uneven or incomplete derivatization and require additional sample 

clean-up steps, which can introduce further variation to the analysis.  



 

23 
 

Table 1.6. Concentrations of the most abundant bovine milk oligosaccharides at varying 

lactation timepoints 

 BMO concentration (mg L-1)  

Lactation Timepoint 3’-SL 6’-SL 6’-SLN DSL Publication 

Days 0-2 Prepartum 717 ± 27 64 ± 6 100 ± 7 -- Nakamura 

2003 

Days 3-6 Prepartum 557 ± 175 52 ± 10 75 ± 17 -- Nakamura 

2003 

Days 7-10 Prepartum 262 ± 76 40 ± 5 74 ± 4 -- Nakamura 

2003 

Days 11-14 Prepartum 135 ± 73 18 ± 10 64 ± 22 -- Nakamura 

2003 

1st Milking Postpartum 681-867 136-243 220-239 201-283 McJarrow 

2004* 

1st Milking Postpartum 590 100 140 225 Fischer-Tlustos 

2020‡ 

2nd Milking Postpartum 1245 ± 82 85 ± 6 119 ± 7 126 ± 8 Fong 2011 

2nd Milking Postpartum 310 80 75 100 Fischer-Tlustos 

2020‡ 

Day 1 Postpartum 280 60 60 -- Nakamura 

2003‡ 

3rd Milking Postpartum 170 75 40 50 Fischer-Tlustos 

2020‡ 

4th Milking Postpartum 739 ± 53 73 ± 2 117 ± 10 80 ± 7 Fong 2011 

4th Milking Postpartum 100 50 20 25 Fischer-Tlustos 

2020‡ 

Day 2 Postpartum 190 70 45 -- Nakamura 

2003‡ 

5th Milking Postpartum 80 45 10 20 Fischer-Tlustos 

2020‡ 

6th Milking Postpartum 50 40 5 20 Fischer-Tlustos 

2020‡ 

Day 3 Postpartum 100 40 25 -- Nakamura 

2003‡ 

8th Milking Postpartum 45 35 3 15 Fischer-Tlustos 

2020‡ 

Day 5 Postpartum 75 20 15 -- Nakamura 

2003‡ 
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14th Milking Postpartum 40 25 2 10 Fischer-Tlustos 

2020‡ 

Day 7 Postpartum 30 25 12 -- Nakamura 

2003‡ 

Data reported as mean ± standard error, when available. *Concentrations reported from more 

than one breed. ‡Data derived from their figure expressed as mg/L 

 

Breed 

Among cows of similar lactation stages, notable differences in BMO profiles have been 

documented between different breeds. Comparisons between Danish Jersey and Holstein-

Friesian BMO profiles have revealed higher abundances of neutral fucosylated compounds 

including 4_5_1_0_0 and 3_6_1_0_0 as well as acidic BMOs such as 3’-SL, 6’-SL, and 

disialyllactose (DSL) in Jersey milk, as well as greater diversity of BMO abundances between 

Jersey cows compared to Holstein-Friesians. (Robinson et al., 2019; Sundekilde et al., 2012) In 

contrast, McJarrow and van Amelsfort-Schoonbeek (2004) observed higher concentrations of 6’-

SL in the colostrums of New Zealand Friesian dairy cattle than Jerseys, and no significant 

differences between the breeds for 3’-SL and DSL. In addition, Angus and Angus Hybrid beef 

cows have been noted to express milk with higher abundances of 3_1_0_0_0, 2_2_0_1_0, and 

4_1_0_1_0 compared to Holstein dairy cows. (Sischo et al., 2017) A variety of Nordic dairy 

breeds including Doela and Telemark cattle from Norway, Swedish Mountain cattle, Danish Red 

anno 1970, Icelandic cattle, Native Black cattle and Native White cattle from Lithuania, Western 

Fincattle and Eastern Fincattle were also recently compared by Sunds et al. (2021). Though not 

normalized for other variables like days in milk or farming practices, they found that all of the 

breeds included in the study featured an array of the same 19 BMOs, but in varying proportions. 

Western Fincattle were found to have significantly higher total BMO abundances, while 

Telemark cattle had significantly lower total BMO abundances than the other breeds. In addition, 
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Western Fincattle, Doela cattle, and Icelandic cattle had higher abundances of the large 

fucosylated BMO, 3_6_1_0_0. Sischo et al. (2017) and Sunds et al. (2021) have speculated that 

the variations in BMO profiles and higher BMO concentrations found in the milk of non-

commercial dairy breeds may be the result of their milk compositions favoring the needs of their 

calves rather than higher milk yield. 

 

Parity 

Differences in BMO abundances have also been shown between cows of different parities in 

both Jersey and Holstein-Friesian cows over the first three parities, with the highest BMO 

abundances in the 2nd parity. Robinson et al. (2019) have proposed that this phenomenon may be 

the result of incomplete mammary gland maturity at the time of the first lactation. Although not 

divided by individual parities, Fisher-Tlustos et al. (2020) also observed higher concentrations of 

3’-SL, 6’-SL, and 6’-sialyllactosamine (6’-SLN) in multiparous Holstein dairy cows compared to 

their primiparous herd-mates. 

Though their impacts are well-documented in the literature, lactation timepoint, breed and parity 

are all difficult, if not impossible, to modify in an existing dairy herd. Other factors that have 

been investigated for their influence on BMO profiles include season, farming system and cow 

diet composition; however, the complex nature of such studies has led to challenges in 

interpreting the results due to the presence of potential confounding factors.  

 

Season 

Liu et al. (2017) noted substantial variation in BMO profiles for monthly samples collected from 

New Zealand Holstein-Friesian dairy cattle, with most BMO’s reaching peak abundance in late 
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autumn (May). Because the cows were pasture fed with varying supplementation of cereal grains 

or pelleted concentrates as needed, however, the influence of the cows’ diets likely played a role 

in the observed variation. New Zealand grazing pasture quality and composition is known to 

vary seasonally, (Waghorn & Clark, 2004; Litherland et al., 2002) which, paired with 

inconsistent supplementation of non-pasture feedstocks, likely caused variation in cow nutrient 

intake over the course of the lactation period. McJarrow and van Amelsfort-Schoonbeek (2004) 

observed a similar pattern in BMO concentrations over the lactation season in bulk milk samples 

from a New Zealand herd of mixed Jerseys and Friesians, but specific dietary intake information 

was not reported for the study. 

 

Farming System 

Schwendel et al. (2017) analyzed BMO profiles from bulk milk samples collected from two 

organic and two conventional dairy farms with pasture-fed cows. They found that BMO 

concentrations significantly differed (p < 0.05) between farming systems, with higher average 

abundances of 2_1_0_1_0, 3_0_0_0_0, 3_0_0_1_0, 3_2_0_0_0 and 4_1_0_0_0 in milk samples 

from the organic farms. In addition to the difference in farming systems, the groups also had 

different breed compositions, with fewer Jersey, more Holstein-Friesian and no Ayrshire cows in 

the conventional compared to the organic farm groups, which likely had an influence on the 

BMO profiles of the bulked milk.  

 

Diet 

The influence of a diet composed of alfalfa and corn silage, earlage, and grain compared to an 

exclusively grass diet on BMO profiles in colostrum and early lactation milk was investigated by 
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Vicaretti et al. (2018). Milk samples were collected from 3 cows of varying breeds on each of 2 

farms, with dietary groups segregated by farm. No significant differences in BMO profiles or 

monosaccharide composition of BMOs between the two cow groups were observed; however, 

the small sample size likely caused this study to be too underpowered to observe meaningful 

differences between the groups. Additionally, there is the potential for the differences in breed, 

location, and farm management practices between the two dietary groups to have confounding 

effects on the data. 

 

The impact on BMO profiles of supplementing cows’ diets by adding either almond hulls or 

citrus peels to a base total mixed ration of corn grain, canola meal, and alfalfa cubes was 

investigated by Liu et al. (2014). This study looked at 13 BMOs in the milk of 32 mid-lactation 

Holstein-Friesian dairy cows after 28 days of dietary treatment. The identified BMOs were found 

to have greater inter-cow variation within dietary treatment groups than inter-group variation, 

preventing any conclusions from being made about the influence of the diets on BMO 

production. 

 

Although a clear effect of cow diet on BMO profiles has not yet been shown, dietary 

composition is well documented to influence yield, (Sanchez-Duarte et al., 2019; Ranathunga et 

al., 2013; Cant et al., 1991; Thomson et al.; 1985) lipid profiles, (Xue et al., 2019; Ranathunga et 

al., 2013; Miron et al., 2007, 2003; Carroll, et al., 2006; Jahreis et al., 1997; Cant et al., 1991; 

Spain et al., 1990) nitrogen content, (Sanchez-Duarte et al., 2019; Cant et al., 1991; Miron et al., 

2007; Carroll et al., 2006; Spain et al., 1990) and monosaccharide composition (Asakuma et al., 
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2010) of cows’ milk. As an easily modifiable factor with the potential to influence BMO 

profiles, further controlled studies on the impact of cow diet on BMO production are warranted.  

 

Considerations for Future Dietary Studies 

The question that follows from this is what aspect of cow diet is likely to have the greatest 

impact on the resulting BMO profiles. Many previous studies investigating the effects of diet on 

other aspects of milk composition and yield have centered around supplementing or exchanging 

specific feed ingredients in the diet. While this approach makes study design and diet 

formulation straight-forward, long-term or wide-spread application of findings may pose 

challenges depending on the seasonal and regional availability and nutrient composition of the 

target feed ingredients. Additionally, comparing diets composed entirely of single feed 

ingredients may be unfeasible because of the need to meet overall nutritional requirements to 

maintain good cow health. (Thomson et al, 1985) 

 

The alternative dietary modification approach would be to alter the ratios of feed ingredients to 

change the compositional characteristics of the diet (i.e. starch, fiber, lipid, protein content) while 

maintaining the same ingredients in the total mixed ration (TMR). This approach is beneficial in 

that it gets more to the foundation of what biochemical elements in the feed are driving the 

metabolic changes in the cow that lead to modified milk compositions. Additionally, if a specific 

compositional component or combination of components of the feed is identified as having a 

beneficial effect on the resulting BMO profile without negatively impacting other compositional, 

physiochemical, or sensorial properties of the milk, there may be greater potential for widespread 

translation of such a finding with TMRs composed of different feed ingredients based on 
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regional availability or seasonal variation in crop quality, but formulated to replicate the 

identified biochemical composition.  

 

The digestive system of a cow consists of six major components: the rumen, reticulum, omasum, 

abomasum, small intestine, and large intestine, as shown in Figure 1.4. Of these, the rumen, 

abomasum, and small intestine have the greatest influence on the breakdown and absorption of 

nutrients by the cow. The behavior of the rumen in particular is especially susceptible to being 

influenced by the feed consumed.  

 

The majority of previous studies on the effect of cow diet on milk composition have focused on 

the impact on milk yield and lipid profiles because of their economic relevance both to dairy 

farmers and the cheesemaking industry. Additionally, most studies have found milk lipid profiles 

to be more easily manipulated through dietary changes, compared to milk protein content or 

lactose concentration. However, other compositional aspects of a cow’s diet that bear 

consideration for potential influence on BMO profiles include the ratios and amounts of fiber and 

non-fiber carbohydrates, as well as degradable and metabolizable protein. 
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Figure 1.4. Simplified graphical representation of the bovine digestive system and its functions 

 

The carbohydrate portion of feed is generally classified as either fiber – including neutral 

detergent fiber (NDF; cellulose + hemicellulose + lignin) or acid detergent fiber (ADF; cellulose 

+ lignin) – or non-fiber carbohydrates – including starch and simple sugars. The balance of fiber 

and non-fiber carbohydrates in feed affects ruminal buffering capacity, with levels of non-fiber 

carbohydrates greater than 42% dry matter or levels of fiber less than 14 to 16% dry matter often 

causing ruminal acidosis and the loss of ruminal buffering capacity as fermentable carbohydrates 

are rapidly broken down by rumen microbes and converted to volatile fatty acids. (Eastridge & 

Firkins 2011; Ranathunga et al., 2010; Kennelly et al., 1999; Spain et al., 1990) Because 
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fibrolytic rumen microbes are generally pH sensitive, such fluctuations in ruminal pH are likely 

to lead to decreased fiber breakdown. The fiber content of the diet also stimulates chewing and 

influences the digesta passage rate, which determines the balance between the breakdown of 

components in the rumen and absorption of breakdown products in the rumen and small intestine 

(Figure 1.4). (Ranathunga et al., 2019) The composition and absorption location of these 

breakdown products may influence how they are utilized by the cow, including as potential 

precursors for BMO synthesis. Increasing the ratio of NDF to starch has been shown to lead to 

increased milk yield as well as higher total milk lipids and lactose. Additional considerations for 

many feeds are what the ratios of cellulose, hemicellulose, and lignin are in the fiber fraction and 

how the ratio of fiber and non-fiber carbohydrates is impacted by treatment and storage 

practices, including ensiling. (Miron et al., 2007; Keady et al., 1998; Kelly et al., 1998)  

 

Similarly, the balance of degradable protein, which can be utilized by rumen microbes, and 

metabolizable protein, which is not broken down by rumen microbes and is available to be 

digested and absorbed by the cow, influence both rumen and overall cow health. The amino acid 

composition of metabolizable protein is also an important consideration for cow health and milk 

production. The limiting amino acids for dairy cattle are generally lysine and histidine, however, 

methionine may also be limiting for cows fed high-forage or soy hull-based diets. The amino 

acid composition of feed may also be impacted by feed treatment and storage practices, 

especially in the case of lysine which is particularly heat sensitive. (Schwab, 2011) Studies 

examining the impact of changes in protein source on milk composition have found changes in 

lipid, protein, and lactose concentrations. (Spain et al., 1990; Bernard, 1997; Ørskov et al., 1981) 

(Bernard, 1997; Ørskov et al., 1981) In addition, diets with a higher ratio of metabolizable to 
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degradable protein have been found to result in increased levels of milk fat and protein. (Ørskov 

et al., 1981) 

 

In addition to other well-established effects of dietary lipids on milk yield and total milk fat, (van 

Knegsel et al., 2007; Petit et al., 2001; Cant et al., 1991) modifications to the lipid profile of 

feed, particularly the ratio of saturated and unsaturated fatty acids, may also impact digestion, 

nutrient absorption, and milk production. Cant et al. (1991) documented decreased fiber 

digestion with increased levels of yellow grease supplementation and hypothesized that it may 

have been the result of changes in membrane composition of rumen microbes as the result of 

incorporating unsaturated fatty acids from the supplemented feed. Such changes in microbial 

membrane composition and fluidity, if taken to an extreme, could lead to the loss of function of 

some rumen microbes, vastly impacting the required time for rumination, degree of feed 

digestion, and nutrient absorption.  

 

Additionally, changing feed compositions or ingredients may also lead to changes in feeding 

behavior, including the frequency and duration of feeding, (Su et al., 2017; Miron et al., 2007) 

feed sorting, (Su et al., 2017) and overall levels of dry matter intake. (Su et al., 2017; 

Ranathunga et al., 2013, 2010) Such changes in behavior may alter the expected quantities and 

ratios of feed components ingested from the expected values. Maintaining a dietary composition 

that leads to adequate levels of feed consumption to support lactation and meets all the 

nutritional needs of the cow is also a necessary consideration. Although the impact of cow health 

on BMO production is unknown, BMO synthesis is an energy-intensive process, so it is expected 
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that healthier cows would have the capacity to produce BMOs with more complex structures 

and/or higher concentrations of BMOs. 

 

Another important consideration for any study implementing a dietary modification variable is 

the duration of the treatment period. Elgersma et al. (2004) found that 4 to 14 days was sufficient 

treatment length to see a leveling out of changes in total milk fat and milk fatty acid composition 

due to dietary modification transitioning from fresh grass to ensiled forage. In contrast, Thomson 

et al. (1985) didn’t see any leveling-off of changes in milk yield, or total milk protein during a 

16-week study period looking at the effects of perennial ryegrass versus white clover grazing on 

milk production and composition. No comparable study has yet been carried out on milk 

oligosaccharides, but existing studies on the influence of diet on BMO profiles have featured 

treatment periods of 7 to 28 days. (Liu et al., 2014; Vicaretti et al., 2018) Ensuring that treatment 

periods are sufficiently long to reveal the full results of dietary alterations will be essential for 

future dietary treatment studies. 

 

Regardless of the source of the change in BMO profile, it is crucial to consider what effect, if 

any, increasing BMO content has on other milk components and properties. The Danish-Swedish 

Milk Genomics Initiative offers a uniquely large dataset including information on a wide range 

of milk components from cows of several breeds and parities, although the same subsets of 

samples were not used for all analyses. A study from this initiative reported higher abundances 

of some BMOs in Danish Jersey compared to Danish Holstein cows, as well as higher 

abundances of some BMOs in the milk of second parity cows, compared to those in their first 

and third parities. (Robinson et al., 2019) Other studies have shown that compared to Danish 
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Holsteins, the milk of Danish Jerseys has increased percent fat, percent protein, and percent 

casein, particularly κ-casein, which likely contributes to the better coagulative properties of 

Jersey milk. (Gustavsson et al., 2014; Poulsen et al., 2013, 2012) Though differences in milk 

composition between breeds is likely more influenced by genetic than environmental factors, 

these observations suggest that increased BMO abundances and more favorable BMO profiles do 

not necessarily come at the expense of reduced concentrations of other more traditionally 

valuable milk components. 

 

 

CONCLUSIONS 

Bovine milk oligosaccharides are a promising ingredient for infant formulas and nutraceuticals 

due to their numerous demonstrated and hypothesized bioactivities and their potential for large-

scale isolation from dairy processing side and waste streams. The low concentrations of BMOs 

in milk and traditional dairy processing streams present a challenge to isolation. This may be 

overcome by using more concentrated dairy streams like delactosed permeate and modifying the 

naturally occurring BMO composition of the starting milk through changes in cows’ diets to 

increase BMO concentrations while also potentially modifying BMO profiles to be more similar 

to those of human breast milk. 
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ABSTRACT  

Human milk oligosaccharides (HMOs) are indigestible carbohydrates with prebiotic, pathogen 

decoy, and immunomodulatory activities that are theorized to substantially impact infant health. 

The objective of this study was to monitor HMO concentrations over one year to develop a long-

term longitudinal dataset. HMO concentrations in the breast milk of healthy lactating mothers of 

the Cambridge Baby Growth and Breastfeeding Study (CBGS-BF) were measured at birth, 2 

weeks, 6 weeks, 3 months, 6 months and 12 months postpartum. HMO quantification was 

conducted by high-performance anion-exchange chromatography with pulsed amperometric 

detection using a newly validated “dilute-and-shoot” method. This technique minimizes sample 

losses and expedites throughput, making it particularly suitable for the analysis of large sample 

sets. Varying patterns of individual HMO concentrations were observed with changes in 

lactation time point and maternal secretor status, with the most prominent temporal changes 

occurring during the first 3 months. This data provides valuable information for the development 

of human milk banks in view of targeted distribution of donor milk based on infant age. Maternal 

FUT2 genotype was determined based on identification at single-nucleotide polymorphism 

rs516246 and compared with the genotype expected based on phenotypic markers in the HMO 

profile. Surprisingly, two mothers genotyped as secretors produced milk that displayed very low 

levels of 2’-fucosylated moieties. This unexpected discrepancy between genotype and phenotype 

suggests that differential enzyme expression may cause substantial variation in HMO profiles 

between genotypically similar mothers, and current genotypic methods of secretor status 

determination may require validation with HMO markers from milk analysis. 
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INTRODUCTION 

Human milk oligosaccharides (HMOs) are a class of bioactive carbohydrates that are one of the 

most abundant components of breast milk, with total estimated concentrations in the range of 5 – 

25 g/L. (Gabrielli et al., 2011; Huang et al., 2019; Ma et al., 2018) These carbohydrates are 

composed of between 3 and 20 monosaccharide units and generally feature a lactose core at the 

reducing end. The backbones of HMOs are extended from the lactose core through the addition 

of galactose and N-acetylglucosamine units and may be further decorated with fucose or N-

acetylneuraminic acid. More than 200 unique HMOs have been reported to date, with at least 

164 structures fully elucidated. (Urashima et al., 2018; Chen et al., 2015; Kobata et al., 2010; 

Ninonuevo et al., 2006; Wu et al., 2011, 2010) HMOs have garnered substantial recent interest 

because, despite being assembled at considerable energetic cost to the mother, they are mostly 

undigested by the neonate. (Gnoth et al., 2000; Leoz et al., 2013; Rudloff et al., 1996) A small 

portion is absorbed, entering the infant’s circulatory system, (Goehring et al., 2014) while the 

majority reach the colon largely intact. (Chaturvedi et al., 2001; Engfer et al., 2000; Gnoth et al., 

2000) Much HMO-related research has therefore focused on identifying the functional purpose 

of these molecules. 

 

HMOs are prebiotic, selectively promoting the growth of beneficial bacteria in the infant gut. 

(Bai et al., 2018; Marcobal et al., 2010; Pacheco et al., 2015; Underwood et al., 2015; Ward et 

al., 2007; Yu et al., 2013) These beneficial bacteria bind to the intestinal epithelium, reducing the 

opportunities for pathogens to colonize, (Chichlowski et al., 2012) as well as producing short 

chain fatty acids which lower the pH of the gut, (Langhendries et al., 1995; Midtvedt and 

Midtvedt, 1992; Scott et al., 2014) making the environment unfavorable for pathogen 
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colonization. The produced short chain fatty acids further benefit human health by serving as 

substrates for host processes such as colonocyte metabolism and gluconeogenesis. (Wong et al., 

2006) In addition, studies suggest that HMOs have other structure-specific functions including 

acting as receptor decoys to which pathogens may bind in place of host epithelial cells, (Coppa et 

al., 2006; Manthey et al., 2014; Ruiz-Palacios et al., 2003) strengthening gut-barrier function, 

(Boudry et al., 2017) and reducing gut inflammation by limiting the binding of lymphocytes, 

monocytes, and neutrophils to epithelial cells. (Bode et al., 2004; Terrazas et al., 2001) 

Consumption of sialylated HMOs has also contributed to brain development in experiments with 

piglet models. (Jacobi et al., 2016)  

 

HMO profiles vary between mothers based on gestational age at birth, (Austin et al., 2019; 

Gabrielli et al., 2011; Spevacek et al., 2015) and maternal secretor and Lewis status, (Azad et al., 

2018; Cabrera-Rubio et al., 2019; Chaturvedi et al., 2001; Erney et al., 2000; Sprenger et al., 

2017; Thurl et al., 2010; van Leeuwen et al., 2018; Xu et al., 2017) as well as between milk 

samples from the same mother based on lactation stage. (Austin et al., 2016; Ma et al., 2018; 

McJarrow et al., 2019; Samuel et al., 2019; Sprenger et al., 2017; Thurl et al., 2010) Secretor 

status is linked with the expression of the secretor gene which codes for the fucosyltransferase 2 

(FUT2) enzyme. Secretor positive mothers are characterized by the presence of α1,2-fucosylated 

HMOs in their milk, while secretor negative mothers produce milk with little to no α1,2-

fucosylated HMOs. Similarly, Lewis status is based on the expression of the Lewis gene which 

encodes fucosyltransferase 3 (FUT3). Lewis positive mothers produce milk with substantial 

levels of α1,3- and α1,4-fucosylated HMOs, while the milk of Lewis negative mothers contains 

lower levels of α1,3-fucosylated and little or no α1,4-fucosylated HMOs. (Bode, 2015; Newburg 
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et al., 2004) It is especially important to determine the mother’s secretor status in clinical studies 

because there is strong evidence that maternal secretor status and the concentration of α1,2-

fucosylated HMOs in breast milk influence the infant gut microbiota composition, (Bai et al., 

2018; Borewicz et al., 2020; Cabrera-Rubio et al., 2019; Lewis et al., 2015; Moossavi et al., 

2019; Underwood et al., 2015) which has been associated with differential health outcomes for 

the infant. (Davis et al., 2017; Morrow et al., 2004) 

 

From the perspective of promoting healthy infant development, understanding the changes that 

occur in milk’s HMO content over time could be particularly informative. The World Health 

Organization recommends exclusive breastfeeding for the first six months of life, followed by 

complementary feeding in which breastfeeding is continued up to two years of age. (World 

Health Organization, 2018) Longitudinal studies that track HMO concentrations and infant 

health over this time span could identify important trends in, and relationships between, these 

variables. When mother’s own milk is not available, infant formula is commonly used as an 

alternative source of infant nutrition. Several companies have successfully produced HMOs, a 

couple of which are added in low amounts to some infant formulas. Identifying changes over 

time in milk composition could also ensure that biologically appropriate amounts of HMOs are 

added to infant formulas according to infant age. Similarly, data on how milk composition 

changes over time could be applied in human milk banks to develop batches segregated based on 

appropriate corresponding infant age. Several studies have measured HMO concentrations in 

populations of mothers across multiple time points, primarily within the range of 0 to 6 months 

postpartum. (Chaturvedi et al., 2001; Coppa et al., 1999; Kunz et al., 2017; Ma et al., 2018; 

Perrin et al., 2017; Samuel et al., 2019; Sprenger et al., 2017; Thurl et al., 2010) Furthermore, as 
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HMO discovery-based studies lead to translational applications such as infant formula 

production and milk bank development to target specific infant subgroups based on age and 

developmental stage, it will be particularly important to reconcile variations among HMO 

datasets arising from differences in sampling procedures, genetics, geographic location, HMO 

extraction, and analytical methodology. In this study, absolute quantities of HMOs were 

measured in a one-year longitudinal sampling of hind milk from mothers residing in the United 

Kingdom who gave birth to a healthy term infant, with the objectives of identifying significant 

variations in HMO concentrations based on sampling time, maternal genetics, and infant growth. 

Lastly, we have specifically investigated the relationship between maternal genotype and the 

concentration α1-2-linked fucose in human milk. HMO measurements were performed using a 

novel analytical approach that minimizes sample handling and extraction steps, reducing 

opportunities for losses during sample preparation and increasing throughput.  

