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Abstract Mucus production is initiated before birth and pro-
vides mucin glycans to the infant gut microbiota. Bifidobacteria
are the major bacterial group in the feces of vaginally delivered
and breast milk-fed infants. Among the bifidobacteria, only
Bifidobacterium bifidum is able to degrade mucin and to release
monosaccharides which can be used by other gut microbes col-
onizing the infant gut. Eubacterium hallii is an early occurring
commensal that produces butyrate and propionate from fermen-
tation metabolites but that cannot degrade complex oligo- and
polysaccharides. We aimed to demonstrate that mucin cross-
feeding initiated by B. bifidum enables growth and metabolite
formation of E. hallii leading to short-chain fatty acid (SCFA)
formation. Growth and metabolite formation of co-cultures of
B. bifidum, of Bifidobacterium breve or Bifidobacterium
infantis, which use mucin-derived hexoses and fucose, and of
E. halliiwere determined. Growth of E. hallii in the presence of
lactose and mucin monosaccharides was tested. In co-culture
fermentations, the presence of B. bifidum enabled growth of
the other strains. B. bifidum/B. infantis co-cultures yielded ace-
tate, formate, and lactate while co-cultures of B. bifidum and
E. hallii formed acetate, formate, and butyrate. In three-strain
co-cultures, B. bifidum, E. hallii, and B. breve or B. infantis

produced up to 16 mM acetate, 5 mM formate, and 4 mM
butyrate. The formation of propionate (approximately 1 mM)
indicated cross-feeding on fucose. Lactose, galactose, and
GlcNAc were identified as substrates of E. hallii. This study
shows that trophic interactions of bifidobacteria and E. hallii
lead to the formation of acetate, butyrate, propionate, and for-
mate, potentially contributing to intestinal SCFA formation with
potential benefits for the host and for microbial colonization of
the infant gut. The ratios of SCFA formed differed depending on
the microbial species involved in mucin cross-feeding.

Keywords Mucin .Eubacterium hallii . Cross-feeding .
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Introduction

Mucin is produced by mucous and goblet cells of the gastroin-
testinal tract [1]. Production is initiated before birth, and a com-
plete mucus layer has already developed several days after birth
[2]. Human mucins are glycoproteins composed of a polypep-
tide backbone rich in tandem repeats of proline, serine, threo-
nine, and O-glycosylated side chains [1]. Eight core structures
of the mucin O-glycan chain have been identified [1], and the
main monosaccharides are N-acetylgalactosamine, which O-
links the glycan to the polypeptide, N-acetylglucosamine
(GlcNAc), and galactose. The desoxyhexose L-fucose and
N-acetylneuramic acid (sialic acid, NANA) are found at ter-
minal positions. Mucins are constantly shed from the colon
epithelium and are therefore a potential glycan source for the
gut microbiota. However, mucin degradation requires several
linkage-specific degradative enzymes; thus, only a low num-
ber of microbes are specialized to degrade mucin glycans [3].

It has been hypothesized that the presence of mucin-
degrading specialistsmay play a role in early infant colonization,
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providing nutrients to other infant gut microbes before dietary
fibers are introduced during weaning [4]. Bifidobacteria are the
major bacterial group in feces of vaginally delivered and breast
milk-fed infants [5]. Host-specific adaption in regard to carbo-
hydrate degradation has been suggested [6, 7]. Infant species,
such as Bifidobacterium longum subsp. infantis (B. infantis) and
Bifidobacterium bifidum, are adapted to utilize human milk ol-
igosaccharides (HMOs), one of the major glycan sources sup-
plied with breast milk [8–11]. The only Bifidobacterium species
that can degrade and grow in the presence ofmucin isB. bifidum
[12–14]. B. bifidum degrades HMOs and mucin extracellularly
through the activity of membrane-bound enzymes [15] enabling
cross-feeding of other species. It was previously shown that
B. breve grew using mono- and oligosaccharides released by
B. bifidum from mucin glycans [16].

