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ABSTRACT: Human milk oligosaccharides (HMOs), as an abundant and
bioactive component of breast milk, work in many ways to promote the
health of breast fed infants. The expression of HMOs has been shown to vary
in accordance with Lewis blood type and secretor status, as women of
different blood types differ in the expression of α1,2 fucosyltransferase
(FUT2) and α1,3/4 fucosyltransferase (FUT3). In this study, HMOs were
extracted from the milk of 60 women from The Gambia, Africa with various
Lewis and secretor blood types. The HMOs were profiled using high
resolution HPLC-Chip/TOF mass spectrometry. Notably, the amounts of
fucosylation varied significantly between Le(a+b-) nonsecretors, Le(a-b+)
and Le(a-b-) secretors, and Le(a-b-) nonsecretors. With higher frequency of
expression of the recessive Lewis negative and nonsecretor phenotypes in
West African populations, the HMO profiles of several milks from women of
these phenotypes were examined, demonstrating decreased amounts of total oligosaccharide abundance and lower relative
amounts of fucosylation. Also in this study, four specific fucosylated structures (2′FL, LNFP I, LDFT, and LNDFH I) were
determined to be specific and sensitive glycan markers for rapidly determining secretor status without the need for serological
testing.
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■ INTRODUCTION

Free oligosaccharides are found in abundance in human milk,
ranging between 20 and 24 g/L in colostrum and 7−14 g/L in
mature milk.1−4 Human milk oligosaccharides (HMOs) exhibit
great structural diversity, and serve several important biological
functions that promote infant health, including the prevention
of pathogen binding to epithelial cell surfaces and functioning
as prebiotics for beneficial bacteria in the intestine of breast fed
infants.3−5 In our previous studies, microfluidic Chip-TOF
mass spectrometry was used to separate and assign
monosaccharide compositions to 200 oligosaccharide struc-
tures.6 Additionally, an annotated HMO library was developed,
consisting of accurate mass, retention time, and CID MS/MS
spectra of 75 of the most abundant neutral and acidic HMO
structures and was used in this study for rapid HMO
identification.7,8 Most oligosaccharides contain a lactose core
at the reducing end, and are further elongated with the addition
of a β(1−3) or β(1−6)-linked N-acetylglucosamine, followed
by the addition of β(1−3) or β(1−4)-linked galactose. These

residues are added to several degrees of polymerization. Neutral
oligosaccharides are further decorated with fucose or sialic acid
residues. A series of fucosyltransferases are responsible for the
pattern of fucosylation expressed in HMOs, and have been
shown to be highly dependent on Secretor (Se) and Lewis
blood group (Le) loci.9−13 An individual is described as a
secretor when ABH antigens are present in their bodily fluids
and secretions. The secretor locus encodes for the α1,2
fucosyltransferase (FUT2), which transfers a fucose residue to a
Galβ(1→3)GlcNAc unit (type 1 chain), producing the H-
antigen in secretory epithelial cells.11,14 Independent of the
secretor gene is the Lewis blood group locus, which encodes for
an α1,3/4 fucosyltransferase (FUT3) that transfers a fucose in
an α(1−4)-linkage to a subterminal N-acetylglucosamine
residue of a type 1 chain to produce the Lewis B antigen in
secretors, and the Lewis A antigen in nonsecretors. As a result
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of the two genotypes described above, there are four possible
phenotypes expressed in HMOs (Table 1): Lewis B secretors

(denoted here as Le(a-b+),Se+), Lewis A nonsecretors (Le(a
+b-),Se-), Lewis negative secretors (Le(a-b-),Se+), and Lewis
negative nonsecretors (Le(a-b-),Se-).11,13,14 Lewis negative and
nonsecretor individuals make up a small part of European and
American populations (nonsecretor frequency is around 20%),
whereas these genotypes are found in higher abundance in
West African populations (between 32 and 38%) including the
Gambian population represented in this study.15−18 This has
afforded us a unique opportunity to describe the glycan
expression in milk from women of these less abundant,
recessive phenotypes that are typically underrepresented in
previous studies. Thurl et al. previously showed that milk
glycosylation is affected by the mother’s secretor status and
Lewis blood type .13,19 A diagnostic test for rapidly assigning
secretor status and Lewis blood groups based solely on milk
oligosaccharides would not only expedite analysis, but it would
also provide a less intrusive method for blood typing,
eliminating the need for blood, serum, and/or saliva samples
for serological agglutination assays. Recently, Blank et al.
described a high-throughput MALDI MS method for rapidly
assigning Lewis blood group based on characteristic fragment
ion patterns of milk oligosaccharides.20 Although this method
provides a reproducible and highly accurate way for
discriminating between Lewis blood types, it does not
incorporate a separation component, yielding little information
concerning specific isomeric structures that will be important
for future functional studies.
In this study, a sensitive, rapid-throughput HPLC-Chip-

TOF/MS-based method was used for profiling milk oligosac-
charides and assigning secretor status from a cohort of 60
Gambian women of various Lewis blood types. Using this
method, we are able to rapidly screen hundreds of milk
oligosaccharides, providing a comprehensive representation of
the oligosaccharide content in human milk. With the
application of our previously published HMO libraries, we
are able to assign specific structures to over 75 neutral and
acidic oligosaccharides, allowing for a sensitive method for the
discovery of biomarkers that can be systematically quantitated
and used to rapidly assign secretor status.