 

 

RESULTS 

HPAEC-PAD “Dilute-and-Shoot” Method Validation 

HMOs were quantified on a ThermoFisher Scientific Dionex ICS 5000+ high-performance 

anion-exchange chromatography system with pulsed amperometric detection (HPAEC-PAD) 

with a Dionex IonPac NG1 column that served as a trap column for on-line removal of 

hydrophobic sample components. To verify that HMOs were not retained during this on-line 

sample clean-up, measurements of recovery and repeatability were evaluated for each HMO. 

Recovery values varied from 89.1 – 106.6% (Table 2.1), indicating minimal losses and 

reasonably high measurement accuracy. Repeated injections of a breast milk sample showed 
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reproducible results for all quantified HMOs with coefficients of variation less than 3% for all 

HMOs except 3-fucosyllactose (3-FL), which had a coefficient of variation of 8.5% due to 

challenges with peak integrations caused by a closely eluting peak in some samples (Table 2.2). 

Additionally, sample replicates injected several hundred injections apart produced very 

consistent results without significant rise in the baseline or loss of signal. 

 

Table 2.1. HMO recovery measurements. Values are expressed as the mean ± standard deviation 

of triplicate measurements. Spiking levels 1 – 5 signify the addition of 1, 5, 9, 13, and 17 mg/L, 

respectively, for 3-fucosyllactose and 2’-fucosyllactose. For the remaining oligosaccharides, 

spiking levels 1 – 5 signify the addition of 4, 8, 12, 16, and 20 mg/L, respectively 

Oligosaccharide 

Spiking level 

1 2 3 4 5 

3-Fucosyllactose 91.9% ± 

2.4% 

94.0% ± 

0.7% 

93.4% ± 

0.5% 

93.9% ± 

0.4% 

96.2% ± 

0.1% 

2’-Fucosyllactose 106.2% ± 

5.9% 

99.4% ± 

6.6% 

96.8% ± 

2.1% 

99.1% ± 

0.7% 

95.8% ± 

0.7% 

Lacto-N-

fucopentaose I 
90.3% ± 

1.0% 

106.6% ± 

3.5% 

103.1% ± 

1.7% 

103.9% ± 

0.6% 

101.6% ± 

1.2% 

Lacto-N-

neotetraose 
99.5% ± 

0.3%  

100.5% ± 

2.6% 

99.5% ± 

1.2% 

100.7% ± 

1.0% 

98.8% ± 

0.5% 

Lacto-N-tetraose 93.7% ± 

1.3% 

100.6% ± 

5.1% 

98.7% ± 

2.4% 

100.5% ± 

0.2% 

97.7% ± 

0.2% 

6’-Sialyllactose 89.1% ± 

3.1% 

97.9% ± 

2.7% 

94.8% ± 

1.6% 

98.4% ± 

1.0% 

98.3% ± 

1.5% 

3’-Sialyllactose 93.4% ± 

1.2% 

98.1% ± 

0.5% 

97.4% ± 

2.1% 

97.8% ± 

1.6% 

98.8% ± 

0.9% 
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Table 2.2. HMO repeatability measurements. Values represent the average of five replicate 

injections of a 6-week postpartum human milk sample 

Oligosaccharide 
Average 

(g/L) 

Standard deviation 

(g/L) 

Coefficient of 

variation 

3-Fucosyllactose 0.394 0.033 8.5% 

2’-Fucosyllactose 2.065 0.015 0.7% 

Lacto-N-fucopentaose I 0.621 0.008 1.3% 

Lacto-N-neotetraose 0.069 0.002 2.6% 

Lacto-N-tetraose 2.527 0.033 1.3% 

6’-Sialyllactose 0.193 0.003 1.5% 

3’-Sialyllactose 0.071 0.002 2.8% 

 

An external calibration for each HMO was constructed to cover a wide range of natural 

variations in HMO concentrations. All seven HMOs showed good linearity in response over the 

given concentration range (Table 2.3, R2 = 0.9998-1.0000). The limits of quantification (LOQs) 

were set at a signal-to-noise ratio of 6 to 1, and the limits of detection (LODs) were set at a 

signal to noise ratio of 3 to 1. For most of the HMOs examined, these ratios translated into LODs 

≤1 ng and LOQs ≤3 ng. LOQ and LOD values for individual quantified HMOs are displayed in 

Table 2.3.  

 

Table 2.3.  HMO limits of detection, limits of quantification and linear dynamic ranges. Limits 

of detection and quantification were established at signal-to-noise ratios of 3 to 1 and 6 to 1, 

respectively 

Oligosaccharide LOD 

(ng) 

LOQ (ng) Linear Dynamic Range 

3-Fucosyllactose 0.1 0.2 0.3 – 20 mg/L 

2’-Fucosyllactose 0.3 0.6 0.3 – 20 mg/L 

Lacto-N-fucopentaose I 0.3 0.5 0.3 – 30 mg/L 

Lacto-N-neotetraose 0.2 0.3 0.3 – 30 mg/L 

Lacto-N-tetraose 1.0 3.0 0.6 – 30 mg/L 

6’-Sialyllactose 1.5 3.0 0.6 – 30 mg/L 

3’-Sialyllactose 0.45 0.7 1.0 – 30 mg/L 
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HMO Trends over Lactation 

A total of 167 milk samples were analyzed from 71 term mothers. Average concentrations for 

most quantified HMOs decreased over the course of lactation for both secretor and non-secretor 

mothers, as shown in Figure 2.1. The exceptions to this trend were 3-FL and 3’-sialyllactose (3’-

SL), which were lower in early lactation and increased in concentration over time. Since 

concentrations of many HMOs vary depending on maternal secretor status, statistical tests were 

applied to secretor and non-secretor data separately to identify differences in HMO 

concentrations by time point. Participation rates were the highest at two and six weeks 

postpartum, and our data shows that the most significant changes occur during this early phase of 

lactation among the HMOs that decrease over time, both in secretors and non-secretors. 

Increases in 3-FL and 3’-SL over time were statistically significant, except for 3-FL in non-

secretors (Figure 2.1, right panel). 



 

54 
 

 

Figure 2.1. Human milk oligosaccharide concentrations at birth, 2 weeks, 6 weeks, 3 months, 6 

months, and 12 months postpartum in secretor (left) and non-secretor (right) mothers. For each 

oligosaccharide, different letters indicate significant differences (α=0.05) as identified by single 

factor ANOVA and Tukey pairwise comparisons. 
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3-FL and lacto-N-tetraose (LNT) concentrations were notably higher among non-secretor 

mothers compared to secretor mothers, with a significant difference (p<0.05) in concentrations 

for the two groups at 2 weeks and 6 weeks postpartum for both 3-FL and LNT, as well as at 6 

months postpartum for 3-FL (Figure 2.2). 

 

  

 

Figure 2.2. Concentrations of (A) 3-fucosyllactose and (B) lacto-N-tetraose in the breast milk of 

secretor (black) and non-secretor (grey) mothers across lactation. Boxes represent the 

interquartile range (25 to 75%) and the interior line indicates the mean. An asterisk indicates 

significant difference (P < 0.05) in HMO concentration between secretor and non-secretor 

mothers at the bracketed time point.  

 

Both secretors and non-secretors had opposite trends in average 3’-SL versus 6’-sialyllactose (6’-

SL) concentrations over the course of lactation, in which the more abundant acidic 

oligosaccharide reversed at around 3 months of lactation, as shown in Figure 2.3. Although the 

average 3’-SL concentrations were low in early lactation, their increase over time resulted in an 

average 3’-SL concentration at 1 year postpartum that was comparable to early-lactation 

concentrations of 6’-SL. Intrigued by this finding, we re-analyzed existing longitudinal 

quantitative HMO data in the published literature to validate our finding and assess whether the 
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switch in the concentration of acidic HMOs does indeed occur at around 3 months of lactation in 

a consistent manner across longitudinal clinical studies. We found our observation to be 

consistent with patterns in 3’-SL and 6’-SL concentration changes in previous reports from 

numerous cohorts across Europe (Austin et al., 2019; Coppa et al., 1999; Gabrielli et al., 2011; 

Samuel et al., 2019; Thurl et al., 2010) and eastern Asia (Austin et al., 2016; Ma et al., 2018; 

Sprenger et al., 2017; Sumiyoshi et al., 2003) (Supplementary Figures 2.2 & 2.3). 

 

 

Figure 2.3. Intersecting trends in average 3’-sialyllactose (brown squares) and 6’-sialyllactose 

(grey circles) concentrations over the first 12 months of lactation. 

 

Secretor Status Determination 

In this study, the secretor status of a subset of the mothers was determined through FUT2 

genotyping based on the single-nucleotide polymorphism (SNP) at rs516246, with mothers 

possessing G/G and A/G alleles being secretors, and those with A/A alleles being non-secretors. 

A large variation was observed for 2’-FL levels in breastmilk, with nearly all genotypic secretor 

mothers expressing 2’-FL at concentrations between 0.12 and 6.4 g/L, while genotypic non-

secretors always produced 2’-FL concentrations below 0.1 g/L, suggesting that 0.1 g/L 2’-FL 
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could be used as a threshold to phenotypically distinguish secretor from non-secretor mothers 

(Figure 2.4). All mothers with 2’-FL levels below 0.1 g/L also produced milk with low levels of 

lacto-N-fucopentaose I (LNFP I), the other quantified α1,2-fucosylated HMO.  

 

 

Figure 2.4. 2’-Fucosyllactose concentration cut-off used for the designation of phenotypic 

secretors and non-secretors from breast milk samples across the first year of lactation. 

 

Two mothers, despite being genotyped as secretors, produced milk that featured exceptionally 

low concentrations of α1,2-fucosylated HMOs throughout lactation. For these mothers, the 

genotyping procedure was repeated to ensure that the secretor genotype had not been assigned in 

error, and the results of the re-test confirmed the FUT2 positive genotypes. In addition, the 

phenotypic analyses for these mothers were repeated and the presence of very low levels of α1,2-

fucosylated HMOs was confirmed by monitoring LNFP I on a capillary electrophoresis system 

featuring a lower LOD than the HPAEC-PAD method used for HMO quantification. The milk of 

both mothers with discrepancies between secretor status genotype and phenotype was found to 

have a consistently lower relative abundances of LNFP I than levels typical of other FUT2 
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positive mothers in the dataset, across lactation (Supplementary Figure 1). All other mothers 

with secretor genotype produced breastmilk with 2’-FL concentrations above the 0.1 g/L cut-off 

at all measured lactation time points. 

 

 

DISCUSSION 

The trends in concentration over the course of lactation for all quantified HMOs were consistent 

with the results of previously published HMO profiles for longitudinal cohorts, (Coppa et al., 

1999; Ma et al., 2018; Samuel et al., 2019; Sprenger et al., 2017; Sumiyoshi et al., 2003; Thurl et 

al., 2010) although very few other studies span points across a full year of lactation. With the 

exception of 3-FL and 3’-SL, average HMO concentrations declined over the first year of 

lactation, with these changes occurring rapidly over the first three months (Figure 2.1). In both 

secretors and non-secretors, 3-FL and 3’-SL increased steadily throughout the study, and 3-FL 

was consistently more concentrated in non-secretors at each time point. The lack of statistical 

significance in the increase of 3-FL over time in non-secretors is likely due to the smaller 

proportion of non-secretor milk samples available to the study (Figure 2.1, right panel).  

 

Neutral HMOs 

The higher 3-FL and LNT concentrations in non-secretor mothers were further explored, with 3-

FL concentrations found to be significantly higher (p<0.05) in the milk of non-secretor mothers 

compared to secretor mothers at 2 weeks, 6 weeks, and 6 months post-partum and LNT 

concentrations found to be significantly higher (p<0.05) for non-secretor mothers at 2- and 6-

weeks post-partum (Figure 2.2). The increased synthesis of these compounds in the mammary 
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gland is likely the result of decreased competition for sugar nucleotide substrates in the absence 

of active FUT2 enzymes. This absence of FUT2 activity increases the effective GDP-fucose 

substrate availability and allows for greater rates of fucosylation by other fucosyltransferase 

enzymes, such as the FUT3 enzyme that produces 3-FL. If not all of the additional available 

substrate undergoes alternative fucosylation, increased concentrations of remaining 

unfucosylated precursor oligosaccharides would remain, as with LNT. This is consistent with 

previous observations reporting that the concentration of LNT in milk was higher for non-

secretor mothers compared to secretor mothers, and among non-secretors, was higher in Lewis 

negative mothers than Lewis positive mothers. (Samuel et al., 2019)  

 

Unlike some previous studies, (Austin et al., 2016; Erney et al., 2000; Nakhla et al., 1999; Prieto, 

2012) we did not observe any mothers with exceptionally low levels of 3-FL at any point during 

lactation, which suggests that none of the mothers in the present study were both Lewis negative 

and missing the function of the secondary α1,3-fucosyltransferase. (van Leeuwen et al., 2018) 

The absence of graphitized carbon solid phase extraction in our sample preparation method is 

key for ascertaining 3-FL levels with confidence, as 3-FL has been demonstrated to have poor 

retention on graphitized carbon, (Xu et al., 2017) and the application of graphitized carbon solid 

phase extraction for HMO isolation prior to analysis may lead to substantial under-quantification 

of this compound. 

 

Acidic HMOs 

Because the inverted trends in average 3’-SL and 6’-SL concentrations had not been noted in 

previous studies, we further investigated our own results (Figure 2.3) and compared them with 
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information we extracted from the published literature (Supplementary Figures 2.2 & 2.3). The 

initially high but decreasing average 6’-SL concentrations paired with the initially low but 

increasing average 3’-SL concentrations result in a relatively steady average concentration of the 

quantified acidic HMOs over the first year of lactation. Although the same degree of increase in 

3’-SL concentration was not observed for all of the previous longitudinal HMO studies, the 

decline in 6’-SL concentrations is clear across the existing longitudinal HMO literature. Similar 

observations of substantially increased 3’-SL concentrations in later lactation may have been 

hindered by shorter lactation durations sampled for previous cohorts. This switch in 6’-SL and 

3’-SL abundances will be an important factor for consideration as manufacturers consider which 

sialyllactose isomer(s) to include in infant formula for targeted age groups to best align its 

composition with breast milk. 

 

Very few studies have investigated both 3’-SL and 6’-SL in a side-by-side comparison for 

antiadhesive or other antipathogenic effects against common infant gastrointestinal pathogens, 

and in those that have, there is a lack of reporting whether any significant differences exist 

between the effects of the two isomers. Among in vitro studies, there have been reports of greater 

inhibition of adhesion of Salmonella enterica ssp. enterica ser. fyris by 6’-SL compared to 3’-

SL, (Coppa et al., 2006) strain dependence in the degree of inhibition of hemagglutination of 

enterotoxigenic Escherichia coli (ETEC) and enteropathogenic E. coli (EPEC) by both 6’-SL 

and 3’-SL, (Coppa et al., 2006; Martín-Sosa et al., 2002) and greater inhibition of both 

hemagglutination and adhesion of S. fimbriated E. coli by 3’-sialylated oligosaccharides 

including 3’-SL compared to their 6’-sialyllated analogues. (Parkkinen et al., 1986) 
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In relation to prebiotic activity, the sialidases of Bifidobacterium longum ssp. infantis, a 

prevalent beneficial gut microbe in infants, have shown a greater affinity for α2,6-linked than 

α2,3-linked Neu5Ac.(Sela et al., 2011) In addition, several strains of B. breve have demonstrated 

a greater percent consumption of sialyllacto-N-tetraose b (LSTb, 

Gal(β1,3)[Neu5Ac(α2,6)]GlcNAc(β1,3)Gal(β1,4)Glc) compared to its α2,3-linked Neu5Ac-

containing counterpart, sialyllacto-N-tetraose a (LSTa, 

Neu5Ac(α2,6)Gal(β1,3)GlcNAc(β1,3)Gal(β1,4)Glc), in an in vitro study. (Ruiz-Moyano et al., 

2013) In a pre-clinical piglet model, microbiome differences were observed in the proximal and 

distal colons of piglets fed control compared with 6’-SL-enriched formulas, but no significant 

differences were observed between control and 3’-SL-enriched formulas. (Jacobi et al., 2016) In 

another study, both 3’-SL and 6’-SL were shown to support normal microbial communities and 

behavioral responses in piglets during stressor exposure, potentially through effects on the gut 

microbiota–brain axis. (Tarr et al., 2015) 

 

Both 3’-SL and 6’-SL have been linked with sialylation of brain gangliosides and improved 

learning outcomes compared to non-sialyllactose-supplemented controls. (Jacobi et al., 2016; 

Oliveros et al., 2018; Sakai et al., 2006) In a preclinical model, increasing doses of 3’-SL 

increased enrichment of ganglioside-bound sialic acid in the cerebellum of neonatal pigs. In 

addition, total sialic acid was also increased in the corpus callosum of pigs fed the lower doses of 

both 3’-SL and 6’-SL. (Jacobi et al., 2016)  
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Secretor Status Determination 

The most commonly differentiated maternal phenotype impacting HMO profiles is secretor 

status. In most previously published HMO studies, maternal secretor status has been assigned 

based on the degree to which α1,2-fucosylated moieties are present in a given mother’s milk as 

measured by NMR (Smilowitz et al., 2013; Spevacek et al., 2015, van Leeuwen 2018, van 

Leeuwen 2014) and a variety of chromatographic methods, including HPAEC-PAD (Erney et al., 

2000; Gabrielli et al., 2011; Sprenger et al., 2017) as well as HPLC coupled with fluorescence-, 

(Alderete et al., 2015; Austin et al., 2019; Azad et al., 2018; Ferreira et al., 2020; Larsson et al., 

2019; Saben et al., 2020; Samuel et al., 2019) UV-, (Ma et al., 2018; McGuire et al., 2017) or 

mass spectrometry-based detectors. (Goehring et al., 2014; Tonon  et al., 2019a; Tonon et al., 

2019b)  Those with little to no α1,2-fucosylated HMOs are categorized as non-secretors and 

assumed to be homozygous for the recessive FUT2 allele (se/se), while all other mothers are 

characterized as secretors and assumed to be either heterozygous or homozygous for the 

dominant FUT2 allele (Se/se or Se/Se). Although some studies have observed a complete absence 

of α1,2-fucosylated HMOs in the milk of the mothers they categorized as non-secretors, 

(Borewicz et al., 2019; van Leeuwen et al., 2018; van Leeuwen et al., 2014) other studies, 

including the present analysis, have observed very low concentrations of α1,2-fucosylated HMOs 

in phenotypic non-secretors. In the latter situation, however, the threshold separating designated 

secretors and non-secretors varies substantially between studies, often being set at either the 

LOD or LOQ for 2’-FL or LNFP I – so that it varies between analytical methods – or where 

there is a natural break in concentrations of 2’-FL and/or LNFP I – so that the cut-off varies 

between cohorts.  
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In this study, we had a unique opportunity to compare FUT2 genotyping results for a subset of 

the mothers in the cohort with their corresponding HMO profiles to determine whether a 

concentration threshold for a specific HMO can indeed be used to differentiate secretor 

genotypes. After examining each dataset, we were able to distinguish secretor mothers from non-

secretors by selecting a 2’-FL concentration cut-off of 0.1 g/L, with genotypic non-secretors 

always producing 2’-FL concentrations below the cut-off (Figure 2.4). This value successfully 

distinguished the FUT2 status of all mothers with the potential exception of two subjects for 

which the maternal genotype and phenotype were consistently not in alignment. These mothers 

were secretors by genotype but had 2’-FL concentrations below the LOD (6 mg/L in the milk) 

for all time points. However, LNFP I concentrations for both mothers were frequently in between 

the LOD and LOQ, indicating a low level of α1-2 fucosyltransferase activity. This is a novel 

observation that has not been noted in previously published HMO studies. We propose that these 

individuals may have an alternate mutation to the FUT2 gene that limits the activity of the FUT2 

enzyme. 

 

The nonsense mutation exchanging adenine for guanine 428 in the FUT2 gene is the most 

commonly reported in Caucasian populations and was thus selected as the target SNP for the 

present study, which features a cohort of predominantly Caucasian mothers (91.5% Caucasian, 

3.2% Asian, 1.0% Black, 4.3% multiple racial or ethnic identities); however, several other SNPs 

in the FUT2 gene have also been documented to result in limited enzyme function after 

translation. Among these are the nonsense mutations at nucleotides 571 (C→T), 357 (C→T) and 

628 (C→T), and missense mutations at nucleotides 302 (C→T) and 385 (A→T). (Chang et al., 

1999; Guo et al., 2017; Henry et al., 1996; Koda et al., 1996; Liu et al., 1998; Pang et al., 2001, 
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2000; Park et al., 2010; Yip et al., 2007) The missense mutation substituting adenine 385 in the 

FUT2 gene to thymine causes the transcription of phenylalanine instead of isoleucine at amino 

acid position 129 in the resulting protein. This mutant FUT2 enzyme has a similar substrate 

binding affinity to the wild type, but only 20% of the enzyme activity. (Henry et al., 1996) This 

mutation, frequently referred to as the weak secretor (Se385 or SeW) allele, is well documented in 

Asian populations, but much more rarely identified among Caucasians. All of the other listed 

mutations result in FUT2 expression levels characteristic of non-secretors. 

  

Although alternative methods of identifying secretor status have been applied in previous HMO 

studies, most techniques, including saliva hemagglutinin inhibition, blood typing, and thresholds 

based on concentrations or ratios of specific HMOs rely on phenotypic rather than genotypic 

markers, and therefore may not reflect true maternal genotype. Additionally, apparent secretor or 

Lewis phenotype in some body fluids or tissues may change with disease, organ transplants, or 

pregnancy. (Henry et al., 1996) Genotypic identification of secretors, however, is fraught with its 

own challenges due to the large number of potential SNPs in the FUT2 gene and the wide 

variation of SNPs between regional and ethnic populations, even between groups of similar 

phenotypic proportions of secretors and non-secretors. (Ferrer-Admetlla et al., 2009)  

 

The subset of the study population that was FUT2 genotyped at SNP rs516246 (50 mothers) was 

88% secretors.  Based on phenotypic expression of α1,2-fucosylated HMOs in all 69 mothers in 

the cohort, the study population is 84% secretors. Both of these distributions are consistent with 

those reported in previous HMO studies for geographically similar populations. (Erney et al., 

2000; Samuel et al., 2019; Thurl et al., 2010) 
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Variation of HMO Concentrations in the Published Literature 

Even among studies with populations of similar reported secretor status distributions, 

concentrations of HMOs at comparable lactation time points vary substantially (Supplementary 

Table 2.1). The source of this variation has been attributed to a number of factors including 

geographical location, (Azad et al., 2018; Chaturvedi et al., 2001; Erney et al., 2000; McGuire et 

al., 2017; Samuel et al., 2019) maternal pre-pregnancy BMI, (Azad et al., 2018; Ferreira et al., 

2020; McGuire et al., 2017; Samuel et al., 2019; Wang et al., 2020) gestation duration, (Austin et 

al., 2019; Gabrielli et al., 2011; Spevacek et al., 2015; Sundekilde et al., 2016; Wang et al., 2020) 

parity, (Azad et al., 2018; Ferreira et al., 2020; Samuel et al., 2019; Wang et al., 2020) mode of 

delivery, (Samuel et al., 2019; Wang et al., 2020) maternal age, (Azad et al., 2018; McGuire et 

al., 2017) infant sex, (Tonon et al., 2019a; Wang et al., 2020) and maternal disease status. (Bode 

et al., 2012; Olivares et al., 2015; Tonon et al., 2019a; Van Niekerk et al., 2014) Interestingly, 

many of these variables have also been found not to influence HMO profiles in other cohorts. 

(Austin et al., 2016; Azad et al., 2018; Nakhla et al., 1999) Additional studies will be needed to 

determine whether these are biologically driving factors of HMO composition or have previously 

correlated with HMO abundances for other reasons. 

 

Samuel et al. (2019) recently suggested that the variation in α1,2-fucosylated HMO 

concentrations among secretor individuals may be partially explained by whether the mother is 

homozygous or heterozygous for the dominant FUT2 allele (G/G versus A/G, as assessed at the 

rs516246 SNP). As depicted in Figure 2.5, for the present cohort, no significant difference (p = 

0.1349) was found in 2’-FL concentrations between G/G and A/G mothers, based on FUT2 
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genotyping at SNP rs516246. A significant difference was observed, however, in LNFP I 

concentrations (p = 0.01) between the milk of heterozygous and homozygous FUT2 positive 

mothers. It is possible that the homozygous versus heterozygous status of secretor mothers does 

play a role in the degree of α1,2-fucosylated HMO expression; however, based on our results it 

seems unlikely that this is the sole cause of the wide distribution of 2’-FL and LNFP I 

concentrations among secretor mothers at similar stages of lactation. Further studies comparing 

maternal FUT2 status and α1,2-fucosylated HMO concentrations are needed to draw a more 

concrete conclusion. 

 

 

Figure 2.5. 2’-Fucosyllactose and lacto-N-fucopentaose concentrations in breast milk samples 

across the first year of lactation for mothers genotyped as heterozygous (A/G, blue) and 

homozygous (G/G, green) for the dominant FUT2 allele based on SNP rs516246. An asterisk 

indicates significant difference (P < 0.05) in HMO concentration between heterozygous and 

homozygous mothers for the given HMO. 
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Comparison of HMO Analytical Methods 

The wide variation in reported HMO concentrations between mothers of similar lactation stages 

also demonstrates the importance of considering the analytical method used for HMO studies. 

Despite their acceptability in the early years of the field and citation in several seminal HMO 

publications, (Coppa et al., 1993; Montreuil and Mullet, 1960; Viverge et al., 1985) the 

application of rudimentary techniques like paper chromatography, thin layer chromatography, 

(Mernie et al., 2019; Srivastava et al., 2014; Stepans et al., 2006) liquid chromatography methods 

that elute all HMOs as only a few unresolved peaks, and the recent approach of subtracting 

simple sugar concentrations from spectrophotometrically determined total carbohydrate content, 

(Gridneva et al., 2019) have been surpassed and replaced by modern techniques with 

considerably improved precision and accuracy. Chromatographic techniques, including HPLC 

coupled with fluorescence-, UV-, or mass spectrometry-based detectors, as well as capillary 

electrophoresis and HPAEC-PAD are the most common modern techniques for isomer-specific 

HMO quantification or profiling. In most cases, it is essential that these quantification methods 

are validated for accuracy and precision, and that peak identities are validated by mass 

spectrometry (MS), nuclear magnetic resonance (NMR), or enzymatic breakdown.  

