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Abstract

In addition to providing complete postnatal nutrition, breast milk is a complex biofluid that 

delivers bioactive components for the growth and development of the intestinal and immune 

systems. Lactation is a unique opportunity to understand the role of diet in shaping the intestinal 

environment including the infant microbiome. Of considerable interest is the diversity and 

abundance of milk glycans that are energetically costly for the mammary gland to produce yet 

indigestible by infants. Milk glycans comprise free oligosaccharides, glycoproteins, glycopeptides, 

and glycolipids. Emerging technological advances are enabling more comprehensive, sensitive, 

and rapid analyses of these different classes of milk glycans. Understanding the impact of inter- 

and intraindividual glycan diversity on function is an important step toward interventions aimed at 

improving health and preventing disease. This review discusses the state of technology for glycan 

analysis and how specific structure-function knowledge is enhancing our understanding of early 

nutrition in the neonate.
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INTRODUCTION

The first several months of life are a unique window in time to understand how diet affects 

the growth, development, and protection of the neonate. The gastrointestinal tract is a focal 

Copyright © 2014 by Annual Reviews. All rights reserved

jensm@ucdavis.edu. cblebrilla@ucdavis.edu. damills@ucdavis.edu. jbgerman@ucdavis.edu. slfreeman@ucdavis.edu. 

DISCLOSURE STATEMENT
J.B.G. is a past or present consultant for Nestlé, Abbott, Dairy Research Inc., Arla Foods, and FrieslandCampina. The other authors 
are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the objectivity of 
this review.

HHS Public Access
Author manuscript
Annu Rev Nutr. Author manuscript; available in PMC 2015 March 03.

Published in final edited form as:
Annu Rev Nutr. 2014 ; 34: 143–169. doi:10.1146/annurev-nutr-071813-105721.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



point for the remarkable transitions that occur from birth through weaning. As a result of 

120 million years of evolution, mammals have acquired a means of providing complete 

postnatal nutrition and delivery of bioactive components for growth and maturation—

lactation (13). Notably, lactation is providing all these components precisely during the 

period in which infants develop their innate immunity and gut microbiota.

Breastfeeding is associated with overt benefits to the neonate. In a thorough review of over 

400 individual studies, breastfeeding was associated with a reduction in the risk of acute ear 

infections, asthma (in young children), atopic dermatitis, gastrointestinal infections, 

respiratory tract diseases, obesity, type 1 and 2 diabetes, childhood leukemia, sudden infant 

death syndrome in term infants, and necrotizing enterocolitis (NEC) in preterm infants (66). 

However, one of the long-standing research challenges has been to understand how specific 

structures delivered within breast milk can explain its diverse functions in vivo. The era of 

integrating multi-omic technologies and data sets is enabling more comprehensive analyses. 

Understanding the triad of diet, immunity, and the intestinal microbial ecosystems represents 

a new frontier for early infant nutrition.

One of the most striking features of breast milk is the diversity and abundance of complex 

glycans that include free human milk oligosaccharides (HMOs): glycoproteins, 

glycopeptides, and glycolipids. More striking is that these diverse glycan structures are 

indigestible to the infant and can reach the large intestine; they can often be found in the 

stool (32). These diverse milk glycans serve many functions, including protection and 

development ranging from selectively enriching gut bifidobacteria; prophylactically binding 

bacteria, viruses, and toxins; promoting the immune system; and enhancing intestinal 

epithelial barrier function. Taken together, milk glycan functions shape the intestinal 

microbiome, from the sterile uterine environment through the chaotic introduction of 

environmental bacteria at birth, through a stable milk-oriented microbiome (MOM) prior to 

the transition to a more adult-like phenotype after weaning (152). This presents an 

opportunity to study the structure-function relationships between human milk glycans and 

their impact on specific aspects of intestinal development. However, elucidating these 

relationships cannot be achieved without the comprehensive and accurate measurement of 

the structures and compositions of milk, examination of how these elements are degraded in 

the gastrointestinal tract, and determination of how they interact in the intestinal 

environment.

Advances in analytical chemistry—which have made it possible to accurately and 

comprehensively measure the free oligosaccharides and those bound to proteins, peptides, 

and lipids in milk—coupled to the powerful and enabling tool sets of microbial meta-

genomic, metatranscriptomic, and metabolomics in vitro and in vivo provide insight into 

how the mother-infant dyad functions to protect the vulnerable neonate. Milk glycans are 

variable across lactation and among women. This milk glycan diversity has been found to 

influence immunity and microbiota in the neonate (44, 78, 90, 91, 113, 123, 128, 135).

This review highlights the milestones in research on glycan structures in breast milk, the 

functions of glycans in the infant, and the impact of maternal phenotype on the structure-
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function relationships; these findings are instructive for nutrition professionals as they begin 

to unravel the effect of diet on the intestinal microbiome in health and disease.

MILK GLYCOMICS: MEASURING HUMAN MILK GLYCANS

Glycans have long been recognized as an important determinant of health or disease states. 

However, the hallmark of glycans is their complexity compared with other polymeric 

biomolecules such as DNA and proteins, whose primary structures are linear with 

predictable linkages. The complexity of a glycan refers to several different factors including 

its nonlinear nature, the number of different sugars, the molecular structure of each sugar 

residue, the linkages between those sugars leading to multiple isomers for a single mass, and 

whether they are free or bound to proteins, peptides, or lipids in a heterogeneous manner. 

This complexity contributes to the ongoing research in glycomic technologies and 

methodologies to routinely and comprehensively measure the glycans in biological and 

clinical samples. Although breastfeeding has been linked to a variety of functional benefits 

associated with glycan structures, initial studies provided limited or no structural 

information on milk-borne oligosaccharides and/or glycoconjugates. Early studies on the 

glycobiology of milk focused on measuring individual sugars, and the technology platforms 

provided a piece of the story but were not comprehensive or rapid enough for routine 

application. Thus, glycomics is defined as the systematic study of the total complement of 

sugars present in an organism in their free or bound state (6). Glycomics represents a critical 

gap in knowledge in nutrition and clinical research, especially in an era of applied omic 

technologies. Elucidating the glycan structures that are covalently bound to peptides, 

proteins, and lipids requires merging the fields of glycomics with proteomics and lipidomics 

to truly elucidate molecular structure (108). Documenting structural diversity through 

comprehensive glycan analysis provides an important opportunity for understanding diet and 

health in the neonate.