■ REAGENTS AND MATERIALS

Milk Samples

Samples were collected from 100 Gambian women, once a
month for the first sixth months of lactation. Donors were from
six villages within The Gambia, and were of different ABO and
Lewis blood types. Breast milk samples were collected by

manual expression monthly between September 2001 and
October 2004 according to methods and study design
described previously.21 The samples were shipped on ice to
UC Davis after having been stored at −80 °C. All samples were
stored at −80 °C prior to oligosaccharide extraction. The initial
study and permission for the additional analysis of HMOs were
approved by the Gambian Government/MRC Gambia Ethics
Committee and all mothers provided signed, informed consent.

Serological Testing

Lewis blood types were determined by a hemagglutination tube
test assay. Anti-Lea and anti-Leb monoclonal antibodies were
purchased from BAG Health Care (Lich, Germany). Red blood
cells were washed in isotonic saline (0.9% NaCl) and
suspended in phosphate-buffered saline (2−3% erythrocytes
in pH 6.8−7.2 PBS). Antibodies were mixed in suspension and
incubated for 15 min at room temperature. Samples were
monitored for agglutination and assigned as Le(a+b-), Le(a-b
+), or Le(a-b-) blood type.

Oligosaccharide Extraction and Purification

Free oligosaccharides were extracted from breast milk samples
and reduced according to our previously described methods.6−8

Briefly, 200 μL of milk was defatted via centrifugation, followed
by a Folch extraction and ethanol precipitation to remove lipids
and proteins, respectively. Extracted HMOs were reduced to
their alditol form with 1.0 M NaBH4 in a 65 °C water bath for
1.5 h. Solid phase extraction (SPE) was used for desalting and
enrichment. HMO samples were loaded onto a nonporous
graphitized carbon cartridge, desalted with 24 mL of deionized
water, and eluted with 20% acetonitrile in water and 40%
acetonitrile in 0.05% trifluoroacetic acid (v/v). The eluents
from both fractions were combined and evaporated. The
samples were then reconstituted to appropriate concentrations
for mass spectrometric analysis.

HPLC−CHIP/TOF Mass Spectrometry

The analysis of free oligosaccharides extracted from breast milk
samples was performed on an HPLC−CHIP/TOF MS system
equipped with both a capillary pump for sample loading and a
nanopump for sample separation. The Agilent 1200 series LC
unit was coupled to an Agilent 6210 series time-of-flight mass
spectrometer via a chip−cube interface. The microfluidic chip
consisted of a 40 nL enrichment column and a 75 μm × 43 mm
analytical column, both packed with porous graphitized carbon
(PGC). Data were collected in the positive mode and calibrated
by a dual nebulizer electrospray source with internal calibrant
ions ranging from m/z 118.086 to 2721.895.

HMO Chromatographic Separation

HMO samples were loaded onto the enrichment column using
the capillary pump at a flow rate of 4.0 μL/min with a 1 μL
injection volume. HMO separation was performed using a
binary gradient consisting of an aqueous solvent A (3%
acetonitrile/water (v/v) in 0.1% formic acid solution) and an
organic solvent B (90% acetonitrile/water (v/v) in 0.1% formic
acid solution). A 45 min gradient optimized for separating
HMO mixtures developed by Wu et al. was used in this
analysis.7,8

HPLC−CHIP/TOF MS Data Analysis

Free oligosaccharide identification and quantitation was
performed using Agilent Mass Hunter Qualitative Analysis
software, version B.03.01. Oligosaccharide peaks were identified
using the Find By Molecular Feature function. Individual

Table 1. Secretor and Lewis Genotype and Phenotype
Summary
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oligosaccharide species were rapidly identified by matching
retention times and exact oligosaccharide masses (within <20
ppm mass error) obtained experimentally to theoretically
calculated masses compiled in an annotated HMO library. A
relative quantitation of oligosaccharide species was performed
by directly correlating the abundance of free oligosaccharide to
the absolute peak intensity (in ion counts) of the
corresponding peak. The relative amount of each oligosacchar-
ide species was calculated by normalizing the absolute
abundance of the individual species to the total oligosaccharide
ion abundance in each sample, yielding a relative abundance
expressed as a percentage of the total. Additional structural
information was acquired using collision-induced dissociation
(CID) on an Agilent 6500 series HPLC-Chip/QTOF MS when
further confirmation of specific structure was needed.
Characteristic CID spectra of specific precursor ions were
compared against an in-house HMO library using Agilent’s
Personal Compound Database Library software.