 

The results of all of these analyses, however, have the potential to be distorted by sample 

preparation procedures. The roles, benefits, and possible pitfalls of a wide variety of sample 

preparation techniques for HMO analysis have been recently reviewed by van Leeuwen. (2019) 

The application of graphitized carbon solid phase extractions is of particular concern in the realm 

of HMO analysis, due to its potential to alter the ratios and/or concentrations of specific HMOs 

from those present in the original milk. Graphitized carbon solid phase extraction has been 
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previously demonstrated to yield poor recovery of 3-FL, (Xu et al., 2017) and poorer recoveries 

for 6’-SL than 3’-SL have been reported in bovine milk as well. (Robinson et al., 2018) Previous 

work from our lab on the quantification oligosaccharides in infant formula and human milk 

provides a unique comparison of relative HMO quantifications for the same set of milk samples 

with and without the use of graphitized carbon solid phase extraction. The results for samples 

prepared with the use of graphitized carbon and analyzed by nano-chip LC quadrupole time-of-

flight MS show a higher abundance of 3’-SL compared to 6’-SL, while the same samples 

prepared without graphitized carbon solid phase extraction and analyzed by HPAEC-PAD show 

a higher abundance of 6’-SL than 3’-SL. (Nijman et al., 2018) Solid phase extraction recoveries 

are an especially important consideration for studies measuring absolute HMO concentrations, as 

the potential for loss during the extraction can lead to substantial under-quantification. 

Unfortunately, very few studies have measured milk oligosaccharide recoveries with graphitized 

carbon. In our past work we have found that bovine milk oligosaccharide recovery from the 

extraction sorbent is substantially reduced by the presence of lactose in the sample matrix, 

(Robinson et al., 2018) and we therefore decided to conduct sample preparation without 

graphitized carbon extractions in this study.  

 

It is possible that other sample preparation techniques may result in comparably skewed 

recoveries of particular HMOs. Protein precipitation with acetonitrile results in losses when 

applied to bovine milk oligosaccharide purification, (Liu et al., 2014) but a similar method 

evaluation has not yet been published for HMOs. Although derivatization methods may be 

incorporated to increase detection sensitivity for UV or fluorescence detection, these measures 

are subject to potential uneven or incomplete derivatization and require sample clean-up, which 
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may introduce substantial additional variation to the analysis. Verification of high reaction 

efficiencies and recoveries are therefore quite important here as well. Likewise, the influence of 

matrix effects or the presence of coelution may cause reported HMO concentrations to be 

disproportionately high.  While HPAEC-PAD  is limited by the varying response factors for each 

HMO and therefore requires individual external HMO calibration standards, as well necessitating 

multiple sample dilutions to quantify both high- and low-abundance HMOs due to a linear 

detector range of approximately two orders of magnitude (Table 2.3), the present study’s “dilute-

and-shoot” method within-line sample clean-up, paired with distinct gradients optimized for the 

separation of either neutral or acidic HMOs substantially reduces the risk of the potential pitfalls 

surrounding target compound loss and matrix effects by minimizing sample preparation and 

ensuring an absence of coelution for the targeted HMO peaks. Accordingly, our results call into 

question HMO quantification efforts in previously published studies that report individual HMO 

concentrations 3 to 11 times higher than those in the present study after substantially more 

sample preparation, in populations with similar demographics and proportions of secretor 

mothers. (Elwakiel et al., 2018; Goehring et al., 2014; Larsson et al., 2019; McGuire et al., 2017; 

Thurl et al., 2010). 

 

Reaching a field-wide consensus on reasonable ranges for HMO concentrations at time points 

across lactation and on standardized method(s) for determining secretor status will help guide 

supplementation of HMOs in food for infants. Current HMO supplementation of infant formulas 

is limited primarily to 2’-FL, present at concentrations of around 0.2 g/L (BJ Marriage, personal 

communication) – a concentration which in human milk would classify the mother as a non-
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secretor under the phenotypic secretor status criteria set by many studies, and which falls far 

below total HMO concentrations in mother’s milk, even in very late lactation. 

 

Although establishing a single universal method for HMO analysis is unlikely to occur in the 

foreseeable future, ensuring that both new and existing techniques have been validated will be an 

important step as the field moves forward. Measures of repeatability, recovery, accuracy, and 

precision as well as the levels of detection and quantification for individual HMOs will be 

critical to include as new or under-validated analytical methods are applied in future 

publications. In addition, maternal demographics, infant health and milk collection parameters 

including the time since the last feeding, milk expression method, time of milk collection and 

whether the sample is fore milk, hind milk or full breast expression should be reported, as these 

factors may also influence HMO profiles. (Choi et al., 2015; Viverge et al., 1986)  

 

 

CONCLUSION 

The present study focuses on HMO concentrations in the breast milk of healthy lactating mothers 

collected over 12 months postpartum. Our study also offers the validation and application of a 

new “dilute-and-shoot” analytical technique on samples from a large clinical study achieving 

quantification of HMOs by HPAEC-PAD with minimized sample preparation to limit potential 

HMO losses. Maternal genetic data generally agreed with α1-2-linked fucosyloligosaccharide 

expression, with the exception of two potential “weak secretor” mothers identified in this cohort, 

based on FUT2 positive genotype but extremely low expression of α1,2-fucosylated HMOs. 

Because data on human milk is frequently used as the basis for determining optimum practices 
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for infant formula and weaning food compositions and supplementation, it is important to 

determine reasonable concentration ranges for individual HMOs at time points across lactation, 

as well as to identify how milk collection, oligosaccharide extraction, and analytical techniques 

may influence the reported HMO concentrations. Cross-lab validation studies are needed to 

reach a consensus on expected HMO concentrations across lactation and on the analytical 

methods best suited for HMO analysis and determining maternal genetics.  

 

 

MATERIALS AND METHODS 

Study Design 

This study is part of the Cambridge Baby Growth and Breastfeeding Study (CBGS-BF), a UK-

based prospective observational infant cohort which recruited mother-infant pairs at birth from a 

single maternity unit in Cambridge, England. The CBGS-BF is the continuation of the original 

Cambridge Baby Growth Study, (Prentice et al., 2016a) an ongoing birth cohort since 2001, aiming 

to investigate ante- and postnatal determinants of infant growth and body composition. All infants 

recruited to this cohort were singletons and vaginally born at term from healthy mothers with 

normal pre-pregnancy BMI and without any significant comorbidities. All infants received 

exclusive breastfeeding for at least 6 weeks. The study was approved by the Cambridge Local 

Research Ethics Committee and all mothers gave written informed consent. 

To collect breast milk samples, mothers were asked to hand express milk liquid after feeding their 

infants, as described previously.(Prentice et al., 2016b, 2019) Expression was done from the breast 

last used to feed their infants. Samples were kept frozen until processed at a single time point. At 

the time of assay, breastmilk samples were thoroughly mixed.   
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HPAEC-PAD 

167 milk samples from 71 mothers were analyzed in duplicate via HPAEC-PAD using a “dilute-

and-shoot” sample preparation method. Breast milk samples were diluted between 15 and 400 

times, passed through a 0.2 µm polyethersulfone syringe filter (Pall Life Sciences, Port 

Washington, NY USA) and directly injected. Analysis was carried out on a Dionex ICS-5000+ 

ion chromatography system outfitted with dual pumps and a detector consisting of an 

electrochemical cell with a disposable gold working electrode and a pH-Ag/AgCl reference 

electrode (ThermoFisher Scientific, Waltham, MA). Chromatographic eluents consisted of 18.2 

MΩ-cm (Milli-Q) water (A), 200 mM sodium hydroxide (B) and 100 mM sodium acetate with 

100 mM sodium hydroxide (C). The instrument and column configurations were based partially 

on ThermoFisher Customer Application Note 119. (Tan et al., 2015) Diluted samples were 

injected (5 µL injection volume) and passed through an IonPac NG1 column (4 x 35 mm, 

ThermoFisher Scientific) to eliminate hydrophobic milk components. The NG1 column was 

operated continuously at 0.5 mL/min and 100% A using pump 1. HMOs were eluted from the 

NG1 column onto a 500 µL sample loop, then passed onto a CarboPac PA20 guard column (3 x 

30 mm, ThermoFisher Scientific) and CarboPac PA20 analytical column (3 x 150 mm, 

ThermoFisher Scientific) for chromatographic separation. For neutral HMO separation, pump 2 

had a flow rate of 0.5 mL/min with a 34-minute gradient that was isocratic at 15% B for 10 min, 

followed by an increase from 15 to 70% B from 10 to 20 min, an isocratic period at 70% B from 

20 to 29 min, an increase from 0 to 20% C from 29 to 29.1 min, and a final isocratic period at 

70% B and 20% C from 29.1 to 34 min. For acidic HMO separation pump 2 had a flow rate of 

0.5 mL/min with a 35-minute gradient that was isocratic at 60% B and 20% C for 30 min, 

followed by a simultaneous decrease to 55% B and increase to 30% C from 30 to 30.1 min, and a 
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final isocratic period from 30.1 to 35 min at 55% B and 30% C. Column temperatures were set to 

15 °C, and the detector temperature was 20 °C. The instrument configuration is depicted in 

Figure 2.6.  

 

 

Figure 2.6. Pump and column configuration for the newly validated HPAEC-PAD “dilute-and-

shoot” HMO analysis. 

 

HPAEC-PAD Method Validation: Recovery, Repeatability, Limits of Detection, and Limits 

of Quantification 

To evaluate recovery, five concentrations of each HMO standard (3-FL, 2’-FL, LNFP I, Lacto-

N-neotetraose (LNnT), LNT, 3’-SL and 6’-SL) were spiked into a 6-week milk sample during 

sample dilution. Spiked samples were analyzed as described above, and recoveries were 

expressed as the ratio of the measured spiked quantity to the theoretical spiked quantity. 

Repeatability was evaluated by injecting the same 6-week sample five times and calculating the 
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coefficient of variation among the repeated measurements. The limit of detection of each HMO 

was defined as the concentration that produced a signal-to-noise ratio of 3:1. This was 

determined empirically by sequential injection of low concentrations of each analytical standard. 

The limit of quantification was defined as the concentration of each analytical standard that 

produced a signal-to-noise ratio of 6:1.  

 

Capillary Electrophoresis 

Additional analysis to confirm the presence or absence of α1,2-fucosylated HMOs was 

performed on a Gly-Q capillary electrophoresis system (Prozyme, now part of Agilent, Santa 

Clara, CA, USA). Milk samples were centrifuged at 4000 xg at 4 °C for 30 minutes and 10 μL of 

the aqueous portion were transferred to a new tube and dried by centrifugal evaporation 

(Eppendorf Vacufuge plus; Eppendorf, Hamburg, Germany). Dried samples were reduced and 

labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS) using a GlykoPrep Rapid-Reductive 

Amination APTS Labeling kit, following the manufacturer’s instructions (Prozyme), as 

described previously. (Bonen et al., 2018) Briefly, dried samples were combined with the 

reducing agent, catalyst, and APTS labeling solution and incubated at 65 °C for 1 hour. Samples 

were allowed to cool to room temperature, open, in a fume hood, before undergoing solid phase 

extraction with GlykoPrep CU cartridges (Prozyme) to remove excess APTS label. Collected 

eluate, containing APTS-labeled HMOs, was diluted ten to 100 times and injected on the Gly-Q 

capillary electrophoresis system. Separation was achieved on a Gly-Q Cartridge with Gly-Q 

Separation Buffer as the mobile phase (Prozyme). The applied potential gradient consisted of a 

10 s High voltage purge at 4.00 V, followed by a 2 s migration standard injection at 2.00 V, a 2 s 

sample injection at 2.00 V and 120 s of separation and detection at 10.00 V. Detector sensitivity 
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was set to medium. Sample alignment was achieved with an external Instant-Q-labeled 

maltodextrin ladder reference with degrees of polymerization (DP) between 2 and 15 and co-

injected migration standards of Instant-Q-labeled maltose and maltopentadecaose.  

 

Presence of α1,2-fucosylated HMOs was determined based on observation of a peak 

corresponding to LNFP I. Peak identification was based on migration time relative to the co-

injected sample brackets, using a commercial LNFP I reference standard.  

 

FUT2 Genotyping 

Saliva samples were collected from the mothers using the Oragene.DNA kit OG-500 (DNA 

Genotek, Ottawa, Canada). Manual DNA purification from the samples was done using 

prepIT.L2P kit following the manufacturer’s instructions (DNA Genotek, Ottawa, Canada). 

Following that, DNA was fragmented by applying a restriction enzyme (restriction fragment 

length polymorphism or RFLP). 

 

Maternal FUT2 genotype was then determined via sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis based on the identification of single nucleotide polymorphisms at rs516246 (A 

allele producing 202-base pairs and G allele producing 125 and 77 base pairs). 

 

Statistics 

The concentration at each time point of each HMO was compared using ANOVA followed by 

Tukey pairwise comparisons, which were adjusted to an overall α of 0.05. Comparisons between 
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concentrations of individual HMOs at each time point were carried out using 2-sided 

independent t-tests (α=0.05). All statistical analysis was done in R, version 3.6.0. 
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Supplementary Figure 2.1. Electropherograms from capillary electrophoresis analysis of breast 

milk samples from (A) non-secretor, (B) “weak secretor,” and (C) secretor mothers with 

representative lacto-N-fucopentaose I abundances. 
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Supplementary Figure 2.2. Concentrations of 6’-SL (red circles) and 3’-SL (blue squares) 

during the first 3 months of lactation in previously published longitudinal HMO studies. 
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Supplementary Figure 2.3. Concentrations of 6’-SL (red circles) and 3’-SL (blue squares) 

during the first 3 to 12 months of lactation in previously published longitudinal HMO studies. 
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Supplementary Table 2.1. Summary of longitudinal human milk oligosaccharide studies 
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ABSTRACT 

Bovine milk oligosaccharides (BMOs) have several demonstrated and hypothesized benefits 

including roles in cognitive development and anti-pathogenic activities, making them promising 

ingredients for infant formulas and nutraceutical applications. BMO extraction from bovine milk 

is challenged by low concentrations relative to non-bioactive simple sugars like lactose. BMO 

abundances are known to vary with a cow’s lactation stage, breed, and parity, but these 

characteristics are difficult to modify in existing dairy herds. In contrast, diet modification is an 

accessible target, and is already known to influence milk yield, lipid content, protein levels, and 

monosaccharide compositions. The objective of this study was to determine the impact of a low 

starch high fiber versus a high starch low fiber diet on overall BMO profiles and individual BMO 

abundances in Holstein dairy cattle. Milk samples were collected from 59 mid-lactation 

Holsteins in a crossover study featuring dietary modification with either a low starch high fiber 

or high starch low fiber feed. BMO profiles were evaluated by nano-liquid chromatography 

quadrupole time-of-flight tandem mass spectrometry, and differences in BMO abundances 

between diets were evaluated using linear mixed-effects modeling. 19 BMOs were identified 

across the sample set, including four large fucosylated compounds. 7 BMOs were found to have 

significantly more positive percent changes in yield-adjusted abundance from the pre-experiment 

baseline period for milk samples collected during feeding with the low starch high fiber diet 

compared to the high starch low fiber diet. Consuming the low starch high fiber diet promoted 

greater overall BMO production than the high starch low fiber diet in a population of mid-

lactation Holsteins. Additionally, this study afforded the opportunity to investigate the impact of 

other factors potentially influencing BMO abundances, furthering understanding of how dairy 
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herd management practices can positively impact milk composition and support the potential use 

of BMOs as functional ingredients.  

 

INTRODUCTION 

Bovine milk oligosaccharides (BMOs) are a class of carbohydrates found in cows’ milk 

composed of between 3 and 11 monosaccharide subunits connected by glycosidic linkages. The 

core of a BMO structure is either a lactose (galactose(β1-4)glucose) or lactosamine 

(galactose(β1-4)N-acetylglucosamine) reducing end. These core structures may then be expanded 

through the addition of further galactose (Gal), N-acetylglucosamine (GlcNAc), or N-

acetylgalactosamine (GalNAc) units and decorated with α2-3- or α2-6-linked N-

acetylneuraminic acid (Neu5Ac) or N-glycolylneuraminic acid (Neu5Gc) or, less commonly, α1-

2- or α1-3-linked fucose (Fuc) (1). BMOs may be classified as either acidic or neutral based on 

the presence of absence of sialic acid (Neu5Ac or Neu5Gc) in their structures. Neutral BMOs 

can be further designated as either neutral fucosylated or neutral unfucosylated based on whether 

or not they contain fucose monomers. BMOs discussed herein are referred to by their 

monosaccharide composition as the number of Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, followed 

by an isomer designation when applicable. Following this nomenclature, acidic BMOs can be 

identified by the presence of a non-zero number in either the fourth or fifth positon of the 5-digit 

numerical code, while neutral fucosylated BMOs can be distinguished by the presence of a non-

zero number as the third digit of the compositional code, as shown in Supplemental Table 1 and 

Supplemental Figure 1. 
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BMOs have numerous demonstrated health and development benefits which are particularly 

relevant for human infants. BMOs exhibit anti-adhesive and anti-pathogen activity against major 

enteric pathogens including Campylobacter jejuni (2) and enterotoxigenic Escherichia coli 

(ETEC) (3). The two most abundant acidic BMOs, 3’-sialyllactose (3’-SL) and 6’-sialyllactose 

(6’-SL) have also been shown to exhibit anti-pathogenic effects against enteropathogenic E. coli 

(EPEC) (4), S fimbriated E. coli (5), Salmonella enterica ssp. enterica ser. Fyris (4), and 

Pseudomonas aeruginosa (6). In addition, BMOs have demonstrated improved gut barrier 

function in vitro (7), as well as decreased gut permeability, increased lean body mass, and 

healthy organ growth in animal models of infant undernutrition (8-9). Sialylated milk 

oligosaccharides including 3’-SL and 6’-SL have also been linked with increased sialylation of 

cerebellum gangliosides, upregulated genes for myelination and ganglioside synthesis in the 

hippocampus, and improved learning outcomes in animal models (10-12). 

 

Due to their structural similarities with human milk oligosaccharides, BMOs are also 

hypothesized to have prebiotic activity. Recent in vitro studies featuring BMOs support this 

hypothesis. Isolated BMOs or sialyllactose have been shown to promote the in vitro growth of 

the beneficial infant gut microbes Parabacteroides distasonis, Bifidobacterium breve, and B. 

longum ssp. longum (13) as well as the probiotic B. animalis ssp. lactis (14). In addition, BMOs 

have been shown to promote the colonization of B. longum ssp. infantis when co-administered in 

mouse models (15). 

 

Despite the clear benefits, isolating BMOs for use in products like infant formulas and 

nutraceuticals is challenging due to their low concentrations both in milk and dairy processing 
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streams like whey permeate. Unlike human milk oligosaccharides which are present in 

concentrations of around 12-16 g/L in colostrum and 5 to 11 g/L in milk (16-19), BMOs are only 

found at around 1 g/L in bovine colostrum and fall to 80 to 100 mg/L in mature milk (20-21). 

Increasing the concentrations of BMOs in milk would facilitate their isolation. In addition, 

modifying BMO profiles to be more similar to human milk oligosaccharides with greater 

abundances of larger and more fucosylated structures would improve the bioactivity of the 

resultant BMO isolate. 

 

BMO abundances have been previously shown to vary with lactation time point (20-21), cow 

breed (22-26), and parity (20, 23). However, these factors are difficult to modify in existing dairy 

herds. Cow diet has been well documented to influence the yield (27-30), lipid profiles (28, 29, 

31-36), nitrogen content (27, 29, 32-34, 36), and monosaccharide composition (37) of cows’ 

milk. Dietary supplementation with chitooligosaccharides in sows has also been previously 

linked with increased abundances of some pig milk oligosaccharides (38). Although a connection 

between diet and milk oligosaccharides has not yet been shown in ruminants, cow diet is an 

easily modified factor that has the potential to favorably impact BMO profiles and 

concentrations.  

 

The impact of the ratio of dietary fiber to starch on BMO content is of particular interest because 

the balance of these components in feed influences both the ruminal buffering capacity and the 

digesta passage rate in the cow. These factors, in turn, affect the balance between the breakdown 

of feed components in the rumen and the absorption of breakdown products in the rumen and 

small intestine. Although the biochemical pathways for BMO synthesis and the precursors 
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involved have not yet been fully elucidated, the absorption of more energetically favorable 

building blocks, as influenced by the composition of digestion breakdown products absorbed in 

the small intestine, may favor BMO production. In this study BMO profiles were evaluated in a 

herd of Holstein dairy cattle across a 3-period cross-over study design with the objectives of 

identifying significant variations in BMO profiles and abundances based on dietary fiber to 

starch ratio, cow parity, and lactation time point.  

 

MATERIALS AND METHODS 

Study Design 

Milk samples were collected from 76 mid-lactation Holstein dairy cattle in a crossover study 

design that included sampling during a 4-week pre-experimental baseline period and two 

subsequent 70-day treatment periods in which cows were fed either a low starch high fiber diet 

(LSHF; 37% neutral detergent fiber (NDF), 13% starch) or a high starch low fiber diet (HSLF; 

29% NDF, 27% starch). At the end of each period, cows were assigned to the opposite diet, as 

shown in Figure 1, such that each cow acted as its own control. There was an 11-day transition 

period between each period. Milk samples were collected across the three dietary periods, with a 

sample collected from each cow during two consecutive morning milkings in the final week of 

the pre-experimental baseline period and week 5 of each experimental period (39). 
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Figure 3.1. Crossover design of this study featuring a baseline period followed by two 70-day 

treatment periods, with milk samples collected for oligosaccharide profiling on two consecutive 

days in the final week of the baseline period and during the fifth week of each dietary period. 

 

 

Both treatment diets and the baseline diet were composed of a combination of beet pulp, alfalfa 

silage, corn silage, canola meal, high moisture corn, corn distillers’ grains, roasted soybeans and 

soy hulls, mixed at different proportions such that the diets differed in fiber and starch levels but 

were balanced for protein availability and other key nutrients (Supplemental Table 2). The 

baseline diet fed in the pre-experiment period was formulated to have starch and fiber contents 

halfway between those of the LSHF and HSLF diets. Cows were assigned to the two groups in a 

balanced manner based on evaluation of their parity, dry matter intake, milk production, and 

body weight during the pre-experimental baseline period. Cows were housed in indoor tie-stalls 

throughout the duration of the study. Feed was provided ad libitum once a day, with feed 

amounts adjusted daily to allow a maximum of 10% refusals individually, determined based on 

the refusals measured 2 days prior. Cows were milked three times per day (0400 h, 1030 h, and 

1800 h). All milk for BMO analysis was collected during the first morning milking after teats 

were stripped (3 streams of milk), treated and disinfected with Gladiator Barrier (BouMatic, 

Wisconsin, USA) and towel dried. Raw milk was collected for BMO analysis on two consecutive 

days after five weeks of consumption of each experimental diet in portions of approximately 48 
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mL each. Aliquots were stored at -10 C immediately after collection and shipped on dry ice to 

the USDA-ARS Western Human Nutrition Research Center. Here the samples were thawed, 

portioned into smaller 2 mL aliquots and stored at -20 C until later analysis.  

 

All feeding and milk collection portions of this study were conducted at the USDA-ARS Dairy 

Forage Research Center Dairy Farm (Prairie du Sac, WI) under protocols approved by the 

University of Wisconsin-Madison Institutional Animal Care and Use Committee (Protocol 

#A005945).  

 

Sample Subset Selection 

From the full set of 456 available milk samples, 338 (from 59 cows) were selected for BMO 

analysis. 38 total samples from 9 cows were excluded because the cows received antibiotic 

treatment during the corresponding or prior study period. 4 samples were removed because at 

least one sample was missing in a given period or collected outside of the morning milking. 4 

samples were removed because they were collected after 300 days of lactation and had 

particularly low milk yields. 54 total samples from 9 cows were removed due to technical issues 

related to accurately estimating their feed intake. In addition, 18 total samples from 5 cows were 

removed because they were outliers for a given period for either the lactose concentration or 

BMO abundances, as evaluated by the standard error with a cut-off of 3 (39). 

 

Oligosaccharide Extraction and Multiplexing 

Oligosaccharides were extracted, labeled, and analyzed from milk samples as described 

previously (40-41) with some modifications. Samples were skimmed to remove lipids, and for 
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each cow, skimmed milk samples collected on consecutive days within the same period were 

pooled to minimize the influence of day-to-day variations in milk composition. Pooled samples 

then underwent ethanol precipitation to remove proteins, followed by C18 microplate solid phase 

extraction (SPE) to remove peptides, and graphitized carbon microplate SPE to remove lactose 

and salts. A 4% acetonitrile/0.1% trifluoroacetic acid solution was used for solid phase 

equilibration and sample washing during graphitized carbon microplate SPE to maximize lactose 

removal while minimizing BMO loss. 

 

Extracted oligosaccharides from samples were then isobarically labeled with aminoxy tandem 

mass tags (TMTs) with reporter ions of 127, 128, 129, 130, or 131 Da, and a previously 

characterized bovine milk oligosaccharide mixture (42) labeled with the aminoxy TMT 126 Da 

reporter ion was used for as an internal standard. Labeled samples were multiplexed such that 

each set of six aminoxy TMTs contained the labeled internal standard and five unique samples, 

each labeled with a different one of the five remaining TMTs. Multiplexed samples underwent 

an additional SPE clean-up employing Oasis Hydrophilic-Lipophilic Balance cartridges to 

remove excess labeling reagents prior to LC-MS analysis.   

   

LC-MS/MS Analysis 

Glycoprofiling of oligosaccharides in the collected samples was conducted using nano-liquid 

chromatography chip quadrupole time-of-flight mass spectrometry (nano-LC-chip-Q-ToF MS) 

using our previously published LC-MS method (41) with slight modifications. Briefly, samples 

were dissolved in 3% acetonitrile, and passed through 0.2 μm polyethersulfone filters, and 

loaded onto the nano-LC chip with a 40 nL enrichment column and a 75 μm x 43 mm analytical 
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column, packed with 5 μm particles of 250Å pore size. Flow rates were operated at 4 μL/min 

(enrichment column) and 0.3 μL/min (analytical column). Mobile phase solvents were 3% 

acetonitrile/0.1% formic acid (A), and 89.9% acetonitrile/0.1% formic acid (B). After 

equilibrating both the analytical and enrichment columns with 100% A, and a 65-minute gradient 

was used for chromatographic separation. The gradient was ramped from 4 to 20.6% B from 0 to 

23 min, 20.6 to 50% B from 23 to 30 min, 50 to 100% B from 30 to 35 min, held at 100% B 

from 35 to 50 min, then lowered from 100 to 0% B from 50 to 50.1 min. 