Bifidobacteria metabolize hexoses via the Bbifid shunt^
with fructose-6-phosphoketolase being the key enzyme to the-
oretically yield 1.5 mol acetate, 1 mol lactate, and 2.5 ATP
from 1 mol glucose [17]. The ratios of lactate and acetate
formed may vary with carbohydrate source and species, de-
pending on whether the intermediate pyruvate is cleaved to
acetyl phosphate and formate or reduced to lactate [18].
Strains of B. infantis and B. breve can metabolize L-fucose
to acetate, formate, lactate, and 1,2-propanediol (1,2-PD) pu-
tatively using a pathway with non-phosphorylated intermedi-
ates as described for Campylobacter and Xanthomonas spp.:
1 mol of L-fucose thereby yields 1 mol of 1,2-PD [19, 20].
1,2-PD is a precursor for bacterial propionate formation [21].
We could previously show that the commensal Eubacterium
hallii uses 1,2-PD to form propionate [22].

E. hallii is a gut microbe that occurs in the first months after
birth and reaches adult abundance levels at approximately 5–
10 years of age independent of geographical donor origin [19].
E. hallii can use acetate and lactate, or glucose, to form buty-
rate. E. hallii is not able to utilize complex host- or diet-
derived oligo- and polysaccharides [23], therefore relying on
initial degraders for substrate supply. Accordingly, in co-
cultures grown in the presence of the HMO fucosyllactose
(2′- and 3′-fucosyllactose), B. infantis formed acetate, lactate,
and 1,2-PD from fucosyllactose, which were used by E. hallii
to produce butyrate and propionate [19]. The ability to cross-
feed on HMOs could be one reason why E. hallii is present in
the infant gut; however, this species could also profit from a
mucin specialist releasing or fermenting mono- and disaccha-
rides from mucin glycans. Mucin cross-feeding in the pres-
ence of E. hallii could finally lead to the formation of short-
chain fatty acids (SCFA) butyrate and propionate [19].
Butyrate is a main energy source of colonocytes, impacts cell
proliferation and differentiation, and lowers the risk of colitis
and colorectal cancer [24]. Propionate acts as a precursor for
gluconeogenesis in the liver and affects cell differentiation
with potential health-promoting impact on intestinal inflam-
mation and cancer development [21].

We therefore aimed to demonstrate that mucin-degrading
B. bi f idum enables growth of E. hal l i i and that
Bifidobacterium-E. hallii cross-feeding on mucin monosac-
charides and fermentation intermediates contributes to infant
intestinal SCFA formation. We hypothesized that a mucus-
degrading B. bifidum in co-culture with a fucose-utilizing
B. infantis, or B. breve strain, and E. halliiwould yield acetate,
butyrate, and propionate. To verify this hypothesis, we incu-
bated the strains in different combinations and monitored me-
tabolite formation and growth. We also investigated whether
E. hallii has the genomic potential to utilize lactose or mucin
monosaccharides to ascertain to which extent the strain can
cross-feed on sugars released by B. bifidum. Predictions made
by genome analysis were confirmed in batch fermentations.

Methods

Strains and Culture Conditions

Bifidobacterium strains and E. hallii DSM 3353 were obtain-
ed from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ) or were previously isolated from
stool samples of 6-month-old Kenyan infants (Table 1) [25].

To prepare the working cultures, bifidobacteria were
streaked on Wilkins-Chalgren agar (Oxoid) supplied with soya
peptone (5 g L−1; Biolife), Tween 80 (1 mL L−1, Sigma-
Aldrich), and fresh filter-sterilized L-cysteine-HCl (0.5 g L−1,
Sigma-Aldrich) (WCSP). Single colonies were picked and
were grown in liquid WCSP at 37 °C for 24 h. Stock cultures
of bifidobacteria were prepared from overnight growth culture
in phosphate buffer (1.2 g L−1 K2HPO4, 0.333 g L

−1 KH2PO4,
0.5 g L−1 L-cysteine-HCl) and 60% glycerol in a ratio of 1:2
and were maintained at −80 °C.