Statistical Analysis

For each secretor and Lewis group, mean and standard
deviation of oligosaccharide intensities were reported. Bartlett
test was used to test for homoscedasticity between groups in
each oligosaccharide. The intensities were then log2 trans-
formed to meet homogeneity of variances assumptions and to
reduce the influence of large values for oligosaccharides that did
not pass the test at an alpha level of 0.05. Analysis of variance
(ANOVA) was used to test whether the mean intensities of
several oligosaccharides were equal in each Lewis and secretor
group.

Quantitation of HMO Markers

The absolute abundance of the HMO structures selected for
use as secretor markers was normalized to another consistent
peak in the spectrum to yield a relative abundance that could be
compared between samples. HMO structures lacto-N-fucopen-
taose I (LNFP I), lactodifucotetraose (LDFT), and lacto-N-
difucohexaose I (LNDFH I) were normalized to the abundance
of lacto-N-tetraose (LNT), the most abundant peak present in
every sample. The absolute abundance of 2′fucosyllactose
(2′FL) was normalized to the abundance of its isomer
3′fucosyllactose (3′FL), which is also present in every sample.
Receiver operating characteristic (ROC) curves were used to
determine the sensitivity and specificity of HMO ratios used as
diagnostic markers for determining secretor status. ROC curves
and corresponding area under the curve (AUC) were calculated
in MedCalc version 11.6.1. Optimal cutoff values for the
abundance of oligosaccharide markers were also determined
using ROC analysis.

■ RESULTS AND DISCUSSION

Lewis Blood Type and Secretor Status Distribution

Lewis blood types were determined by an in vitro
hemagglutination assay using Lewisa and Lewisb antibodies.
Of 60 Gambian women, 27 mothers were found to be Le(a-b+)
secretors (45%), six were Le(a+b-) nonsecretors (10%), and 27
were Le(a-b-) (45%). Of the Le(a-b-) individuals, 17 were
secretors and 10 were nonsecretors. In total, 73% of the
samples were determined to be secretors. This statistic is
comparable to Lewis blood type and secretor status
distributions of West African populations previously reported
in literature.17,18

Profiling Human Milk Oligosaccharides Using HPLC
Chip-TOF/MS

HMOs were separated and quantitated by HPLC Chip-TOF/
MS, which provides the sensitivity and mass accuracy needed
for oligosaccharide identification, as has been demonstrated in
our previous studies.6−8 The majority of ionized oligosacchar-
ides were detected in positive ion mode as singly protonated
[M + H]+ or doubly protonated [M + 2H]2+ molecular ions.
The mass accuracy of TOF-MS was between 2 and 15 ppm,
allowing for the use of accurate mass to rapidly determine
monosaccharide composition. Typically, between 100 and 200
different oligosaccharides are identified in a single milk sample
using this method, with masses ranging from 490 to 3700 Da.
With such a multitude of oligosaccharides, a wide distribution
of masses as well as variation in abundances was observed,
which can be seen in Supplemental Figure 1a 2D plot of
deconvoluted mass versus retention time. The method used for
HMO analysis in this study provides a comprehensive
representation of the oligosaccharide content in milk, and is
not restrained by the number of HMO standards that are
commercially available. Many peaks among sets of isomers
coelute over a range of masses; however, mass spectrometric
detection makes it possible to readily separate and quantitate
compounds with similar retention times by extracting the
chromatographic peaks associated with a particular m/z value
(extracted ion chromatogram) (Supplemental Figure 1).
Extracted ion chromatograms (EIC) are shown for m/z
1075.4, 1221.4, and 1367.5 (Figure 1), for which three, four,

and six individual isomers were detected, respectively.
Compounds with m/z 1367.5 are difucosylated oligosacchar-
ides, typically with a lacto-N-hexaose (LNH) or lacto-N-
neohexaose (LNnH) core. Difucosyllacto-N-hexaose a
(DFLNHa), the most abundant isomer of m/z 1367.5 (Figure
1C), carries the H(O) epitope, an α(1−2)-linked fucose at the
terminal galactose, and was found in higher average relative
abundance in secretors (1.24%) than in nonsecretors (0.07%).
The m/z 1367.5 isomer at 19.9 min was separated and
identified as DFLNHc, which contains the Lewis b epitope.
The ability to separate isomers such as these that carry Lewis
and H(O) is essential, as they may potentially be used as
markers for Lewis blood type and secretor status.

Figure 1. LC/MS Extracted Ion Chromatogram (EIC) of m/z 1075.4
(A), m/z 1221.4 (B), and 1367.5 (C).
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With the application of our previously published annotated
libraries for both neutral and acidic HMOs, it is possible to
rapidly identify up to 75 specific structures in a pool of milk
oligosaccharides based on accurate mass and reproducible
retention times. The robustness of this method for profiling
oligosaccharides is dependent upon the reproducibility of the
separation. HMO retention time reproducibility for this Chip-
TOF/MS-based method was reported to be within 0.5% when
run on the same day, and was within 5 s of the retention times
of commercial standards.6,7 In addition to accurate mass and
retention time, CID fragmentation was used to confirm the
structure of closely eluting compounds (Supplemental Figure
2).
Variation in HMO Abundance with Regard to Blood Type
and Secretor Status

Between 100 and 130 oligosaccharide structures were separated
in each sample, with no significant variation in the number of
oligosaccharide structures found between the four different
phenotypes. Total oligosaccharide concentrations, however,
showed significant variation between blood groups (Figure 2A).

