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So far, little is known on the fate of oligosaccharides in the colon of breast- and formula-fed babies. Using
capillary electrophoresis with laser induced fluorescence detector coupled to a mass spectrometer
(CE-LIF-MS"), we studied the fecal oligosaccharide profiles of 27 two-month-old breast-, formula- and
mixed-fed preterm babies. The interpretation of the complex oligosaccharide profiles was facilitated
by beforehand clustering the CE-LIF data points by agglomerative hierarchical clustering (AHC). In the
feces of breast-fed babies, characteristic human milk oligosaccharide (HMO) profiles, showing genetic
fingerprints known for human milk of secretors and non-secretors, were recognized. Alternatively,
advanced degradation and bioconversion of HMOs, resulting in an accumulation of acidic HMOs or
HMO bioconversion products was observed. Independent of the prebiotic supplementation of the formula
with galactooligosaccharides (GOS) at the level used, similar oligosaccharide profiles of low peak abun-
dance were obtained for formula-fed babies. Feeding influences the presence of diet-related oligosaccha-
rides in baby feces and gastrointestinal adaptation plays an important role herein. Four fecal
oligosaccharides, characterized as HexNAc-Hex-Hex, Hex-[Fuc]-HexNAc-Hex, HexNAc-[Fuc]-Hex-Hex
and HexNAc-[Fuc]-Hex-HexNAc-Hex-Hex, highlighted an active gastrointestinal metabolization of the
feeding-related oligosaccharides. Their presence was linked to the gastrointestinal mucus layer and the
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blood-group determinant oligosaccharides therein, which are characteristic for the host’s genotype.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Dietary prebiotic carbohydrates, such as human milk oligosac-
charides (HMOs) and galactooligosaccharides (GOS), have a consid-
erable impact on the neonatal gastrointestinal development. They
influence the intestinal microbial colonization, which is responsi-
ble for the absorption and metabolisation of food ingredients, the
establishment of the immune system, act as receptor analogs for
pathogenic bacteria and prevent constipation.!~® HMOs are a mix-
ture of structurally complex, lactose-based oligosaccharides, com-

Abbreviations: AHC, agglomerative hierarchical clustering; APTS, 9-aminopy-
rene-1,4,6-trisulfonate; CE-LIF-MS", capillary electrophoresis-laser induced
fluorescence detection-mass spectrometry; DF-L, difucosyllactose; DF-LNH, dif-
ucosyllacto-N-hexaose; DS-LNT, disialyllacto-N-tetraose; FL, fucosyllactose; F-LNH,
fucosyllacto-N-hexaose; Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosamin;
Glc, glucose; GIcNAc, N-acetylglucosamin; Hex, hexose; HMO, human milk oligo-
saccharides; HPAEC, high performance anion exchange chromatography; LNDFH,
lacto-N-difucosylhexaose; LNFP, lacto-N-fucopentaose; LNH, lacto-N-hexaose; LNT,
lacto-N-tetraose; LnNT, lacto-N-neo-tetraose; Neu5Ac, sialic acid; SL, sialyllactose;
S-LNT, sialyllacto-N-tetraose; TFA, trifluoroacetic acid; TF-LNH, trifucosyllacto-N-
hexaose.
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posed of galactose (Gal), glucose (Glc), N-acetyl-glucosamine
(GIcNAc) and frequently decorated by fucose (Fuc) and sialic acid
(Neu5Ac).” HMOs are present in human milk to an extent of 3-
19 g/L.”® The qualitative and quantitative composition of HMOs
in breast milk is individual-dependent. Human milk can be classi-
fied according to the presence and absence of o-(1-3/4)- and
a-(1-2)-fucosylated oligosaccharides, which indicate the activity
of the Lewis (Le)- and Secretor (Se)-gene of the mother, with the
latter being responsible for the expression of o-(1-2)-fucosyl-
transferase FUT2.%%° Due to the complexity and individual-depen-
dent profile of HMOs it has not been possible to reproduce HMOs
for the use as prebiotic supplements of breast-milk replacers so
far. Prebiotic GOS are structurally similar to HMOs, however, less
complex. They are high in galactose content and carry a lactose
unit at the reducing end. GOS are frequently added to infant formu-
las for term and preterm babies.!° Especially preterm infants (born
after a gestational age of 24-36 weeks) are vulnerable for infec-
tions due to their impaired immunity.!’ This results in frequent
antibiotic use and this is one of the factors, which can distort the
intestinal flora. Although human milk is the preferred feeding to
these infants, human milk is not always available and substitution
with preterm formula is important,'? for example, in order to
establish a balanced microflora.
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Several studies on the intestinal flora composition of term and
preterm born babies have been performed in order to evaluate
the value of HMOs in breast milk and prebiotic oligosaccharides
in infant formula.'>'# However, little is known on the gastrointes-
tinal fate of the individual oligosaccharide structures. Diet-related
oligosaccharides can be traced back in baby feces, but they have
rarely been studied in detail.'*"'® A more profound knowledge of
the gastrointestinal fate of oligosaccharides would be helpful for
the understanding of the structure-function relation of feeding-re-
lated oligosaccharides.

We recently introduced the hyphenation of capillary electro-
phoresis with laser-induced fluorescence detection to a mass spec-
trometer capable to perform multiple MS analysis (CE-LIF-MS")
for the separation and characterization of HMOs in breast milk
and feces of breast-fed babies.!”

In the present study we applied CE-LIF-MS" for a broad-range
screening of oligosaccharides present in feces of breast-, formula-
and mixed-fed preterm babies. The formula was either fortified
with prebiotic galactooligosaccharides (GOS; 0.4 g/dL) or did not
contain any prebiotic oligosaccharides. Agglomerative hierarchical
clustering (AHC) was performed on the CE-LIF data points in order
to observe general trends. Subsequently, CE-LIF-MS" oligosaccha-
ride profiles were described in order to study the individual-depen-
dent and genetically determined gastrointestinal degradation of
feeding-related carbohydrates. MS" analysis was applied for the
identification of unknown oligosaccharides.

2. Results

Twenty-seven fecal samples from preterm babies were ana-
lyzed. Thirteen babies received a feeding exclusively or predomi-
nantly composed of breast milk, with breast milk contributing to
>60% of the total feeding, which the baby received during the study
period. The other 14 babies received a feeding exclusively or pre-
dominantly composed of preterm infant formula (Frisolac prema-
tuur), supplemented with 0.4 g/dL GOS or the same formula
without GOS supplementation. The infant formula contributed to
>45% to the total feeding (Table 1).