 

Mass spectra were collected in positive mode over a scan range of 400 to 2500 m/z at a rate of 

two spectra/s for MS scans and 100 to 2500 m/z at a rate of one spectra/s for MS/MS. The drying 

gas was held at 350 °C with a flow of 5 L/min. An in-house library of BMO masses assembled 

from the literature (1, 23, 43-45) was entered in the acquisition software as a list for targeted 

fragmentation. The five most abundant precursors in each MS scan matching to the targeted list 

were fragmented, with a quadrupole isolation window of ~4 m/z. A minimum precursor 

threshold of 5,000 ion counts/spectrum was set to ensure substantial reporter ion abundance in 

the MS/MS scans. Capillary voltage was varied from 1900 to 1975 V as needed to maintain a 

stable spray. In-run mass calibration was performed with infused calibrant ions of m/z 

922.009798 and 1221.990637. 

 

BMOs were identified using a customized bioinformatics library of bovine milk oligosaccharide 

compounds assembled from prior publications (1, 23, 43-45) and their identities were confirmed 

by the examination of MS/MS spectra using Agilent MassHunter B.07.00 (Agilent Technologies, 

Santa Clara, CA). For relative quantification, raw data was exported in .mzData format with 
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MassHunter and then imported into SimGlycan Enterprise Edition 5.61 (PREMIER Biosoft, Palo 

Alto, CA) (46). BMOs with confirmed identities were added to a custom library on the 

SimGlycan server, which was used by the software to identify those BMOs in the data files 

through matching retention time and precursor mass using the “High Throughput Search and 

Score” feature. Precursor ion and reporter ion m/z tolerances were set to 10 ppm and 0.025 Da, 

respectively. For each BMO, the reporter ion abundances from all the MS/MS spectra were 

summed, and the ratios of these sums were calculated. The reporter ion abundances for each 

sample were normalized to the signal for the TMT 126-labeled BMO internal standard to give 

the BMO relative abundances (Supplemental Table 3). 

 

Statistical Analysis 

Glycoprofiling relative abundances were log transformed to improve normality as evaluated by 

the Shapiro-Wilks test prior to comparative statistical analysis, with the exception of the results 

for the BMOs with compositions 2_1_0_0_0 isomer 2 and 4_4_1_0_0, which were transformed 

via a cube root, and 3_6_1_0_0 and 5_4_1_0_0, which did not require a transformation to 

achieve a normal distribution (Shapiro-Wilks test, p > 0.05). Relative abundances were also 

multiplied by the average morning milk weight (lbs) for the corresponding period to give yield-

adjusted relative abundances.  

 

Yield-adjusted relative abundance results were log transformed to improve normality as 

evaluated by the Shapiro-Wilks test prior to comparative statistical analysis, with the exception 

of BMO with composition 3_6_1_0_0, which did not require a transformation to achieve a 

normal distribution (Shapiro-Wilks test, p > 0.05). Transformed relative abundances and yield-
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adjusted relative abundances were evaluated with 2-sided student’s t-tests to compare the two 

post-diet arms and 1-way ANOVA with post hoc evaluation using Tukey’s Test to compare the 

three diet time points. Linear mixed effects modeling was used to determine the significance (α = 

0.05) of the effects of diet, cow ID, treatment period, dietary sequence, parity, milk yield, and 

lactation timepoint on the oligosaccharide profiles. In addition, the percent change in 

transformed relative abundances and percent change in transformed yield-adjusted relative 

abundances were calculated as 

 

% 𝑐ℎ𝑎𝑛𝑔𝑒 =
𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑋  − 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑝𝑟𝑒−𝑒𝑥𝑝

𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑝𝑟𝑒−𝑒𝑥𝑝
 

 

where X is a dietary treatment period. Percent change in relative abundances from the pre-

experimental baseline period were evaluated similarly using 2-sided Student’s t-test, 1-way 

ANOVA with post-hoc evaluation using Tukey’s Test, and linear mixed effects modeling.  

Calculation of Pearson’s correlations were conducted on transformed data, with all Pearson 

correlation figures and their significances were generated using the R package corrplot (47). 

Principal component analysis was conducted on untransformed data. All statistical analyses were 

conducted using R version 4.0.2. 

 

 

RESULTS 

Identification of Bovine Milk Oligosaccharides and their Abundance in Milk 

Milk samples from all of the cows in the study showed a high degree of similarity in BMO 

composition. Abundances of 19 major BMOs were measured in all samples, including 5 acidic 
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structures and 4 neutral fucosylated compounds. Identified BMOs ranged in size from degrees of 

polymerization of 3 to 10.  
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Figure 3.2. Pearson’s correlations among oligosaccharide pairs for non-yield corrected (left) and 

yield-corrected (right) relative abundance data organized as heat maps for all oligosaccharide 

pairs (A & B), as well as individual plots for the strongest correlations between 4_1_0_0_0 and 

4_1_0_1_0 (C, r=0.9504 & D, r=0.9400), and between 4_1_0_0_0 and 3_2_0_0_0 (E, r=0.8651 

& F, r=0.8553). BMOs are described by their monosaccharide compositions as the number of 

Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, followed by the isomer number, as appropriate. * 0.01 < 

p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001 
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Diet effects on BMO Profiles 

Correlations in abundance between BMOs were identified for transformed data, both without and 

with adjustment for milk yield. In both cases the strongest correlations were observed between 

the BMOs 4_1_0_0_0 and 4_1_0_1_0 (Figure 2C & D) and between 4_1_0_0_0 and 3_2_0_0_0 

(Figure 2E & F). Significant positive correlations were also observed among the four identified 

fucosylated BMOs, as well as between the two sialyllactose isomers (Figure 2A & B). 

 

Sources of variation in BMO profiles 

A wide spread of BMO abundances was observed both within and across treatment groups. 

Principal component analysis was conducted to evaluate which, if any, of the main recorded 

study variables contributed to the observed variation. Although some clustering was present 

(Figure 3B), very little separation based on cow diet, dietary treatment period, or diet sequence 

was observed (Figure 3C, D & E). Some separation did occur based on parity, particularly 

between parity 1 and parities 5 and 6 along the second principal component (Figure 3F). Thus, 

the largest source of variance in BMO profiles remains as one or more unrecorded factors. 

The percent change in the transformed relative abundance from the pre-experiment baseline diet 

differed significantly (p < 0.001) between the LSHF and HSLF dietary treatments for four BMOs 

(with compositions 3_0_0_1_0, 3_2_0_0_0, 4_1_0_0_0, and 4_1_0_1_0) based on initial t-test 

comparisons (Figure 1A). For all 4 of these oligosaccharides the abundance was significantly 

higher (p < 0.05) in samples from cows fed the LSHF diet compared to both the HSLF diet and 

the pre-experimental diet (Supplemental Figure 2). 
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Figure 3.3. (A) Scree plot, (B) cluster plot, and principal component analysis of BMO relative 

abundance data organized by (C) diet, (D) study period, (E) diet sequence, and (F) parity.  
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Figure 3.4. BMO % change in relative abundance data organized by (A) diet, (B) study period, 

and (C) diet sequence with BMOs described by monosaccharide composition as the number of 

Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, followed by the isomer number, as appropriate. Statistics 

are from parametric analyses of transformed data, while graphs present untransformed data. * 

0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001 
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Dietary treatment period significantly influenced (p < 0.05) the percent change in relative 

abundance from the pre-experiment baseline period for 8 BMOs (Figure 4B). Similarly, t-test 

comparisons showed that the percent change in the transformed relative abundances from the 

pre-experimental baseline period significantly differed (p < 0.05) for 7 BMOs based on the 

sequence of dietary treatments (Figure 4C). All four of the BMOs for which the percent change 

in their transformed relative abundances from the pre-experiment baseline period differed 

significantly by diet also differed significantly by treatment period and dietary treatment 

sequence. An interaction between diet and period was observed for 3_1_0_0_0, 3_2_0_0_0, 

4_1_0_0_0, and 4_1_0_1_0 with more negative percent changes in transformed relative 

abundances (corresponding with smaller percent changes from the pre-experiment baseline 

period in the untransformed abundance data) for both the second dietary treatment period and the 

LSHF diet for all 4 BMOs, as shown in Supplemental Figure 3.  

 

Linear mixed effects modeling was conducted to determine whether the effects of diet on the 

percent change in the transformed relative abundances from the pre-experiment baseline diet 

remained significant after adjustment for other study parameters including treatment period, diet 

sequence, parity, days in milk, cow ID, and milk yield. The influence of diet was not significant 

(p > 0.05) for nearly all linear mixed effects models constructed for 3_0_0_1_0 and 4_1_0_1_0; 

however, the effect of diet remained significant (p < 0.05) across all models for 3_2_0_0_0 and 

4_1_0_0_0. In addition, the effect of diet emerged as significant for 3_1_0_0_0 in all linear 

mixed effect models including cow ID as a variable. In summary, the LSHF diet increased the 

abundance of 3_2_0_0_0, 4_1_0_0_0, and possibly also 3_1_0_0_0. No BMOs were decreased 

in abundance on the LSHF diet relative to the HSLF diet. 
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FIGURE 3.5. BMO relative abundance data organized by parity with BMOs described by 

monosaccharide composition as the number of Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, followed 

by the isomer number, as appropriate. Statistics are from parametric analyses of transformed 

data, while graph present untransformed data. Parities that share a letter are not significantly 

different (α = 0.05). Arrows indicate the direction of average relative abundance changes across 

the first three parties.  

 

Parity Affects BMO Profiles 

Significant differences (p < 0.05) were observed between milk samples from cows of different 

parities for 6 BMOs, with most significant differences in BMO abundances being observed 

between parities 1 and 3 (Figure 5). 6’-SL, 4_2_0_0_0 isomer 1, and 5_4_0_0_0 increase with 

increasing parity while 3_6_1_0_0, 4_5_1_0_0, and 5_4_1_0_0 decrease with increasing parity.  

 

Differences in BMO Abundances are Not Merely Due to Changes in Yield 

BMO abundances were also adjusted for milk yield by multiplying BMO abundance by the 

average milk weight collected during the morning milkings on the days of each sample collection 

during the corresponding study period. 
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Figure 3.6. BMO % change in yield-adjusted relative abundance  data organized by (A) diet, (B) 

study period, and (C) diet sequence with BMOs described by monosaccharide composition as the 

number of Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, followed by the isomer number, as 

appropriate. Statistics are from parametric analyses of transformed data, while graphs present 

untransformed data. * 0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001 
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Similar to the non-yield-adjusted data, the yield-adjusted relative abundances of 3_0_0_1_0, 

3_2_0_0_0, 4_1_0_0_0, and 4_1_0_1_0 were all highest with the LSHF diet (Supplemental 

Figure 4A). Adjusting for yield, however, also revealed differences in BMO abundances between 

dietary treatments for the additional BMOs 3’-SL and 2_1_0_0_0 isomer 2, which had 

significantly lower abundances (p < 0.05) with the HSLF diet compared to the pre-experiment 

baseline diet (Supplemental Figure 4A). 

 

As with the non-yield-adjusted data, t-test comparisons showed that the percent change in the 

transformed yield-adjusted relative abundances from the pre-experimental baseline period 

significantly differed (p < 0.05) based on study period and/or the sequence of dietary treatments 

for most of the same BMOs that showed significant differences between diets (Figure 6B & C). 

 

Linear mixed effects modeling was conducted to determine whether the effects of diet on the 

percent change in the transformed yield-adjusted relative abundances from the pre-experiment 

baseline diet remained significant when other study parameters including treatment period, diet 

sequence, parity, days in milk, and cow ID were also accounted for. The influence of diet 

became non-significant (p > 0.05) for all linear mixed effects models constructed for 3’-SL and 

2_1_0_0_0 isomer 2; however, the effect of diet remained significant (p < 0.05) across all 

models for 3_0_0_1_0, 3_2_0_0_0, 4_1_0_0_0, and 4_1_0_1_0. In addition, the effect of diet 

emerged as significant for 3_1_0_0_0, 4_2_0_0_0 isomer 2, and 5_4_0_0_0 in all linear mixed 

effect models including cow ID as a variable. In summary, when the influence of differences in 

milk yield are accounted for, no BMOs decreased in abundance with the LSHF diet compared to 

the HSLF diet. In addition, the LSHF diet increased the abundance of 3_0_0_1_0, 3_2_0_0_0, 



 

121 
 

4_1_0_0_0, and 4_1_0_1_0 and may have also increased the abundance of 3_1_0_0_0, 

4_2_0_0_0 isomer 2, and 5_4_0_0_0. 

 

 

DISCUSSION 

Diet 

Two acidic BMOs (3_0_0_1_0 and 4_1_0_1_0) and two neutral unfucosylated BMOs 

(3_2_0_0_0 and 4_1_0_0_0) exhibited significantly more positive percent changes of the 

transformed abundances from the pre-experiment baseline diet for the LSHF diet compared to 

the HSLF diet, based on initial t-test comparisons (p < 0.001). 

 

Interestingly, the relative abundances of 3_2_0_0_0 and 4_1_0_0_0 were found to correlate with 

each other in the present study (Figure 2), as well as in a recent analysis of milk from 634 Danish 

Jerseys and Holstein-Friesians (23). Given these correlations across differences in both breed and 

feeding, the changes in abundance of these compounds with diet in the present study suggest that 

dietary fiber levels may impact a key enzyme or reaction involved in the synthesis of both of 

these oligosaccharides. Further, the fact that BMO abundances only increase with the LSHF diet 

suggests that substrate increases the shared synthesis of these correlated BMOs. 

 

Two previous studies have also investigated the influence of diet on BMO profiles. Vicaretti et 

al. compared milk samples from cows that were either exclusively grass fed or consumed a feed 

composed of alfalfa and corn silage, earlage, and grain (48). No significant differences in BMO 

profiles were observed between cows in the two dietary groups; however, only six cows were 
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included per dietary group, likely causing the study to be too underpowered to observe any 

meaningful differences between diets, if such a difference existed. In addition, differences in 

breed composition and farm between the two dietary groups may have had a confounding 

influence on the data.  

 

Liu et al. compared BMO profiles between 32 Holstein-Friesian dairy cows with diets 

supplemented with either almond hulls or citrus peels to a base total mixed ration of corn grain, 

canola meal, and alfalfa cubes (49). As a result of BMO measurements only being taken at one 

time point during the study, the identified BMOs were found to have greater inter-cow variation 

within dietary treatment groups than inter-group variation, preventing any conclusions from 

being made about the influence of the diets on BMO production. 

 

Although the present study also showed minimal effects of diet on non-yield-adjusted BMO 

profiles, our results are more meaningful and conclusive as a result of the greater study power 

and the use of a cross-over study design, which accounted for both the inherent cow-to-cow 

variation through the inclusion of pre-experimental baseline BMO profiling as well as many 

potential confounding factors that may have impacted the results of prior studies. The design of 

the present study is also advantageous in the inclusion of cows from a single breed, all located on 

the same farm, and all without access to an alternative feed source (i.e. pasture) outside of the 

study diets. In addition, in the present study, cows in the two groups were balanced by parity and 

pre-experimental average milk yields.  
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Beyond the influence of diet, this study also affords the opportunity to investigate the impact of 

other BMO-influencing factors in a large set of milk samples from mid-lactation dairy cattle.  

 

Parity 

Similar to the differences in BMO abundances between cows of different parities observed in 

previous studies (20, 23), primiparous cows were found to have significantly lower abundances 

of 6’-SL, 4_2_0_0_0 isomer 1, and 5_4_0_0_0 in their milk compared to cows in either their 

second or third parity (Figure 5). Unlike prior studies however, cows in the present study were 

also shown to have significantly higher abundances of the large neutral fucosylated BMOs 

3_6_1_0_0, 4_5_1_0_0, and 5_4_1_0_0 in the first parity compared to those in the third parity 

(Figure 5), a direct contrast to the previously observed trend. This pattern of some BMOs 

increasing in abundance with increasing parity while other BMOs decrease, suggests that trade-

offs may occur in BMO synthesis pathways as the mammary gland is remodeled with each 

lactation cycle through epigenetics (50-51). The higher abundances of larger fucosylated 

oligosaccharides, which have greater demonstrated bioactivities (52), in earlier parities may also 

be evidence of the corresponding fucosylation genes being naturally activated prior to the first 

lactation and silenced during subsequent lactations. 

 

Lactation Time Point 

Nearly all previous BMO studies with samples collected at more than one time point have 

focused on detecting BMO in early lactation, with samples collected only through the end of 

second week postpartum (20-21, 48, 53). However, most milk used for commercial purposes is 

collected outside of this timeframe, and very little is known about if and how BMO profiles 
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change over time in mature cows’ milk. McJarrow and van Amelsfort-Schoonbeek followed the 

concentrations of 5 BMOs in bulk milk samples across a milking season in grass-fed New 

Zealand Jersey and Friesian dairy cattle and noted a seasonal variation (26); however, no parallel 

study has been conducted with non-grass-fed cows or cows from other breeds or regions to 

determine whether similar patterns in BMO variations occur. 

 

The number of days in milk at the time of milk sample collection significantly influenced BMO 

abundances for several BMOs, including 2_1_0_0_0 isomer 1, 3_0_0_1_0, 3_2_0_0_0, 

3_6_1_0_0, 4_1_0_0_0, 4_1_0_1_0, 4_4_1_0_0, and 5_4_1_0_0. Although the correlation 

coefficients for the abundances of these oligosaccharides over time are not particularly strong - 

likely due in part to the wide degree of natural variation in BMO abundances between cows - 

general increasing trends can be observed for these 6 BMOs across lactation (Figure 7). This 

trend disappears when looking at the yield-adjusted relative abundance data, suggesting that the 

apparent increase in abundances for these BMOs in later lactation may be due, at least in part, to 

a concentrating effect caused by similar levels of total BMO production despite decreasing total 

milk volumes. Although this concentrating effect has been previously hypothesized (54), this is 

the first report, to our knowledge, of yield-adjusted BMO concentrations across the lactation 

cycle.  
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Figure 3.7. Increasing trends of BMO relative abundance across lactation for (A) 3_0_0_1_0, 

(B) 3_2_0_0_0, (C) 3_6_1_0_0, (D) 4_1_0_0_0, (E) 4_4_1_0_0, and (F) 5_4_1_0_0. BMOs are 

described by their monosaccharide composition as the number of 

Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc. 
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Unmeasured Factors 

The principal component analyses suggest that the largest source of variance in BMO abundance 

is due to one or more factors that were not measured in the study. Prior work demonstrating 

differences in BMO concentration between breeds (23, 55) suggests that genetics is an important 

determinant of BMO production and is therefore likely to be at least one source of variance. 

Future studies involving both breed and feeding will be needed to increase BMO production. 

 

Correlations in BMO Abundances 

Significant correlations in abundance between several BMOs were identified both without and 

with adjustment for milk yield (Figure 2), providing insight into their co-occurrences in milk 

from a milk consumption and milk synthesis perspectives, respectively. The strongest 

correlations were observed between the BMOs 4_1_0_0_0 and 4_1_0_1_0 (non-yield-adjusted 

r=0.94, yield-adjusted r=0.94) and between 4_1_0_0_0 and 3_2_0_0_0 (non-yield-adjusted 

r=0.92, yield-adjusted r=0.89), suggesting that these three BMOs may share a common core 

structure or key glycosyltransferase enzyme. Significant positive correlations were also observed 

among the four identified fucosylated BMOs, which may indicate a shared fucosyltransferase 

enzyme utilized in their synthesis. In addition, the negative correlation of 5_4_0_0_0 with 

5_4_1_0_0 may suggest that 5_4_0_0_0 is a precursor structure for its larger, fucosylated BMO, 

causing its abundance to decrease as it is used to create its fucosylated counterpart. Overall, the 

correlations among BMO abundances provide tantalizing clues regarding BMO synthesis that 

should be investigated in future studies.  
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Yield-adjusted BMO Abundances 

Although most previous BMO studies have focused more on a consumer perspective and 

therefore have not accounted for milk yield in their analyses, adjusting for milk yield is 

important for understanding whether milk oligosaccharide production is truly increasing, 

decreasing, or remaining unchanged from a biological and mechanistic perspective on milk 

production.  

 

Analysis of the transformed yield-adjusted percent change in relative abundance from the pre-

experiment baseline diet in the present data with linear mixed effects modeling including cow ID 

as a variable revealed 7 BMOs that differed significantly by diet, with all 7 BMOs featuring a 

more positive percent change from the pre-experiment baseline diet for the LSHF diet compared 

to the HSLF diet.  

 

The observed significant changes in transformed yield-adjusted relative abundances from the 

baseline period for 7 out of the 19 measured BMOs suggests that there is indeed a relation 

between cows’ dietary fiber and starch intake levels and their production of milk 

oligosaccharides. Among these 7 BMOs are 2 acidic (3_0_0_1_0 and 4_1_0_1_0) and 5 neutral 

unfucosylated compounds (3_1_0_0_0, 3_2_0_0_0, 4_1_0_0_0, 4_2_0_0_0 isomer 2, and 

5_4_0_0_0). The significant impact of dietary fiber levels on the yield-adjusted abundances of 

these BMOs but not the 4 identified neutral fucosylated BMOs may indicate that these 

fucosylated compounds do not share the same core structures as the 7 impacted unfucosylated 

BMOs or that the availability of fucose or the occurrence of the fucosylation reaction is a 
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limiting factor in the synthesis of these fucosylated BMOs under the conditions of the present 

study.  

 

Additional investigation into the biological mechanisms of milk oligosaccharide synthesis and 

the absorption of carbohydrates and potential carbohydrate precursors from the digestive track in 

cows are needed to better understand the observed relationship between bovine dietary fiber 

intake and yield-adjusted BMO abundances. The inclusion of more detailed analysis of the 

dietary fiber consumed by the cows (i.e. monosaccharide compositions and linkage analysis) as 

well as linkage analysis of the produced BMOs in future studies will aid in the further 

investigation of the observed link between cow dietary fiber to starch intake ratio and BMO 

production. 

 

Conclusions  

In this study we have implemented a three-period cross-over design paired with high-throughput 

nano-LC-chip-Q-ToF MS analysis to evaluate the impact of dietary fiber and starch ratios on 

BMO abundances. 19 BMOs were identified across 338 samples from 59 cows, including 7 

BMOs with a more positive percent change in yield-adjusted abundance from the pre-

experimental baseline period with a LSHF diet compared to a HSLF diet. In addition, significant 

differences were observed for six BMOs based on parity, including three for which abundances 

were greater in primiparous cows compared to their secundiparous or triparous herd mates. 

While parity had a mixed effect on BMO abundances with some increasing and others 

decreasing with increasing parity, the LSHF diet only increased BMOs, suggesting the utility of 

this diet regardless of other cow-specific factors. 
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SUPPLEMENTARY MATERIAL 

 

 

 
 

Supplementary Figure 3.1. Example interpretation of the 5-digit numerical code for milk 

oligosaccharide identification.  
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Supplementary Figure 3.2. BMO relative abundance data organized by (A) diet, (B) study 

period, and (C) diet sequence with BMOs described by monosaccharide composition as the 

number of Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, followed by the isomer number, as 

appropriate. Statistics are from parametric analyses of transformed data, while graphs present 

untransformed data. * 0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001  



 

132 
 

 
 

Supplementary Figure 3.33 Interaction plots of BMO percent change in from the baseline 

period data showing the interaction between dietary treatment period and diet for (A) 

3_0_0_1_0, (B) 3_2_0_0_0, (C) 4_1_0_0_0, (D) 4_1_0_1_0. BMOs are described by 

monosaccharide composition as the number of Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc. 
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Supplementary Figure 3.4. BMO yield-adjusted relative abundance (yield-adjusted signal 

intensity) data organized by (A) diet, (B) study period, and (C) diet sequence with BMOs 

described by monosaccharide composition as the number of 

Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc, followed by the isomer number, as appropriate. Statistics 

are from parametric analyses of transformed data, while graphs present untransformed data. * 

0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001  
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Supplementary Table 3.1. Identified BMOs and their classifications 

 Constituent Monosaccharides   

BMO Hex HexNAc Fuc Neu5Ac Neu5Gc Classification DP 

3’-SL 2 0 0 1 0 

Acidic 

3 

6’-SL 2 0 0 1 0 3 

2_0_0_2_0 2 0 0 2 0 4 

3_0_0_1_0 3 0 0 1 0 4 

4_1_0_1_0 4 1 0 1 0 6 

2_1_0_0_0 isomer 1 2 1 0 0 0 

Neutral 

unfucosylated 

3 

2_1_0_0_0 isomer 2 2 1 0 0 0 3 

3_1_0_0_0 3 1 0 0 0 4 

3_2_0_0_0 3 2 0 0 0 5 

3_3_0_0_0 3 3 0 0 0 6 

4_1_0_0_0 4 1 0 0 0 5 

4_2_0_0_0 isomer 1 4 2 0 0 0 6 

4_2_0_0_0 isomer 2 4 2 0 0 0 6 

5_4_0_0_0 5 4 0 0 0 9 

8_0_0_0_0 8 0 0 0 0 8 

3_6_1_0_0 3 6 1 0 0 

Neutral  

fucosylated 

10 

4_4_1_0_0 4 4 1 0 0 9 

4_5_1_0_0 4 5 1 0 0 10 

5_4_1_0_0 5 4 1 0 0 10 

Hex = hexose; HexNAc = N-acetylhexosamine; Fuc = fucose; Neu5Ac = N-acetylneuraminic 

acid; Neu5Gc = N-glycolylneuraminic acid; DP = degree of polymerization; 3’-SL = 3’-

sialyllactose; 6’-SL = 6’-sialyllactose  
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Supplementary Table 3.2. Ingredient and chemical composition of experimental diets 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1LSHF = low starch high fiber diet; HSLF = high starch low fiber diet. 
2The mineral and vitamin mix contained (on a DM basis): 16.0% Ca, 5.85% 

Mg, 0.54% K, 14.8% Na, 6.67% Cl, 0.73% S, 42.5 mg of Co/kg, 519 mg of 

Cu/kg, 60.2 mg of I/kg, 778 mg of Fe/kg, 2,601 mg of Mn/kg,14.6 mg of Se/kg, 

2,808 mg of Zn/kg, 292 kIU of vitamin A/kg, 58.5 kIU of vitamin D/kg, 1.36 

kIU of vitamin E/kg, and 0.494 g of monensin/kg (Vita Plus Corporation, 

Madison, WI). 