Milk from Le(a-b-),Se+ and Le(a-b+),Se+ mothers yielded a
higher mean total oligosaccharide ion abundance (2.99 × 108

counts and 2.789 × 108 counts, respectively) than the two
nonsecretor types, Le(a+b),Se- and Le(a-b-),Se- (2.37 × 108

counts and 2.18 × 108 counts, respectively). These data suggest
that milk from secretor mothers is richer in oligosaccharides
than that of nonsecretors, which may have an effect on the
antipathogenic and prebiotic capacity of the milk. Significant
differences in levels of fucosylation were also found between
blood groups. Le(a-b-),Se+ and Le(a-b+),Se+ milk yielded the
highest total ion count of fucosylated HMO structures.
Notably, the absolute abundance of fucosylated oligosacchar-
ides was lower by an order of magnitude in the Le(a-b-),Se-
phenotype (see Table 2 and Supplemental Table 1 for
summarized statistical analysis). Lower abundances of fucosy-
lated oligosaccharides are a consistent characteristic in milk
from nonsecretor women from a variety of geographical

populations.19,22 With a higher abundance of Lewis negative
individuals in the Gambian population, we were able to profile
several mothers with this phenotype. It should be noted that
Le(a-b-) secretor profiles were quite different from Le(a-b-)
nonsecretor profiles, demonstrating significant differences in
the abundance of both fucosylated and nonfucosylated neutral
oligosaccharides (Figure 2A), making evident that the HMO
expression is more influenced based on the mother’s secretor
status than on the Lewis blood type.
To further evaluate the effects of secretor status, the 60

samples were grouped only as secretors or nonsecretors,
regardless of Lewis blood type (secretor group, Le(a-b+),Se+
and Le(a-b-),Se+ individuals (N = 44); nonsecretor group, Le(a
+b-),Se- and Le(a-b-),Se- individuals (N = 16)). Significant
differences were found in the total oligosaccharide ion count (p
= 0.02) and in the absolute amount of fucosylated compounds
(p < 0.001) (Figure 2B). Previous studies have shown that
increased fucosylation is characteristic of secretor milk.13,19,22,23

To account for the biological variation in total oligosaccharide
count between individuals, relative abundances (i.e., percentage
of the total oligosaccharide count) of each oligosaccharide type
were also determined (Figure 3), again confirming that secretor
milk and nonsecretor milk differed most in the relative
abundance of neutral oligosaccharides, both fucosylated (p <
0.001) and nonfucosylated (p < 0.001) (Figure 3B,C). Elevated
concentrations of neutral HMOs found in nonsecretor
individuals reflect the lack of fucose transfer expressed in
these individuals, suggesting the lack or modified activity of the
FUT2 and FUT3 fucosyltransferases. The extent of fucosylation
found in Gambian secretor milk oligosaccharides (around 50%
on average) was similar to that found in the milk from women
in the United States in earlier studies,6 in which fucosylated
oligosaccharides accounted for 44−46% of the total oligosac-
charide abundance. With a larger sampling of nonsecretor
mothers, this study was able to show statistically significant
lower amounts of fucosylation in nonsecreting individuals (only
35%) (Figure 3C). The relative abundance of sialylated
oligosaccharides was slightly higher in nonsecretor milk
(average of 14%) than in secretor milk (average of 11.9%),
although the difference was found to be nonstatistically
significant (p = 0.176) (Figure 3D). Oligosaccharides that are
both fucosylated and sialylated were found in low abundance in
secretors and nonsecretors, ranging from 1 to 9% in both
groups.

Discovery of Markers for Specific Secretor and Lewis
Epitopes

For marker discovery, 33 of the most abundant oligosaccharide
structures were monitored in each sample, accounting for
approximately 75−80% of the total oligosaccharide abundance
(Table 2). Nonfucosylated neutral structures, including isomers
LNT (m/z 710.3) and lacto-N-neotetraose (LNnT, m/z
710.3), as well as m/z 1075.4 isomers LNH, LNnH and p-
LNH (para-lacto-N-hexaose) were common to all samples and
were not found in statistically different amounts in secretors
versus nonsecretors (Table 2). Consistent with reports from
previous literature, milk from nonsecretors had a significantly
lower abundance of oligosaccharide structures containing
fucα(1→2)Gal residues, if not lacking them completely. The
variation in abundance in accordance with blood type makes
these structures ideal for quantitative markers.13,19,22−24 3′FL,
Galβ(1→4)[Fucα(1→3)]Glc, was present in both secretor and
nonsecretor milk, but was in higher abundance on average in