2.1. Sugar composition of the fecal extracts

For a first screening, the HMO-constituting sugars [fucose (Fuc),
galactose (Gal), glucose (Glc), N-acetylglucosamine (GlcNAc), sialic
acid (Neu5Ac)] and N-acetylgalactosamine (GalNAc) and mannose
(Man), which are known to be supplementary present in the glyco-
conjugates of the human gastrointestinal mucosa,”!'® were deter-
mined by high performance anion exchange chromatography
(HPAEC) after acid hydrolysis of the fecal samples. The molar sugar

Table 1
Feeding groups, blood groups of babies and sample codes for fecal samples used in
this study and examined by AHC and CE-LIF-MS

Composition of feeding (% of n AHC codes (Fig. 1) (blood group
feeding to total feeding) (babies) indicated in brackets)

Breast-milk (100%) 5 A1(0), A4(A), A9(A), A11(A),
A13(B)

A2(nd), A3(0), A5(0), AS(0),
A10(A), A12(0)

A6°(A), A7(A)

B5(A), B6(A), B7(A), BS(A), B10(A),
B12'(B), B13(A), B14(AB)

B1°(A), B2°(0), B3(B), B4(0), B9(A),
B11(0)

Breast milk (>80%) and formula 6

Breast milk (>60%) and formula 2

Formula (>45%) and breast milk 8

Formula (100%) 6

nd: not defined.
" Formula supplemented with 0.4 g/dL GOS.

proportions, are presented relative to Gal =1 in Table 2, grouped
according to the main feeding the babies received. Similar molar
proportions were obtained for samples analyzed in duplicate but
highly diverse proportions were found for the different samples.
Nevertheless, mean values were calculated. The high standard
deviations indicated variations in the fecal sugar compositions de-
spite the similar feeding received. Overall, the sugar proportions
found for the predominantly breast-fed babies (group A) can be
described as Fuc, GIcNAc > Glc > GalNAc, Man, Neu5Ac, whereas
for predominantly formula-fed babies (group B) it was
GlcNAc > Fuc > Glc, GalNAc > Man, Neu5Ac. The mean proportions
of GIcNAc, GalNAc, Man and Neu5Ac for formula-fed babies were
higher than for breast-fed babies. Some sub-groups could be ob-
served within the feeding groups. The predominantly breast-fed
babies A4-A10 showed similar fecal relative proportions of Fuc,
Glc and GIcNAc, but sub-divisions of the sample sub-group were
indicated by the different GalNAc-, Man- and Neu5Ac-proportions,
which were low or even zero for samples A4, A9 and A10. Samples
A1-A3 and A11-A13 showed highly diverse sugar proportions. The
proportions of GalNAc, found for these specific breast-fed babies,
were more comparable to what was found for formula-fed babies.
The predominantly formula-fed babies B1-B2, who got GOS-sup-
plemented formula, and B13-B14 could be distinguished within
the formula-fed group due to the lowered proportions of all or sev-
eral of the sugars Fuc, Glc, GIcNAc, GalNAc and Neu5Ac and may
indicate an increased relative galactose content.

2.2. Agglomerative hierarchical clustering (AHC) of CE-LIF
oligosaccharide profiles

Sugar composition analysis indicated variations within feeding
groups and the possible presence of sub-groups with high similar-
ities. Lower standard deviations were obtained by averaging the
sugar proportions obtained for A5-A7, A9-A10 and B3-B12 (Table
2), compared to what was obtained for the total feeding group.
These sample-groups thus represent sub-groups. The sugar build-
ing units, as determined in 2.1, can represent numerous, structur-
ally different oligosaccharides. The fecal extracts were, therefore,
analyzed for their oligosaccharide profiles by CE-LIF. AHC was then
performed on the data points for all CE-LIF electropherograms in
order to investigate the similarity between the samples. Two main
clusters and one sample (A1), which did not match with any of the
two clusters, are obtained (Fig. 1). The first cluster was composed
of samples from exclusively and predominantly breast-fed babies
(A2-A10). Samples A2 and A3 showed low similarity to samples
A4-A10, which could be further divided into the sub-clusters A4/
A5-A7 and A8/A9-A10. The second cluster was mainly composed
of samples from exclusively and predominantly formula-fed ba-
bies. Three breast-fed babies (samples A11-A13) were also located
in the second cluster. Several sub-clusters were observed for feces
from the formula-fed group, with the most homogenous cluster
being composed of samples B4-B11. In line with the exceptional
sugar proportions observed for babies A1-A3, A11-A13, B1-B2
and B13-B14, low similarities to the other samples of the same
feeding group were found with AHC for these samples as based
on the CE-LIF profiles.

2.3. Characterization of the CE-LIF oligosaccharide profiles

2.3.1. Breast-fed babies showing fecal oligosaccharide profiles
similar to breast milk

Fucosyl-lactose (FL), difucosyl-lactose (DF-L), lacto-N-neotetra-
ose(LnNT)-isomers, lacto-N-tetraose (LNT), lacto-N-fucopentaose
(LNFP)-isomers, lacto-N-difuco-hexaose(LNDFH)-isomers, fucosyl-
lacto-N-hexaose(F-LNH)-isomers, di-fucosyl-lacto-N-hexaose(DF-
LNH)-isomers and tri-fucosyl-lacto-N-hexaose(TF-LNH)-isomers
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Table 2
Sugar composition of fecal samples, presented relative to gal = 1 and ordered according to the feeding groups of babies
Fuc Gal Glc GIcNAc GalNAc Man Neu5Ac

Exclusively or predominantly breast-fed babies (A)

Al 0.09 1.00 0.34 0.78 0.19 0.09 0.21

A2 1.07 1.00 0.32 0.84 0.23 0.00 0.07

A3 0.56 1.00 0.51 0.50 0.04 0.08 0.08
.Y S (0 7 1o J o X -1 R 1 X1 R 000 T 000 T 001 7
. A5 0.82 1.00 0.51 0.58 0.05 0.04 0.01
| A6 0.81 1.00 0.43 0.63 0.13 0.05 0.03
A7 0.85 1.00 0.42 0.57 0.09 0.05 0.03
E A8 0.72 1.00 0.38 0.70 0.10 0.05 0.10
' A9 0.90 1.00 0.55 0.53 0.03 0.00 0.01
LA 086 _____________ 100 . 051 ... S 005 _........000___________ 005 _____|

All 0.55 1.00 0.65 0.85 0.58 0.19 0.00

Al12 0.63 1.00 0.32 0.83 0.36 0.23 0.18

A13 0.44 1.00 0.42 1.21 0.20 0.08 0.07

mean + STDEV 0.71+0.25 1.00 0.46+0.11 0.71+£0.19 0.16 £0.15 0.07 £ 0.07 0.06 £ 0.06

Exclusively or predominantly formula-fed babies (B)