  

 
LSHF1 HSLF 

Ingredients (% of diet DM)  

Alfalfa silage 33.9 24.2 

Corn silage 32.4 23.2 

High moisture corn 0 24.5 

Beet pulp pelleted     8.9     2.8 

Canola meal     2.7     9.7 

Corn distillers’ grain     9.2     2.7 

Roasted soybean     4.1     4.1 

Soybean hulls     6.1     6.1 

Mineral and vitamin mix2     2.7     2.7 

Chemical composition (% of diet DM)   

Dry matter (DM), % of diet  45.9 50.1 

Crude protein  16.5 16.2 

Neutral detergent fiber (NDF) 36.9 29.0 

Forage NDF 24.9 17.7 

Acid detergent fiber (ADF) 27.4 21.1 

Lignin      3.9     3.0 

Ether extract      5.1     4.9 

Ash      7.4     5.7 

Starch   13.0     26.7 
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Supplementary Table 3.3. Abundances of bovine milk oligosaccharides normalized to the 

multiplexed internal standard 
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ABSTRACT 

Bovine milk contains an array of naturally-occurring bioactive compounds including 

oligosaccharides, peptides, and organic acids; however, isolation of these bioactive compounds 

from traditional dairy streams is challenged by their low concentrations. Delactosed permeate, 

the dairy side stream resulting from protein isolation by ultrafiltration and lactose crystallization 

of the ultrafiltration permeate, is a promising, more concentrated, alternative source of these 

bioactive peptides, oligosaccharides, and organic acids. Although these bioactive compounds are 

known to be present in delactosed permeate, the specific details of their individual compound 

identities and abundances remain largely unknown. In addition, the lack of a standard of 

composition for delactosed permeate and the many potential variations in the processing steps 

leading to its formation cause the potential for wide variations in the make-up of this stream. In 

this study, the composition of 10 commercial delactosed permeate batches from two production 

facilities were analyzed and their macronutrient, mineral, B vitamin, and organic acid contents 

were determined, in addition to peptidomic and glycomic profiling. Significant variations were 

found between delactosed permeates from the two production sites, as well as substantial 

variation between batches within a production facility. These findings highlight the extensive 

compositional variation resulting from differences in delactosed permeate starting materials and 

the cumulative effects of differences in the preceding processing steps, and they underscore the 

need for further research into the bioactive potential of delactosed permeate. 

 

INTRODUCTION 

Delactosed permeate is the coproduct of lactose production for food and pharmaceutical 

applications. Milk permeate or whey permeate remaining from cheese making and whey protein 
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isolation is concentrated using a combination of evaporation and membrane filtration to produce 

a supersaturated solution with a wet basis total solids content of 60 to 65% and lactose 

concentration of 40 to 55%. This solution is then seeded with crystalline lactose to initiate 

lactose crystallization. (Wong and Hartel, 2014; Bund and Hartel, 2013) The mother liquor 

remaining after recovery of the newly crystallized lactose is known as delactosed permeate. 

 

Lactose production in the United States doubled from 614 million pounds to 1.23 billion pounds 

between 2005 and 2019, (USDA, 2019) resulting in a parallel increase in delactosed permeate 

production. However, feasible productive applications for delactosed permeate are still lacking. 

The main current outlets for delactosed permeate are as animal feed or wastewater, but because 

of the high mineral content and biological oxygen demand of delactosed permeate, additional 

pre-treatment is still often required. (Slavov, 2017) While simple and reliable outlets for 

delactosed permeate are important in the short term, the inherent biological value of this stream 

deserves more creative solutions to harness the health benefits of the underutilized bioactive 

compounds it contains. 

 

As the final coproduct of multiple product manufacturing ad isolation processes, delactosed 

permeate has a highly variable composition. It’s final make-up is dependent on factors including 

the type of cheese produced, how the whey was treated, the manufacturing processes 

implemented for whey protein and lactose isolation, and the extent of lactose conversion to lactic 

acid during storage. Due to its variable nature, there is not yet a standard of identity for 

delactosed permeate. While several major delactosed permeate components, including crude 

protein, lactose, lactic acid, citric acid, and major minerals have been fairly well documented in 
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the literature, (Burrington et al., 2014; Frankowski et al., 2014; Friend et al., 2004; Levin et al., 

2016; Liang et al., 2009; Smith et al., 2016; Wagner et al., 2014) other components like peptides, 

additional organic acids, and bovine milk oligosaccharides (BMOs), which are known to be 

present in delactosed permeate, have received minimal compositional investigation. 

Although most of the protein content from the starting milk or whey is removed during 

ultrafiltration, low molecular weight compounds like peptides remain in delactosed permeate. 

(Dallas et al., 2014b) Hundreds of naturally occurring peptides have been identified in bovine 

milk, (Dallas et al., 2014a; Guerrero et al., 2015) and additional peptide structures resulting from 

protein or larger peptide degradation may also be created during the processing treatments 

leading up to the production of delactosed permeate. These peptides are generally composed of 2 

to 50 amino acid residues, and many are homologous to known anti-hypertensive (Cicero et al., 

2011; Jauhiainen et al., 2012) immunomodulatory, (Gill et al., 2000) antioxidant, (El- Nawawy 

et al., 2012; Sah et al., 2018) and antimicrobial (Sah et al., 2018) peptides. These bioactive 

peptides are of interest for potential applications based on their antimicrobial-, 

immunomodulatory-, gastrointestinal-, and cardiovascular-related activities. (Auestad and 

Layman, 2021; Miralles et al., 2018; Nongonierma and FitzGerald, 2015) 

 

Lactic acid and citric acid have been routinely identified in delactosed permeate, but other 

organic acids are relatively uncharacterized in this stream. Uric acid is of particular interest 

because of its antioxidant activity, which is believed to promote the oxidative stability of dairy 

products, helping prevent peroxidase-induced oxidation of peptides and other oxidation-sensitive 

bioactives. (Østdal et al., 2000) 
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Delactosed permeate also contains a substantial quantity of the BMOs originally present in the 

starting milk. BMOs are a class of carbohydrates composed of between 3 and 11 monosaccharide 

subunits connected by glycosidic linkages, which are present in cows’ milk. BMO structures are 

based off of either a lactose (galactose(β1-4)glucose) or lactosamine (galactose(β1-4)N-

acetylglucosamine) reducing end, which is expanded through the addition of further galactose 

(Gal), N-acetylglucosamine (GlcNAc), or N-acetylgalactosamine (GalNAc) units and decorated 

with α2-3- or α2-6-linked N-acetylneuraminic acid (Neu5Ac) or N-glycolylneuraminic acid 

(Neu5Gc) or, less commonly, α1-2- or α1-3-linked fucose (Fuc). (Aldredge et al., 2013) 

BMOs are of increasing recent interest due to their numerous demonstrated health and 

development benefits that bear particular relevance for human infants. BMOs have been shown 

to contribute to improved gut barrier function in vitro (Perdijk et al., 2019), as well as decreased 

gut permeability, increased lean body mass, and healthy organ growth in animal models of infant 

undernutrition. (Boudry et al., 2017; Charbonneau et al., 2016) BMOs also exhibit anti-adhesive 

and anti-pathogen activity against major enteric pathogens including enterotoxigenic Escherichia 

coli (Martín-Sosa et al., 2002) and Campylobacter jejuni. (Lane et al., 2012) Of particular 

interest are 3’-sialyllactose (3’-SL) and 6’-sialyllactose (6’-SL), two of the most abundant 

oligosaccharides in bovine milk, which have also been shown to exhibit anti-pathogenic effects 

against enteropathogenic and S fimbriated E. coli, (Coppa et al., 2006; Parkkinen et al., 1986) 

Salmonella enterica ssp. enterica ser. fyris, (Coppa et al., 2006) and Pseudomonas aeruginosa. 

(Marotta et al., 2014) Sialic acid and sialylated milk oligosaccharides including 3’-SL and 6’-SL 

have also been linked with upregulated genes for myelination and ganglioside synthesis in the 

hippocampus, increased sialylation of cerebellum gangliosides, and improved learning outcomes 

in animal models. (Jacobi et al., 2016; Obelitz-Ryom et al., 2019; Oliveros et al., 2018) 25 
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BMOs, including six high molecular weight, fucosylated compounds have been identified in 

delactosed permeate, (Mehra et al., 2014) but little is known about their concentrations and 

whether BMO profiles vary with delactosed permeate production processes.  

 

One of the main challenges limiting the harnessing of bioactive compounds in delactosed 

permeate is the high mineral content of this stream, with delactosed permeate often featuring ash 

levels of 12 to 26% on a dry basis. (Burrington et al., 2014; Frankowski et al., 2014; Friend et al., 

2004; Levin et al., 2016) Before delactosed permeate can be applied in in vitro or in vivo studies 

testing its bioactivity, salt levels must be reduced to prevent the impact of the bioactive 

compounds from being overshadowed by the exceptionally high salt concentrations. 

Applications of delactosed permeate that require it to be dried are also complicated by the high 

mineral content which interferes with drying delactosed permeate as-is to a stable, free-flowing 

powder, due to its hygroscopic and syrupy nature, (Bund and Hartel, 2010; Liang et al., 2009) 

creating a further need for its demineralization. 

 

In this study, detailed compositional analysis of delactosed permeate samples from multiple 

production lots was conducted, including peptidomic, organic acid, and BMO profiling, to gain 

insight into the full composition of this stream and to determine the degree of variation in these 

components across multiple production sites and batches. In addition, a pilot batch of delactosed 

permeate was demineralized to determine the extent of potential mineral removal and the impact 

of this additional processing on key bioactive compounds, including BMOs. 
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MATERIALS AND METHODS 

Delactosed Permeate Sourcing 

Delactosed permeate samples were collected from production batches across two manufacturing 

sites (5 samples per location) belonging to Milk Specialties Global. All samples were stored at -

20°C until the time of analysis. Thawed samples were heated to 40°C and inverted to redissolve 

precipitated solids prior to all extractions. All extractions and analyses were conducted in 

duplicate. 

 

Proximate Analyses 

Proximate analyses were conducted by Milk Specialties Global (Eden Prairie, MN). Protein 

content of the delactosed permeates was evaluated using IDF 185:2002 (LECO). Total lipids 

were measured through the Mojonnier method (AOAC 989.05). The concentrations of simple 

sugars including lactose, glucose, and galactose were determined using AOAC 977.20 and 

AOAC 979.06. Ash content was measured with AOAC 930.30. 

 

Protein content was additionally analyzed using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Each gel lane was normalized to 25µg of protein and combined 

with 0.5 equivalent volumes of 4x Laemmli sample buffer and 0.5 equivalent volumes of 0.2M 

dithiothreitol. Sample mixtures were incubated at 95ºC for 5 minutes, and then loaded onto a 4-

15% acrylamide gel. The gel was run at 116V for 40 minutes. Precision Plus Protein Standard 

(Bio-Rad, Hercules, CA) was used as a positive control. 
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Organic Acids 

Major organic acids were analyzed by Eurofins (Food Integrity Innovation – Madison, WI). Citric, 

lactic, and acetic acid concentrations were determined using AOAC method 986.13.  

In addition, uric acid content was determined by ThermoFisher Scientific (Sunnyvale, CA) using 

high-performance anion-exchange chromatography with UV detection (HPAEC-UV) at 295nm on 

a Dionex ICS 5000+ HPAEC system. Chromatographic separation was achieved using 50mM 

KOH with a flow rate of 0.3mL/min with an IonPac AS11-HC4µm column (3 x 250mm, 

ThermoFischer Scientific, Sunnyvale, CA) at 30ºC.  

 

Micronutrients 

Vitamins 

B vitamin analysis was conducted by Medallion Labs (Minneapolis, MN). Riboflavin (B2) was 

quantified using AOAC methods 942.23, 970.65, and 981.15. Pantothenic acid (B5) analysis was 

conducted following AOAC methods 945.74, 960.46, and 992.07. Cobalamin (B12) 

quantification was carried out through AOAC methods 952.20 and 986.23. 

 

Minerals 

The mineral content of the delactosed permeates was analyzed by Milk Specialties Global (Eden 

Prairie, MN). Calcium, magnesium, and phosphorous contents were measured using AOAC 

985.01. Sodium analysis was conducted using AOAC 985.02. 
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Bovine Milk Oligosaccharides 

Oligosaccharide Profiling 

BMOs in the delactosed permeate samples were purified by microplate C18 solid phase 

extraction (SPE; Glygen, Columbia, MD) and microplate graphitized carbon SPE (Glygen) prior 

to analysis by mass spectrometry. Each C18 SPE well was activated with acetonitrile and 

equilibrated with nanopure water. Samples were loaded, and each C18 well was washed with 3 

column volumes (600µL total) nanopure water. All eluate from the sample loading and washing 

steps was collected and purified by graphitized carbon SPE. Graphitized carbon SPE wells were 

activated with 80% acetonitrile/0.1% trifluoroacetic acid (TFA) and equilibrated with water. The 

samples were loaded, and each well was washed with 6 column volumes (1.2mL total) nanopure 

water. BMOs were eluted with 3 column volumes (600µL total) 40% acetonitrile/0.1% TFA. The 

samples were dried and re-dissolved in nanopure water prior to mass spectrometry analysis.  

Samples were analyzed on an Agilent 6520 nano-liquid chromatography chip quadrupole time-

of-flight mass spectrometry (nano-LC-chip-Q-ToF MS) system (Agilent Technologies, Santa 

Clara, CA). Chromatographic separation was performed on a porous graphitized carbon nano-LC 

chip, consisting of a 40nL enrichment column and a 75µm x 43mm analytical column with 5µm 

particles (Agilent Technologies). Instrumental parameters for chromatographic separation and 

BMO analysis by MS have been described previously. (Sunds et al., 2021) 

 

The monosaccharide composition of each BMO was determined by examination of the MS/MS 

spectra. Relative abundances of a selection of these BMOs were calculated with Profinder 

B.08.00 software (Agilent Technologies). Precursor ions of the BMOs were identified from the 

MS-level data with an error tolerance of 15 ppm, and the chromatographic area of each BMO 
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was calculated.  

 

Oligosaccharide Quantification 

BMOs in the delactosed permeate samples were purified by microplate C18 SPE, as described 

above, prior to analysis by high-performance anion-exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD).  

 

3’-SL and 6’-SL were quantified on a Dionex ICS 5000+ HPAEC-PAD system outfitted with 

dual pumps and a detector consisting of an electrochemical cell with a disposable gold working 

electrode and a pH-Ag/AgCl reference electrode (ThermoFischer Scientific, Sunnyvale, CA). 

Chromatographic eluents consisted of nanopure water (A), 200mM sodium hydroxide (B), and 

100mM sodium acetate in 100mM sodium hydroxide. Chromatographic separation was carried 

out with a CarboPac PA200 guard column (3 x 50mm, ThermoFisher Scientific) and CarboPac 

PA200 analytical column (3 x 250mm, ThermoFisher Scientific) with a pump flow rate of 

0.5mL/min. The gradient was held constant at 8% B and 9% C for 60min. Column and detector 

temperatures were set to 25°C.  

 

Naturally Occurring Peptides 

Peptidomic Profiling 

Delactosed permeate samples were acidified by mixing 1:1 with 0.2% TFA. Peptides were 

purified by column C18 SPE prior to analysis by mass spectrometry. Each C18 SPE cartridge 

(Supelco, Bellefonte, PA) was activated with acetonitrile and equilibrated with 0.1% TFA. 

Samples were loaded, and each C18 cartridge was washed with 3 column volumes (6mL total) 
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0.1% TFA. Peptides were eluted with 3 column volumes (6mL total) 80% acetonitrile/0.1% 

TFA. The samples were dried and re-dissolved in 2% acetonitrile for mass spectrometry analysis.  

Peptidomics samples were analyzed by nano-LC-chip-Q-ToF MS. Chromatographic separation 

was performed on a C18 nano-LC chip, consisting of a 40 nL enrichment column and a 75 µm x 

150 mm analytical column, each with 5 µm Zorbax C18 particles (Agilent Technologies, Santa 

Clara, CA). Mobile phase solvents consisted of 3% acetonitrile/0.1% formic acid (A) and 89.9% 

acetonitrile/0.1% formic acid (B). Samples were loaded onto the enrichment column by a 

capillary pump operating at a flow rate of 4.0µL/min at 100% A. Separation was performed on 

the analytical column by a nanopump operating at 0.3µL/min. The gradient was ramped from 0 

to 30% B from 0 to 40min, 30 to 45% B from 40 to 45min, 45 to 100% from 45 to 45.1min, then 

held at 100% B from 45.1 to 50min, and re-equilibrated at 100% A from 50.01 to 65min.  

Upon eluting from the column, peptides were analyzed in positive ionization mode with scan 

ranges of m/z 130-1400 (MS) and 50-1700 (MS/MS), collected at a rate of 8 spectrum/s. Drying 

gas flow was 5L/min at 350°C. Capillary voltage was 1875V. In each MS scan, the eight most 

abundant ions were selected for MS/MS fragmentation, with a dynamic exclusion of 0.30min 

subsequently applied to each fragmented ion. Collision energies were specified with the linear 

equation collision energy = ((m/z)/100)*slope + offset, with slope and offset values of 3 and 2, 

respectively. In-run calibration was performed with infused calibrant ions of m/z 322.048121 and 

922.009798. Data was stored in centroid mode.  

 

PEAKS Studio X Pro (Bioinformatics Solutions Inc., Waterloo, ON, Canada) was used for 

analyzing LC-MS/MS data for peptide identification. Peptides containing at least five amino acid 

residues were identified through database search using Bos taurus (bovine) protein sequences in 
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the Swiss-Prot database. (https://www.uniprot.org/, Accessed 12/19/2020) Enzyme and digestion 

mode were set as “none” and “unspecific,” respectively. Variable modifications allowed 

included deamidation (+0.98; N and Q), phosphorylation (+79.97; S, T, and Y), and oxidation 

(+15.99; M). Mass error tolerance was set at 20 ppm and 0.02 Da for precursors and fragments, 

respectively. Peptide-spectrum matches were filtered at 1% false-discovery rate (FDR) to get the 

final peptide identifications. 

 

Peptide sequences found in the samples were searched against Milk Bioactive Peptide Database 

(http://mbpdb.nws.oregonstate.edu/, Accessed 12/19/2020) after removing modifications for 

annotating potential bioactivities. Peptide sequences with 100% match with the bioactive 

peptides in the database were reported. 

 

Peptide Measurement 

Proteins were removed from diluted samples via ethanol precipitation. Two equivalents of cold 

ethanol were added to each sample. Samples were held at -30°C for 1 hour and then centrifuged 

at 4000xg for 30min. The resulting supernatants were dried and reconstituted in nanopure water.  

The approximate peptide content of each sample was determined using a Qubit Fluorometer 

(ThermoFisher Scientific, Waltham, MA). Reconstituted supernatants from ethanol precipitation 

were mixed with a buffered solution of Qubit fluorescent dye, incubated, and analyzed according 

to the manufacturer’s instructions.  
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Demineralization 

A 16.65L pilot batch of delactosed permeate produced at plant 1, separate from the 5 un-

demineralized delactosed permeate batches analyzed from this site, was demineralized using 

electrodialysis by Ameridia (Napa, CA) in a series of 9 test demineralization batches. The 

electrodialysis stack employed ten cationic and anionic membranes with an average production 

rate of 1.03L/h at 26ºC and a potassium nitrate diluate maintained at approximately 20mS/cm via 

the addition of demineralized water. 

 

Statistical Analysis 

Within versus between group variation was assessed using 1-way ANOVA with post hoc 

evaluation using Tukey’s Test. All statistical analyses were conducted using R version 4.0.2. 

 

RESULTS AND DISCUSSION 

Proximate Analyses 

Delactosed permeate composition was variable between production batches and processing 

plants but comparable to previously reported values. (Burrington et al., 2014; Frankowski et al., 

2014; Friend et al., 2004; Liang et al., 2009; Smith et al., 2016; Wagner et al., 2014) All samples 

contained less than 0.5% fat and 5.2% protein (Table 4.1). The significantly higher (p<0.01) 

levels of protein in samples from production plant 2 are likely the result of greater incorporation 

of milk permeate in the starting material at this site compared to the entirely whey permeate 

starting material used at production site 1, and higher protein content in the permeate starting 

material due to a protein leak in the permeate supplier’s ultrafiltration process for production 

plant 2. The significantly higher (p<0.001) total solids content in the delactosed permeate 
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samples from production plant 2 is likely due to a combination of this less precise ultrafiltration 

and a lower lactose recovery during crystallization. 

 

 

Table 4.1. Proximate analyses of delactosed permeate batches from both production plants. 

Values are expressed as the mean ± standard deviation. Significant differences within a row are 

indicated as * 0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001 

 Production Plant 1 Production Plant 2  

Total Solids (g/100g) 25.93 ± 2.04 40.76 ± 0.48 *** 

Ash (g/100g) 4.82 ± 0.19 10.21 ± 0.17 *** 

Protein (g/100g) 2.04 ± 0.12 4.96 ± 0.12 *** 

Fat (g/100g) 0.17 ± 0.04 0.33 ± 0.11 * 

 

 

 

Proteins 

Protein profiles of the delactosed permeates, with the gel loadings normalized to 25µg of protein 

each, also differed between the two production plants, as shown in Figure 4.1. Delactosed 

permeates from both plants contained proteins with masses corresponding to β-lactoglobulin 

(18.4kDa) and caseins (19-32kDa). (Zhang et al., 2022) Although the delactosed permeates from 

production plant 1 have a lower total protein content, they also appear to have a higher relative 

content of proteins with molecular weights greater than 25kDa. Other proteins commonly found 

in milk, including α-lactalbumin (14kDa), bovine serum albumin (66.4kDa), and lactoferrin (77-

80kDa) do not appear to contribute substantially to the protein profiles of any of the delactosed 

permeates. The darkened portion of the gel below the 10kDa mark for lanes 11 and 12, as seen in 

Figure 4.1, is the result of residual stain that was not fully removed during the destaining 

process, not very low-mass protein or high-mass peptide content, as confirmed by additional 

SDS-PAGE analyses of the two corresponding delactosed permeate samples. 
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Figure 4.1. SDS-PAGE analysis of delactosed permeates. Lanes: (1) protein standards, (2) 

production plant 1 batch A, (3) production plant 2 batch B, (4) production plant 1 batch C, (5) 

production plant 1 batch D, (6) production plant 1 batch E, (7) protein standards, (8) production 

plant 2 batch A, (9) production plant 2 batch B, (10) production plant 2 batch C, (11) production 

plant 2 batch D, (12) production plant 2 batch E. Each gel lane was normalized to 25µg of 

protein. 

 

Vitamins and Minerals 

Three B vitamins, riboflavin (B2), pantothenic acid (B5), and cobalamin (B12) were measured in 

the delactosed permeates. Vitamins B2 and B5 were present at significantly higher (p<0.001) 

concentrations in delactosed permeate batches from production plant 2 (Figure 4.2). There was 

no significant difference (p>0.05) in the concentration of vitamin B12 between production 

plants, but there was substantially more variation in vitamin B12 concentration between batches 

from plant 1 compared to plant 2, as shown in Figure 4.2. 
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Figure 4.2. B vitamin concentrations in delactosed permeate batches produced at production 

plant 1 (●) and production plant 2 (■). * 0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001 

 

 

Sodium was the most abundant mineral, followed by potassium (Figure 4.3). All measured 

minerals were present at significantly higher concentrations (p<0.001) in the delactosed permeate 

produced at plant 2, as a result of more substantial pH adjustments carried out on the starting 

material at this facility.  

 
Figure 4.3. Mineral concentrations in delactosed permeate batches produced at production plant 

1 (●) and production plant 2 (■). * 0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001 

 

 

Organic Acids 

Citric acid was the most abundant organic acid delactosed permeate samples, particularly for 

delactosed permeates produced at plant 2 (Figure 4.4), which is consistent with previous reports 
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of delactosed permeated organic acid content. (Frankowski et al., 2014; Friend et al., 2004; 

Liang et al., 2009) Acetic acid was only present in trace amounts (<400ppm) across all ten 

delactosed permeate batches. Lactic acid was one of the only measured compounds that did not 

differ significantly (p>0.05) in concentration between production plants (Figure 4.4). The 

comparable levels of lactic acid across all analyzed delactosed permeate batches suggest minimal 

variability in the degree of microbial degradation of lactose into lactic acid during prior 

production processes as well as during storage of the milk and whey permeate starting materials 

and delactosed permeate batches during processing.  

 

 
Figure 4.4. Organic acid concentrations in delactosed permeate batches produced at production 

plant 1 (●) and production plant 2 (■). * 0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, *** p < 0.001 

 

 

Carbohydrates 

Simple Sugars 

The delactosed permeates from production plant 2 had significantly higher (p<0.05) 

concentrations of lactose compared to those from production plant 1 (Figure 4.5), which aligns 

with the lower lactose crystallization recovery reported by production plant 2. In general, the 

yield of lactose crystallization rarely surpasses 65% because of interferences from minerals and 

other components. (Paterson, 2009) Following this pattern, the reduced lactose crystallization at 
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production plant 2 was likely caused by higher levels of protein, minerals, and other non-lactose 

compounds in the concentrated permeate at this site. 

 

Glucose had the greatest variation across all batches, but there was no significant difference 

(p>0.05) in glucose concentrations between production plants. 