Figure 2. Absolute abundance of human milk oligosaccharide types are
plotted in terms of ion counts as determined by HPLC Chip-TOF/
MS. Comparison of oligosaccharide composition among Lewis blood
types (A) and secretor status (B). Error bars are reported as standard
deviation of the mean.
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the milk of nonsecretors (xs̅ec= 1.49 × 105 counts, xn̅onsec= 2.42
× 105 counts, p = 0.01). 2′FL was produced in significantly
higher abundance by secretor mothers by 2 orders of
magnitude (xs̅ec= 1.84 × 107 counts, xn̅onsec = 2.26 × 105

counts, p < 0.001). It should be noted that the 2′FL isomer was
not completely absent in nonsecretors, but rather found in
much lower abundance by comparison, as shown in the 60
overlaid EIC of m/z 491.2 in Figure 4. Lactodifucotetraose
(LDFT, m/z 636.2), a difucosylated tetrasaccharide containing

an fucα(1→2)Gal residue, was also found in much higher
abundance in secretor milk (xs̅ec = 7.08 × 106 counts, xn̅onsec =
4.09 × 109 counts, p < 0.001), but again was not totally absent
from nonsecretor milk. Because of the increased sensitivity of
TOF/MS detection, oligosaccharides such as 2′FL and LDFT
can be detected in nonsecretor milk in low abundances, making
it useful to calculate relative abundances normalized to another
consistent peak in the spectrum, making the markers more
widely applicable. Several other less abundant fucosylated

Table 2. Statistical Analysisa

mean abundance (counts) SD missing count ANOVA

feature
nonsecretor
(n = 16)

secretor
(n = 44)

nonsecretor
(n = 16)

secretor
(n = 44)

nonsecretor
(n = 16)

secretor
(n = 44)

P val
(ANOVA)

Fucosylation 7.94 × 107 1.44 × 108 2.51 × 107 3.71 × 107 0 0 0
% Fucosylation 3.47 × 101 5.05 × 101 8.99 × 100 6.85 × 100 0 0 0
Nonfucosylated neutral 1.26 × 108 1.23 × 108 2.85 × 107 4.73 × 107 0 0 0.494
% Nonfucosylated neutral 5.56 × 101 4.20 × 101 9.53 × 100 7.46 × 100 0 0 0
Sialylation 3.15 × 107 3.40 × 107 1.14 × 107 1.22 × 107 0 0 0.473
%Sialylation 1.35 × 101 1.19 × 101 3.90 × 100 3.75 × 100 0 0 0.176
Total OS Intensity 2.28 × 108 2.89 × 108 3.57 × 107 7.95 × 107 0 0 0.017
3′FL 2.42 × 105 1.49 × 105 1.57 × 105 1.12 × 105 0 0 0.014
2′FL 2.26 × 105 1.84 × 107 2.51 × 105 7.79 × 106 2 0 0
LDFT 4.09 × 103 7.08 × 106 0.00 × 100 4.76 × 106 2 0 0
LNT + LNnT 9.78 × 107 8.96 × 107 2.93 × 107 3.19 × 107 0 0 0.374
LNFP II 1.56 × 107 9.71 × 106 1.26 × 107 5.81 × 106 0 0 0.425
LNFP I 8.76 × 105 3.88 × 107 2.38 × 106 2.09 × 107 0 0 0
LNFP III 9.04 × 106 1.57 × 106 5.60 × 106 4.98 × 106 0 0 0
LNDFH I 1.20 × 105 4.32 × 106 2.85 × 105 3.18 × 106 0 0 0
LNDFH II 1.46 × 106 3.45 × 105 1.62 × 106 1.07 × 106 0 0 0