State of Technology: Human Milk Oligosaccharides

HMOs are a particularly interesting class of molecules that have gained considerable 

attention because they are an abundant (1–2% w/v) and structurally diverse component of 

breast milk, yet they are indigestible by the neonate (30, 31). The widespread application of 

comprehensive milk glycan analysis is dependent on sensitivity, reproducibility, high-

throughput and speed of the technologies used to identify specific structural isomers in 

complex biological samples. Monitoring HMO abundances have traditionally been 

performed with several separation methods including various types of high-performance 

liquid chromatography (HPLC) and capillary electrophoresis using standard compounds (31, 

121). Liquid chromatographic (LC) methods such as hydrophilic interaction LC, reverse 

phase (C18), and porous graphitized carbon have been used to separate oligosaccharide 

isomers (147, 148). Porous graphitized carbon on native compounds has emerged as the best 

method for separating isomers (147, 148). However, LC methods are severely limited by the 

small number of HMO standards that are commercially available. The lack of standards is 

complicated by the difficulty in elucidating HMO structures. Nuclear magnetic resonance 

has previously been the major method for structural elucidation (122). However, it requires 
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relatively large amounts of pure compounds making it impractical for all except the most 

abundant species.

Mass spectrometry (MS) is both a sensitive detector for LC methods and a tool for structural 

elucidation (58). Structural elucidation provides information on the linkages between sugar 

residues within each HMO molecule to determine the structural isomers present, whereas 

HMO composition provides information on the different sugar residues present but lacks 

linkage information. Tandem MS methods provide structural information and have been 

used for the structural elucidation of many types of oligosaccharides. MS has been used to 

obtain complete structures (7, 132); however, this method also relies on known standard 

structural features. Linkages can be obtained with tandem MS, but distinguishing 

stereoisomers, such as glucose (Glc) versus galactose (Gal) versus mannose, is not possible. 

In general, de novo structural elucidation with tandem MS is not feasible with current 

methods. An effective method for the structural elucidation of HMOs employs the 

combination of MS, tandem MS, and exoglycosidase digestion. In a systematic study of 

neutral milk oligosaccharides (147) and anionic oligosaccharides (148), 75 HMO structural 

isomers were determined and annotated. This library has been extended to include more than 

200 complete structures, including milks from other mammals. It also has been shown that 

only 50 structures represent 99% of the abundances in human milks (4, 97, 147, 148). This 

approach leverages on oligosaccharide analysis by using accurate mass, reproducible 

retention times through effective isomer separation (HPLC) and tandem MS (for less than 

5% of the structures).

The quantitation of HMO structures in a complex mixture, i.e., biofluids, is necessary for 

phenotyping health and disease in the field of nutrition. Relative abundances of structures 

(or compositions) provide quantitative information that can be used to obtain fold changes 

between groups of samples because of the high precision of the method. Absolute 

quantitation can be obtained by comparing peak areas to known standards. LC/MS 

quantitation is performed using a number of methods. The most direct is to use ion count, 

which can be calibrated to some known amount of compound. This approach assumes that 

all ionization efficiencies are equal, which is not strictly true for oligosaccharides. 

Nonetheless, the method is sufficient for determining specific changes in abundances. 

HMOs are often labeled with chromophoric tags such as anthranilic acid or 2-

aminobenzamide for quantitation. Deuterium labeling has also been used for HMOs. Nano-

LC/MS is useful for performing quantitation using both deuterium labeling and total ion 

counts methods. Whereas deuterium labeling provides very precise and accurate values (99), 

total ion count by chromatography produces a suitable level of quantitation, as validated by 

deuterium labeling (124). More recently, multiple reaction monitoring using triple 

quadrupole MS has been used for bovine milk oligosaccharides (43). The method was used 

to monitor a small number of sialylated structures, which make up the major portion of 

bovine milk oligosaccharides. Multiple reaction monitoring of oligosaccharides is still 

relatively new but will be used for many more applications in the future.
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Human Milk Oligosaccharide Structures and Compositions

Human milk contains higher amounts and more complex structures of soluble 

oligosaccharides than any other mammalian milk (127); average amounts range from 7 g/L 

in mature breast milk to 23 g/L in colostrum (31, 46). The functional implications of the 

structural diversity are an important area of research. HMOs are soluble complex and 

diverse sugars derived of Glc, Gal, N-acetylglucosamine (GlcNAc), fucose (Fuc), or sialic 

acid (Neu5Ac) monosaccharides. The biosynthesis of HMOs in the mammary gland begins 

with the formation of a lactose core from Gal and Glc catalyzed by β-galactotransferase in 

the presence of α-lactalbumin. With few exceptions, all HMO structures consist of a lactose 

core (74). Lactose can be elongated enzymatically by β1-3 linkage to lacto-N-biose or by 

β1-6 linkage to N-acetyllactosamine. The core HMO structure can be further elongated by 

the addition of lacto-N-biose and N-acetyllactosamine units by β1-3 and β1-6 linkages; Fuc 

connected with α1-2, α1-3, or α1-4 linkages; and/or sialic acid residues attached by α2-3 or 

α2-6 linkages at the terminal positions (Figure 1). The proportion of fucosylated, sialylated, 

and nonfucosylated neutral HMOs in term breast milk was recently reported as 35–50%, 12–

14%, and 42–55%, respectively (131).

State of Technology: Milk Glycoproteins and Glycopeptides

Protein glycosylation is a common and complicated type of posttranslational modification 

that directly affects glycoprotein structure and protective functions through cell signaling 

and cell-to-cell recognition events, enrichment of protective gut microbiota, modulation of 

pathogen adhesion and invasion of the infant intestinal mucosa, and neutralization of 

antigens (1). The protein portion is cleaved by digestive proteases in the neonatal intestine, 

yet its glycosylation restricts digestion such that the digestive products and their absorption 

rates are dependent on the diversity, abundance, and location of oligosaccharide structures 

present on the protein. The level of proteolytic cleavage therefore has both nutritive and 

biological consequences. The release of bioactive peptides from proteins may be affected by 

glycosylation in at least two ways. Glycosylation limits access to protease and peptidase 

cleavage sites and determines the ability of the remaining glycopeptide to persist and transit 

to lower parts of the intestine. The glycosylation of immune protective proteins in milk 

renders them partially resistant to digestion and supports their biological functions in the 

distal gut. In addition, these milk glycoproteins (72) and glycopeptides (79, 103) possess 

glycans, which structurally resemble HMOs and can serve as growth substrates for infant-

borne bifidobacteria. Indeed, some bifidobacteria possess specific endoglycosidases that 

enable these strains to cleave the glycan portion away from the cognate glycoproteins, thus 

freeing the glycan substrate for consumption (Figure 2) (50, 72).

Unlike free milk oligosaccharides, glycoconjugates are complicated due to the respective 

protein or lipid moieties. Two types of protein glycosylation exist: N-linked and O-linked. 

N-glycans are found on proteins with a consensus sequence NXT/S where N is asparagine, 

X is any amino acid except proline, and the third amino acid can be either threonine (T) or 

serine (S) and, in rare cases, cysteine. O-glycosylation may occur at any serine or threonine 

residue with no single common core structure or consensus protein sequence. Because 

glycosylation is dictated by a set of competing glycosyltransferases, the glycosylation 

patterns of glycoproteins are very complicated. The population of glycans occurring at a 
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given glycosylation site is often heterogeneous such that a specific N-glycosylation and O-

glycosylation site may be occupied by a number of structurally distinct glycans and 

described as microheterogeneous (4). For example, a protein containing three glycosylation 

sites with 10 different glycans in each site can result in approximately 1,000 different 

glycoforms of the protein.