B1 0.41 1.00 0.34 0.60 0.19 0.48 0.08

B2 043 . 100 071 . 080 ... 0A5 013 014

" B3 0.50 1.00 0.57 0.73 0.28 0.17 0.10 .
E B4 0.43 1.00 0.71 1.44 0.35 0.37 0.26 |
' B5 0.66 1.00 0.11 1.05 0.20 0.13 0.07 |
1 B6 0.57 1.00 0.12 0.97 0.35 0.19 0.09 |
\ B7 0.75 1.00 0.23 0.96 0.50 0.06 0.16 i
| B8 0.56 1.00 0.26 0.97 0.23 0.05 0.12 E
. B9 0.75 1.00 0.27 1.11 0.31 0.08 0.10 '
i B10 0.58 1.00 0.20 1.09 0.22 0.07 0.08 .
E B11 0.48 1.00 0.84 1.16 0.28 0.18 0.25 |
B2 ! 067 ... 100 030 ... 102 . 03001l .. 014 _____|

B13 0.29 1.00 0.30 0.46 0.21 0.14 0.16

B14 0.33 1.00 0.24 0.85 0.32 0.25 0.00

mean + STDEV 0.53+0.14 1.00 0.37+0.23 0.94+0.24 0.28 +0.09 0.17 £0.12 0.12 £0.06

A5-A7

mean = STDEV 0.83 +0.01 1.00 0.45 +0.04 0.59 £0.02 0.09 +0.03 0.05 +0.01 0.02 £0.01

A9-A10

mean = STDEV 0.88 +0.02 1.00 0.53 +0.02 0.52 +0.01 0.04 £ 0.01 0.00 £ 0.00 0.03 £0.02

B3-B12

mean * STDEV 0.58+0.11 1.00 0.37+0.23 1.07£0.17 0.29 +0.08 0.14+0.09 0.13 +0.06

Dashed lines indicate sample groups for which similarities in sugar composition were observed. Mean values and their standard deviations (mean + STDEV) are presented for
the feeding groups. mean * STDEV for A5-A7, A9-A10 and B3-B12 indicate similar sample-sub-groups.
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Figure 1. AHC dendrogram of CE-LIF datasets from the 27 fecal samples analyzed.
A: Exclusively breast-fed babies. A: Predominantly breast-fed babies. B: Exclusively
formula-fed babies. B: Predominantly formula-fed babies. *: Supplementation of
formula with 0.4 g/dL GOS. See Table 1 for the assignment of the sample codes to
the respective feeding group.

are HMOs and their degradation products, which were found to be
present in individual-dependent proportions in the feces of two

exclusively and five predominantly breast-fed babies (A4-A10), cor-
responding to what was previously reported.!” Representative elec-
tropherograms for these sub-groups are shown in Figure 2. Peaks,
which have been annotated by CE-LIF-MS" and/or using standards
are listed in Table 3. The oligosaccharide profiles could be discrimi-
nated according to their respective secretor-(A4-A8) or non-
secretor-(A9, A10) fingerprint. The o-(1-2)-fucosylated HMOs,
such as DF-L (a-Fuc-(1-2)-p-Gal-(1—-4)-[o-Fuc-(1-3)]-Glc; peak
7), LNFP-1 (o-Fuc-(1-2)-B-Gal-(1—-3)-B-GlcNAc-(1-3)-B-Gal-
(1-4)-Glc; peak 18) or LNDFH-I (a-Fuc-(1-2)-B-Gal-(1-3)-
[o-Fuc-(1—-4)]-B-GlcNAc-(1-3)-B-Gal-(1-4)-Glc; peak 20) are
characteristic for Le(a—b+)-secretor-milk and were present in the
fecal oligosaccharide profiles A4-A8. Two representative examples
(A4, A7) are shown in Figure 2. Besides the well-known HMO-peaks
and their degradation products'” (Fig. 2-A4) also an unknown struc-
ture of m/z328 (Fig. 2-A7, peak6) and two unknown structures of m/z
377 (Fig.2-A7, peaks 12/13) could be present in the secretor-profiles
of breast-fed babies, as exemplified by sample A7 in Figure 2. Strik-
ingly, m/z328 and m/z 377-1 were never present in the HMO-profiles
from exclusively breast-fed babies, but in some cases present in the
profiles of mixed-fed babies.

Secretor-milk-specific HMOs containing o-(1—-2)-fucose resi-
dues were absent in samples A9 and A10. This phenomenon is
typical for non-secretor milk Le(a+b—).>® CE-MS analysis
indicated isomeric structures for F-LNH and DF-LNH in
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Figure 2. CE-LIF electropherograms of APTS-derivatized oligosaccharides extracted from baby feces. (A4) HMO secretor profile of exclusively breast-fed baby A4. (A7) HMO
secretor profile including unknown oligosaccharides of mixed-fed baby A7. (A10) HMO non-secretor profile of mixed-fed baby A10. See Table 3 for peak annotation. * Internal

standard xylose.

secretor-profiles, visible as shoulders (Fig. 2, peaks 24/25) which
thus may contain o-(1-2)-fucose linkages. Only single-shaped
peaks were observed for F-LNH and DF-LNH in these non-secretor
profiles, as exemplified by sample A10 in Figure 2. On the other
hand, LNFP-II and two not further specified LNDFH isomers con-
tributed with a higher proportion to the total oligosaccharide
content in non-secretor profiles (Fig. 2-A10, peaks 15/21/22).

2.3.2. Breast-fed babies showing fecal oligosaccharide profiles
not similar to breast milk

For three exclusively and three partially breast-fed babies (sam-
ples A1-A3, A11-A13), which stood out in the clustering profile
due to their low similarity, fecal oligosaccharide profiles were
found, that did not depict a characteristic HMO pattern with CE-
LIF (Fig. 3). Exclusively acidic HMOs predominated in sample A1l

(Fig. 3-A1). In human milk, acidic HMOs are present in a 10-fold
lower concentration compared to neutral oligosaccharides.” SL,
three sialyl-lacto-N-tetraose(S-LNT)-isomers (Fig. 3-A1, peak 8/
11/17) and one disialyl-lacto-N-tetraose(DS-LNT)-isomer (Fig. 3-
A1, peak 16) were found in this oligosaccharide profile by CE-
LIF-MS analysis. Their origin from breast milk was confirmed by
their presence in the acidic fraction obtained by anion exchange
chromatography of HMOs (results not shown). Remarkably, in
sample A12 solely SL was found (results not shown).

Only a few, but dominant HMOs were found for A2 and A3,
which were LNFP II and LNDFH I as shown for A2 (Fig. 3-A2, peak
15/20). An unknown structure of my/z 377 was present as well
(Fig. 3-A2, peak 12), which corresponded to peak 12 in Figure 2-
A7, assigned as 377-1. No oligosaccharides were found to be pres-
ent in the profile of sample A13 (results not shown).