Mucin-dependent growth of bifidobacteria was investigated
in API 50 CHL Medium (10 g L−1 bovine/porcine origin
polypeptone, 5 g L−1 yeast extract, 1 mL−1 Tween 80, 2 g L−1

dipotassium phosphate, 5 g L−1 sodium acetate, 2 g L−1

diammonium citrate, 0.2 g L−1 magnesium sulfate
heptahydrate, 0.05 g L−1 manganese sulfate monohydrate,
0.17 g L−1 bromocresol purple) according to themanufacturer’s
composition (bioMérieux). Porcine mucin (type III; bound si-
alic acid 0.5–1.5%, Sigma-Aldrich) was added at 1 g L−1 final
concentration. The pH was adjusted to 7.5 to give a final pH of
7 after autoclaving at 121 °C for 15 min. Glucose (Sigma-
Aldrich) was used as a control carbohydrate source to verify
that the strains grew under the assay conditions.

E. hallii DSM 3353 was routinely cultivated in modified
YCFA medium (mYCFA_glc) containing 35 mM acetate and
35 mM glucose as described before (Table 2) [19, 26]. All
components except L-cysteine-HCl were solubilized in deion-
ized water, and the pH was adjusted to 7.6 with NaOH. The
medium was flushed with CO2 and boiled. When the color
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changed from blue to pink, L-cysteine-HCl was added. The
medium (10 mL) was transferred to Hungate tubes flushed
with CO2, and the tubes were sealed and autoclaved. Stab
cultures of E. hallii that were frozen at −20 °C in mYCFA
agar (1.5% (w/v) agar) were used as stock cultures. For each
experiment, a fresh agar stock was thawed; 1 mL of liquid
YCFA_glc was added and thoroughly shaken before being
transferred to 10 mL mYCFA_glc. After incubation at 37 °C
for 24 h, the culture was transferred at least once to fresh
mYCFA_glc before the experiment. For single and co-
culture experiments in the presence of mucin, mYCFA
contained 0.75% mucin instead of glucose (mYCFA_muc).
For E. hallii growth studies in the presence of mucin mono-
saccharides, mYCFA_glc or mYCFA supplied with 49 mM
galactose (mYCFA_gal), 50 mM lactose (mYCFA_lac),
33 mM GlcNAc (mYCFA_glcnac), or 40 mM NANA

(mYCFA_nana) was prepared. All carbohydrates were obtain-
ed from Sigma-Aldrich with the exception of NANA, which
was supplied by Glycom A/S.

Growth of Bifidobacteria in API Medium in the Presence
of Mucin

Overnight cultures were centrifuged at 5000 rpm for 5 min,
washed, and resuspended in equal volume of 50 mM phos-
phate buffer, pH 6.5, prior to inoculation of the glucose- or
mucin-supplemented API medium. Growth was evaluated on
96-well microtiter plates in triplicate that were incubated in
anaerobic jars. Strain suspensions (20 μL) were added to
180 μL API medium containing sterile-filtered L-cysteine-
HCl (0.5 g L−1) and were incubated at 37 °C for 48 h. API
medium contained bromocresol purple as a pH indicator. A

Table 1 Bifidobacterium strains
used in this study Species Strain code Origin Growth with

mucin

B. bifidum DSM 20456 Stool of breast-fed infant +

BRS26-2 Kenyan infant stool, 6 months old +

BSM2-3 Kenyan infant stool, 6 months old +

BRS-300 Kenyan infant stool, 6 months old +

BRS27-3 Kenyan infant stool, 6 months old +

BSM28-1 Kenyan infant stool, 6 months old +

TPY6-2 Kenyan infant stool, 6 months old +

DSM 20082 Intestine of adult +

DSM 20215 Intestine of adult +

DSM 20239 Stool of breast-fed infant +

B. breve DSM 20213 Intestine of infant −
TPY10-1 Kenyan infant stool, 6 months old −
TPY5-1 Kenyan infant stool, 6 months old −
BRS 26-2 Kenyan infant stool, 6 months old −

B. infantis DSM 20088 Intestine of infant −
BRS8-2 Kenyan infant stool, 6 months old −
TPY12-1 Kenyan infant stool, 6 months old −
BRS8-1 Kenyan infant stool, 6 months old −
TPY8-1 Kenyan infant stool, 6 months old −
BSM12-2x Kenyan infant stool, 6 months old −

B. longum subsp. longum DSM 20219 Intestine of adult −
B. longum subsp. suis BSM11-5 Kenyan infant stool, 6 months old −
B. pseudolongum subsp. globosum DSM 20092 Rumen −

PV8-2 Kenyan infant stool, 6 months old −
BSM8-1 Kenyan infant stool, 6 months old −

B. kashiwanohense DSM 21854 Japanese infant stool, 1.5 years old −
PV20-2 Kenyan infant stool, 6 months old −
TPY11-1 Kenyan infant stool, 6 months old −
BSM11-1 Kenyan infant stool, 6 months old −

Strains from Kenyan infants were isolated in a previous study [25]. Growth in the presence of mucin (1%) was
determined using API medium
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decrease of pH due to the formation of acetate, formate, and
lactate led to a color change from purple to yellow indicating
growth and carbohydrate utilization. All strains grew in the
presence of glucose, confirming the suitability of the assay.