LNH 4.41 × 106 4.68 × 106 2.62 × 106 4.90 × 106 0 0 0.633
LNnH 4.22 × 106 5.93 × 106 2.78 × 106 3.87 × 106 0 0 0.111
pLNH 1.08 × 106 2.91 × 106 1.04 × 106 4.48 × 106 0 0 0.197
MFpLNH.IV 2.97 × 106 2.56 × 106 1.93 × 106 1.78 × 106 0 0 0.439
4120a 1.60 × 106 1.59 × 106 3.08 × 106 2.07 × 106 0 0 0.181
MFLNH III 5.52 × 106 4.42 × 106 2.55 × 106 2.42 × 106 0 0 0.129
IFLNH III 2.54 × 106 2.05 × 106 1.78 × 106 1.29 × 106 0 0 0.248
IFLNH I 1.85 × 105 1.22 × 106 1.65 × 105 7.49 × 105 0 1 0
DFpLNH II 1.46 × 106 8.50 × 105 7.20 × 105 7.58 × 105 0 0 0.007
m/z 1367.5 @13 min 1.25 × 106 6.79 × 105 1.13 × 106 6.15 × 105 2 1 0.766
DFLNHb 2.07 × 106 8.16 × 105 1.42 × 106 9.36 × 105 0 4 0.016
DFLNHa 1.52 × 105 3.59 × 106 5.09 × 105 2.71 × 106 1 0 0
m/z 1367.5 @16.7 min 1.80 × 105 3.69 × 105 5.82 × 105 3.67 × 105 0 2 0
m/z 1367.5 @17.4 min 9.45 × 104 2.17 × 105 1.19 × 105 2.51 × 105 2 0 0.125
DFLNHc 1.27 × 105 5.55 × 105 1.30 × 105 3.47 × 105 1 1 0
6′SL 8.99 × 105 8.61 × 104 7.42 × 105 3.70 × 105 1 3 0
3′SL 3.24 × 106 2.91 × 106 1.09 × 106 1.30 × 106 0 0 0.36
LSTc 5.95 × 106 6.16 × 106 2.72 × 106 3.24 × 106 0 0 0.817
LSTb 2.52 × 106 2.09 × 106 1.92 × 106 1.68 × 106 0 0 0.41
LSTa 1.55 × 106 1.12 × 106 8.00 × 105 9.52 × 105 0 0 0.118
FLSTc 1.19 × 106 8.41 × 105 1.15 × 106 6.30 × 105 0 0 0.659
sLNH 1.64 × 106 1.14 × 106 1.40 × 106 9.70 × 105 0 0 0.125
4012a 2.52 × 105 4.99 × 105 2.97 × 105 4.12 × 105 0 1 0.032
sLNnH II 2.33 × 106 4.13 × 106 1.30 × 106 3.18 × 106 0 0 0.008
2′FL:3′FL 1.62 × 100 2.54 × 102 2.01 × 100 2.99 × 102 2 1 0
LNFP I:LNT 6.00 × 10−3 4.21 × 10−1 1.60 × 10−2 2.33 × 10−1 0 1 0
LDFT:LNT 0.00 × 100 8.00 × 10−2 0.00 × 100 5.30 × 10−2 2 0 0
LNDFH I:LNT 1.00 × 10−3 4.70 × 10−2 2.00 × 10−3 3.40 × 10−2 0 1 0
LNDFH II:LNT 1.60 × 10−2 5.00 × 10−3 1.90 × 10−2 1.70 × 10−2 0 1 0.03
6′SL:3′SL 3.45 × 10−1 4.80 × 10−2 3.12 × 10−1 1.95 × 10−1 0 4 0
aMean and standard deviation (SD) are reported in ion counts as determined by TOF/MS. Percentages were calculated by normalizing the ion
count of that group to the total oligosaccharide count. ANOVA p-value of “0” indicates a value determined to be <0.001.
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oligosaccharides with larger degrees of polymerization were also
determined to be secretor marker candidates. These include
lacto-N-fucopentaose II (LNFP II, m/z 856.3), lacto-N-
difucohexaose I (LNDFH I, m/z 1002.4, Figure 5), isomeric
fucosyl-lacto-N-hexaose (IFLNH I, m/z 1220.5), and isomers
DFLNHa and DFLNHc (m/z 1367.5), all of which contain
α(1−2)-linked fucose residues and were produced in higher
amounts in secretor mothers (p < 0.001 for all structures, see
Table 2 for means and SD).
The proposed markers described above can be used to