Table 3
Structural composition of oligosaccharides detected in CE-LIF electropherograms (Fig. 2/Fig. 3/Fig. 4)
Peaks (Fig. 2/ m/z Hexose GIcNAc Fucose Neu5Ac  Name Peaks (Fig. 2/ m/z Hexose GIcNAc Fucose Neu5Ac Name
Fig. 3/Fig. 4) (APTS (abbreviation) Fig. 3/Fig. 4) (APTS (abbreviation)
3-) 3-)
* Xylose ISTD 15 431 3 1 1 0 LNFP II
1 Monomers 16 576 3 1 0 2 DS-LNT
2 Dimers 17 479 3 1 0 1 S-LNT*
3 357 2 0 0 1 SL* 18 431 3 1 1 0 LNFP I
4 309 2 0 1 0 FL* 19 431 3 1 1 0 LNFP 111
5 382 3 1 0 0 LoNT Y 20 479 3 1 2 0 LNDFH I
6 328 2 1 0 0 m/z 328 21 479 3 1 2 0 LNDFH*
7 358 2 0 2 0 DF-L 22 479 3 1 2 0 LNDFH*
8 479 3 1 0 1 S-LNT* 23 498 3 2 1 0 m/z 498
9 382 3 1 0 0 LnNT 24 552 4 2 1 0 F-LNH*
10 431 3 1 1 0 LNFP Y 25 601 4 2 2 0 DF-LNH*
11 479 3 1 0 1 S-LNT* 26 650 4 2 3 0 TF-LNH*
12 377 2 1 1 0 m/z 377-1 - 314 3 0 0 0 Hexo-trioses™
13 377 2 1 1 0 m/z 377-11 ve-e 368 4 0 0 0 Hexo-
tetraoses™
14 382 3 1 0 0 LNT

The oligosaccharides are attached to an APTS-molecule and are present in their threefold negative charge in the ESI-MS profiles.

*: Isomers not further specified; : GIcNAc = HexNAc.
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Figure 3. CE-LIF electropherograms of APTS-derivatized oligosaccharides extracted from baby feces. (A1) Exclusively acidic HMOs of exclusively breast-fed baby A1. (A2)
Accumulation of LNFP-II/LNDFH-I of mixed-fed baby A2. (A11) Accumulation of structures with m/z 377-11/498 of exclusively breast-fed baby A11. See Table 3 for peak

annotation. * Internal standard xylose.

Interestingly, an oligosaccharide, previously assigned as 377-II
in the fecal profiles of breast-fed babies showing secretor-HMO-
profiles (Fig. 2-A7), was found to prevail in the profile of the
breast-fed baby A11 (Fig. 3-A11, peak 13), together with a struc-
ture of m/z 498 (Fig. 3, A11, peak 23). Besides the presence of
my/z 377-11 and m/z 498, the oligosaccharide level found for sample
A11 was quite low.

2.3.3. Fecal oligosaccharide profiles of formula-fed babies
Similar fecal oligosaccharide profiles were obtained for 10 for-
mula-fed or predominantly formula-fed babies (B2, B4-B12), irre-
spective of having received formula-feeding supplemented with
0.4 g/dL GOS. Representative electropherograms are shown in
Figure 4 for GOS-fed baby B12 and formula-fed baby B5. By means

of CE-MS, the two main oligosaccharide peak-clusters were identi-
fied as hexose trimers and tetramers (Fig. 4, peak III*"¢ and V3¢,
respectively). The oligosaccharide profiles of samples B1, B3, B13
and B14 could be distinguished from the other peak profiles of for-
mula-fed babies due to the abundant presence of an unknown
structure of m/z 328, as represented by baby B3, (Fig. 4-B3, peak
6), which was as well present as a minor component in the oligo-
saccharide profiles of breast-fed babies showing a secretor-profile
(Fig. 2-A7, peak 6).

2.3.4. Annotation of the unknown peaks m/z 377-1/-1I, 328 and
498

As described above, four unknown compounds of the masses
m/z 328, m/z 377 (isomers I and II) and m/z 498 were observed in

;
2
> - = n e [\ .
N N TN MMJ‘L&JLA B12
s
o
= , e
o e B5
2
JMMMJMAM B3
migration time (min)
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Figure 4. CE-LIF electropherograms of APTS-derivatized oligosaccharides extracted from baby feces. (B12) Mixed-fed baby B12 (GOS-supplemented formula). (B5) Mixed-fed
baby B5 (control formula). (B3) Exclusively formula-fed baby B3 (control) showing abundant oligosaccharide of m/z 328. See Table 3 for peak annotation. * Internal standard

xylose.
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several fecal extracts. Although having the same m/z values and
migrating closely together in CE-LIF, the MS fragmentation pat-
terns of m/z 377-1 (found for several partially breast-fed babies
(Fig. 2/[Fig. 3, peak 12)) and m/z 3771l (found for several exclu-
sively and partially breast-fed babies (Fig. 2/Fig. 3, peak 13))
showed marked differences (Fig. 5A).

The compound m/z 377-1 was annotated as Hex-[Fuc]-HexNAc-
Hex-APTS (Fig. 5A), as supported by its mass fragments Hex-APTS,
HexNAc-Hex-APTS, Fuc-HexNAc-Hex-APTS and Hex-HexNAc-Hex-
APTS (Table 4).

For compound 377-II, the presence of the fragments Hex-APTS,
Hex-Hex-APTS, Fuc-Hex-Hex-APTS and HexNAc-Hex-Hex-APTS, as
summarized in Table 4, led to an annotation of HexNAc-|[Fuc]-Hex-
Hex-APTS (Fig. 5A).

The fragmentation pattern of m/z 328 (found as minor compo-
nent for several partially breast-fed babies and as dominant peak
for several formula-fed babies (Fig. 2/Fig. 4, peak 6)) lacked the
fragment Hex-APTS, although showing an abundant Hex-Hex-APTS
fragment (Fig. 5B, Table 4). This characteristic fragmentation was
also found for a mixture of the single-substituted, Hex-Hex-based
structures 3'SL (a-Neu5Ac-(2—3)-B-Gal-(1—-4)-Glc) and 6'SL (a-
Neu5Ac-(2—-6)-pB-Gal(1—-4)-Glc) (data not shown). HexNAc-Hex-
Hex-APTS was thus annotated for m/z 328.

The MS fragments, which resulted for m/z 498 (Fig. 5B) (breast-
fed baby A11 (Fig. 3-A11, peak23)) are summarized in Table 4. The
presence of fragments Fuc-Hex-HexNAc-Hex-Hex-APTS and
HexNAc-Hex-HexNAc-Hex-Hex-APTS provide complementary
information on the substitution of the terminal hexose unit with
Fuc as well as HexNAc. This led to the annotation of HexNAc-
[Fuc]-Hex-HexNAc-Hex-Hex-APTS for m/z 498. Unfortunately, the
definitive identification of the new structures by NMR was not pos-
sible due to the low sample amounts available.