Quantitative methods that monitor both protein abundances and site-specific glycosylation 

remain a significant analytical challenge; however, solving this problem will provide greater 

understanding of protein functions in vivo. Several approaches are used to study the 

complexities involved in protein glycosylation. The first is to enzymatically release glycan 

moieties from the protein molecule to observe the total glycan structures present. This 

method provides the glycan heterogeneity. This method can also yield site occupancy when 

the peptide is captured before glycan release. However, relating glycan structure to specific 

sites is not possible. Another approach is to determine site-specific glycosylation where the 

intact glycopeptide is measured and is used to retain information on location and 

microheterogeneity. Although this glycoproteomic method is complicated considerably by 

the analysis of glycopeptides, it may ultimately provide the level of detail required to 

measure biological differences in milk across lactation and among women and to determine 

glycan metabolism within the infant (34).

The large number of glycoforms and the presence of multiple glycan-protein linkage sites 

have made comprehensive glycoproteomics—the simultaneous determination of glycosites 

and site-specific microheterogeneity—currently impossible. For this reason, the focus has 

been on either determining the site of glycosylation on many proteins or determining the 

site-specific heterogeneity of a few proteins. It is important to determine the glycan 

microheterogeneity of the protein to understand the role of glycosylation in protein function. 

Common glycoproteomic methods used for determining site occupancy rely on methods that 

enrich tryptic glycopeptides (2). To identify the peptide, the glycans are released by the 

enzyme peptide-N-glycosidase F, thereby losing all information regarding glycan structures. 

Peptide-N-glycosidase F is an amidase that cleaves between the innermost GlcNAc and 

asparagine residues of high mannose, hybrid, and complex oligosaccharides from N-linked 

glycoproteins. The alternative is to determine site-specific glycosylation with 

microheterogeneity of a targeted group of proteins. Site-specific mapping can be performed 

using a procedure with nonspecific proteases to digest the proteins into short glycopeptide 

chains (101). Structural elucidation is possible by coupling accurate mass, tandem MS with 

bioinformatic tools (125). This highly targeted analysis can be performed on a small number 

of proteins in a complex sample.

Several proteomic studies have attempted to examine the breadth of proteins in human milk. 

However, there are very few glycoproteomic analyses of milk. Mechref et al. (89) examined 

the N-glycans on bile salt–stimulated lipase (BSSL). The glycosylation varied both in 

absolute quantity of monosaccharide residues and their composition between the first and 

the sixth month of lactation. BSSL was found to eventually lose all glycosylation during late 

lactation. Charlwood et al. (23) reported the N-glycosylation of four abundant proteins in 

milk fat globule membrane. Froehlich et al. (44) have shown that several human milk 
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glycoproteins including lactoferrin, BSSL, tenascin, immunoglobulin A (IgA), and xanthine 

dehydrogenase exhibit dynamic glycosylation behavior during the lactation period.

State of Technology: Glycolipids

In milk, glycolipids are found almost exclusively in the outer part of the milk fat globule 

membrane. These glycolipids occur mainly in the form of glycosphingolipids with a 

dominance of Neu5Ac-containing gangliosides. The combination of the polar head (the 

oligosaccharide) and the nonpolar lipid tail (ceramide) provides technical challenges from 

either the free oligosaccharides or the glycoproteins. The catalog of glycolipid structures has 

been achieved through the release and separation of the polar head group from the nonpolar 

tail using multiple chromatographic methods. The lipid moieties are best separated by 

reverse-phase LC, whereas the glycan head group is best separated by hydrophilic 

interaction LC. The different methods separate oligosaccharides or the lipid moiety, but not 

both simultaneously. Numerous reviews have published information on human milk 

glycolipids (see, e.g., 94, 105, 140). These structures have been elucidated through complex 

and laborious analytical workflows that have been the status quo in the field. However, to 

achieve high-throughput, routine analysis in determining structural diversity in complex 

biological fluids including milk, new methods must take fundamentally different approaches 

to separate, detect, and identify the intact glycolipids. There is a risk of underestimating 

sialic acid residues because they can be labile and lost as a result of sample preparation. 

Furthermore, measurement of low-abundant gangliosides that might be functionally active 

could be missed owing to the presence of more abundant lipids that are more easily ionized. 

Rapid profiling of breast milk glycolipids is possible using matrix-assisted desorption/

ionization Fourier transform ion cyclotron resonance tandem MS (76). Comprehensive 

methods that overcome the inherent challenges of glycolipid structure will improve our 

understanding of biological variation and increase the ability to monitor changes in these 

specific molecules as a function of time or health status or postconsumption.

Human Milk Glycolipids Structures and Compositions

The heterogeneity of the oligosaccharide structures conjugated to milk lipids is lower 

compared to free oligosaccharides and glycoproteins and is limited to a few known 

structures. The variations in glycolipids are primarily due to the heterogeneity of the lipid 

tail, which varies in carbon length and in the number and location of double bonds (16). The 

concentration of gangliosides (sialylated glycolipids) in human colostrum and mature human 

breast milk is roughly the same ~9 mg/L (104), with GD3 

[Neu5Ac(α2-8)Neu5Ac(α2-3)Gal(β1-4)Glc(β1-1) ceramide] and GM3 

[Neu5Ac(α2-3)Gal(β1-4)Glc(β1-1) ceramide] as the most abundant structures (76). Yet, the 

composition of sialylated gangliosides varies across lactation. The ganglioside GD3 is 

highest in human colostrum, whereas GM3 is highest in mature breast milk (105). The 

gangliosides GM2 [GalNAc(β1-4)Neu5Ac(α2-3)Gal(β1-4)Glc(β1-1) ceramide] and GM1 

[Gal(β1-3)GalNAc(β1-4)Neu5Ac(α2-3)Gal(β1-4)Glc(β1-1) ceramide] are found in human 

milk in microgram concentrations (94).
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ESTABLISHING STRUCTURE-FUNCTION RELATIONSHIPS OF HUMAN 

MILK GLYCANS

As discussed previously, HMOs are abundant in human milk and are indigestible by 

humans, yet evidence suggests at least three major functions for these sugars. First, HMOs 

promote growth of a milk-oriented microbiota (152), often dominated by bifidobacteria 

(149). Second, HMOs (especially fucosylated structures) resemble the host epithelial cell 

surface glycans and thus function as soluble receptor analogs that compete for bacterial 

binding against the intestinal mucosa, preventing intestinal pathogen adhesion to epithelial 

surfaces and translocation (95). Third, milk glycans improve host defense by modulating 

immunity and promoting intestinal barrier function (27). Enrichment of intestinal 

bifidobacteria, pathogen deflection, and direct cell-surface mediated regulatory events 

involving the growth and maintenance of epithelia all contribute to host protection and are 

mediated by milk glycans.