rapidly distinguish between secretor and nonsecretor mothers,
but cannot necessarily be used to distinguish between Lewis
blood types. To further differentiate secretors and nonsecretors
into their respective Lewis blood types, HMOs containing Lea

and Leb epitopes were quantified and compared between the
various milks. Among nonsecretors, Le(a+b-) differ from Le(a-
b-) in their ability to produce HMOs containing the Lea

epitopean α(1−4)-linked fucose to a subterminal GlcNAc,

as determined by serological agglutination assays, and observed
in HMO expression.13,19 In this study, the difucosylated
oligosaccharide LNDFH II (m/z 1002.4), which contains the
Lea epitope, was produced in significantly lower abundances in
Le(a-b-) milk compared with Le(a+b-),Se- and Le(a-b+),Se+
(p < 0.001 in both, see Supplemental Table 1 for means and
SD) and was largely absent from Le(a-b-),Se- milk, with the
exception of two samples, demonstrating moderate consistency
with the serological data (Figure 5D). Figure 5C demonstrates
the preference of Le(a+b-) mothers to produce LNDFH II in
considerably larger amounts, making this glycan an ideal marker
for distinguishing Le(a+b-) and Le(a-b+) from Le(a-b-). The
Leb-containing isomer LNDFH I (m/z 1002.4) was also absent
or found in lower abundances in Le(a-b-) nonsecretors, as was
found in previous studies. Although a clear preference was
observed for LNDFH II in nonsecretors and LNDFH I in
secretors, it was not suitable for distinguishing between Le(a-b
+) secretors from Le(a-b-) secretors, as shown in the overlaid
extracted ion chromatograms in Figure 5A,B. From the overlaid
EICs of m/z 1002.4, it is made clear that Lewis sugars, namely,
Leb, were present in several Lewis negative secretors,
contradictory to the serological blood type assignment.
LNDFH I and LNDFH II structures are reported in previous
studies to be absent in Le(a-b-) individuals, but in this study
were found in nearly 70% of Le(a-b-) milks in abundances
similar to those of Le(a+b-) and Le(a-b+) milk. This
phenomenon was also observed in the expression of other
HMOs carrying the Lea and Leb determinants, such as the
LNFP isomers (m/z 856.3). LNFP III, an LNT core with an
α(1−3)-linked fucose to a subterminal GlcNAc, was detected in
all samples and was found at significantly higher abundance in
Le(a+b-),Se- milks (p < 0.001). It is consistently reported in
previous literature that oligosaccharides containing the Lewis a
and b antigens are typically absent in the milk of Le(a-b-)
individuals.19,22,24 However, in this study, LNFP II, although it
contains a Lea epitope, was found in appreciable amounts in
almost 90% of milk from Lewis negative mothers. LNFP II was
found in significantly higher absolute abundance in Le(a+b-)
milk (2.72 ×107 ± 3.89 ×106 counts) than in Le(a-b-) milk
(8.34 ×106 ± 7.63 ×106) (p < 0.001, Supplemental Table 1);
however, it could not be used as a marker to distinguish
between Le(a-b+) secretors and Le(a-b-) secretors, as the
abundance of LNFP II in these groups was not significantly
different (1.07 ×107 ± 5.87 ×106 counts and 8.34 ×106 ± 7.63
×106, respectively). The detection of Lewis antigens in Lewis
negative individuals suggests modified fucosyltransferase
activity in the expression of milk sugars compared to the
antigenic determinants present in serum samples from the same
mother. This observation has been previously investigated.
Studies have shown that Lewis antigens found on glycolipids
from plasma and serum samples can be detected in the
erythrocytes of Lewis negative individuals.25,26 Studies have also
shown that blood group antigens may be expressed differently
in various types of tissues (antigenic determinants found on
erythrocyte versus epithelial expression), and may be depend-
ent on factors such as recent pregnancy, race, and health status
(cancer versus healthy).9−11,26−28 As a result of the expression
of Lewis blood group epitopes in Le(a-b-) secretor milks,
markers were not identified to distinguish between milk from
Le(a-b+) secretors and Le(a-b-) secretors.
Several acidic structures were also monitored and are

summarized in Table 2. Most of the sialylated structures were
found in low abundance and showed no significant variation

Figure 3. Total HMO abundance (A) and relative abundance of
nonfucosylated neutral oligosaccharides (B), fucosylated oligosacchar-
ides (C), and sialylated oligosaccharides (D). ANOVA p-values are
inset.
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between secretors and nonsecretors, as was also reported by
Thurl et al.19 One notable difference in this study, however, was
the variation in the amounts of sialyllactose isomers found
between secretors and nonsecretors. The amount of 6′-
sialyllactose (6′SL, m/z 635.2) detected in nonsecretors was
higher by an order of magnitude in comparison to secretors
(8.99 ×105 vs 8.61 ×104 counts, respectively, p < 0.001),
whereas 3′sialyllactose (3′SL, m/z 635.2) was produced in
comparable amounts among all blood types. Comparing the
isomeric ratio of 6′SL to 3′SL in secretors and nonsecretors

revealed a clear preference in nonsecretors to produce the
isomer containing an (α2−6)-linked N-acetylneuraminic acid
(Neu5Ac) residue. There was no other evidence, however, to
confirm higher levels of α2,6-sialylated HMOs. For instance,
sialyllactose-N-tetraose (m/z 1000.4) isomers LSTa, LSTb, and
LSTc, which differ by the placement and linkage of Neu5Ac on
an LNT or LNnT (in the case of LSTc) core, were all found in
similar abundances regardless of secretor status (see Table 2 for
statistical analysis).

Figure 4. Overlaid secretor (blue chromatograms) and nonsecretor (red chromatograms) EIC of m/z 491.19.

Figure 5. Overlaid Extracted Ion Chromatogram (EIC) of m/z 1002.4 isomers LNDFH I (10.3 min) and LNDFH II (10.5 min) in Le(a-b+) and
Le(a-b-) secretor phenotypes (A and B, respectively), and Le(a+b-) and Le(a-b-) nonsecretor phenotypes (C and D, respectively).
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Evaluation of Specific HMO Markers for Secretor Status