3. Discussion
3.1. Breast-fed babies

Three out of the five exclusively breast-fed babies showed the
absence of a characteristic HMO profile after approximately two
months of life. On the other hand, for the majority of predomi-
nantly, but not exclusively, breast-fed babies (five out of eight),
fecal HMO-profiles were obtained. The individual-dependent,
genetically determined HMO-profiles of secretor- [Le(a—b+)]- and
non-secretor- [Le(a+b—)] breast milk® were mirrored in these fecal
HMO-profiles and resulted in different degrees of similarities
among the samples.
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Figure 5. MS? fragmentation patterns and structural composition of (A) m/z 377-1/-II. (B) m/z 328 and m/z 498. [2—] [3—]: charge state of APTS-molecule.
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Table 4
Presence and annotation of MS? fragments of m/z 328 (Table 3, peak 6), 377-1/II (Table 3, peaks 12/13) and 498 (Table 3, peak 23)
m/z 328 myfz 377-1 myz 377-11 m/z 498

m/z Fragment pair Structural composition

m/z 207[3-]/310[2—] Hex-APTS - + + +

m/z 255[3—]/383[2—] Fuc-Hex-APTS - - - -

m/z 260[3—-]/391[2—] Hex-Hex-APTS + - + +

m/z 274[3-]/411[2—] HexNAc-Hex-APTS - + - -

m/z 309[3—]/464[2—] Fuc-Hex-Hex-APTS - - + -

m/z 323[3—]/485[2—] Fuc-HexNAc-Hex-APTS - + -

m/z 328[3-]/492[2—] HexNAc-Hex-Hex-APTS/Hex-HexNAc-Hex-APTS - + +

m/z 382[3-1/574[2 ]
m/z 431[3—1/647[2— ]
m/z 449[3-1/674[2 ]

Hex-HexNAc-Hex-Hex-APTS
Fuc-Hex-HexNAc-Hex-Hex-APTS
HexNAc-Hex-HexNAc-Hex-Hex-APTS

Mixed feeding can thus delay an advanced HMO-degradation
and metabolization at two months after birth. A lower adaptation
to the feeding and a microbiota not exclusively specified in the
degradation and metabolization of HMOs for these babies was
indicated.

The presence of exclusively acidic oligosaccharides, such as SL,
S-LNT, DS-LNT-isomers, as observed in the feces of the breast-fed
baby A1 (Fig. 3-A1), the accumulation of specific HMOs (Fig. 3-
A2) or unknown structures (Fig. 3-A11) and the absence of specific
oligosaccharides (sample A13) can thus be interpreted as biomark-
ers for an advanced gastrointestinal and gastromicrobial develop-
ment and explain the diversity found for these samples with
CE-LIF, expressed by their low similarities in AHC. The increased
presence of GIcNAc and the non-HMO sugars GalNAc and Man,
which are known to be present in the glycoconjugates of the hu-
man gastrointestinal mucosa,'® may indicate an involvement of
mucin oligosaccharides in the gastrointestinal re-design of diet-re-
lated HMOs. To understand the gastrointestinal bioconversion of
HMOs, more study is needed.

3.2. Blood group A-specific metabolization products in the feces
of breast-fed babies

Breast-fed babies, for whom HexNAc-|Fuc]-Hex-Hex-APTS (m/z
377-11) and HexNAc-[Fuc]-Hex-HexNAc-Hex-Hex-APTS (m/z 498)
were annotated in their fecal oligosaccharide profiles, all had blood
group A (Table 1), as was exemplified by babies A7 and A11 in Fig-
ure 2/Figure 3. a-GalNAc-(1-3)-[a-Fuc-(1—2)]-Gal is the antigenic
determinant structure of blood group A,'® which corresponds to the
non-reducing HexNAc-[Fuc]-Hex-group found for m/z 377-11 and
m/z 498 and is further supported by the increased presence of
the non-HMO-sugar GalNAc in the respective samples. The
oligosaccharides o-GalNAc-(1-3)-[a-Fuc-(1-2)]-B-Gal(1—4)-Glc
(corresponding to m/z 377-11) and o-GalNAc-(1-3)-[a-Fuc-
(1-2)]-B-Gal(1-3)-B-GIcNAc(1-3)-B-Gal-(1-4)-Glc (corre-
sponding to m/z 498) were previously identified in the feces of a
single, eight weeks old, prematurely born breast-fed blood group
A-secretor baby.'>'® Blood group characteristic oligosaccharides
are not expected to occur in human milk.'>° However, the occur-
rence of trace amounts has previously been suggested but the struc-
tural composition of these oligosaccharides has not been proven.?!
The gastrointestinal mucosa is known to carry a broad range of
cell-surface glycoconjugates, which are built up from Gal, Glc, Gal-
NAc, GIcNAc, Man, Fuc and Neu5Ac.'® The antigenic determinant
structures of these glycoconjugates are, among other factors, deter-
mined by the host’s ABO histo-blood group type.> A sole microbial
degradation of these structures from mucus epitopes®>?> was not
expected. Our results indicate a gastrointestinal bioconversion of
the HMOs, with an involvement of these blood group specific mucus
epitopes. This is similar to what has been hypothesized in previous
studies in view of the high yield of these fecal oligosaccharides
detected in the respective sample.'>!® Our assumption of

bioconversion is further supported by the fact that neither m/z
377-11 nor m/z 498 was detected in the feces of any of the formula-
fed babies.

Blood-group specific oligosaccharides can be absent in the feces
of breast-fed blood group A secretor babies (Fig. 2-A4), they can be
present additionally to HMOs (Fig. 2-A7, peak 13) or they can be
present as exclusive components (Fig. 3-A11, peaks 13/23).
Blood-group A non-secretor babies (A9 and A10; Fig. 2-A10) lacked
the presence of theses oligosaccharides, due to the presence of a
terminal o-(1—2)-Fuc-linkage for these structures.!>?4 The extent
to which blood-group specific oligosaccharides are present in feces
depends on the secretor status of the baby and may depend on the
presence of secretor-breast milk and on the state of development
and adaption of the gastrointestinal microbiota to the HMOs
provided.