 

 
Figure 4.5. Simple sugar and sialyllactose concentrations in delactosed permeate batches 

produced at production plant 1 (●) and production plant 2 (■). * 0.01 < p ≤ 0.05, **0.001 < p ≤ 

0.01, *** p < 0.001  

 

 

Bovine Milk Oligosaccharides 

21 BMOs, including 12 unique monosaccharide compositions and 9 additional isomers, were 

identified across all of the delactosed permeate samples. Three of the identified BMOs were 

acidic, including two of the most abundant structures in bovine milk, 3’-SL and 6’-SL. No 

fucosylated BMOs were identified in the delactosed permeate samples. 

Significantly higher (p<0.001) concentrations of 3’-SL and 6’-SL were measured in the 

delactosed permeate batches from production plant 2 (Figure 4.5). This trend may be the result of 

more extensive ultrafiltration carried out to maximize protein removal at production plant 1, 

which may lead to additional, unintentional retention of oligosaccharides, as an unintended side 
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effect. Acidic oligosaccharides like 3’-SL and 6’-SL, which maintain a negative charge under the 

mildly acidic conditions of milk and whey permeates, may be more susceptible to this effect 

because of their greater interactions with the charged filtration membranes. (Cheryan, 1998; 

Cohen et al., 2017; Luo and Wan, 2013) No significant difference in relative abundance (p>0.05) 

was observed between the two production plants for any of the other BMOs, but substantially 

greater variation in BMO abundances between delactosed permeate batches was observed for 

production plant 1 (Table 4.1). Relative abundance data for all BMOs is reported in 

Supplementary Table 4.1. 
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Table 4.1. Relative abundances of bovine milk oligosaccharides in delactosed permeate from 

two production plants. Abundances are expressed as the mean relative abundance per gram of 

delactosed permeate ± standard deviation. 

Bovine Milk 

Oligosaccharide 

Neutral 

Mass (Da) 

Production Plant 1 

Relative Abundance 

Production Plant 2 

Relative Abundance 

2_0_0_1_0 (3'-SL) 633.2116 1617.8490 ± 1134.444 1252.085 ± 548.541 

2_0_0_1_0 (6'-SL) 633.2116 192.549 ± 85.535 224.875 ± 70.827 

2_1_0_0_0 isomer 1 545.1956 1128.319 ± 389.905 1421.359 ± 566.052 

2_1_0_0_0 isomer 2 545.1956 16.315 ± 6.854 12.938 ± 2.611 

2_1_0_0_0 isomer 3 545.1956 20.092 ± 12.074 11.268 ± 4.523 

2_2_0_0_0 748.2750 13.663 ± 8.771 9.460 ± 3.236 

3_0_0_0_0 isomer 1 504.1690 1011.583 ± 706.352 449.193 ± 161.156 

3_0_0_0_0 isomer 2 504.1690 166.481 ± 105.960 109.556 ± 31.637 

3_0_0_1_0 795.2645 138.671 ± 76.261 79.571 ± 16.035 

3_1_0_0_0 isomer 1 707.2484 18.385 ± 9.367 17.637 ± 6.836 

3_1_0_0_0 isomer 2 707.2484 20.973 ± 13.174 16.259 ± 3.350 

3_1_0_0_0 isomer 3 707.2484 62.416 ± 41.641 38.453 ± 7.728 

3_2_0_0_0 910.3278 27.024 ± 17.630 20.560 ± 4.013 

3_3_0_0_0 1113.4072 14.132 ± 8.710 12.288 ± 2.685 

4_0_0_0_0 isomer 1 666.2219 44.752 ± 43.261 31.532 ± 8.950 

4_0_0_0_0 isomer 2 666.2219 13.840 ± 11.006 7.533 ± 2.667 

4_0_0_0_0 isomer 3 666.2219 29.177 ± 23.432 17.584 ± 4.180 

4_1_0_0_0 869.3012 84.502 ± 50.725 57.370 ± 9.758 

4_2_0_0_0 1072.3806 13.761 ± 7.509 12.229 ± 2.921 

6_0_0_0_0 isomer 1 990.3275 78.833 ± 62.487 27.583 ± 9.641 

6_0_0_0_0 isomer 2 990.3275 16.731 ± 15.341 12.946 ± 3.552 

Bovine milk oligosaccharides are listed based on their monosaccharide compositions as the 

number of Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc. 

 

 

Naturally Occurring Peptides 

A total of 77 to 577 unique peptide sequences were identified in the delactosed permeate 

samples, and a comparison across different samples is shown in Table 4.3. Major parent proteins 

for the peptides identified in the delactosed permeates included β-casein, α-S1-casein, 

glycosylation-dependent cell adhesion molecule 1, α-S2-casein, κ-casein, polymeric 
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immunoglobulin receptor, and β-lactoglobulin, with the greatest number of sequences originating 

from β-casein and α-S1-casein. In addition, several bioactive peptide sequences were identified 

by matching with the Milk Bioactive Peptide Database (Figure 4.6). 

(http://mbpdb.nws.oregonstate.edu/, Accessed 12/19/2020) Prominent bioactivities of the 

identified peptides include Angiotensin-converting enzyme (ACE)-inhibitory, antimicrobial, 

antioxidant, anti-inflammatory, and immunomodulatory activities. The complete lists of naturally 

occurring peptide sequences identified in all the delactosed permeate batches can be found in 

Appendix 1, and the corresponding activity annotations are listed in Supplementary Tables 4.2 

through 4.11. 

 

 

Table 4.3. Number of unique peptide sequences and estimated peptide concentrations in 

delactosed permeates. Concentrations are expressed as the mean ± standard deviation. 

 

 Production Plant 1 Production Plant 2 

 Number of 

Peptide 

Sequences 

Peptide 

Concentration (mg/g 

delactosed permeate) 

Number of 

Peptide 

Sequences 

Peptide 

Concentration (mg/g 

delactosed permeate) 

Batch A 399 14.69 ± 5.18 159 1.82 ± 0.08 

Batch B 326 14.05 ± 1.11 130 2.12 ± 0.97 

Batch C 577 14.58 ± 3.77 77 1.61 ± 0.48 

Batch D 264 14.87 ± 0.41 131 2.07 ± 0.62 

Batch E 457 13.60 ± 0.66 77 1.35 ± 0.04 

 

 

 



 

178 
 

 
 

Figure 4.6. Numbers of bioactivity annotations and unique bioactive peptide sequences in 

delactosed permeate batches (A-E) from the two production plants.  

 

 

In addition, peptide concentrations were estimated for all delactosed permeate samples using a 

fluorometric assay (Table 4.3). Peptide contents measured for delactosed permeates from 

production plant 1 were significantly higher (p<0.001) than those from production plant 2, 

consistent with the higher number of peptide sequences identified in the delactosed permeates 

from plant 1. This phenomenon is likely the result of differing composition of the delactosed 

permeate starting material between the two plants, with lower incorporation of whey permeate 

and greater levels of milk permeate, which has a lower natural peptide content than 

cheesemaking byproducts like whey permeate, in the starting material at production plant 2. 

Additional influence on the delactosed permeate peptide content may also have arisen from the 

higher mineral content in the ultrafiltration starting material at production plant 2, which could 

lead to greater formation of salt bridges between peptides and the ultrafiltration membrane, 

increasing peptide retention. (Cheryan, 1998)  
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Because the fluorometric assay employed to estimate peptide concentrations was designed for 

protein quantification and we cannot confirm that all peptides react in the same manner, the 

provided peptide concentrations are only estimates. Similarly, it is possible that other, as yet 

unidentified components of the delactosed permeates may react with the fluorescent agent in the 

assay, contributing to the measured peptide content. These effects may also be contributing to the 

differences in peptide content measured between the two production plants. 

 

Demineralization 

As a pilot study, 16.65L of delactosed permeate from production plant 1 underwent 

demineralization through electrodialysis. An average of 95.8% reduction in conductivity was 

achieved after demineralization, with approximately 85% of the reduction in conductivity 

occurring within the first hour of electrodialysis. This drop in conductivity corresponds to 

substantial reduction in mineral content, including more than 95% removal of sodium and 

potassium, and more than 80% removal of calcium and magnesium (Table 4.4).  
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Table 4.4. Percent reduction in major solid components of delactosed permeate with 

demineralization. Values are expressed as the mean ± standard deviation from three 

demineralization trials. 

Component Reduction in 

Concentration (%) 

Total Solids 16.88 ± 6.65 

Ash 89.69 ± 0.04 

Sodium 96.19 ± 0.21 

Potassium 97.99 ± 0.21 

Calcium 83.71 ± 6.22 

Magnesium 85.09 ± 5.15 

Phosphorous 71.20 ± 2.67 

Protein 25.51 ± 1.99 

Lactose   2.20 ± 0.07 

 

 

The concentrations of the two most abundant charged BMOs, 3’-SL and 6’-SL, were also 

measured in both the diluent and final delactosed permeate product after demineralization (Table 

4.5). Because of their charged nature and comparatively low molecular weight, 3’-SL and 6’-SL 

were determined to hold the greatest risk of loss during the electrodialytic demineralization, and 

thus made good markers for any potential removal of other BMOs from the delactosed permeate 

during this process. No loss of sialyllactose to the diluent was detected (limit of detection of 0.1 

mg/100g), demonstrating good recovery of BMOs after demineralization. 
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Table 4.5. Concentration of sialyllactose in delactosed permeate demineralization fractions. 

Values are expressed as the mean ± standard deviation from two replicates of the final pooled 

delactosed permeate fractions. 

Fraction 
3’-Sialyllactose 

(mg/100g) 

6’-Sialyllactose 

(mg/100g) 

Demineralized  

delactosed permeate 
16.59 ± 1.91 5.44 ± 0.45 

Diluate None detected None detected 

 

 

In addition to significantly reducing the mineral content without a detectable loss of BMOs, 

demineralization of the delactosed permeate pilot batch also allowed the material to be easily 

spray dried to a free-flowing powder. This demonstrates that previously reported challenges with 

drying this stream (Bund and Hartel, 2010; Liang et al., 2009) can also be overcome through 

demineralization.  

 

Conclusions 

This study offers an in-depth compositional analysis of delactosed permeate, illustrates its 

substantial variance in composition between production sites and between production batches, 

and demonstrates the ability of this stream to be successfully desalinated without loss of key 

bioactive compounds. In addition, the present study provides the first comparative analysis of the 

peptide and bovine milk oligosaccharide profiles of delactosed permeate. The findings from this 

study indicate the strong potential for delactosed permeate to be harnessed as a source of 

bioactive oligosaccharides, peptides, and organic acids. Further research on this dairy stream will 

be needed to determine which variations of the dairy processing procedures leading up to 

delactosed permeate production are optimal for bioactive compound isolation. 
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Supplementary Table 4.2. Bioactive peptide sequences identified in delactosed permeate from 

production plant 1, batch A 
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Supplementary Table 4.3. Bioactive peptide sequences identified in delactosed permeate from 

production plant 1, batch B 
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Supplementary Table 4.4. Bioactive peptide sequences identified in delactosed permeate from 

production plant 1, batch C 
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Supplementary Table 4.5. Bioactive peptide sequences identified in delactosed permeate from 

production plant 1, batch D 
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Supplementary Table 4.6. Bioactive peptide sequences identified in delactosed permeate from 

production plant 1, batch E 
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Supplementary Table 4.7. Bioactive peptide sequences identified in delactosed permeate from 

production plant 2, batch A 
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Supplementary Table 4.8. Bioactive peptide sequences identified in delactosed permeate from 

production plant 2, batch B 
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Supplementary Table 4.9. Bioactive peptide sequences identified in delactosed permeate from 

production plant 2, batch C 

 

  



 

195 
 

Supplementary Table 4.20. Bioactive peptide sequences identified in delactosed permeate from 

production plant 2, batch D 
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Supplementary Table 4.21. Bioactive peptide sequences identified in delactosed permeate from 

production plant 2, batch E 

  



 

197 
 

REFERENCES 

Aldredge DL, Geronimo MR, Hua S, Nwosu CC, Lebrilla CB, Barile D. 2013. Annotation and 

structural elucidation of bovine milk oligosaccharides and determination of novel fucosylated 

structures. Glycobiology 23:664–676. 

Auestad N, Layman DK. 2021. Dairy bioactive proteins and peptides: a narrative review. Nutr. 

Rev. 79:36–47. 

Boudry G, Hamilton MK, Chichlowski M, Wickramasinghe S, Barile D, Kalanetra KM, Mills 

DA, Raybould HE. 2017. Bovine milk oligosaccharides decrease gut permeability and improve 

inflammation and microbial dysbiosis in diet-induced obese mice. J. Dairy Sci. 100:2471–2481. 

Bund RK, Hartel RW. 2013. Blends of delactosed permeate and pro-cream in ice cream: Effects 

on physical, textural and sensory attributes. Int Dairy J. 31:132-138. 

Bund RK, Hartel RW. 2010. Effect of protein on sorption characteristics of delactosed permeate. 

J. Food Eng. 96:388–393. 

Burrington K, Schoenfuss T, Patel S. 2014. Coproducts of milk and whey processing. 

Charbonneau MR, O’Donnell D, Blanton LV, Totten SM, Davis JCC, Barratt MJ, Cheng J, 

Guruge J, Talcott M, Bain JR, Muehlbauer MJ, Ilkayeva O, Wu C, Struckmeyer T, Barile D, 

Mangani C, Jorgensen J, Fan Y, Maleta K, Dewey KG, Ashorn P, Newgard CB, Lebrilla C, 

Mills DA, Gordon JI. 2016. Sialylated milk oligosaccharides promote microbiota-dependent 

growth in models of infant undernutrition. Cell 164:859–871. 

Cheryan M. 1998. Ultrafiltration and Microfiltration Handbook. Taylor & Francis Routledge. 

Cicero AFG, Gerocarni B, Laghi L, Borghi C. 2011. Blood pressure lowering effect of 

lactotripeptides assumed as functional foods: a meta-analysis of current available clinical trials. 

J. Hum. Hypertens. 25:425–436. 

Cohen JL, Barile D, Liu Y, de Moura Bell JMLN. 2017. Role of pH in the recovery of bovine 

milk oligosaccharides from colostrum whey permeate by nanofiltration. Int. Dairy J. 66:68–75. 

Coppa GV, Zampini L, Galeazzi T, Facinelli B, Ferrante L, Capretti R, Orazio G. 2006. Human 

milk oligosaccharides inhibit the adhesion to Caco-2 cells of diarrheal pathogens: Escherichia 

coli, Vibrio cholerae, and Salmonella fyris. Pediatr. Res. 59:377–382. 

Dallas DC, Guerrero A, Parker EA, Garay LA, Bhandari A, Lebrilla CB, Barile D, German JB. 

2014a. Peptidomic profile of milk of Holstein cows at peak lactation. J. Agric. Food Chem. 

62:58–65. 

Dallas DC, Weinborn V, de Moura Bell JMLN, Wang M, Parker EA, Guerrero A, Hettinga KA, 

Lebrilla CB, German JB, Barile D. 2014b. Comprehensive peptidomic and glycomic evaluation 



 

198 
 

reveals that sweet whey permeate from colostrum is a source of milk protein-derived peptides 

and oligosaccharides. Food Res. Int. 63:203–209. 

El-Nawawy M, Radwan U, El-Behairy S, Hassan M. 2012. Derived peptides from milk permeate 

as a health ingredient: Properties and applicable aspects. J. Food Dairy Sci. 3:447–460. 

Frankowski KM, Miracle RE, Drake MA. 2014. The role of sodium in the salty taste of 

permeate. J. Dairy Sci. 97:5356–5370. 

Friend MA, Kaiser AG, Piltz JW, Sillence MN, Jolliffe SK. 2004. Use of delactose whey 

permeate as a supplement for cattle on a cereal straw based diet. Aust. J. Exp. Agric. 44:833. 

Gill HS, Doull F, Rutherfurd KJ, Cross ML. 2000. Immunoregulatory peptides in bovine milk. 

Br. J. Nutr. 84:111–117. 

Guerrero A, Dallas DC, Contreras S, Bhandari A, Cánovas A, Islas-Trejo A, Medrano JF, Parker 

EA, Wang M, Hettinga K, Chee S, German JB, Barile D, Lebrilla CB. 2015. Peptidomic analysis 

of healthy and subclinically mastitic bovine milk. Int. Dairy J. 46:46–52. 

Jacobi SK, Yatsunenko T, Li D, Dasgupta S, Yu RK, Berg BM, Chichlowski M, Odle J. 2016. 

Dietary isomers of sialyllactose increase ganglioside sialic acid concentrations in the corpus 

callosum and cerebellum and modulate the colonic microbiota of formula-fed piglets. J. Nutr. 

146:200–208. 

Jauhiainen T, Niittynen L, Orešič M, Järvenpää S, Hiltunen TP, Rönnback M, Vapaatalo H, 

Korpela R. 2012. Effects of long-term intake of lactotripeptides on cardiovascular risk factors in 

hypertensive subjects. Eur. J. Clin. Nutr. 66:843–849. 

Lane JA, Mariño K, Naughton J, Kavanaugh D, Clyne M, Carrington SD, Hickey RM. 2012. 

Anti-infective bovine colostrum oligosaccharides: Campylobacter jejuni as a case study. Int. J. 

Food Microbiol. 157:182–188. 

Levin MA, Burrington KJ, Hartel RW. 2016. Whey protein phospholipid concentrate and 

delactosed permeate: Applications in caramel, ice cream, and cake. J. Dairy Sci. 99:6948–6960. 

Liang B, Bund RK, Hartel RW. 2009. Effect of composition on moisture sorption of delactosed 

permeate. Int. Dairy J. 19:630–636. 

Luo J, Wan Y. 2013. Effects of pH and salt on nanofiltration - a critical review. J. Membr. Sci. 

438:18–28. 

Marotta M, Ryan JT, Hickey RM. 2014. The predominant milk oligosaccharide 6′-sialyllactose 

reduces the internalisation of Pseudomonas aeruginosa in human pneumocytes. J. Funct. Foods 

6:367–373. 



 

199 
 

Martín-Sosa S, Martín M-J, Hueso P. 2002. The sialylated fraction of milk oligosaccharides is 

partially responsible for binding to Enterotoxigenic and Uropathogenic Escherichia coli human 

strains. J. Nutr. 132:3067–3072. 

Mehra R, Barile D, Marotta M, Lebrilla CB, Chu C, German JB. 2014. Novel high-molecular 

weight fucosylated milk oligosaccharides identified in dairy streams. PLoS ONE 9:e96040. 

Milk Bioactive Peptide Database, http://mbpdb.nws.oregonstate.edu/, Accessed 12/19/2020. 

Miralles B, Hernández-Ledesma B, Fernández-Tomé S, Amigo L, Recio I. 2018. Health-related 

functional value of dairy proteins and peptides, in: Proteins in Food Processing. Elsevier, pp. 

523–568.  

Nongonierma AB, FitzGerald RJ. 2015. The scientific evidence for the role of milk protein-

derived bioactive peptides in humans: A review. J. Funct. Foods 17:640–656. 

Obelitz-Ryom K, Bering SB, Overgaard SH, Eskildsen SF, Ringgaard S, Olesen JL, Skovgaard 

K, Pankratova S, Wang B, Brunse A, Heckmann AB, Rydal MP, Sangild PT, Thymann T. 2019. 

Bovine milk oligosaccharides with sialyllactose improves cognition in preterm pigs. Nutrients 

11:1335. 

Oliveros E, Vázquez E, Barranco A, Ramírez M, Gruart A, Delgado-García J, Buck R, Rueda R, 

Martín M. 2018. Sialic acid and sialylated oligosaccharide supplementation during lactation 

improves learning and memory in rats. Nutrients 10:1519. 

Østdal H, Andersen HJ, Nielsen JH. 2000. Antioxidative activity of urate in bovine milk. J. 

Agric. Food Chem. 48:5588–5592. 

Parkkinen J, Rogers GN, Korhonen T, Dahr W, Finne J. 1986. Identification of the O-linked 

sialyloligosaccharides of glycophorin A as the erythrocyte receptors for S-fimbriated Escherichia 

coli. Infect. Immun. 54:37–42. 

Paterson AHJ. 2009. Production and Uses of Lactose, in: McSweeney, P.L.H., Fox, P., F. (Eds.), 

Advanced Dairy Chemistry. Springer Science+Business Media, New York, NY, USA, pp. 105–

120. 

Perdijk O, van Baarlen P, Fernandez-Gutierrez MM, van den Brink E, Schuren FHJ, Brugman S, 

Savelkoul HFJ, Kleerebezem M, van Neerven RJJ. 2019. Sialyllactose and 

galactooligosaccharides promote epithelial barrier functioning and distinctly modulate 

microbiota composition and short chain fatty acid production in vitro. Front. Immunol. 10:94.  

Sah BNP, Vasiljevic T, McKechnie S, Donkor ON. 2018. Antioxidative and antibacterial 

peptides derived from bovine milk proteins. Crit. Rev. Food Sci. Nutr. 58:726–740. 



 

200 
 

Slavov AK. 2017. Dairy wastewaters – General characteristics and treatment possibilities – a 

review. Food Technol. Biotechnol. 55:14-28. 

Smith ST, Metzger L, Drake MA. 2016. Evaluation of whey, milk, and delactosed permeates as 

salt substitutes. J. Dairy Sci. 99:8687–8698. 

Sunds AV, Bunyatratchata A, Robinson R, Glantz M, Paulsson M, Leskauskaite D, Pihlanto A, 

Inglingstad R, Devold TG, Vegarud GE, Birgisdottir BE, Gudjonsdottir M, Barile D, Larsen LB, 

Poulsen NA. 2021. Comparison of bovine milk oligosaccharides in native North European cattle 

breeds. Int. Dairy J. 114:104917. 

Swiss-Prot Database, https://www.uniprot.org/, Accessed 12/19/2020. 

United States Department of Agriculture National Agricultural Statistics Service. 2019. Dairy 

Products Summary. 

Wagner C, Benecke C, Buchholz H, Beutel S. 2014. Enhancing bioethanol production from 

delactosed whey permeate by upstream desalination techniques. Eng. Life Sci. 14:520–529. 

Wong SY, Hartel RW. 2014. Crystallization in lactose refining – A review. J. Food Sci. 79:257-

272. 

Zhang M, Sun X, Cheng J, Guo M. 2022. Analysis and “Comparison of nutrition profiles of 

canine milk with bovine and caprine milk. Foods. 11:472. 

  



 

201 
 

 

 

 

 

 

CHAPTER V: 

Fifty years of research on milk oligosaccharides: Querying the body of literature for humans and 

other mammals 
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ABSTRACT 

The carbohydrate fraction of most mammalian milks contains a variety of oligosaccharides that 

encompass a range of structures and monosaccharide compositions. Human milk 

oligosaccharides have received considerable recent attention due to their biological roles 

contributing to the establishment and maintenance of beneficial gut microbiota, prevention of 

pathogen binding to the intestinal epithelium, immunomodulation, and brain development in the 

neonate. Non-human mammals have varying milk oligosaccharide profiles that are adapted to 

their gestational systems and the needs of their offspring. Parity, genotype, breed, and lactation 

time point may also contribute to observed variation in milk oligosaccharide profiles. Despite 

this, many species have considerable overlap with the oligosaccharides found in human milk. 

The milk oligosaccharides of some non-human mammals may also have the potential for 

commercial isolation and supplementation in human infant formula and other products for 

human health. 

 

In the present study a database was created to compile the existing milk oligosaccharide profile 

data across all mammalian species. This database facilitates the comparison of milk 

oligosaccharide profiles across species by compiling milk oligosaccharide data across more than 

fifty years of publications and translating the often disparate methods for reporting milk 

oligosaccharide profiles into a single standardized identification format. Through the 

consolidation of all existing milk oligosaccharide profiles, this queryable database promotes 

further analysis of the existing milk oligosaccharide literature, revealing patterns and trends not 

apparent from the examination of individual publications. 
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INTRODUCTION 

Mammals are characterized as homeothermic vertebrates with mammary glands. Beings within 

the class Mammalia can be divided into placental mammals, marsupials and monotremes, based 

on how their young are gestated and born. Placental mammals belong to the clade Eutheria and 

are characterized by fetuses which remain in the uterus of the mother and are nourished by the 

placenta until a comparatively late stage of neonatal development. In contrast, marsupial 

offspring undergo a brief uterine gestation followed by a period of further development in the 

mother’s pouch, where they begin nursing. Diverging even farther, the young of monotremes are 

laid in eggs and then undergo further development in their mother’s pouch after hatching. While 

all types of mammalian mothers produce milk to nourish their young after birth, the composition 

of this milk varies between species.1,2  

 

In addition to protein and lipids, carbohydrates are one of the main components of mammalian 

milk, with oligosaccharides often featuring as the third or fourth most abundant milk component, 

depending on the species and lactation time point. Milk oligosaccharides are composed of three 

to twenty monosaccharides. Constituent monosaccharides may include D-glucose (Glc), D-

galactose (Gal), D-N-acetylglucosamine (GlcNAc), D-N-acetylgalactosamine (GalNAc), L-

Fucose (Fuc), D-N-acetylneuramic acid (Neu5Ac), or D-N-glycolylneuraminic acid (Neu5Gc). 

Milk oligosaccharides feature either a lactose or, less commonly, a lactosamine unit at the 

reducing end, and their structures may be extended through the addition of Gal, GlcNAc, or 

GalNAc monomers. Milk oligosaccharides composed of more than three monosaccharides are 

divided into two basic categories based on their core structures as either type I or type II. Type I 

cores feature the structure of lacto-N-tetraose (LNT, Gal(β1-3)GlcNAc(β1-3)Gal(β1-4)Glc), 
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while type II cores are based off of lacto-N-neotetraose (LNnT, Gal(β1-4)GlcNAc(β1-3)Gal(β1-

4)Glc), Core structures may also be decorated with Fuc, Neu5Ac, or Neu5Gc. Neu5Ac and 

Neu5Gc are two forms of sialic acid, and oligosaccharides containing either of these 

monosaccharides are classified as acidic, while those without any sialic acid are categorized as 

neutral. 