Single and Co-culture Growth in the Presence of Mucin

For preparing co-culture experiments, 100–200 μL of either
B. infantis or B. breve overnight culture grown liquid WCSP
was added to 10 mL mYCFA_glc, while B. bifidum was
subcultured in mYCFA_muc, and the cultures were incubated
at 37 °C for 24 h. To initiate co-culture experiments, Hungate
tubes containing 10 mL mYCFA_muc were inoculated with
approximately log 7.7 cells mL−1 of E. hallii or B. infantis,
approximately log 6.8 cells mL−1 of B. breve, or log 8.0
cells mL−1 of B. bifidum. Cell counts were determined using
qPCR as described below. For comparison, strains were also
grown in single cultures or in two-strain combinations.
Samples were taken after 0, 4, 8, and 24 h of incubation for
sugar and metabolite analyses and for DNA isolation. Growth
was investigated in independent triplicates or quadruplicates.

Growth of E. hallii in mYCFA Supplied with Mucin
Monosaccharides

Hungate tubes containing 10 mL mYCFA_glc, mYCFA_gal,
mYCFA_lac, mYCFA_glcnac, or mYCFA_nana were inocu-
lated with 100-μL overnight cultures of E. hallii. Optical den-
sity at 600 nm was monitored after 0, 3, 6, 8, and 24 h.
Supernatants were collected after 24 h of incubation for sub-
strate and metabolite analyses. Growth was investigated in
independent quadruplicates.

Analysis of Substrate Utilization and Metabolite
Formation

L-Fucose release and the formation of lactate and acetate were
measured using high-performance liquid chromatography
(Merck-Hitachi) equipped with an Aminex HPX-87H column
(300 × 7.8 mm; Bio-Rad) and a refractive index detector
(HPLC-RI). Samples were centrifuged at 13,000×g for
5 min at 4 °C. Supernatants (40 μL injection volume) were
eluted with 10 mM H2SO4 at a flow rate of 0.6 mL min−1 at
40 °C. Sugars, SCFAs, 1,2-PD, and lactate were quantified
using external standards (all Sigma-Aldrich).

Propionate, butyrate, and formate were quantified by
ion chromatography with suppressed conductivity detec-
tion on an ICS-5000+ system (Thermo Scientific) using
external standards. Analytes were separated on a IonPac
AS11-HC 4 × 250-mm column supplemented with a
guard column (Thermo Scientific) that was operated at
30 °C and at 1.5 mL min−1 using the following gradient
conditions: 1.5 mM KOH, 0–6 min; 1.5–35 mM KOH,
6–21 min; 35–60 mM KOH, 21–26 min; 60 mM KOH,
26–27 min; and 60–1.5 mM KOH, 27–28 min, followed
by appropriate reequilibration. The injection volume was
10 μL.

Gel Permeation Chromatography with RI Detection
to Determine the Utilization of Mucin

The degradation of mucin of selected B. bifidum strains
and one non-mucin-degrading B. breve BRS 26-2 during
growth in API medium was analyzed using a Superdex 200
10/300 GL column (GE Healthcare Europe, GmbH) and
1 M NaCl as eluent at a flow rate of 0.4 mL min−1.
Polymers were detected with a RI detector. A dextran

Table 2 mYCFA medium
composition Component Addition

Amicase 1% (w/v)

Yeast extract 0.25% (w/v)

Sodium bicarbonate 0.5% (w/v)

Glucose or mucin 1 or 0.75% (w/v)

Mineral solution (0.3% (w/v) potassium dihydrogen phosphate,
0.6% (w/v) sodium chloride, 0.06% (w/v) magnesium sulfate,
0.06% calcium chloride (w/v))