3.3. Presence of unknown oligosaccharide m/z 377-1 in the feces
of breast-fed babies

Hex-[Fuc]-HexNAc-Hex-APTS (m/z 377-1), which was found for
several predominantly but not exclusively, breast-fed babies
(Fig. 2-A7 and Fig. 3-A2) seems to be dependent on the gastrointes-
tinal presence of HMOs, but does not depend on the respective
blood group (Table 1). The compound m/z 377-1 may result
from the gastrointestinal degradation of the para-isomers of
higher-molecular weight HMOs, which carry a terminal
B-Gal-(1-3)-B-GIcNAc-(1-3)-B-Gal-(1—-4)-unit (e.g., F-para-LNH
I, B-Gal-(1-3)-B-GlcNAc-(1-3)-pB-Gal-(1—-4)-[o-Fuc-(1-3)]-B-
GlcNAc-(1-3)-p-Gal-(1-4)-Glc).

Another possibility is the origin from gastrointestinal mucin-
type-O-glycans, for which repeats of Gal-GlcNAc-units were de-
scribed.?®> The presence of intestinal bacteria-/enzyme-sets able
to degrade these structures for these HMO-fed babies has to be as-
sumed in that case.

3.4. Formula-fed babies

Ten out of fourteen fecal extracts from exclusively and predom-
inantly formula-fed babies showed similar fecal CE-LIF patterns,
independent of feeding a preterm formula without GOS or a pre-
term formula supplemented with 0.4 g/dL GOS, as was represented
in Figure 4 by samples B12 and B5. The hexo-trioses and hexo-
tetraoses, which are present in a low abundance in these fecal pro-
files, as well as the numerous un-identified peaks were, therefore,
assumed to originate from the gastrointestinal mucus layer and
not from the supplemented GOS, as also indicated by the high
GIcNAc-, GalNAc- and Man-proportions found for these samples
(Table 2). A higher contribution of monomeric Gal was expected
for the exclusively GOS-fed babies (B1, B2), due to the low propor-
tions of the other sugars determined in these two samples relative
to Gal (Table 2). However, no conclusions could be drawn from the
CE-LIF profiles due to the fact that monomeric sugars were partly
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removed during sample-preparation for CE-LIF-MS. For fecal
samples originating from 24 day old preterm-born babies who re-
ceived formula supplemented with 0.5 g/dL, we found hexose-oli-
gosaccharides related to the supplemented GOS (unpublished
results). In addition, GOS and FOS were recovered in the feces of
1 month old babies, who received a formula supplemented with
a mixture of 0.8 g/dL GOS:FOS (9:1) by Moro et al.'* In the present
study, the fecal samples were taken at the age of two months and
the fecal flora may be more developed and adapted to GOS than in
the study of Moro et al.'* and able to completely degrade GOS. The
fecal recovery of supplemented oligosaccharides to infant formula
may thus depend on their concentration and on the stage of gastro-
intestinal development of the baby.

3.5. Presence of unknown oligosaccharide m/z 328 in the feces
of breast- and formula-fed babies

HexNAc-Hex-Hex-APTS (m/z 328) was found in minor propor-
tions for several mixed-fed babies showing secretor-HMO profiles
and as major component for the four formula-fed babies B1, B3,
B13, B14 (exemplified by Fig. 2-A7, Fig. 4-B3). The presence of Hex-
NAc-Hex-Hex is not dependent on the gastrointestinal presence of
HMOs or the type of infant formula. Furthermore, this unknown
structure was not present in any of the fecal profiles of exclusively
breast-fed babies and babies showing non-secretor HMO-profiles.
A mucosal origin is assumed for HexNAc-Hex-Hex and the pro-
nounced expression of HexNAc-Hex-Hex for formula-fed babies
may indicate an enhanced mucus-degradation. This may point to
lack of intestinal feeding and thus to the need of the microbiota
to degrade sugar units from the gastrointestinal mucus layer. The
observed dependency of HexNAc-Hex-Hex on the presence of
secretor-breast milk in case of breast-feeding may implicate the
involvement of o~(1—2)-fucosylation prior to the gastrointestinal
release of this compound.

4. Concluding remarks

Overall, the fecal recovery of oligosaccharides from human milk
and formula seems to be dependent on the adaptation of the gas-
trointestinal microbiota to the respective feeding and the concen-
tration of oligosaccharides herein. The host’s genotype plays also
an important role in the gastrointestinal oligosaccharide metabol-
isation and was identified as a determinant factor responsible for
the presence of the blood group characteristic oligosaccharides
GalNAc-[Fuc]-Gal-Glc, GalNAc-[Fuc]-Gal-GIcNAc-Ga-Glc, and may
be involved in the formation of the structures annotated as Hex-
[Fuc]-HexNAc-Hex and HexNAc-Hex-Hex in the feces.

Fecal oligosaccharide profiles contain valuable information. To
understand the gastrointestinal bioconversion of HMOs, more
study is needed.

5. Experimentals
5.1. Set-up study and sample collection

Twenty-seven fecal samples of approximately two month old
preterm infants (born after 27-35 weeks of gestation and a birth
weight between 770 g and 2285 g) were selected from a clinical
study on the investigation of the effect of the supplementation of
preterm infant formula with prebiotic GOS or lactoferrin on the
performance of preterm babies, which was set up and performed
prior to our research intention. The study was performed at the le-
vel Il neonatal intensive care unit of the Isala clinics, Zwolle, The
Netherlands. Enteral feeding of the babies was started after birth
as soon as possible and full enteral feeding was established 5-

19 days after birth. Fecal samples were taken 6 weeks after full
enteral feeding was established and samples were frozen at
—20°C until analysis. The babies received either exclusively ex-
pressed human milk from their own mother (n =5) or preterm in-
fant formula (n=6) [supplemented with 0.4 g/dL GOS (Frisolac
prematuur, FrieslandCampina DOMO, Zwolle, The Netherlands),
or without GOS (Frisolac prematuur, GOS replaced by maltodex-
trin), or supplemented with 0.1 g/dL lactoferrin]. Sixteen babies
got mixed feeding (breast milk and formula). Breast milk meals
contributed to >80%, >60% or <55% of the total number of feedings,
which these babies got during the study period (Table 1). The ba-
bies were randomly assigned to one of the three formula groups.
The study was performed double-blind and was approved by the
medical ethical review board of the hospital. Written informed
consent was obtained from all the parents. Except for baby A2,
the blood group of the babies was known (Table 1). Among the
27 babies studied were two twin pairs and one triplet pair, but
they were not further specified in this study. Lactoferrin-supple-
mentation was not of interest for the present study on the analysis
of fecal oligosaccharides and no differences were observed in the
fecal oligosaccharide profiles of formula-fed babies with and with-
out lactoferrin supplementation. Babies who got preterm infant
formula supplemented with lactoferrin (A7, B4, B7, B8, B14) were
thus assigned to the control group and not further specified.