As reported in previous studies, HMO structures containing
(α1−2)-linked fucose (the H-determinant) are present in
significantly lower abundance if not entirely absent from
nonsecretor milk.12,13,19,22,28 In this study, we describe a
sensitive and reproducible way to quantitate this phenotype,
and to use these structures as diagnostic markers to
systematically assign secretor status of a lactating mother
without having to collect serum, blood, or saliva samples. From
the statistical data, four fucosylated oligosaccharides and one
sialylated oligosaccharide were chosen as prospective secretor
markers based on abundance and statistical differences of the
means as determined by ANOVA: 2′FL, LNFP I, LDFT,
LNDFH I, and 6′SL.
ROC curves were used to determine the sensitivity and the

specificity of the markers (Figure 6), and to determine

appropriate criteria for the cutoff values of the isomeric ratios
used to distinguish secretors form nonsecretors (Table 3). It
was determined that the optimal cut off value for describing an
individual as a secretor using the 2′FL/3′FL abundance ratio
was >6.5, with a sensitivity and specificity of 95.5 and 100,
respectively. The ROC curve for the 2′FL/3′FL marker yielded
an AUC of 0.967, suggesting 2′FL to be one of the most
effective secretor markers (Figure 6A). LDFT also yielded a
highly sensitive and specific secretor marker by normalizing the
absolute abundance of LDFT to the absolute abundance of

LNT (AUC = 0.984). Sensitivity was not lost at the expense of
specificity, or vice versa, due to the remarkable consistency of
the oligosaccharides containing α1−2-linked fucose residues to
be present in secretor milk in appreciable amounts. LNFP I and
LNDFH I proved equally effective markers when normalized to
the absolute abundance of LNT, yielding low false positive rates
and high true positive rates, both with AUC ≥ 0.95. The ROC
curve for LNDFH I yielded a higher false-negative rate than the
other fucosylated markers (AUC = 0.924) and was not included
in Figure 6, but the statistics of this marker are summarized in
Table 2. Forty-two out of 44 secretors were correctly identified
by 2′FL/3′FL, LDFT/LNT, and LNDFP I/LNT markers;
however, the sensitivity was compromised by two samples that
were assigned Le(a-b+) (secretor) type by the serological tests,
but produce the markers in amounts comparable to that of
nonsecretors.

■ CONCLUSION

The proposed method for determining secretor status based
exclusively on the relative quantitation of milk oligosaccharides
is a valuable tool for future studies seeking to correlate the
specific structure of HMO isomers carrying blood group
epitopes with their biological function. With the effects of
secretor status on HMO composition now well characterized in
the literature, it is important to investigate the biological
implications of varying oligosaccharide content among
secretors and nonsecretors, which poses the following question:
does the specific milk oligosaccharide composition determined
by the mother’s secretor status have an effect on the health of
the infant? It has already been shown that secretor
oligosaccharide structures inhibit the binding of a number of
pathogenic bacteria to gastric epithelial cells.2,3,29−31 On the
other hand, the nonsecretor phenotype occurs with higher
frequency in African, Central Asian, Pacific, and Far East
populations, and has been linked to providing protection
against a number of viral infections including certain strains of
norovirus, influenza, rhinovirus, and HIV-1.32 HMOs also
provide an abundant food source and encourage the growth of
health-promoting microorganisms in the infant’s gut, protecting
the infant from the colonization of harmful pathogens.2,3,33−35

The secretor genotype is associated with the bifidobacteria
composition in the human intestine, with the diversity, richness,
and abundance of bifidobacteria significantly reduced in
nonsecretor individuals.36 As oligosaccharide expression in
breast milk is dependent on Lewis blood type and secretor
status, it is important to correlate the HMO expression of
secretor and nonsecretor mothers to the microbiota in breast-
fed infants in order to investigate the mircobiota-mediated
protective properties of secretor milk versus nonsecretor milk.

Figure 6. ROC curves for the assessment of secretor markers 2′FL/
3′FL (A), LDFT/LNT (B), LNFP I/LNT (C), and 6′SL/3′SL (D).
AUC values are inset.

Table 3. Summary of Secretor Status Marker Analysis by ROC Curves

marker (m/z, RT min) normalized to (m/z, RT) criterion ratio specificity sensitivity

2′FL (491.19, 10.8) 3′FL (491.19, 1.56 min) >6.5827 100. 95.5
LNFP I (856.33, 13.45) LNT (710.27, 14.17 min) >0.0567 100. 88.6
LDFT (637.25, 13.50) LNT (710.27, 14.17 min) >0.0001 93.8 100.
LNDFH I (1002.38, 10.25) LNT (710.27, 14.17 min) >0.0086 100. 89.2
6′SL (636.23, 13.61) 3′SL (636.23, 21.97 min) <0.0235 100. 93.2
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sialyllacto-N-tetraose b; LSTa, sialyllacto-N-tetraose a;
LNDFH I, lacto-N-difucohexaose I; LNDFH II, lacto-N-
difucohexaose II; LNH, lacto-N-hexaose; LNnH, lacto-N-
neohexaose; p-LNH, para-lacto-N-hexaose; F-LSTc, mono-
fucosylmonosialyllacto-N-tetraose c; MFpLNH IV, monofuco-
syl para-lacto-N-hexaose; MFLNH III, monofucosyllacto-N-
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III; IFLNH I, isomeric fucosylated lacto-N-hexaose I; s-LNH,
sialyllacto-N-hexaose; s-LNnH II, sialyllacto-N-neohexaose II;
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composition (Hex:HexNAc:Fucose:Neu5Ac), with letters
designating the elution order of isomers.
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