15% (v/v)

Vitamin solution (0.01% (w/v) biotin, 0.01 (w/v) cobalamin,
0.03% p-aminobenzoic acid (w/v), 0.05% folic acid (w/v),
0.15% pyridoxamine (w/v))

0.1% (v/v)

Volatile fatty acid mix (56.6% (v/v) acetic acid, 20% (v/v)
butyric acid, 13.3% (v/v) propionic acid)

0.58% (v/v)

Hemin (50 g L−1) 0.02% (v/v)

Resazurin (1 mg L−1) 0.1% (v/v)

L-Cysteine hydrochloride monohydrate 0.1% (w/v)

Modified from [26]
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analytical standard (dextran standard 12,000; 50,000;
150,000; 410,000; 670,000; and 2,000,000 Da from
Leuconostoc mesenteroides, Sigma-Aldrich) was used to
estimate mucin polymer size.

DNA Isolation and Quantification of E. hallii
and Bifidobacteria in Co-culture Studies

Genomic DNA was isolated from 0.5 mL fermented
mYCFA_muc using the FastDNA SPIN Kit for Soil (MP
Biomedicals) according to the manufacturer’s instructions.
The abundance of E. hallii 16S ribosomal RNA (rRNA) genes
was determined using pr imers EhalF (5 ′ -GCGT
AGGTGGCAGTGCAA-3 ′ ) and EhalR (5 ′ -GCAC
CGRAGCCTATACGG-3′) [27]. B. bifidum 16S rRNA genes
were quantified using primers BiBIF-1 (5 ′-CCAC
ATGATCGCATGTGATTG-3′) and BiBIF-2 (5′-CCGA
AGGCTTGCTCCCAAA-3′). B. breve 16S rRNA genes were
quantified using primers BiBRE-1 (5′-CCGGATGCTCCATC
ACAC-3′) and BiBRE-2 (5′-ACAAAGTGCCTTGCTCCCT-
3) [28], and a putative α-glucosidase gene of B. infantis (glyc)
was quantified using primers BBMN68_650-F (5′-CGTA
CGTCCGAAGTTCCCCG-3) and BBMN68_650-R (5′-
CACGGTCAGGGAATGCTGGG-3′) [29]. Primer specifici-
ty was confirmed (Table S1). Reactions were performed using
a 7500 Fast Real-Time PCR System (Applied Biosystems)
and the Kapa SYBR FAST qPCR Master Mix (Biolab
Scientific Instruments, SA). Thermal cycling started with an
initial denaturation step at 95 °C for 3 min, followed by 40 cy-
cles consisting of denaturation at 95 °C for 3 s, annealing at
60 °C for 10 s, and elongation at 72 °C for 25 s. To verify the
specificity of the amplification, melting curve analysis was
performed. Standard curves were prepared from 10-fold dilu-
tions of linearized plasmids harboring the target gene of inter-
est [30]. Linear detection range was between log 2.3 and log
8.3 gene copies for E. hallii 16S rRNA genes, between log 4.0
and log 9.0 gene copies for B. breve 16S rRNA genes, be-
tween log 2.6 and log 8.6 gene copies for B. bifidum 16S
rRNA genes, and between log 4.0 and log 9.0 gene copies
for B. infantis glyc. Log gene copies were corrected for mul-
tiple copies of 16S rRNA genes (Eubacterium spp. (n = 5.5),
B. breve (n = 2), and B. bifidum (n = 3) [31, 32]) to calculate
the numbers of cells of each strain.

Genetic Capacity of E. hallii for Mucin Monosaccharide
Utilization

To identify mucin monosaccharide utilization pathways, the
genome of E. hallii DSM (SAMN02415618) was obtained
from the NCBI database and functional assignment was auto-
matically performed using the RAST [33].

Statistical Analysis

Student’s paired t test with two-tailed distribution was used to
identify significant differences in metabolite formation be-
tween treatments. A p value of <0.05 was considered
significant.