5.2. HMO reference material and chemicals

2'Fucosyllactose, lacto-N-tetraose, lacto-N-fucopentaose I-III,
lacto-N-difucohexaose, 3'monofucosyl-lacto-N-hexaose and a mix-
ture composed of 3’sialyllactose, 6'sialyllactose and 6’sialyl-N-
acetyllactosamine were purchased from Dextra Laboratories
(Reading, UK). All other chemicals used were of analytical grade.

5.3. Oligosaccharide extraction from feces

Oligosaccharides from feces were extracted according to Moro
et al.'* Watery fecal slurries (50 mg/mL) were kept overnight at
4 °C, centrifuged (15 min, 3500xg) and filtered through a 0.22 pm
membrane. Fecal enzymes were inactivated by heat (5 min, 100 °C).

The carbohydrates extracted from fecal extracts were purified
by solid phase extraction on graphitized carbon column cartridges
(150 mg bed weight, 4 mL tube size; Alltech, Deerfield, Il, USA) as
described previously.'”?% In short, the cartridges were washed
with 80/20 (v/v) acetonitrile (ACN)/water containing 0.1% (v/v) tri-
fluoroacetic acid (TFA) followed by millipore water. After loading
the sample extract onto the cartridge, monomers and lactose were
largely removed by eluting with an aqueous 2% (v/v) ACN solution.
The remaining carbohydrates on the cartridge were eluted with 40/
60 (v/v) ACN/water containing 0.05% (v/v) TFA. The solution was
dried under a stream of air and the dried sample was then rehy-
drated with millipore water.

5.4. Monosaccharide composition analysis

The crude fecal extracts (not purified on graphitized carbon col-
umns) were hydrolyzed with 2 M TFA for 1 h at T= 121 °C followed
by evaporation and repeated washing with MeOH. The hydroly-
sates were re-dissolved in Millipore water and analyzed with
HPAEC-PAD for their monosaccharide composition.?’” For the
determination of sialic acid, mild sample hydrolysis with 0.1 M
TFA for 40 min at T =80 °C was applied'® before HPAEC analysis.?”

5.5. CE-LIF

For CE-LIF analysis, the carbohydrates present in the fecal ex-
tracts were derivatized with the fluorescent 9-aminopyrene-1,4,
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6-trisulfonate (APTS) overnight at room temperature as reported
elsewhere.?®?° One nmol xylose was added as internal standard
and mobility marker. CE-LIF was performed on a ProteomeLab PA
800 characterization system (Beckman Coulter, Fullerton, CA,
USA), equipped with a laser induced fluorescence detector (LIF)
(excitation: 488 nm, emission 520 nm) (Beckman Coulter) and a
polyvinyl alcohol coated capillary (50 pm ID x 50.2 cm (Beckman
Coulter), detector after 40 cm), kept at 25 °C. Samples were loaded
hydrodynamically (4 s at 0.5 psi, representing approx. 14 nL sample
solution) on the capillary. Separation was performed in the re-
versed polarity mode (30 kV, 20 min) in a 25 mM acetate buffer
containing 0.4% polyethylene oxide provided in the ProteomeLab
Carbohydrate Labeling and Analysis Kit (Beckman Coulter). Due to
the low pK, of the sialic acid residues (pK, 2.6) and in order to pro-
vide the same buffer-pH as for CE-MS analysis, the separation buf-
fer was adjusted to pH 2.4 by adding 1.2% (v/v) formic acid.!” Peaks
were integrated manually using Chromeleon software 6.8 (Dionex,
Sunnyvale, CA, USA).

5.6. CE-LIF-ESI-MS"

CE-LIF-ESI-MS" experiments were performed on a P/ACE™ Sys-
tem MDQ (Beckman Coulter) according to Albrecht et al.'” For the
fluorescent detection (excitation: 488 nm, emission 520 nm), a
Picometrics ZetaLIF discovery system was used (Picometrics, Tou-
louse, France). Separation in 0.3% (v/v) formic acid (pH 2.4) was
performed on a fused silica capillary (50 pum ID x 85 cm (Beckman
Coulter), capillary window fitted with an ellipsoid for LIF detection
after 60 cm) in reversed polarity mode (20 kV, T =15 °C, 40 min).
Samples were injected at 10 psi for 2 s. LIF signals were sent to
Beckmann 32Karat software via a SSXL4002 converter (Agilent
Technologies, Santa Clara, CA, USA). The ESI-MS (LTQ ion trap,
Thermo Fisher Scientific Inc.,, Waltham, MA, USA) was operated
in the negative mode using a spray voltage of 1.9 kV and an MS-
capillary temperature of 190 °C. The end of the CE capillary was
installed in front of the ESI source by leading it through a T-part de-
signed in our laboratory>® and provided the coaxial addition of a
sheath liquid (50/50 isopropanol/water) at 2 pL/min. Mass spectra
were acquired from m/z 300 to 2000. MS" was performed in the
data dependent mode using a window of 1 m/z and collision energy
of 35%. For increasing the S/N ratio, ions of m/z 311, 314 and 329
were excluded from detection in MS” experiments (mass exclusion
list). MS™ data were interpreted using Xcalibur software 2.0.7
(Thermo).

5.7. Statistical analysis

The areas of the peaks in the CE-LIF electropherograms were nor-
malized on the internal standard xylose. Agglomerative hierarchical
clustering (AHC) was performed on the CE-LIF data points of all the
fecal extracts using XLSTAT 2010.2.03 (Addinsoft, New York, NY,
USA). Data points starting from the migration time of the internal
standard xylose (t = 4.1 min) were included in the statistical analy-
sis. 3334 data points were subjected to AHC per sample electrophe-
rogram. The similarities for AHC were determined by the Pearson
correlation coefficient and agglomerated using the unweighted pair
group method. The results are presented as dendrograms, showing
clustering patterns and the similarities among the clusters.

Acknowledgments

The authors thank Pascalle Weijzen and Rob te Biesebeke
(FrieslandCampina) for the performance of the statistical analysis
and sample selection, respectively. Within the framework of the
Carbohydrate Competence Center, this research has been finan-
cially supported by the European Union, the European Regional
Development Fund, and the Northern Netherlands Provinces
(Samenwerkingsverband Noord-Nederland), KOERS NOORD.

References

1. Cummings, . H.; Macfarlane, G. T. Clin. Nutr. 1997, 16, 3-11.

2. Lo Cascio, R. G.; Ninonuevo, M. R.; Freeman, S. L.; Sela, D. A.; Grimm, R.; Lebrilla,
C. B.; Mills, D. A.; German, ]. B. J. Agric. Food Chem. 2007, 55, 8914-8919.

3. Lu, L; Walker, W. A. Am. J. Clin. Nutr. 2001, 73, 1124S-1130S.

4. Moro, G.; Minoli, I.; Mosca, M.; Fanaro, S.; Jelinek, J.; Stahl, B.; Boehm, G. J.
Pediatr. Gastroenterol. Nutr. 2002, 34, 291-295.