 

Milk oligosaccharides are of particular interest because, although they are assembled at 

considerable energetic cost to the mother, they are largely undigested by the neonate. Human 

milk oligosaccharides have been demonstrated to have prebiotic activity, selectively promoting 

the growth of beneficial bacteria in the infant gut.3–8 These probiotics then occupy space on the 

intestinal epithelium, consume human milk oligosaccharides and produce short chain fatty acids, 

which lower the pH of the gut, making it difficult for pathogens to colonize the infant gut. In 

addition, the structural homology of milk oligosaccharides to cell surface glycans of the 

intestinal epithelium allows them to act as receptor decoys to which pathogens may bind in place 

of host epithelial cells, resulting in the flushing of pathogens from the gut.9 Human milk 

oligosaccharides also have anti-inflammatory and immunomodulatory activities and have been 

shown to decrease gut permeability associated with obesity.10–14 In addition, the sialic acid found 

in milk oligosaccharides has been linked to neonatal brain development and learning.15–17  

The functions of milk oligosaccharides demonstrated to date are dependent upon their structural 

motifs. As such, oligosaccharides that share monosaccharide compositions may have distinctly 

different activities depending on their unique isomer structures. Despite the benefits of human 

milk oligosaccharides, no equally diverse source of bioactive carbohydrates is currently available 

outside of mother’s milk. Some infant formulas are beginning to be supplemented with prebiotic 
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oligosaccharides, but in most cases the added compounds are not equivalent to those in human 

breast milk. Despite their demonstrated prebiotic activity, homooligomers like 

galactooligosaccharies (GOS) and fructooligosaccharides (FOS) lack the structural complexity 

and compositional diversity of human milk oligosaccharides.18 The human milk oligosaccharides 

commercially produced in quantities sufficient for supplementation to infant formula are 

relatively small, simple structures as more complex human milk oligosaccharide structures have 

proven to be difficult and expensive to produce through enzymatic synthesis or in genetically 

modified microbes.19 

 

However, many oligosaccharide structures have been identified in the milk or colostrum of non-

human mammals with varying degrees of similarity to human milk oligosaccharides. Some non-

human mammalian milks are potential sources of oligosaccharides for commercial isolation for 

supplementation in human infant formulas and functional foods, while others represent possible 

biomedical models for developing a further understanding of the roles of human milk 

oligosaccharides. The biological significance of variations in milk oligosaccharide profiles 

among mammalian species is not yet fully understood.  

 

The main challenge in building further understanding of milk oligosaccharides from the existing 

literature lies in the scattering of the relevant data across decades of publications in dozens of 

academic books and journals. Any cross-publication analysis is additionally hindered by the vast 

inconsistencies in how milk oligosaccharides have been historically reported, ranging from 

figures depicting oligosaccharide structures to tables of monosaccharide constituents, to full 

linkage descriptions in the text. These disparate data reporting methods make it prohibitively 



 

206 
 

difficult to make direct comparisons between oligosaccharide profiles reported using different 

descriptive methods.  

 

The present study overcomes these challenges through the creation of a database that reconciles 

all existing milk oligosaccharide profiles through the use of a standardized form of representing 

milk oligosaccharide structures. This database facilitates the comparison of oligosaccharides 

between individual species and across groups of species. In addition, the database holds the 

potential to contribute to answering questions about the biological significance of specific 

oligosaccharide structural variations across mammalian milks. When combined with queries and 

visualizations, it will also serve as a generator of hypotheses able to be investigated in future 

milk oligosaccharide studies.  

 

METHODS 

Literature Selection 

To enable comparisons between milk oligosaccharide profiles of different species, a database 

was constructed, containing compilations of the existing published milk oligosaccharide profiles 

for each species discussed herein. Any studies reporting milk oligosaccharide structures 

published in a peer reviewed journal or book between January 1970 and January 2022 were 

considered for inclusion in the database. Publications were excluded from consideration if they 

had not undergone peer review, were not full articles (i.e. abstract-only publications), did not 

report original results (i.e. reviews, meta-analyses, secondary analyses of existing published milk 

oligosaccharides data), did not describe the method through which oligosaccharide analysis was 

conducted, did not adequately describe the species from which milk was obtained, or were 
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published prior to January 1970 or after January 2022. The number of subjects, milk sample 

collection method, lactation time point at milk collection, and pooling of milk samples were not 

used as selection criteria. In cases where the milk oligosaccharides of a species were reported in 

numerous publications meeting the specified criteria, such as with human and cow milk, papers 

were selected so as to build an oligosaccharide profile covering the full scope of identified milk 

oligosaccharides for the species with minimal redundancy. 210 publications covering the milk 

oligosaccharide profiles of 75 species were included in the database (Supplementary Table 5.2). 

 

Database Construction 

Oligosaccharide isomers were distinguished in the database based on the compositional 

information available in the corresponding literature, with varying degrees of identification based 

on the analytical technique applied in the study. When available, the sequence of 

monosaccharides, branching, and monosaccharide linkages were specified in the isomer 

designation. While this strategy allows for the greatest extent of comparison between milk 

oligosaccharide profiles presented in different studies, there are likely some remaining isomer 

redundancies. In particular, this may result when comparing data from NMR, enzymatic, or 

standard-based chromatographic isomer identifications that contain complete structural 

information with less detailed identifications made by mass spectral or chromatographic 

techniques. In total, entries for 672 oligosaccharide isomers were included in the database 

(Supplementary Table 5.1). 

 

All oligosaccharides are represented by a unique six-digit alphanumeric code where the first five 

digits sequentially represent the numbers of hexose_N-acetylhexosamine_fucose_N-
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acetylneuraminic acid_N-glycolylneuraminic acid (Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc) 

monomers contained in the oligosaccharide structure and the final letter designates the isomer. 

For example, 4_2_1_1_0b is composed of 4 hexoses, 2 N-acetylhexosamines, 1 fucose, 1 N-

acetylneuraminic acid, and no N-glycolylneuraminic acids, and has been assigned to the specific 

oligosaccharide Neu5Ac(α2-3)Gal(β1-3)GlcNAc(β1-3)[Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-

6)]Gal(β1-4)Glc. The full list of oligosaccharide isomers and their respective alphanumeric codes 

is provided in Supplementary Table 5.1. 

 

Analysis of Database Queries 

The database was queried to compare oligosaccharide profiles for a variety of groups of species, 

and the ensuing data was transformed into concept maps using Cmap Tools to visualize the 

results. 

 

The resulting concept maps can be read from left to right by following the arrows connecting the 

species names, linking phrases, and oligosaccharides, as exemplified in Figure 5.1. 

Oligosaccharides color-coded as black, with arrows connecting them to multiple species have 

been reported in the milk of each species to which they share a connecting arrow. 

Oligosaccharides that are unique to the milk of a single species in a given concept map are color-

coded to match that species and bear only a single connecting arrow.  
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Figure 5.1. Sample concept map depicting the shared and unshared oligosaccharides for two 

species. 

 

 

RESULTS AND DISCUSSION 

Milk Oligosaccharides of Placental Mammals 

Humans 

Human milk oligosaccharides are by far the most studied set of milk oligosaccharides of any 

mammalian species. They feature five constituent monosaccharides: Glc, Gal, Fuc, GlcNAc and 

Neu5Ac, with twelve possible linkages.19 To date, more than 200 HMO structures have been 

identified through the use of various analytical techniques, of which 215 unique human milk 

oligosaccharide structures have been fully elucidated.19–53Variation in human milk 

oligosaccharide profiles and concentrations due to the secretor and Lewis status of the mother is 

well documented.54–62 The secretor gene codes for α1-2-fucosyltransferase, FUT2, and the Lewis 

gene codes for the α1-3/4-fucosyltransferase, FUT3. Mothers who are positive for the secretor 

gene, known as secretors, express the FUT2 gene and produce milk containing an abundance of 

α1-2-linked fucose moieties, while non-secretor mothers produce little to no α1-2-linked fucose-
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containing human milk oligosaccharides. Individuals who are Lewis positive express the FUT3 

gene and produce milk containing oligosaccharides with α1-3- and α1-4-linked fucoses.63 The 

milk of Lewis negative mothers does not contain α1-4-linked fucose moieties but may have 

human milk oligosaccharides with α1-3-linked fucose units due to the activity of a secretor- and 

Lewis-independent fucosyltransferase.56 Secretor status is known to vary between regional, 

racial, or ethnic groups, as shown in Figure 5.2, which contributes to variations in human milk 

oligosaccharide profiles between cohorts around the world. 54,56,60,61,64–77  

 

 

Figure 5.2. Distribution of secretor status in human mothers around the world based on the 

abundance of α1-2-linked fucose in breast milk, where the black sections of the pie charts 

represent the percent of mothers in the population who are secretors and the light grey represents 

the percentage of non-secretors.  

 

 

In addition, human milk oligosaccharide concentrations have been shown to vary over the course 

of lactation, with typical oligosaccharide concentrations in human colostrum as high as 20 g/L 

but falling to as low as 5 g/L in mature milk.58,59,61,78,79 The concentration of lactose in human 
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milk is comparatively steady across lactation, at around 60 g/L.80 The oligosaccharide profile of 

human milk is unique in that it does not contain the Neu5Gc form of sialic acid and contains 

almost no structures with α1-3-linked galactose. Both Neu5Gc and α1-3-linked galactose may be 

recognized as allergens in many people.81,82 For most lactating individuals, neutral fucosylated 

milk oligosaccharides predominate. In addition, the majority of human milk oligosaccharides 

contain type I, core structures, a unique feature compared to the predominantly type II 

oligosaccharides found in most non-human mammalian milks.  

 

Non-human Primates 

As the closest relatives to humans, data on the milk oligosaccharides of non-human primates can 

aid the understanding of human milk oligosaccharides and their roles. The milk oligosaccharides 

of a number of non-human primates have been investigated, including those of apes (Pongidae 

and Hylobatidae), old world monkeys (Cercopithecidae), new world monkeys (Cebidae, 

Callitrichidae, and Atelidae), and strepsirrhine primates. Of the primate groups, the great apes, 

including chimpanzees, bonobos, gorillas, and orangutans, are the closest phylogenetic relatives 

to humans. Chimpanzee and bonobo milks have oligosaccharide profiles that are about 50% 

fucosylated with both type I and II cores and a 1 to 4 or 1 to 5 ratio of oligosaccharides to 

lactose, making them the closest in terms of free carbohydrate composition to human milk. 

Unlike human milk however, chimpanzee and bonobo milk oligosaccharides contain Neu5Gc 

and have more LNnT- than LNT type core structures (Figure 5.3).83–85 2’-FL has been shown to 

decrease in concentration in bonobo milk over the course of lactation while 3-FL increases in 

concentration, a trend also observed in human milk. 74,85 In contrast, only α1-2-linked fucose has 

been identified in gorilla milk, which also contains oligosaccharides with Neu5Gc monomers 
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and both LNT- and LNnT-type cores structures.83,84 Orangutans have milk with a substantially 

higher ratio of oligosaccharides to lactose (1 to 0.8) than the other great apes, and their milk 

oligosaccharide profile contains structures with Neu5Gc and predominantly type II cores (Figure 

5.3).84,85  

 

The only lesser ape for which milk oligosaccharides have been analyzed is the siamang. 

Although siamang milk’s 1 to 3 ratio of oligosaccharides to lactose is similar to those of the great 

apes, siamang milk oligosaccharides are the most sialylated of any primate, with only trace 

amounts of fucosylation (Figure 5.4).83,84  

 

Three species of old world monkeys, hamadryas baboon, toque macaque and rhesus macaque, all 

have milk oligosaccharides with α1-3-linked fucose moieties, but no α1-2-linked fucose-

containing oligosaccharides have been identified.86 Type I core and Neu5Gc-containing 

oligosaccharides have both been identified in milk of the rhesus macaque, but not in toque 

macaque or hamadryas baboon milk (Figure 5.4).83,86  
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Milk oligosaccharides from three of the five families of new world monkeys have been profiled, 

including samples of mantled howler, brown capuchin, Bolivian squirrel monkey, golden lion 

tamarin, and common marmoset milk. With the exception of the common marmoset, which has 

the greatest proportion of fucosylated milk oligosaccharides of all non-human primates, the milk 

of new world monkeys appears to contain little to no fucosylated or type I oligosaccharides 

(Figure 5.5). 83,86,87  

 

Strepsirrhine primates split off from the lineage of other monkeys and apes an estimated 76 to 87 

million years ago. Milk oligosaccharides from four species in this suborder have been analyzed 

to date, including the greater galago, aye-aye, mongoose lemur, and Coquerel’s sifaka. The milk 

of these species has a similar ratio of lactose and free oligosaccharides as humans and great apes, 

but LNT-type core structures have only been identified in aye-aye milk (Figure 5.6).88   
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Overall, primate milk oligosaccharide profiles are more diverse than those of bovine, caprine, or 

porcine milks and contain similar types of structures as human milk oligosaccharides, but in 

different proportions (Figures 5.3-5.6).85 With an average degree of polymerization (DP) of 4 to 

6, milk oligosaccharide structures of non-human primates tend to be smaller than human milk 

oligosaccharides (average DP of 7 to 9).83 Current research shows only minimal evidence of 

correlation between milk oligosaccharide profiles of non-human primates and their phylogenetic 

relations or social structures.83,88 

 

Terrestrial Carnivores 

The species within the order Carnivora can be divided into two suborders, Feloidea and 

Canoidea. A handful of species within Feloidea have been the subject of milk oligosaccharide 

investigations. Primarily small neutral oligosaccharides have been identified in the milk of 

cheetahs, spotted hyenas, and clouded leopards,89–91 but larger structures, including a variety of 

fucosylated oligosaccharides have been identified in the milk of house cats and African lions 

(Figure 5.7).90,92,93 Only two acidic oligosaccharides have been identified in Feloidea milk, with 

6’-sialyllactose (6’-SL) identified in the milk of house cats and α2-3-Neu5Gc-lactose found in all 

profiled milks except cheetah (Figure 5.7).89,90,92,93 Lions, leopards, and cheetahs all have a milk 

oligosaccharide to lactose ratio of 1:1 to 1:2, although lion milk has considerably less lactose 

(about 27 g/kg) compared to cheetah milk (40.2 g/kg).90,91,94  
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Figure 5.7. Concept map comparing the milk oligosaccharide profiles of four Feloidea species, 

domestic cats, spotted hyenas, cheetahs, and lions. Oligosaccharides are given as the number of 

hexose_N-acetylhexosamine_fucose_N-acetylneuraminic acid_N-glycolylneuraminic acid 

monomers contained in the structure, followed by the isomer designation. The full list of 

oligosaccharide isomers and their respective alphanumeric codes is provided in Supplementary 

Table 5.1. 

 

 

Substantially more investigations into the milk oligosaccharide profiles of species within the 

Canoidea suborder of Carnivora have been conducted. The milk oligosaccharide profiles of 

several species of bears have been studied, including those of the American black bear, Japanese 

black bear, Ezo brown bear, grizzly bear, polar bear, and giant panda. Both American and 

Japanese black bear milk contains large α1-2- and α1-3-linked fucosylated oligosaccharides, 



 

220 
 

although only type II core structures were identified in Japanese black bear milk, while both 

LNT- and LNnT-type core milk oligosaccharides have been identified for the American black 

bear.85,91,95 No acidic oligosaccharides are present in American black bear milk, but Japanese 

black bears were shown to produce several α2-3- and α2-6-linked Neu5Ac-containing 

oligosaccharides.96 Among the brown bears, milk of the Ezo brown bear is dominated by 

trisaccharides, especially 2’-FL, while grizzly bear milk contains more DP 4 and 5 fucosylated 

oligosaccharides with both LNT- and LNnT-type core structures (Figure 5.8).85,97 Although the 

total carbohydrate concentration of polar bear milk remains relatively constant, the 

oligosaccharide profile varies over the course of lactation, with a high 3’-sialyllactose (3’-SL) 

concentration in colostrum but an abundance of isoglobotriose in mid to late lactation milk. 98,99 

In contrast, the carbohydrate fraction of giant panda milk increases over the course of lactation, 

with isoglobotriose as the main oligosaccharide throughout.100,101 Lactose concentrations in bear 

milk are low at around 1 to 4 g/kg, which makes them a notable exception to the typically high 

lactose concentrations in the milk of placental mammals. This low lactose content serves to 

protect the hibernating mother during lactation both because lipid content is a more efficient 

method of energy transfer from mother to nursing offspring and because lower lactose 

concentrations lead to less osmolytic pressure on the milk, lessening the risk of maternal 

dehydration. 91,100,102 
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Like the larger members of Canoidea, milk oligosaccharides are dominated by α1,3-linked 

galactose-containing cores and Neu5Gc-containing structures are absent from raccoon, striped 

skunk, mink, dog, and white-nosed coati milk (Figure 5.9).85,92,103–108 No acidic oligosaccharides 

have been reported in mink or white-nosed coati milk, and no LNT-type core structures or α1-3-

linked fucose-containing oligosaccharides have been found in the milk of any of the smaller 

terrestrial carnivores. Unlike most other Canoidea, the oligosaccharides identified in raccoon 

milk include very large structures (DP 13 to 18) in addition to the smaller neutral fucosylated 

oligosaccharides (Figure 5.9).103  

 

Figure 5.9. Concept map comparing the milk oligosaccharide profiles of five small Canoidea 

carnivore species, dogs, white nose coatis, minks, striped skunks, and raccoons. 

Oligosaccharides are given as the number of hexose_N-acetylhexosamine_fucose_N-

acetylneuraminic acid_N-glycolylneuraminic acid monomers contained in the structure, followed 

by the isomer designation. The full list of oligosaccharide isomers and their respective 

alphanumeric codes is provided in Supplementary Table 5.1. 
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Even-toed Ungulates    

Milks from many species within the Artiodactyla order have been analyzed for their 

oligosaccharide content. These species include ruminants such as cows, goats, sheep, buffalo, 

antelope, and deer, as well as non-ruminants like pigs. 

 

Milk and dairy products from cows, goats and sheep are commonly consumed across much of 

the world. Milk oligosaccharides are present in concentrations of around 1.57 g/L in cow 

colostrum but fall to between 200 and 300 mg/L in mature cow and goat milk or 2 to 3 mg/L in 

mature sheep milk. 109–115 Milk oligosaccharides in these species are much less concentrated than 

lactose, which is expressed at levels of 49 g/L for cows, 43 g/L for goats, and 48 g/L for 

sheep.102 The oligosaccharide profiles for all three species are dominated by acidic structures, but 

while cow milk features predominantly Neu5Ac-containing oligosaccharides, acidic goat and 

sheep milk oligosaccharides are largely Neu5Gc-containing compounds (Figure 5.10).109–112,115–

122 Neutral fucosylated oligosaccharides and LNT-type core structures have been observed in 

cow and goat milk, but at lower abundances – especially for cow milk – than in the milk of 

humans and other primates.121,123–128 In contrast, most neutral sheep milk oligosaccharides are 

small, unfucosylated compounds with no type I core structures reported.110,121,122,129 The 

oligosaccharide profiles of cows and goats have been shown to vary over the course of 

lactation117,130,131 and between animals of different breeds or parities,111,132–134 in addition to 

seasonal variation of cow milk oligosaccharides.114,116 As in humans, genotype may influence the 

oligosaccharide profiles in goats and cows with changes in goat milk oligosaccharide profiles 

observed based on the αs1-casein production gene CSN1S1,135 and two recent genome-wide 



 

224 
 

association studies strongly correlating changes in milk oligosaccharide expression to several 

genes in cows.136,137 

 

Yak milk is consumed as a food source in regions of China, India, Mongolia, Nepal, and Tibet. 

Yak milk contains similar levels of lactose and oligosaccharides as dairy cattle.102,138 Several 

neutral oligosaccharides have been identified in yak milk, including both an α1,3- and an α1,2-

fucosylated structure (Figure 5.10).138–140 The yak milk oligosaccharide profile also includes 3’-

SL and 6’-SL, with substantially more 3’-SL than 6’-SL, similar to the milk of commercial dairy 

cows.138 

 

The oligosaccharide content of buffalo milk has been investigated in several different studies, 

although not all studies specify what type of buffalo the milk was collected from. The 

carbohydrate composition of buffalo milk varies significantly between species, with a 1 to 5 ratio 

of milk oligosaccharides to lactose in water buffalo141 but a lactose concentration 500 times 

higher than the oligosaccharide concentration in African buffalo milk.142 Water buffalo have 

predominantly small neutral and acidic oligosaccharide structures (Figure 5.10), and 

oligosaccharide profiles that vary over the course of lactation.110,141,143,144  
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Camel milk is frequently consumed in eastern Europe, north-eastern Africa, and parts of Asia. 

The majority of camels are dromedary, but Bactrian camels may also be milked as a food source. 

Compared to other commercially milked mammals, very little research has been done on the 

oligosaccharide content of camel milk. Dromedary camel milk has low levels of fucose- and 

Neu5Gc-containing oligosaccharides and no LNT-type cores (Figure 5.10).121,145 In both species, 

acidic oligosaccharides are more abundant than neutral oligosaccharides, but in Bactrian camel 

milk, acidic oligosaccharide do not contain Neu5Gc and decrease over the course of 

lactation.122,145,146  

 

Although milk from okapi as well as a number of antelope and deer species has been analyzed, 

the individual milk oligosaccharides of most species have not been profiled. Oligosaccharides 

were characterized in Addax milk and found to contain similar concentrations of Neu5Ac and 

Neu5Gc, with more α2-3-linked than α2-6-linked sialic acid.147 A few small neutral and 

fucosylated oligosaccharides have been identified in giraffe milk, with no type II structures 

reported.85,141 Several neutral and acidic oligosaccharides have been identified in reindeer milk 

too, which was found to be unique in both its lack of Neu5Gc- and α2-6-linked Neu5Ac-

containing oligosaccharides and the predominance of phosphorylated oligosaccharides over α2-

3-linked Neu5Ac-containing structures.14 The milk of antelope species contains about 40 to 50 

g/kg lactose, while deer milk has lower lactose concentrations of around 26 to 28 g/kg. 100 Many 

deer and antelope milk samples were collected after hunting-related deaths of the animals, but 

the effects of post-mortem milk sampling on oligosaccharide concentrations is unknown. 
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The milk oligosaccharide profiles of several breeds of pigs have been analyzed, and while 

minimal variation has been reported between breeds, differences have been observed between 

pigs of different parities, as with cows and goats.149 Pig milk contains very low levels of NeuGc-

containing oligosaccharides, making it more similar to human milk than other domesticated large 

mammals.120,150,151 Unlike human milk oligosaccharides however, pig milk oligosaccharides are 

primarily acidic, with 3’-SL as the most abundant oligosaccharides, and less than 4% of pig milk 

oligosaccharide structures are fucosylated.150,152,153  

 

Odd-toed Ungulates 

Within the order Perissodactyla, only black rhinoceros, donkey and horse milks have been 

analyzed for their oligosaccharide profiles. Black rhinoceros milk oligosaccharides are 

predominantly small, neutral fucosylated structures with both α1-2- and α1-3-linked fucose 

moieties (Figure 5.11).85 Donkey milk oligosaccharides are primarily small, Neu5Ac-containing 

structures. 152–154 In horses, the typical milk oligosaccharide concentration in colostrum is 0.217 

to 4.63 g/L but falls to 0.0798 g/L in mature milk, with variation in oligosaccharide profiles 

between breeds and over the course of lactation.157,158 The majority of horse milk oligosaccharide 

are small neutral or acidic structures, with lower levels of Neu5Gc-containing compounds and 

lactose than cows or goats.121,155–161  
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Figure 5.11. Concept map comparing the milk oligosaccharide profiles of three Perissodactyla 

species, black rhinoceroses, horses, and donkeys. Oligosaccharides are given as the number of 

hexose_N-acetylhexosamine_fucose_N-acetylneuraminic acid_N-glycolylneuraminic acid 

monomers contained in the structure, followed by the isomer designation. The full list of 

oligosaccharide isomers and their respective alphanumeric codes is provided in Supplementary 

Table 5.1. 

 

Other Terrestrial Placental Mammals 

From the order Proboscidea, both Asian and African elephants have undergone milk 

oligosaccharide analysis. The concentration of milk oligosaccharide changes over the course of 

lactation in both species, decreasing from 53.7 to around 20 g/L from early to middle lactation in 

Asian elephants and increasing from 8 to 21.5 g/kg from mid to late lactation in African 

elephants.162–165 Isoglobotriose was found to be the most abundant oligosaccharide in the milk of 

both species, although a range of fucosylated and Neu5Ac sialylated oligosaccharides, as well as 
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structures with type I and II cores, have also been reported in Asian elephant milk.162,163,165 

African elephant milk contains about 5 times more lactose than oligosaccharides, while Asian 

elephant milk only contains about twice as much lactose as oligosaccharides.162,164 

In the order Pilosa, milk oligosaccharides have only been analyzed for one species, the giant 

anteater. Giant anteater milk has a 3.4 to 1 ratio of lactose to oligosaccharides. No fucosylated or 

α2-3-linked Neu5Ac-containing oligosaccharides have been reported in giant anteater milk, but 

α2-6 sialylated structures were detected.166 

 

The only species from the order Chiroptera for which milk oligosaccharides have been profiled 

is the island flying fox, a bat whose milk was found to lack LNT-type core, fucosylated, and 

Neu5Ac-containing oligosaccharides, but does feature milk oligosaccharides with Neu5Gc and 

α1-3-linked galactose, making the oligosaccharide profile of island flying fox milk very 

dissimilar to that of human milk.167 

 

Aquatic Placental Mammals 

The order Cetacea is divided into marine mammals with and without teeth. Of the toothed 

cetaceans, milk of a beluga whale and bottlenose dolphins have been analyzed. 3’-SL was the 

only free carbohydrate identified with certainty in beluga milk; however, because the milk 

sample was collected at one year postpartum, lactose and additional oligosaccharides may be 

present in earlier lactation milk.168 Reports on the oligosaccharide profile of bottlenose dolphin 

milk vary, with some studies reporting no milk oligosaccharides,169 and others reporting up to 9 

g/L of oligosaccharides.170 In most baleen whales, lactose has been reported as the most 

abundant free carbohydrate. Only Neu5Ac-containing oligosaccharides were detected in Bryde’s 
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whale and Sei whale milk,171 whereas fucosylated, unfucosylated neutral, and Neu5Ac-

containing oligosaccharides were detected in Minke whale milk.168 All baleen whale milk 

analyzed in these studies was collected in late lactation, and it is unknown if milk collection 

post-mortem impacted some oligosaccharide profiles.168,171  

 

Within the order Pinnipedia, no milk oligosaccharides or lactose have been detected in species 

within the Otariidae family but, a number of oligosaccharides have been identified in the milk of 

Phocidae family seals172,173 In crabeater seal milk, sialylated and fucosylated oligosaccharides, 

including 2’-FL have been detected.174,175 In bearded seal, hooded seal, and arctic harbor seal 

milk, only type II core structures, α1-2-linked fucosylation, and α2-6-linked Neu5Ac sialylation 

of oligosaccharides were detected (Figure 5.12).173,176–178 Milk composition in Weddell seals has 

been shown to vary over the course of lactation, especially around two weeks postpartum when 

the mothers stop fasting and the total carbohydrate concentration of their milk drops. In early 

lactation, the carbohydrate fraction of Weddell seal milk is around 90% free oligosaccharides, 

which is substantially higher than that of terrestrial carnivores. Similar to bears, the low lactose 

concentration in pinniped milk is likely the result of evolutionary pressure toward rapid nutrient 

transfer from mother to offspring to more quickly prepare the pup for cold ocean temperatures 

and increase the size of offspring to hinder predators, a feat more easily achieved with high milk 

fat rather than lactose content.  
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Figure 5.12. Concept map comparing the milk oligosaccharide profiles of four pinniped species, 

including hooded seals, arctic harbor seals, crabeater seals, and bearded seals. Oligosaccharides 

are given as the number of hexose_N-acetylhexosamine_fucose_N-acetylneuraminic acid_N-

glycolylneuraminic acid monomers contained in the structure, followed by the isomer 

designation. The full list of oligosaccharide isomers and their respective alphanumeric codes is 

provided in Supplementary Table 5.1. 