Results

Bifidobacteria Growth and Mucin Degradation in API
Medium

In the course of a previous study, several Bifidobacterium spp.
were isolated (Table 1) [25]. We first assessed the growth
capacity of these strains and of strains provided by microbial
culture collections in the presence of mucin as a sole carbo-
hydrate source in API medium. All B. bifidum isolates were
able to grow in the presence of mucin while the remaining
strains belonging to other species were not (Table 1). Mucin
degradation by B. bifidum was confirmed by gel permeation
chromatography (GPC). Mucin consisted of two polymer
fractions (Fig. 1). The high molecular weight fraction was
eluting at the upper limit of the column indicating a size of
>2.106 Da; the lower molecular weight fraction consisted of
polymers ranging from 104 to 105 Da. Strains of B. bifidum
almost completely degraded the high molecular weight frac-
tion (Fig. 1). For selected samples representing at least one
isolate of the investigated species, metabolite formation was
determined after 48-h growth in API medium with mucin
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Fig. 1 Mucin utilization byB. bifidum and B. breve strains during growth
in API medium. Shown are representative mucin degradation profiles
during growth in API medium supplied with 1% mucin. Mucin profiles
were determined using GPC-RI. Profiles looked similar for all B. bifidum
strains investigated
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(Table 3). B. bifidum isolates produced acetate (18.9–
25.7 mM), formate (2.9–5.9 mM), and lactate (0–3.3 mM),
while one strain of B. breve formed low amounts of acetate
(2.8 mM). All B. bifidum strains released fucose (3.2–
3.7 mM).

Metabolite production was not detected in cultures of
B. infantis , B. breve , B. longum subsp. longum ,
B. kashiwanohense, and B. pseudolongum subsp. globosum
which were not able to utilize mucin.

Single and Co-culture Fermentations

Single and co-culture fermentations were conducted in
mYCFA_muc in Hungate tubes using B. bifidum BSM28-1,
B. infantis DSM 20088, B. breve DSM 20213, and E. hallii
DSM 3353.

In single culture, B. infantis, B. breve, and E. hallii did not
grow, and no metabolites were detected after 24-h incubation.
In contrast, B. bifidum increased by 1.5 log cells (Fig. 2a) and
produced mainly acetate (14.0 ± 2.0 mM) and low amounts of
lactate (1.3 ± 0.5 mM) and formate (3.8 ± 0.7 mM) and re-
leased 1.5 ± 0.5 mM fucose (Fig. 2d), confirming the results
obtained using API medium.

We then performed two-strain co-cultures of B. bifidum, B.
infantis, and E. hallii in different combinations. Growth and
metabolite formation were only observed for co-cultures with

B. bifidum (Fig. 2e, f), B. infantis and E. hallii increasing 12.6-
and 10.7-fold, respectively (Fig. 2a, b). In addition, co-
cultivation of B. bifidum/B. infantis produced significantly
(p < 0.05) more acetate than B. bifidum alone (19.9 ± 2.0
versus 14.0 ± 2.0 mM) (Fig. 2d, e). These results suggest
cross-feeding of mucin components as observed before [16].
Acetate formation was also significantly higher (p < 0.05) in
B. bifidum/B. infantis co-cultures compared to B. bifidum/
E. hallii co-cultures (12.6 ± 2.0 mM). Lactate was only present
in B. bifidum/B. infantis co-cultures (1.2 ± 0.3 mM) while
B. bifidum/E. hallii co-cultures produced butyrate
(3.8 ± 0.5 mM) (Fig. 2e, f). On average, 5.6 ± 1.5 and
3.8 ± 1.5 mM formate was produced by B. bifidum/
B. infantis and B. bifidum/E. hallii co-cultures, respectively.
B. infantis utilized the fucose released by B. bifidum; 1,2-PD
formation and propionate were not observed (data not shown).