Glycosylation and glycan diversity are directly related to the modulation of microbial 

adhesion and invasion during infection (87). Indeed, the first step in bacterial infection is the 

recognition of host glycans by bacterial lectins or vice versa. Thus, glycans of human milk 

proteins can block or modulate pathogen association to epithelial surfaces, which, given the 

large amount of glycans delivered to the infant, partially explains the protection of breastfed 

infants against gastrointestinal tract infections. Human milk lactoferrin, the major milk 

glycoprotein, binds to pathogenic gram-positive (107) and gram-negative (102) bacteria, 

exerting antimicrobial activity via iron-depletion and/or bacterial membrane disruption. 

Human lactoferrin contains three N-linked glycosylation sites at asparagine 138, 479, and 

624 (138), and its glycosylation influences the glycoprotein’s susceptibility to proteolysis 

(137), thus affecting the production of potent active peptides (e.g., lactoferricin) and 

glycopeptides involved in its biological activities (9, 77). Gangliosides are widely 

distributed in cellular membranes including the milk fat globule membrane. With their 

oligosaccharide head group facing the external environment, gangliosides function in host-

pathogen interactions, cell-cell recognition, and modulation of membrane protein function. 

Additionally, milk gangliosides are proposed to modulate immunity and to prevent infection 

by acting as decoys that interfere with pathogenic binding to host cell receptors of the 

intestinal mucosa (110).

Prebiotics for Infant Gut Bifidobacteria

Breastfed infants are typically colonized by protective strains of bacteria that are thought to 

protect, feed, and communicate with the developing intestine (38). More than 100 years ago, 

Henry Tissier first demonstrated that the feces of breastfed infants contained a bacterial 

isolate he termed Bacillus bifidus communis (130). Since that time, numerous culture-based 

studies, and more recently, DNA-based culture-independent methods (61, 109, 114, 149), 

clearly demonstrated a predominance of bifidobacterial species within the first months of 

breastfeeding prior to weaning and a transition to a more adult-like microbiota profile (62). 

Of the bifidobacterial species common to the breastfed intestinal tract, Bifidobacterium 

longum and B. breve are most frequently observed; B. bifidum, B. pseudocatenulatum, and 

B. catenulatum are found less often (134).
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György and colleagues (57) first showed that B. bifidum (then termed Lactobacillus bifidus) 

was uniquely able to grow on human milk glycan fractions. Humans lack the various 

glycolytic enzymes that break down HMOs, and various researchers have shown that these 

glycans reach the colon intact (25, 30, 39). Thus enrichment of bifidobacteria is believed to 

be driven in part through the prebiotic effect of free and bound glycans present in human 

milk (53, 75). Ward et al. (142, 143) first demonstrated the selective growth of 

bifidobacterial species on intact HMO in vitro. Subsequent studies have confirmed that only 

certain bifidobacterial species vigorously consume HMOs (53, 83, 115, 123, 133). B. 

longum subsp. infantis (B. infantis) (54, 77, 114, 137, 139) and select B. breve (111, 149) 

preferentially consume smaller fucosylated and sialylated HMOs. It is clear the 

bifidobacterial strains that grow well on HMOs have acquired these specific genetic 

adaptations for select growth on human milk glycans (111, 117). Supporting a prebiotic 

concept for HMOs, Yu et al. (150) recently showed that certain HMO species promote 

bifidobacterial growth within in vitro fecal enrichment assays.

A number of studies have characterized the bifidobacterial moieties that specifically bind 

and catabolize HMOs (51, 82, 86, 111). Different bifidobacterial species grow on HMO by 

different catalytic mechanisms. For example, B. infantis, a predominant bifidobacterial 

species in the breastfed infant colon, possesses a 43-kb gene cluster that encodes transport 

systems (49) and intracellular glycosyl hydrolases (49, 117–119), which suggests that 

HMOs are internalized and degraded by this subspecies (51, 52). However, B. bifidum 

employs a different mode of catalytic activity toward HMO consumption by exporting 

sialidases, fucosidases, and a lacto-N-biosidase to liberate lacto-N-biose from HMO 

structures; lacto-N-biose is then transported and metabolized (71) (Figure 3).

Milk-derived secretory IgA (sIgA), lactoferrin, and haptocorrin are generally believed to be 

partially resistant to proteolysis and remain partially intact through the gastrointestinal tract 

(84). Numerous researchers have shown that milk glycoproteins provide some enrichment 

for bifidobacteria in vitro (8, 63, 70, 106) and in vivo (26, 141). However, it is not always 

clear if the protein or glycan components (or both) are responsible for the enrichment. 

Studies have identified milk peptides with bifidobacterial growth-enhancing capacities (79, 

103); however, enrichment via these peptides remains to be determined in vivo. The 

contribution of the glycan portion of these glycoconjugates to the ascribed activities has not 

been extensively studied because of methodological limitations for the comprehensive 

structural elucidation and quantitation. Degradation of the glycan portion of complex human 

milk glycoproteins requires a repertoire of endo- and exoglycosidases and cognate transport 

systems to make milk glycans available to their central metabolic pathways. Recently, 

specific cell wall–associated endoglycosidases that are employed by different bifidobacteria 

initially to degrade O- and N-linked glycoproteins have been identified. Garrido et al. (50) 

showed that select infant-borne bifidobacteria possess an endo-β-N-acetylglucosaminidase 

that releases glycans from N-linked glycoproteins at the chitobiose core. An endo-β-

acetylgalactosaminidase that cleaves O-linked glycans has also been identified in B. bifidum 

and select other bifidobacterial strains (72). This latter enzyme is likely involved in both 

milk and mucin degradation. These endoglycosidases release the free glycans, which are 
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then catabolized via the endogenous HMO consumption pathways for a particular 

bifidobacterial strain.

Growth on milk glycans confers a specific HMO phenotype to B. infantis that is 

mechanistically linked to its success in establishing itself and persisting in the infant 

intestine. Chichlowski et al. (27) showed that growth of B. infantis ATCC15697 on HMOs 

increases binding to intestinal epithelial cells in vitro, decreases release of inflammatory 

cytokines, and increases release of anti-inflammatory cytokines in response to an 

inflammatory stimulus. A similar increase in binding was determined using sialyllactose 

(69). These studies suggest that the specific growth phenotype of milk glycan–enriched 

bifidobacterial populations promotes persistence in situ and positively modulates the host 

epithelium. The promotion of the milk glycan–enriched bifidobacterial population is also 

supported by in vivo administration of B. infantis to premature infants fed either formula or 

breast milk (136). Importantly, when delivered in combination with breastfeeding, B. 

infantis was shown to dominate the premature infant gastrointestinal tract, whereas B. lactis, 

a strain that does not grow on HMO, did not persist at all. This is the first evidence of the 

importance of HMO catabolism in bifidobacterial persistence in vivo. Moreover, the 

combination of B. infantis supplementation and breastfeeding led to decreases in 

Gammaproteobacteria compared with a matched formula-fed group. Follow-up clinical trials 

are warranted in premature infants who are at risk for developing NEC, an inflammatory 

bowel disease, to determine if proliferation of milk glycan–enriched bifidobacterial 

populations leads to the anti-inflammatory and intestinal barrier functions established in 

vitro.