 

 

The only species for which milk oligosaccharides have been analyzed in the order Sirenia is the 

Florida manatee, whose milk contains little to no lactose and low concentrations of 

oligosaccharides, are consistent with the milk compositions of other aquatic mammals. The milk 

oligosaccharides that are present in Florida manatee milk are largely neutral structures containing 

N-acetylglucosamine or fucose residues.85,169  

 

Milk Oligosaccharides of Marsupials 

Unlike most placental mammals, the milk of many marsupials contains little to no lactose, 

because they lack intestinal brush border lactase, making lactose largely indigestible as a 
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nutrient. In addition, marsupial milk does not contain oligosaccharides with Neu5Gc or LNnT-

type core structures.179 Koalas, wombats, and common brushtail possums all have predominantly 

linear oligosaccharide structures, including acidic milk oligosaccharides, although no α2,6-linked 

Neu5Ac has been reported in Wombat milk.180–182 Koalas are one of the only marsupials 

investigated to date that has milk containing fucosylated oligosaccharides (Figure 5.13).181 

Among macropods, small and medium neutral unfucosylated oligosaccharides have been 

routinely identified, and acidic oligosaccharides in a range of sizes have been reported in red 

kangaroo and tammar wallaby milk.183–189 In contrast to their plant-eating relatives, the 

carnivorous tiger quoll and eastern quoll have more branched than linear oligosaccharide 

structures with DPs of 3 to 11 (Figure 5.13).190,191 The carbohydrate content of tammar wallaby, 

eastern quoll, and common brushtail possum have all been shown to change over the course of 

lactation, with tammar wallaby milk showing a distinct shift in composition between milk for 

pouch-bound offspring and more independent, plant-eating joeys that have begun to develop a 

more ruminant-like digestive system.192–195 Many marsupial milk oligosaccharide samples were 

subjected to long-term freezer storage (25 to 35 years) prior to analysis, but the impact of such 

storage on milk oligosaccharide profiles is unknown.  
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Milk Oligosaccharides of Monotremes 

Monotremes diverged evolutionarily from the ancestors of eutherians and marsupials an 

estimated 200 million years ago. Although monotremes don’t have nipples, they still secrete milk 

to nourish their young.196 Both platypus and echidna milks have levels of sialic acid similar to 

those of marsupials, but nearly all monotreme milk sialic acid is diacetylated Neu4,5Ac.197,198 

Platypus milk features oligosaccharides with α1,2- and α1,3-linked fucosylation as well as 

LNnT-type core structures, with primarily di- and tri-fucosylated compounds (Figure 14). 197,199–

201 In contrast, echidna milk oligosaccharides are primarily small, simple, mono-fucosylated or 

mono-sialylated structures (Figure 5.14).200,202,203  

 

 

Figure 5.14. Concept map comparing the milk oligosaccharide profiles of two monotreme 

species, echidna and platypus, with human milk oligosaccharides. Oligosaccharides are given as 

the number of hexose_N-acetylhexosamine_fucose_N-acetylneuraminic acid_N-

glycolylneuraminic acid monomers contained in the structure, followed by the isomer 

designation. The full list of oligosaccharide isomers and their respective alphanumeric codes is 

provided in Supplementary Table 5.1. 
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Inter-species Milk Oligosaccharide Comparisons 

The unique oligosaccharide profiles of different species are likely the result of evolutionary 

pressures adapting milk compositions to the needs of both the mother and the neonate.204–206 

Species in which the mothers fast during all or part of lactation appear to produce milk in which 

oligosaccharides are more concentrated than other carbohydrates including lactose. This pattern 

has been observed in bears,95–99 Phocidae seals,172,173 and baleen whales.168,171 In these species, 

oligosaccharides are likely the main free carbohydrates in milk because energy is transferred 

from mother to offspring mainly in the form of lipids, not carbohydrates. In some cases, this may 

be due to the need for rapid offspring growth to increase mobility and avoid predations or the 

need to increase in neonatal body fat to ensure survival under conditions of extreme cold. In 

other cases, the lack of mono- and disaccharides in the mother’s milk may instead be the result of 

evolutionary pressures selecting for the preservation for the mother who, with limited energy 

stores, must transfer nutrients to her offspring in the manner that results in the least energy and 

water loss.  

 

In placental mammal species with less-developed neonates at birth, including bears,95–97,100,101 

dogs,104 minks,107 raccoons,103 skunks,106 and primates83,84,88 including humans3,20,53,76,79 the milk 

oligosaccharide profiles feature more fucosylated structures than those of species with more 

precocial offspring. Because the neonates of these species have less-developed immune systems 

at birth, they are likely more dependent on prebiotic and immunomodulatory compounds, 

including fucosylated oligosaccharides, delivered by their mother’s milk.   
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Other species, like elephants and primates including humans, which are phylogenetically distant 

but developmentally similar in terms of nervous and immune system maturation, show similar 

trends in oligosaccharide composition over lactation.165 This may be related to the long, slow 

growth and long lactation periods in these species. Although dolphin and toothed whale milk 

oligosaccharide profiles have not been monitored over the course of lactation, it is possible that 

similar trends would be observed in these species, given their similarly prolonged lactation. 

 

Sources of Milk Oligosaccharide Variation within Species 

In addition to the variation in oligosaccharide profiles that occurs between species, intra-species 

variations have also been observed. These differences in reported oligosaccharide profiles or 

concentrations may be due to a number of natural causes. Variation in oligosaccharide profiles 

between different breeds has been observed in cows,132,134,206 goats,111 pigs,149,208 horses,157 and 

dogs.104 Even within a breed, differences in oligosaccharide abundances have been observed in 

cows,132 pigs,149 goats,111 and humans54 based on parity and, in humans, based on whether a birth 

is full- or preterm.76,78,207,210 Genotypes have also been shown to influence oligosaccharide 

profiles, specifically those associated with αs1-casein production in goats135 and secretor and 

Lewis status in humans.54,58,62,72,78,211 In humans, variations in oligosaccharide profiles have also 

been associated with the presence of immune diseases, including HIV75 and celiac disease.212 

The mother’s diet may also impact the oligosaccharide profile, with a distinct shift observed in 

Weddell seal milk when mothers stop fasting172 and changes observed in the milk of cows fed 

different diets.213–215  
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Oligosaccharide profiles are known to vary over the course of lactation too as the needs of the 

neonate change and they shift away from consuming mother’s milk as their sole food source. 

Variation in milk oligosaccharides over the course of lactation has been well documented in 

cows,117,119,130 pigs,149,150,153,208 and humans.57–59,66,74,216–220 Variation in milk oligosaccharide 

profiles or concentrations of some milk oligosaccharides at multiple lactation points have also 

been noted in elephants,165 bonobos,82 dogs,102 polar bears,96 and tammar wallabies.193 This 

variation in milk carbohydrate profile of tammar wallaby milk is especially notable because this 

species can co-express milk of different compositions from different teats simultaneously if 

nursing both a latched, pouch-bound joey and mobile joey at the same time. With such 

widespread variation in milk oligosaccharide profiles over the course of lactation, it is 

exceedingly important that future studies report the lactation time point from which milk is being 

analyzed. Without this crucial information, studies on the milk oligosaccharides of the same 

species may seem to present conflicting data, when in fact they may simply be from disparate 

lactation time points.  

 

Approximating Human Milk Oligosaccharides 

Despite the wide sources of variation, several mammalian species have milk oligosaccharide 

profiles with characteristics quite similar to human milk oligosaccharides, as shown in Figure 

5.15. Camels, pigs, and terrestrial carnivores express milk with low levels of Neu5Gc-containing 

oligosaccharides. Chimpanzee and common marmoset milks contain relatively high 

concentrations of an array of neutral fucosylated oligosaccharides. The milk of giraffes and most 

primates has low levels of α1-3-linked galactose and type II core structures. To most closely 

mirror human milk oligosaccharides however, a milk oligosaccharide profile should have low 
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levels of Neu5Gc- and α1,3-linked galactose-containing OS, high concentrations of a diverse 

array of fucosylated oligosaccharides, and substantially more type I structures than type II 

oligosaccharides. Based on the currently available research, Asian elephant milk presents the 

best balance of all three of these features. Despite their promising similarities to humans in terms 

of milk oligosaccharide content, not all of these species are reasonable sources for milk 

oligosaccharide isolation. Successful milk oligosaccharide isolation at the pilot scale has been 

demonstrated for both cow and goat milk, and similar techniques could be applied to harness the 

oligosaccharide available in the milk or dairy streams originating from other commercially 

milked mammals.110,221–226 Though not at the same scale as cows, the milk or dairy side streams 

from producing butter and cheese from horses, Bactrian camels and goat breeds with relatively 

high concentrations of fucosylated oligosaccharides and low abundances of Neu5Gc-containing 

oligosaccharides, provide promising dairy streams for isolating milk oligosaccharides that could 

be used to create supplements for human infant nutrition or for use as a food ingredient in other 

products for human consumption. In addition, other camelid species like llamas and alpacas, 

which have the potential to be commercially milked, pose further possibilities for species whose 

milk oligosaccharide profiles warrant investigation for these purposes. More studies of the milk 

of these species detailing their full milk oligosaccharide profiles and oligosaccharide 

concentrations are still needed.  
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Figure 5.15. Venn diagram comparing the milk oligosaccharide profiles of non-human mammals 

to the 3 key features of human milk oligosaccharides. 

 

  

Database Advantages and Limitations 

The comparisons drawn in this study are inherently limited by the depth and scope of the 

published studies reviewed herein. In many cases, the published results are only an indication of 

what the overall profile of the milk oligosaccharides for a given species may look like. A number 

of studies have been limited by small sample size availability, occasionally with as little as one 

individual chosen to represent an entire breed or species. Such sweeping assumptions come with 

the known risk that milk oligosaccharide profiles vary, sometimes widely, between individuals 

within a group. Factors such as parity, season, location, genotype, captivity status and days in 

milk may have inherent influences on milk oligosaccharide profiles. Additional variation in 

reported results between studies may be due to the application of a wide range milk collection 

methods, sample storage conditions and analytical techniques. The work reviewed here spans 
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more than five decades, over which time methodology, instrumentation, and commercially 

available standards for milk oligosaccharide analysis have improved greatly.  

 

Additionally, because the concentrations of individual oligosaccharides were not reported in 

most of the reviewed literature, no comparisons of the abundance of particular oligosaccharide 

classes or structures was made during this analysis. All descriptions of milk oligosaccharide 

profiles have “more” or “less” of a specific category of oligosaccharides are based on the number 

of reported structures of that type. As such, the analysis of any milks potentially containing a 

large number of very low abundant compounds with a given structural feature, or a high 

concentration of a single oligosaccharide may be skewed by this analysis. 

 

Despite these limitations, this database and the concept maps derived from it facilitate a 

cumulative analysis of all existing published milk oligosaccharide profile data that has not been 

previously undertaken at this magnitude. Reconciling the oligosaccharide data from existing 

publications into a common format allows for cross-species and cross-publication comparisons 

that would otherwise be hindered by the unstandardized multitude of textual, tabular, and visual 

formats in which oligosaccharide profiles are reported. In particular, the queryable nature of the 

database and visual format of its output facilitate observations of trends, particularly within and 

between phylogenetic groups that would not otherwise be readily apparent by examining the 

publications individually. In addition, the concept map format reveals areas that have been 

comparatively underinvestigated or in which there are substantial gaps or inconsistencies in the 

existing literature. At its heart, this platform is not only a way to compile data, but also an 

avenue to generate new data-driven hypotheses for future research.  
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Conclusions 

All mammals produce milk from mammary glands to suckle their young; however, the OS 

content of their milk can differ greatly. Although it is unlikely that the milk oligosaccharides of 

all mammalian species will be profiled in the near future, targeted investigations of the milk 

oligosaccharides of particular mammals could advance the field on several fronts. Minimal to no 

research has been done on the milk oligosaccharides of species from nearly half of the 19 orders 

within the class Mammalia. Profiling milk oligosaccharides from species in theses relatively 

untouched orders, including Dermoptera, Insectivora, and Lagomorpha would provide improved 

understanding of how and why milk oligosaccharides developed from an evolutionary 

perspective. Further investigation into domestic species that are more commonly milked in non-

western countries, such as yaks, camels, water buffalo, llamas, and alpacas would aid in the 

identification of potential dairy streams from which oligosaccharides could be isolated for 

supplementation in infant formulas and other nutraceutical products. Additional investigation 

into the influence of the impact of milk collection conditions, including the impact of oxytocin 

administration to induce milk let-down, collection of milk post-mortem, and milk 

oligosaccharide profiles from captive versus wild animals would also provide further context for 

the interpretation of existing milk oligosaccharide data. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table 5.1. Alphanumeric oligosaccharide codes and corresponding structural 

composition for all milk oligosaccharides 

 



 

244 
 

 



 

245 
 

 



 

246 
 

 



 

247 
 

 



 

248 
 

 



 

249 
 

 



 

250 
 

 



 

251 
 

 



 

252 
 

 



 

253 
 

 



 

254 
 

Supplementary Table 5.2. Non-human milk oligosaccharide publications included in the 

database 
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CHAPTER VI: 

Conclusions, Current Limitations, and Future Directions 
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CONCLUSIONS 

The preceding chapters have delineated strategies for sourcing, isolating, and analyzing milk 

oligosaccharides. This work contributes to the field’s knowledge of naturally occurring free milk 

oligosaccharide profiles and concentrations as well as how they are impacted by an array of 

inherent and external factors. In particular, the discovery of additional effects of parity on milk 

oligosaccharide abundances and the novel demonstration of the impact of dietary fiber levels on 

milk oligosaccharide yields in cows, and the challenge to the previously established link between 

maternal secretor genotype and levels of α1,2-fucosylated oligosaccharides in human breast milk 

are substantial new contributions to the field. 

 

This dissertation also introduces and applies two recently developed methods for milk 

oligosaccharide analysis, with focuses on either in-depth milk oligosaccharide profiling with 

improved detection of large, low-abundance compounds and multiplexed samples for greater 

throughput in the tandem mass tag-labeled nano-chip liquid chromatography quadrupole time-of-

flight tandem mass spectrometry (nano-chip LC Q-ToF MS) method (Durham et al., 2022; 

Robinson et al., 2018) applied in Chapter III, or accurate milk oligosaccharide quantification 

with minimized sample preparation to eliminate the loss of milk oligosaccharides prior to 

analysis in the “dilute-and-shoot” high-performance anion-exchange chromatography with 

pulsed amperometric detection (HPAEC-PAD) method (Durham et al, 2021; Tan et al., 2015) 

applied in Chapter II. These techniques for milk oligosaccharide analysis will both be 

particularly useful for future milk oligosaccharide research, depending on the analytical priorities 

of forthcoming studies. 
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In addition, the meta-analysis of all milk oligosaccharide profiling research from the past 5 

decades accomplishes a cumulative review of milk oligosaccharide literature that has never 

before been undertaken and which reveals several previously unnoted phylogenetic trends in 

oligosaccharide profiles that provide insight into the evolutionary development of milk 

oligosaccharide synthesis. In addition, this analysis highlights gaps in the existing milk 

oligosaccharide profiling literature and underscores the importance of viewing milk 

oligosaccharide data in the greater context of the field. 

 

Although the preceding chapters have addressed separate strategies for improving 

oligosaccharide recovery in a milk oligosaccharide isolate, their true application almost certainly 

lies in a combined approach. Achieving a milk oligosaccharide functional ingredient that most 

closely mirrors the human milk oligosaccharide target will likely require the combined efforts of 

optimizing husbandry practices (including but not limited to dietary modifications to naturally 

increase oligosaccharide concentrations in milk), as well as employing alternative, non-bovine 

dairy sources, and utilizing concentrated dairy streams. 

 

CURRENT LIMITATIONS 

The milk oligosaccharide data referenced herein originates across a timespan of over 50 years. 

Sample extraction practices and analytical technologies have evolved substantially over this 

period and rudimentary methods of analysis like paper chromatography, thin layer 

chromatography, subtractive derivations from spectrophotometrically determined total 

carbohydrate content and liquid chromatography approaches without sufficient chromatographic 

separation of oligosaccharides have been eclipsed by modern techniques with greater precision 
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and accuracy. Despite this, much of our knowledge of milk oligosaccharides produced in species 

beyond humans and cows hinges on single analyses that are decades old, and the occurrence of 

updated, more in-depth studies continue to be limited by the ongoing need for standardized 

techniques that allow for routine, cost-effective identification of milk oligosaccharides with full 

compositional and linkage information. In addition, data on the concentrations of milk 

oligosaccharides from non-human mammals is sorely needed to assess potential alternative 

sources of milk oligosaccharides for isolation. While the milks of domesticated, routinely milked 

species like goats and camels identified in Chapter IV appear promising based on their 

oligosaccharide profiles, little is known about the concentrations or ratios of these compounds or 

how they vary with lactation time, feeding, or herd management systems.  

 

In viewing milk oligosaccharides from a more evolutionary or basic research-oriented 

perspective additional knowledge gaps in the field warrant future research attention.  The 

influence of the timing and strategies employed for milk collection and storage on the 

composition and oligosaccharide profiles of the milk, including the effect of oxytocin 

administration, diurnal variation, the health of nursing offspring, milk collection post-mortem, 

multiple freeze-thaw cycles, and prolonged milk sample storage warrant investigation, and future 

studies would benefit from documenting such methodological details. 

 

FUTURE DIRECTIONS 

Moving forward, the field of milk oligosaccharide research as a whole will benefit from 

additional research in several key areas. 
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First, the continued optimization of membrane filtration and demineralization techniques for 

milk oligosaccharide isolation, particularly as they apply to non-traditional dairy streams, like 

delactosed permeate, and non-bovine milk sources will be imperative for the successful 

commercial-scale application of the research discussed in the preceding chapters. Without these 

techniques, the large-scale production of milk oligosaccharide isolates for applications as 

nutraceuticals and supplements for infant formulas will be severely hindered.  

 

As evidenced by the high degree of variation in delactosed permeate composition between 

batches and production sites in Chapter IV, investigation into the factors driving compositional 

variation in concentrated dairy streams will also be an important step toward product 

standardization and, consequently, the development of appropriate isolation protocols. Key 

considerations will be in assessing the impact of different cheese-making processes (i.e. 

mozzarella versus Hispanic-style cheeses) on the composition of the resulting whey and 

determining the effects of different ultrafiltration parameters on ultrafiltration permeate 

compositions, because the ultrafiltration permeates from milk and cheese whey become the 

starting materials from which concentrated dairy streams like delactosed permeates are produced. 

 

In addition, development of a method for the enzymatic modification of existing 

oligosaccharides through the addition of fucose would help boost the bioactive potential of less-

decorated milk oligosaccharide isolates. A small-scale in-vitro study of externally fucosylated 

bovine milk oligosaccharides demonstrated increased prebiotic activity of the newly fucosylated 

oligosaccharides compared to their unmodified precursors. (Weinborn et al., 2020) Identifying a 

large-scale source of fucose and developing a method for applying this technique at commercial 
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scale could allow for the fucosylation of less-bioactive milk oligosaccharide streams, like those 

originating form bovine milk, to increase their structural similarity to human milk 

oligosaccharides and create a milk oligosaccharide isolate with improved bioactivity. 

 

Finally, further investigation into the milk oligosaccharide profiles and concentrations of 

mammalian species milked for human consumption outside of North America and Western 

Europe are needed to identify better sources of milk oligosaccharides for isolation. Based on 

current research, camels and some breeds of goats appear to have milk oligosaccharide profiles 

with promising similarities to human milk oligosaccharides, (Shi et al., 2021; Lu et al., 2020; 

Remoroza et al., 2020; Albrecht et al., 2014; Alhaj et al., 2013; Meyrand et al., 2013; Fukuda et 

al., 2010) but additional research will be needed to confirm these findings and look into the milk 

oligosaccharide profiles of other camelid species, including llamas and alpacas. Investigations of 

how these milk oligosaccharide profiles are impacted by lactational and environmental factors, 

including lactation time point, parity, diet, and herd management style will also been needed to 

fully understand the potential of milks from these species as oligosaccharide sources. 

 

Through the combination of strategic sourcing of non-bovine and non-traditional milk and dairy 

streams as well as applying techniques to increase milk oligosaccharide concentrations and their 

resemblance to human milk oligosaccharide profiles, this milk oligosaccharide profiling, 

isolation, and bioactivity research can enable the creation of an extremely beneficial value-added 

product from existing dairy waste streams, in the form of a human-like milk oligosaccharide 

isolate with applications in infant formula and nutraceuticals.  

 



 

295 
 

REFERENCES 

Albrecht S, Lane JA, Marino K, Al Busadah KA, Carrington SD, Hickey RM, Rudd PM. 2014. 

A comparative study of free oligosaccharides in the milk of domestic animals. Br. J. Nutr. 

111:1313-1328. 

Alhaj OA, Taufik E, Handa Y, Fukuda K, Saito T, Urashima T. 2013. Chemical characterization 

of oligosaccharides in commercially pasteurized dromedary camel (Camelus dromedarius) milk. 

Int. Dairy J. 28:70-75 

Durham SD, Lemay DG, Wei Z, Kalcheur KF, Fnley JW, Fukagawa N, Barile D. 2022. Dietary 

fiber to starch ratios affect bovine milk oligosaccharide profiles. Curr. Dev. Nutr.  

Durham SD, Robinson RC, Olga L, Ong KK, Chichlowski M, Dunger DB, Barile D. 2021. A 

one-year study of human milk oligosaccharide profiles in the milk of healthy UK mothers and 

their relationship to maternal FUT2 genotype. Glycobiology. 31:1254-1267.  

Fukuda K, Yamamoto A, Ganzorig K, Khuukhenbaatar J, Senda A, Saito T, Urashima T. 2010. 

Chemical characterization of the oligosaccahrides in Bactrian camel (Camelus bactrianus) milk 

and colostrum. J. Dairy Sci. 93:5572-5587. 

Lu J, Zhang Y, Song B, Zhang S, Pang X, Sari RN, Liu L, Wang J. 2020. Comparative analysis 

of oligosaccharides in Guanzhong and Saanen goat milk using LC-MS/MS. Carbohydr. Polym. 

15965. 

Meyrand M, Dallas DC, Caillat H, Bouvier F, Martin P, Barile D. 2013. Comparison of mlk 

oligosaccharides between goats with and without the genetic ability to synthesize αs1-casein. 

Small Rumin. Res. 113:411-420. 

Remoroza CA, Liang Y, Mak TD, Mirokhin Y, Sheetlin SL, Yang X, San Andres JV, Power 

ML, Stein SE. 2020. Increasing the coverage of a mass spectral library of milk oligosaccharides 

using a hybrid-search based bootstrapping method and milks from a wide variety of mammals. 

Anal. Chem. 92:10316-10326. 

Robinson RC, Poulsen NA, Barile D. 2018. Multiplexed bovine milk oligosaccharide analysis 

with aminoxy tandem mass tags. PLoS One 13:e0196513. 

Shi Y, Han b, Zhang L, Zhou P. 2021. Comprehensive identification and absolute quantification 

of milk oligosaccharides in different species. J. Agric. Food Chem. 69:15585-15597. 

Tan J, Chai F, Zhang C. 2015. Determination of human milk oligosaccharides in human breast 

milk by HPAE-PAD with on-line sample cleanup. ThermoFisher Customer Application Note 

119. 



 

296 
 

Weinborn V, Li Y, Shah IM, Yu H, Dallas D, German JB, Mills DA, Chen X, Barile D. 2020. 

Production of functional mimics of human milk oligosaccharides by enzymatic glycosylation of 

bovine milk oligosaccharides. Int. Dairy J. 102:104583. 

  



 

297 
 

 

 

 

 

 

APPENDIX I: 

Additional Tables 

 

 

 

 

 

 

 

 

 

 

 

  

  



 

298 
 

Table A1.1. Peptide sequences identified in delactosed permeate from production plant 1, batch 

A (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.2. Peptide sequences identified in delactosed permeate from production plant 1, batch 

B (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.3. Peptide sequences identified in delactosed permeate from production plant 1, batch 

C (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.4. Peptide sequences identified in delactosed permeate from production plant 1, batch 

D (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.5. Peptide sequences identified in delactosed permeate from production plant 1, batch 

E (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.6. Peptide sequences identified in delactosed permeate from production plant 2, batch 

A (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.7. Peptide sequences identified in delactosed permeate from production plant 2, batch 

B (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.8. Peptide sequences identified in delactosed permeate from production plant 2, batch 

C (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.9. Peptide sequences identified in delactosed permeate from production plant 2, batch 

D (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification  
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Table A1.10. Peptide sequences identified in delactosed permeate from production plant 2, batch 

E (Chapter IV) 
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m/z = mass to charge ratio; RT = retention time; PTM = post-translational modification 

 

 