To investigate whether co-cultures of infant bifidobacteria
and E. hallii would yield propionate during mucin degrada-
tion, we then conducted three-strain fermentations: B. bifidum
and E. hallii were inoculated together with B. infantis or with
B. breve. All strains grew in three-strain fermentations (Fig.
3a, b). When inoculated together, B. bifidum, E. hallii, and
B. infantis cell counts increased 8.7-, 4.2-, and 5.9-fold, re-
spectively, while there was a 7.7-, 8.7-, and 2.6-fold increase
when B. bifidum, E. hallii, and B. breve grew in co-culture,
respectively. Formation of acetate (2.5–5.6 mM), lactate (1.3–
1.8 mM), and the release of fucose (1.0–1.2 mM) was ob-
served after 4 h of incubation (Fig. 3c, d). Lactate and fucose
were not detected after 8 h of incubation when butyrate and
formate appeared. Final acetate levels for both three-strain
fermentations were similar (15.7 ± 1.5 and 15.6 ± 1.8 mM)
and were significantly (p < 0.05) lower compared to acetate
produced by B. bifidum/B. infantis co-cultures. Final butyrate
and formate concentrations were 3.2–3.6 and 4.3–4.9 mM
(Fig. 3c, d); propionate (0.8–1.4 mM) was formed by both
three-strain co-cultures (Fig. 3c, d), indicating cross-feeding
on fucose.

Genetic Capacity of E. hallii to Degrade Mucin
Monosaccharides

To identify the genetic capacity of E. hallii to utilize monosac-
charides present in mucin glycans, the genome of E. halliiDSM
3353 was obtained from the NCBI database and functional as-
signment was performed using the RAST platform. E. hallii har-
bor genes encoding enzymes of the Leloir pathway for galactose
to glucose L-phosphate transformation [34]: galactokinase galK,
galactose-L-phosphate uridylyltransferase galT, and UDP-
glucose-epimerase galE, which were scattered across the ge-
nome. E. hallii also possess a gene encoding a β-galactosidase
for hydrolysis of lactose. E. hallii harbor a gene potentially
encoding a β-hexosaminidase and genes nagA and nagB
encoding a GlcNAc-6P deacetylase and a GlcN-6P deaminase,

Table 3 Metabolite formation and release of lactate and acetate
formation and release of fucose during growth of selected
Bifidobacterium isolates in API medium supplied with 1% mucin

Species Strains Fucose
released
(mM)

Metabolite formed (mM)

Formate Lactate Acetate

B. bifidum BSM2-3 3.2 3.9 0 19.9

BRS27-3 3.5 5.6 3.3 25.7

DSM
20082

3.7 5.4 1.5 22.3

DSM
20215

3.5 2.9 2.5 18.9

B. breve DSM
20213

0 0 0 2.8

BSM1-2 0 0 0 0

B. infantis DSM
20088

0 0 0 0

BRS8-2 0 0 0 0

TPY12-1 0 0 0 0

BSM12-2x 0 0 0 0

B. longum
subsp. longum

DSM
20213

0 0 0 0

B. kashiwanohense DSM
21854

0 0 0 0

B. pseudolongum
subsp. globosum

BSM8-1 0 0 0 0

Shown are mean values of two independent experiments
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respectively, which yield fructose-6-phosphate from GlcNAc-
6-phosphate [35]. NagE encoding N-acetylhexosamine L-
kinase that would initially phosphorylate GlcNAc was not de-
tected [35]. E. hallii does not possess genes encoding enzymes
for N-acetylgalactosamine, NANA, and fucose utilization.

E. hallii Utilization of Mucin Monosaccharides

We then investigated whether E. hallii was indeed able to uti-
lize monosaccharide components released by B. bifidum from
mucin. E. hallii was incubated in mYCFA supplied with glu-
cose, galactose, lactose, GlcNAc, and NANA, and growth was
monitored by OD measurement for 24 h. As predicted by ge-
nome analysis, E. hallii grew in the presence of glucose, galac-
tose, lactose, and GlcNAc, and growth was fastest with glucose
(Fig. S1). There was no growth observed in the presence of
NANA. With glucose, approximately 1.1 mol of butyrate and
0.7 mol formate were formed from 1 mol glucose and 0.4 mol
acetate (Table 4). These proportions were slightly shifted when
E. halliiwas inoculated in mYCFA_gal; the utilization of 1 mol

galactose and 0.4 mol acetate led to the formation of 0.3 mol
formate and 0.7 mol butyrate. When grown in the presence of
lactose, E. hallii consumed and produced equimolar amounts
of acetate and formate, respectively, and released
25.8 ± 2.4 mM butyrate. GluNAc was completely utilized,
yielding similar amounts of formate and butyrate as from glu-
cose; however, acetate accumulated (13.7 ± 1.9 mM) (Table 4).