Pathogen Deflection

In addition to their prebiotic functions, HMOs also compete for specific pathogen binding 

with sites in the infant gut (93). Many viral, bacterial, or protozoan pathogens need to adhere 

to intestinal epithelial surfaces to colonize or invade the host and cause disease. Human milk 

glycans and intestinal epithelial glycans are synthesized by similar glycosyltransferases and 

thus have common epitopes. Ingested milk glycans act as pathogen decoys by binding to 

pathogens and their toxins, thereby limiting their binding to intestinal epithelial mucosal 

surfaces (95). Milk glycans bind viruses such as HIV (64) and rotavirus (65), pathogens 

such as Vibrio cholerae, Salmonella fyris, and enteropathogenic Escherichia coli (33), and 

enterotoxigenic Escherichia coli and caliciviruses (93) and Streptococcus pneumoniae (5). 

The large diversity of HMO structures suggests a large diversity of decoy functions (Figure 
1) (17). Separated HMO fractions have been shown to have differing activities. For instance, 

fucosylated HMOs inhibit the binding of Campylobacter jejuni to intestinal cells (93), 

whereas sialylated HMOs block the adhesion of E. coli to human erythrocytes (88).

Milk glycoproteins are well recognized for their protective functions in the neonate (84). 

Recently, human milk lactoferrin was found to significantly inhibit pathogen adhesion to 

colonic epithelial cells, and purified human milk lactoferrin glycans significantly reduced 

Salmonella invasion of colonic epithelial cells to levels associated with noninvasive deletion 

mutants (9). These data suggest that glycan variation of human milk lactoferrin is involved 

in modulating pathogen association. sIgA, the predominant immunoglobulin in human milk 
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(28), provides protection to neonates by coating microorganisms and inhibiting colonization 

and neutralizing viral and bacterial endotoxins (19). sIgA is heavily glycosylated with N- 

and O-linked oligosaccharides (151), which vary according to the isotype and allotype of the 

immunoglobulin. Its oligosaccharide structural complexity includes its role in immune 

protection in cell signaling, cell-cell recognition, and microbial adhesion and invasion (1). 

sIgA is essential in providing passive immunity to infants against infections (60). For 

example, specific binding between sialylated glycans of sIgA and pathogens protects 

newborns from sepsis and meningitis caused by infection by S-fimbriated E. coli (115). In 

particular, the large diversity of N-glycan structures at seven potential sites on the secretory 

component of the immunoglobulin creates many glycan epitopes that are potent decoys for 

lectins on bacterial surfaces, thereby inhibiting infection through attachment with epithelial 

surfaces (18, 41, 146).

The human milk fat globule membrane contains many membrane-associated 

glycoconjugates proposed to protect the nursing infant by offering an alternate pathogen 

binding site (96). Ganglioside composition of milk is implicated in binding and neutralizing 

various pathogens and their toxins such as enteropathogenic E. coli, C. jejuni, L. 

monocytogenes, Salmonella enterica (Typhi), S. sonnei, Helicobacter pylori vacuolating 

toxin, and cholera toxin (36, 105). The interaction between the membrane-associated 

ganglioside GM1 and cholera toxin protein subunit B is a well-studied system and is 

frequently employed for assessing the capabilities of any new analytical technique (20, 36). 

For example, gangliosides from pooled human milk exhibited the ability to reduce the 

binding of cholera toxin to GM1 by 93%, and structures from goat milk completely inhibited 

the binding of botulinum type A neurotoxin to trisialoganglioside-GT1b (67). Gangliosides 

also exert immune-modulating effects on immune cells such as dendritic cells. Treatment of 

bone marrow–derived dendritic cells with GD3 before lipopolysaccharide-induced 

maturation significantly reduced the production of various proinflammatory cytokines and 

reduced the activation of CD4+ cell proliferation compared with treatment with GM3 (21). 

These data suggest that GD3, which is more abundant in colostrum than GM3, may function 

to reduce the excessive immune responses against the large amounts of foreign antigens, 

albeit harmless, the infant encounters during the first weeks of life. Human studies designed 

to confirm the effects of glycan structures for their antiadhesive and anti-inflammatory and 

immunomodulatory functions are warranted.

Intestinal Barrier Function and Immune Modulation

The gastrointestinal tract is a complex organ system with local and regional morphological 

and physiological differences that lead to digestion and absorption of nutrients while 

providing a barrier against foreign agents. However, at birth the neonate’s gastrointestinal 

tract is functionally immature and immune incompetent (112), although it is confronted with 

an increasing antigenic load in the form of dietary proteins, commensal organisms, and 

pathogens. The single layer of enterocytes that line the intestinal epithelium forms a 

functional barrier between the luminal contents of the gut and the infant’s circulatory 

system. Permeability across the intestinal epithelium is determined in part by the rate-

limiting barrier of the paracellular pathway involving tight junctions (100). This critical 

barrier is responsible for allowing nutrients and beneficial macromolecules to cross through 
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the intestinal epithelium while preventing paracellular translocation of bacteria and bacterial 

products.

Human milk glycans support intestinal barrier function and modulate immunity through a 

variety of mechanisms. First, the abundance of infant-dominated gut bifidobacteria that 

results from the prebiotic function of HMOs and glycans leads to lower gastrointestinal pH 

through the production of short-chain fatty acids (in particular, acetate), which enhances gut 

barrier function (45). Second, binding of B. infantis grown on HMOs to intestinal cells in 

vitro enhanced tight junction protein expression and immunomodulatory interleukin (IL)-10 

(27). Third, B. infantis– conditioned media prevented tumor necrosis factor alpha and 

interferon gamma reduction in transepithelial resistance (a measurement of intestinal barrier 

function) and rearrangement of tight junction proteins in intestinal epithelial cells and 

attenuated inflammation, normalized colonic permeability, and decreased colonic and 

splenic interferon gamma secretion in a colitis mouse model (40). Ganguli et al. (47) 

demonstrated that B. infantis and Lactobacillus acidophilus conditioned media-attenuated 

lipopolysaccharide- and IL-1β-induced IL-8 and IL-6 expression; decreased toll-like 

receptor 2 and 4 mRNA; and increased specific negative regulators of inflammation of 

immature human enterocytes, immature human intestinal xenografts, and primary enterocyte 

cultures of NEC tissue, with superior effects by B. infantis. These data suggest strain 

specificity in reducing intestinal inflammation and could explain one mechanism for the 

reduced rates of NEC in low-birth-weight infants fed breast milk and supplemented with 

probiotics containing B. infantis (81). Fourth, one of the major milk-fat globule membrane-

associated proteins, milk-fat globule EGF factor 8 (MFG-E8) protein, a 66kDa glycoprotein, 

plays a central role in cell-surface-mediated regulatory events in the growth and 

maintenance of epithelia, and binding apoptotic cells and cellular debris (59). For instance, 

depleting MFG-E8 in mice by administration of anti-MFG-E8 antibody or targeted deletion 

of the MFG-E8 gene resulted in a slower rate of enterocyte migration along the crypt-villus 

axis during mucosal injury. Treatment with recombinant MFG-E8 restored enterocyte 

migration, whereas deletion of MFG-E8 impeded mucosal healing in mice with sepsis (22). 