5. Newburg, D. S.; Ruiz-Palacios, G. M.; Altaye, M.; Chaturvedi, P.; Meinzen-Derr,
J.; Guerrero, M. d. L.; Morrow, A. L. Glycobiology 2004, 14, 253-263.

6. Vanderhoof, J. A.; Young, R. ]. Ann. Allergy Asthma Immunol. 2003, 90, 99-103.

7. Kunz, C.; Rudloff, S.; Baier, W.; Klein, N.; Strobel, S. Ann. Rev. Nutr. 2000, 20,
699-722.

8. Viverge, D.; Grimmonprez, L.; Cassanas, G.; Bardet, L.; Bonnet, H.; Solére, M.
Ann. Nutr. Metab. 1985, 29, 1-11.

9. Thurl, S.; Henker, J.; Siegel, M.; Tovar, K.; Sawatzki, G. Glycoconjugate J. 1997, 14,
795-799.

10. Fanaro, S.; Boehm, G.; Garssen, J.; Knol, J.; Mosca, F.; Stahl, B.; Vigi, V. Acta
Paediatr. 2005, 94, 22-26.

11. Sangild, P. T. Exp. Biol. Med. 2006, 231, 1695-1711.

12. Neu, J. Early Hum. Dev. 2007, 83, 767-775.

13. Boehm, G.; Lidestri, M.; Casetta, P.; Jelinek, J.; Negretti, F.; Stahl, B.; Marini, A.
Arch. Dis. Child. 2002, 86, 178-181.

14. Moro, G. E.; Stahl, B.; Fanaro, S.; Jelinek, J.; Boehm, G.; Coppa, G. V. Acta
Paediatr. 2005, 94, 27-30.

15. Sabharwal, H.; Nilsson, B.; Chester, M. A.; Sjoblad, S.; Lundblad, A. Mol
Immunol. 1984, 21, 1105-1112.

16. Sabharwal, H.; Nilsson, B.; Gronberg, G.; Chester, M. A.; Dakour, J.; Sjoblad, S.;
Lundblad, A. Arch. Biochem. Biophys. 1988, 265, 390-406.

17. Albrecht, S.; Schols, H. A.; van den Heuvel, E. G. H. M.; Voragen, A. G. |;
Gruppen, H. Electrophoresis 2010, 31, 1264-1273.

18. Herrmann, A.; Davies, ]. R.; Lindell, G.; Martensson, S.; Packer, N. H.; Swallow,
D. M.; Carlstedt, L. J. Biol. Chem. 1999, 274, 15828-15836.

19. Schenkel-Brunner, H. Blood Group Antigens In Comprehensive Glycoscience.
From Chemistry to System Biology; Kamerling, J. P., Boons, G. ., Lee, Y. C., Suzuki,
A., Taniguchi, N., Voragen, A. G. ], Eds.; Elsevier: Oxford, UK, 2007; Vol. 3, pp
343-372.

20. Urashima, T.; Asakuma, S.; Messer, M. Milk Oligosaccharides In Comprehensive
Glycoscience. From Chemistry to System Biology; Kamerling, ]. P., Boons, G. ]., Lee,
Y. C., Suzuki, A., Taniguchi, N., Voragen, A. G. ]., Eds.; Elsevier: Oxford, 2007; Vol.
4, pp 695-722.

21. Kobata, A.; Ginsburg, V. J. Biol. Chem. 1970, 245, 1484-1490.

22. Hoskins, L. C.; Agustines, M.; McKee, W. B.; Boulding, E. T.; Kriaris, M.;
Miedermeyer, G. J. Clin. Invest. 1985, 75, 944-953.

23. Hoskins, L. C.; Boulding, E. T. J. Clin. Invest. 1976, 57, 63-73.

24. Kobata, A. Eur. J. Biochem. 1992, 209, 483-501.

25. Brockhausen, L. Biosynthesis of Mucin-Type O-Glycans In Comprehensive
Glycoscience. From Chemistry to System Biology; Kamerling, ]. P., Boons, G. ].,
Lee, Y. C., Suzuki, A., Taniguchi, N., Voragen, A. G. ]., Eds.; Elsevier: Oxford, 2007;
Vol. 3, pp 33-59.

26. Ninonuevo, M. R; Park, Y.; Yin, H.; Zhang, ].; Ward, R. E.; Clowers, B. H.;
German, J. B.; Freeman, S. L.; Killeen, K.; Grimm, R.; Lebrilla, C. B. J. Agric. Food
Chem. 2006, 54, 7471-7480.

27. Sengkhamparn, N.; Verhoef, R.; Schols, H. A.; Sajjaanantakul, T.; Voragen, A. G.
J. Carbohydr. Res. 2009, 344, 1824-1832.

28. Albrecht, S.; van Muiswinkel, G. C.].; Schols, H. A.; Voragen, A. G. J.; Gruppen, H.
J. Agric. Food Chem. 2009, 57, 3867-3876.

29. Evangelista, R. A.; Liu, M.-S.; Chen, F.-T. A. Anal. Chem. 1995, 67, 2239-2245.

30. Hilz, H.; de Jong, L. E.; Kabel, M. A.; Schols, H. A.; Voragen, A. G.].J. Chromatogr.,
A. 2006, 1133, 275-286.



	Oligosaccharides in feces of breast- and formula-fed babies
	1 Introduction
	2 Results
	2.1 Sugar composition of the fecal extracts
	2.2 Agglomerative hierarchical clustering (AHC) of CE–LIF oligosaccharide profiles
	2.3 Characterization of the CE–LIF oligosaccharide profiles
	2.3.1 Breast-fed babies showing fecal oligosaccharide profiles similar to breast milk
	2.3.2 Breast-fed babies showing fecal oligosaccharide profiles not similar to breast milk
	2.3.3 Fecal oligosaccharide profiles of formula-fed babies
	2.3.4 Annotation of the unknown peaks m/z 377-I/-II, 328 and 498


	3 Discussion
	3.1 Breast-fed babies
	3.2 Blood group A-specific metabolization products in the feces of breast-fed babies
	3.3 Presence of unknown oligosaccharide m/z 377-I in the feces of breast-fed babies
	3.4 Formula-fed babies
	3.5 Presence of unknown oligosaccharide m/z 328 in the feces of breast- and formula-fed babies

	4 Concluding remarks
	5 Experimentals
	5.1 Set-up study and sample collection
	5.2 HMO reference material and chemicals
	5.3 Oligosaccharide extraction from feces
	5.4 Monosaccharide composition analysis
	5.5 CE–LIF
	5.6 CE–LIF–ESI-MSn
	5.7 Statistical analysis

	Acknowledgments
	References