The improved barrier function exerted by human milk glycans is likely a result of their 

complex structures and multifarious targets.

UNDERSTANDING THE DIVERSITY OF MILK GLYCANS

The Value of Glycomics for Nutrition Research

The glycans of breast milk are recognized as the vital structures that deliver protection to 

and promote development of the neonate. Major advances in the field of glycomics in milk 

research, including high mass accuracy and identification and quantitation of the diverse 

glycan structures (10, 85, 126, 127, 147), and novel methods for elucidating site-specific 

glycosylation of glycopeptides (4, 37, 116), including nano-chip technology (11, 98), have 

enabled our understanding of the functional relationships of breast milk glycans on gut 

microbiota, pathogen binding, and intestinal barrier function in vitro. These analytical 

advances offer nutrition research powerful tools to elucidate the in vivo functional outcomes 

of breast milk glycan structure heterogeneity and variation due to lactation stage, maternal 

diet, genetics, and phenotype on infant health outcomes. Maternal phenotype largely 
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influences milk composition and structure. Yet functional in vivo out-come studies in infants 

are scarce and are required to fully understand the mechanistic link between glycan 

structural variation and infant intestinal health. Such health outcomes in the neonate should 

encompass gut microbiota composition and function, protection against pathogens, and 

support of barrier and immune functions. Characterizing, annotating, and evaluating the 

structure-function of the mother-infant dyad is dependent on documenting and comparing 

the variable structures within breast milk prospectively for nutritional and health outcomes. 

Cataloguing the structural and compositional diversity of breast milk as a function of 

maternal markers, gestational age, and time of lactation provides the experimental controls 

and depth of information to contribute to robust legacy multi-omic data sets that can truly 

begin to unravel the impact of structure on function.

Human Milk Oligosaccharides Genetically Determined By Secretor Status and Lewis Blood 
Group

Sensitive and targeted methods are used to capture biological variation and differences in 

milk glycans concentrations among individuals. For example, the biological variation 

calculated as the coefficient of variation (% CV) for total HMOs in mature term breast milk 

is as high as 28% (31, 131). Yet the biological variation is greater for specific structures than 

for total HMOs. For instance, the % CV ranges from 42% to 84.3% for the specific HMO 

structures 2′-fucosyllactose (2′-FL), 3-fucosyllactose (3FL), lacto-N-fucopentaose I and II 

(LNFP I and LNFP II), and lactodifucotetraose (LDFT) in mature term breast milk (122, 

131). The variation of HMO-borne Fuc composition is dependent on maternal genetics that 

encode the activities of three or more distinct fucosyltransferases phenotypically described 

as secretor (Se) status and Lewis (Le) blood group (74). Fuc residues may be attached by an 

α1-2 linkage through the action of the secretor gene for α-1,2-fucosyltransferase (FUT2) to 

a terminal Gal of the type 1 chain of HMOs. Fuc may also be attached by an α1-4 linkage 

through the action of the Lewis gene for α-1,3/4-fucosyltransferase (FUT3) to a subterminal 

GlcNAc of the type I chain of HMOs. HMO variation is largely explained by maternal Se 

and Le blood type. The attachment of Fuc to a subterminal GlcNAc of the type I chain by an 

α1-4 linkage through FUT3 results in the presence of the Le b sugars in Se milk (Le a−b+) 

and the Le a sugars in nonsecretor milk (Le a+b−) or an absence of these sugars in Le-

negative women (Le a−b−), who can be either secretors or nonsecretors, thus resulting in 

four groups: Se+Le+, Se−Le+, Se+Le−, and Se−Le− (17) (Figure 4).

Women who express α-1,2-fucosyltransferase in body fluids such as tears, milk, and saliva 

and on mucosal surfaces, i.e., people who secrete soluble blood group substances [A, B, and 

O(H)] that match their specific blood group type, are phenotypically described as secretors, 

whereas those with undetectable levels are described as nonsecretors (55). Many allelic 

variants of the Se phenotype have been found across the FUT2 gene worldwide. In 732 

individuals from 39 human populations, 55 different single-nucleotide polymorphisms were 

identified for the FUT2 gene. The percentage of nonsecretors in Europe was 43%; in 

individuals from the Middle East and North Africa, 54%; in Asians, 42% to 45%; and in 

sub-Saharan Africans, 26% (42). The allelic variation in the FUT2 gene results in low or 

undetectable levels of α1,2-linked fucosylated HMOs such as 2′-FL, LDFT, LNFP I, or 

lacto-N-difucohexaose I (24, 34, 55, 120, 122, 129, 131). Infants who were breastfed by Se 
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women were protected against diarrhea caused by Campylobacter, caliciviruses, and stable 

toxin of enterotoxigenic E. coli as well as moderate-to-severe diarrhea of all causes. The 

α1,2-linked fucosylated glycans in human milk act as pathogen antiadhesion agents 

competing with epithelial cell–receptor binding (93). Milk from non-Se women contains 

lower amounts of total oligosaccharides than does milk from Se women (131); LNFP III 

(131), 3FL, and nonfucosylated HMOs such as lacto-N-tetraose (LNT) (122, 129, 131) are 

higher in milk from non-Se compared with Se women (122, 129, 131). Although breast milk 

from non-Se women contains less HMO diversity and no or negligible concentrations of 

α1,2-linked fucosylated HMOs compared to milk from Se women, the increased 

concentrations of LNFP III, 3FL, and LNT offer protection to infants as prebiotics for 

specific gut bifidobacterial strains (111) and prevent binding to the host intestinal cell and 

cytotoxicity by protozoan parasites (68).

Women who are classified as Se+Le+ have higher concentrations of HMOs and more 

complex profiles than do women who are Se−Le− (46). Additionally, milk from Le− women 

have undetectable levels of α1,4-linked fucosylated HMOs such as LNFP II and lacto-N-

difucohexaose I and II (LNDFH I and II). Yet, Le blood group epitope based on serological 

tests may not be a reliable marker of HMO composition (14). For example, in 60 Gambian 

women, the Le sugars Leb, LNDFH I, and LNDFH II were present in 70% of Le-negative Se 

women and equaled abundances similar to women identified as Le a+b− and Le a−b+. 

Additionally, LNFP II, which contains an Lea epitope, was found in substantial amounts in 

nearly 90% of Le-negative women (131). These data suggest that HMO variation is more 

reliable on maternal Se status than on Le blood type. The growing recognition of the 

abundant functions and health consequences of oligosaccharides has resulted in studies that 

are beginning to address the diversity and function of HMOs.

Lactation Stage

HMO structures and composition vary over the course of lactation (24, 129). HPLC was 

used in 46 mothers who delivered term infants, and mean total concentration of HMOs was 

approximately 20 g/L on days 4 and 10 postpartum decreasing to approximately 12 g/L by 

day 120 postpartum; the concentration of lactose increased from 56 g/L to 69 g/L over the 

same period (31). The higher concentration of total HMOs in breast milk in the early 

postpartum period is consistent with the protective functions of colostrum and early milk at 

a time when the neonate is immunologically immature and the gut microbiota is not yet fully 

established. Although the total HMO concentration is reduced across lactation, the direction 

of the change varies among the different HMO compositions. High-performance anion-

exchange chromatography showed that concentrations of α1,2-linked 

fucosyloligosaccharides 2′-FL and LNFP I were highest during early lactation (days 3–4) 

and were reduced by 37% and 53%, respectively, by day 90. In contrast, 3FL—the structural 

isomer of 2′-FL—increased across lactation (days 3–4 to day 90 postpartum) by 1.8-fold in 

Se+Le+ women (129). These data suggest reduced activity of the Se enzyme (FUT2) and 

increased activity of Se- and Le-independent fucosyltransferases (FUT3, 4, 5, 6, 7, or 9) 

across lactation; however, human trials involving large numbers of women are required to 

test this hypothesis. Using MS, investigators determined that the major small neutral HMOs 

and their isomers (m/z 709.3, 855.3, 1074.4, 1220.4, and 1366.5) were the least varied 
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across lactation (days 3 to 72) (98). These major HMO structures are likely selective growth 

substrates for specific bifidobacteria in the establishment of an infant’s healthy intestinal 

microbiota. Glycomic profiling of HMO consumption by bifidobacteria using Fourier 

transform ion cyclotron resonance MS revealed that B. infantis (58) preferentially consumes 

small mass oligosaccharides with a degree of polymerization ≤7 (m/z 1389 and below), 

representing 63.9% of the total HMOs, which are mostly fucosylated (82), whereas other 

bifidobacterial strains tested—B. longum subsp. longum, B. adolescentis, B. breve, and B. 

bifidum—showed only low or moderate growth ability (83) (Figure 5). These data suggest 

the ability of glycans to drive enrichment of a glycan-consuming bifidobacterial population 

in the infant gut. The development of glycomics analytics has enabled breakthroughs in this 

research.

Protein glycosylation is also dynamic and varies during lactation. Many breast milk proteins 

and the extent of their glycosylation as well as the specific glycans vary across lactation (9, 

44). The glycosylation composition of lactoferrin influences the function of the glycoprotein 

in preventing various pathogens from binding to and infecting intestinal epithelial cells (9).

Gestational Age of the Infant

Premature infants are at increased risk for infections compared with infants born at term 

owing to the immaturity of the gastrointestinal tract and innate and adaptive immune 

responses. Breast milk consumption by very-low-birth-weight premature infants is 

protective against NEC and late-onset sepsis but does not meet the metabolic demands of 

intrauterine growth rates. Nutrients in the breast milk of mothers of premature infants vary 

widely between and within mothers (56, 144). Although the milk of women who deliver 

preterm versus term contains higher total HMOs (46), a detailed MS analysis of the 

fucosylation and sialylation of HMOs using nano-HPLC chip/time-of-flight MS discovered 

that although LNT is more abundant, it is highly more variable in the milk of women who 

deliver preterm. Furthermore, fucosylation was not as well regulated, resulting in higher 

within- and between-mother variations in milk from women delivering preterm versus term. 

Of particular clinical interest, the concentration of 2′-FL was not consistent across lactation 

of several mothers who delivered preterm (35). Thus, Se status of preterm milk changed in a 

given mother. Fluctuations in fucosylated HMOs in mothers’ milk are important because of 

the role that fucosylated HMOs play in pathogen binding. A high degree of variability 

suggests immaturity in the regulation of HMO fucosylation in the “premature breast.” Yet, 

milk from Se women in comparison with non-Se women imparts protection against NEC 

and gram-negative sepsis (92), which may in part be explained by potential enrichment of 

gut bifidobacteria. Indeed, milk from Se mothers has specific linkages (α1,2-fucosylated 

HMOs) and higher amounts of total fucosylated HMOs (131), which are likely to enrich 

only those bifidobacterial species/strains that can catabolize these glycans (118). Premature 

infants generally have very low numbers of fecal bifidobacteria (145), and probiotic 

supplementation with bifidobacteria is protective against NEC (1, 80, 81). Fucosylation of 

HMOs of preterm milk is unpredictable and raises the interesting question of whether 

fortification with preterm milk HMOs would further reduce the risk of NEC and late-onset 

sepsis.
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Maternal Health and Phenotype

Maternal health ranging from malnutrition to overnutrition and metabolic syndrome leads to 

long-term health consequences in the neonate. For example, HMO total concentrations were 

significantly lower in women with a body mass index between 14 and 18 than in women 

with a body mass index between 24 and 28 (17). In the United States, gestational diabetes 

mellitus (GDM), a complex disease characterized by elevated blood Glc, affects on average 

7% and up to 14% of pregnancies (3). GDM has immediate and lasting consequences in 

women and to infants exposed to maternal diabetes in utero (12, 29, 73). Hyperglycemia 

results in aberrant carbohydrate metabolism that contributes to the pathogenesis of the 

disease in part through increased flux through the hexosamine biosynthetic pathway (38, 62) 

and altered activities of cellular glycosyltransferases and glycosidases (53, 75). Very little is 

understood regarding the role of GDM in lactation and breast milk components, and much of 

what is known about the effects of glycemic dysregulation on milk components comes from 

research on lactating women diagnosed with insulin-dependent diabetes mellitus and from 

animal models. Recently, glycomic profiling using nano-HPLC chip/time-of-flight MS and 

multivariate modeling was used to investigate the effects of GDM on the glycosylation of 

HMOs, sIgA, and lactoferrin of breast milk (123). Although total HMOs and their 

composition were not different in milk from women with and without GDM, the N-linked 

glycosylation of specific milk proteins differed between the two groups. The total N-linked 

glycosylation, mannose, Fuc, and sialylated residues of sIgA in transitional milk were up to 

43% lower in milk from women with GDM in comparison with women without GDM. 

Reduced sialylation of immunoglobulins secreted by mammary epithelial cells has 

implications on the nonspecific innate immune defense against pathogen adhesion and 

infection (115). The total N-linked glycosylation, Fuc, and sialylated residues of lactoferrin 

were significantly higher, by up to 72% (Figure 6). The higher N-linked glycosylation of 

lactoferrin observed in milk from women with GDM could result from altered glycan-

metabolizing enzymes linked to the pathophysiology of diabetes mellitus during pregnancy 

(53). The glycosylation level of a glycoprotein influences its susceptibility to proteolysis 

(137, 139), thus affecting the production of potent active peptides and glycopeptides 

involved in its biological activities (77). These data suggest that diabetes mellitus during 

pregnancy alters the glycosylation of protective proteins in milk; future research is needed to 

discover the effects of these alterations on neonatal outcomes.

CONCLUSIONS AND FUTURE DIRECTIONS

The first proof of principle from integrating the science of glycomics into microbiota 

research is that stereospecific glycans are key modulators of the intestinal environment in 

the narrowly defined successful feeding of breastfed infants. The accuracy and specificity of 

analytical glycomics now enable researchers to determine interindividual and intraindividual 

milk variations; the ability to track and monitor the fate of glycomic structures assists 

investigators in understanding how they shape the intestine. The tool sets of systems 

biology, including genomics, metabolomics, proteomics, and glycomics, which are being 

used to investigate the complexity of milk and are revealing how colonization and 

development of the infant microbiota occurs, can now be applied to the more complex 

challenges of the adult intestinal microbiota. Determining how to standardize, integrate, and 
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use glycomic information in large multi-omic, annotated data sets will be the next milestone 

in elucidating structure-function relationships in breast milk oligosaccharides.
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SUMMARY POINTS

Milk glycan research is providing a wealth of information regarding the impact of diet on 

host and intestinal microbiota.

1. Major advances in the field of glycomics in milk research, including high mass 

accuracy for the identification and quantitation of diverse glycan structures, 

contribute to the understanding of the functional relationships between breast 

milk glycans and gut microbiota, pathogen binding, and intestinal barrier 

function.

2. Glycan heterogeneity on milk proteins influences their structures, functions, and 

digestibility.

3. Effective tools for the structural elucidation of human milk oligosaccharides, 

glycolipids, and glycoproteins combine exoglycosidase digestion, separation 

technologies, MS, structural libraries, and bioinformatics.

4. Analysis of breast milk glycolipids is now achievable using matrix-assisted 

desorption/ionization Fourier transform ion cyclotron resonance tandem MS.

5. The glycans of breast milk are substrates for the selective enrichment of 

bifidobacterial species in the gastrointestinal tract of breastfed infants.

6. Growth of B. infantis on human milk glycans promotes intestinal barrier and 

immunological development and function.
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Figure 1. 
An example of the structural diversity of human milk oligosaccharides (HMOs). (a) With 

few exceptions, all HMO structures consist of a lactose core linked to lacto-N-biose or to N-

acetyllactosamine with n = 0–15 units. (b) Lactose can be fucosylated or sialylated by 

different linkages. (c) Lactose can be elongated enzymatically in repeats of lacto-N-biose 

(type I) or N-acetyllactosamine (type II). (d) Elongated type I or II chains can be fucosylated 

in different linkages to form structures that phenotypically describe secretor status and the 

Lewis blood group. (e) The elongated core HMO structures can be sialylated by α2-3 or 

α2-6 linkages at the terminal positions forming structural isomers. Abbreviations: 2′-FL, 2′-

fucosyllactose; 3FL, 3-fucosyllactose; 3′-SL, 3′ sialyllactose; 6′-SL, 6′-sialyllactose; LNFP 

I, II, III, V, lacto-N-fucopentaose I, II, III, V; LNH, lacto-N-hexaose; LNnT, lacto-N-

neotetraose; LNT, lacto-N-tetraose; LST a, b, c, sialyl-lacto-N-tetraoses a–c. Adapted from 

Reference 15 with permission.
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Figure 2. 
Infant gut-associated bifidobacteria cleave a diverse range of specific linkages within human 

milk glycans using a variety of glycosyl hydrolases. Legend at bottom indicates the 

monosaccharide composition and corresponding potential glycolytic enzymes in 

bifidobacteria that cleave the specific linkages. The figure depicts the structure of HMO, a 

complex N-glycan, three different cores found in human O-linked glycans, and the 

glycolipid structure of ganglioside GD3. Adapted from Reference 51 with permission.
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Figure 3. 
Possible strategies for human milk oligosaccharide (HMO) consumption in Bifidobacterium 

bifidum, B. infantis, B. breve, and B. longum. Dashed lines in the HMO panel represent 

potential linkages. Abbreviations: GNB, galacto-N-biose; LNB, lacto-N-biose. Adapted 

from Reference 48 with permission.
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Figure 4. 
The variation of human milk oligosaccharide (HMO) fucose composition is dependent on 

maternal genetics that dictate the activities of distinct fucosyltransferases phenotypically 

described as secretor status and Lewis blood group. Abbreviations: FL, fucosyllactose; 

LNH, lacto-N-hexaose; LNnT, lacto-N-neotetraose; LNFP I, II, III, V, lacto-N-fucopentaose 

I, II, III, V; LNT, lacto-N-tetraose; LST a–c, sialyl-lacto-N-tetraoses a–c. Adapted from 

Reference 17 with permission.
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Figure 1. 
(a) Individual human milk oligosaccharide (HMO) abundance as the normalized percent 

contribution of each isomeric oligosaccharide species in breast milk. The shaded box 

indicates the five most abundant oligosaccharide species in the total pool of HMOs 

analyzed, representing 70% of the overall detectable HMO pool. The arrow shows a 

particular abundance completely consumed by Bifidobacterium longum subsp. infantis (B. 

infantis). (b) Nano electrospray ionization Fourier transform ion cyclotron resonance (ESI-

FT-ICR) (+) mass spectrometric analysis of B. infantis grown on media initially 

supplemented with 2.0% (w/v) HMO. Data represent the percent difference of HMO species 

abundance in the media before and at the end of fermentation, corresponding to 0 h and 94 

h. Measurements were conducted in triplicates of individual biological and technical 

replicates. (c) Growth curves of B. infantis, B. breve, and B. longum on a semisynthetic de 

Man, Rogosa, and Sharpe (MRS) medium supplemented with 2% (w/v) HMO. Growth was 

measured as optical density (OD) of the media at 600 nm. Error bars are standard deviations 

of the mean for each available time point. Abbreviation: m/z, ratio of mass to charge. 

Adapted from Reference 82 with permission.
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Figure 6. 
N-Glycosylation of milk proteins is altered in gestational diabetes mellitus (GDM). Milk 

proteins from mothers with and without GDM were compared using orthogonal signal 

corrected partial least-squares discriminant analysis. The maximum difference between milk 

glycans from women with and without GDM was captured in the first dimension or latent 

variable (LV[1]) of the model. Positive values indicate higher glycosylation in GDM 

compared to controls; conversely, negative values indicate lower glycosylation in GDM 

compared to controls. LF 5411 is an N-glycan that contains 5 hexoses, 4 N-acetyl-

hexosamines, 1 fucose, and 1 sialic acid. Abbreviations: CH, complex hybrid; F, fucose; FS, 

fucose and sialic acid; HM, high mannose; LF, lactoferrin; S, sialic acid; sIgA, secretory 

immunoglobulin A. Adapted from Reference 122 with permission.
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