Discussion

Only selected taxa of intestinal microorganisms have
been identified as mucin utilizers, including Bacteroides
spp., Akkermansia muciniphila, Ruminococcus torques,
and Ruminococcus gnavus, beside B. bifidum [3]. We
confirmed here that growth on mucin is an intrinsic trait
of the species B. bifidum [12, 13] and that, among the
infant Bifidobacterium species tested, only the presence
of B. bifidum enabled growth of other bifidobacteria or
of E. hallii due to the release of monosaccharides and/or
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Fig. 2 Growth, release of fucose, and metabolite formation of B. bifidum
or two-strain co-cultures. Cell counts and metabolite formation by
B. bifidum (a, d), B. bifidum/B. infantis (b, e), and B. bifidum/E. hallii
co-cultures (c, f) during growth in mYCFA_muc. Cell counts (a–c) were
determined using qPCR; the release of fucose and the formation of

metabolites (d–f) were monitored using HPLC-RI and IC-PAD.
Metabolite production was not observed in the B. infantis co-culture/
E. hallii co-culture (data not shown). Shown are results from three to four
independent experiments
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to the formation of lactate and acetate from mucin. The
genomes of B. bifidum harbor several α-fucosidases, α-
sialidases, endo-α-N-acetylgalactosaminidase, lacto-N-
biosidase, β-galactosidases, and N-acetyl-β-hexosamini-
dases with varying copies between isolates [13, 36].
Transcriptomic and proteomic analyses have verified that
several of these genes are expressed and the correspond-
ing proteins produced during growth in the presence of
mucin [13, 37].

Bifidobacteria are the major bacterial group in the infant
gut [5] and provide, through their ability to degrade the two
major glycan sources, HMOs and glycan, nutrients to other
gut microbes such as E. hallii. E. hallii is one of the first
butyrate producers colonizing the infant gut [19, 38].
E. hallii does not degrade complex glycans [23], but can use
lactate or glucose, and acetate, to form butyrate and 1,2-PD to

produce propionate. We confirmed our hypothesis that
E. hallii cross-feeding on mucin components or mucin-
derived metabolites yields butyrate and propionate. The
amount of propionate formed (0.8–1.4 mM)was in the expect-
ed range as B. bifidum released between 1.1 and 2 mM fucose,
enabling B. bifidum and B. breve to produce equimolar
amounts of 1,2-PD [19]. From 1 mol 1,2-PD, E. hallii can
form 1 mol propionate [19]. It is possible that the interaction
of E. hallii with bifidobacteria communities first colonizing
the infant gut could play a role in the transition of an infant’s to
an adult’s gut microbiota. E. hallii and bifidobacteria cross-
feeding improves environmental conditions for microbes such
as Faecalibacterium, Coprococcus, and Roseburia, which re-
ly on the presence of SCFAs for growth [39].

We also identified lactose, galactose, and GlcNAc as addi-
tional carbon sources of E. hallii. Amino sugars such as
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Fig. 3 Growth, release of fucose,
andmetabolite formation of three-
strain co-cultures. Cell counts and
metabolite formation by
B. bifidum/E. hallii/B. infantis (a,
c) and B. bifidum/E. hallii/
B. breve co-cultures (b, d) during
growth in mYCFA_muc. Cell
counts (a, b) were determined
using qPCR; the release of fucose
and the formation of metabolites
(c, d) were monitored using
HPLC-RI and IC-PAD. Shown
are results from three to four in-
dependent experiments

Table 4 E. hallii utilization of
mucin monosaccharides and
metabolite formation

Carbohydrate used (mM) Metabolites used and formed (mM)

Formate Acetate Butyrate

Glucose −31.8 ± 3.4 21.0 ± 0.9 −13.1 ± 0.6 34.7 ± 1.9

Galactose −39.9 ± 3.2 13.1 ± 1.1 −17.1 ± 0.7 31.3 ± 0.8

Lactose −17.2 ± 1.0 15.4 ± 1.3 −15.3 ± 2.8 25.8 ± 2.4

GlcNAc −32.9 ± 0 25.0 ± 2.4 13.7 ± 1.9 32.9 ± 0.9

E. hallii was grown in mYCFA supplied with glucose, galactose, lactose, and GlcNAc (n = 4)
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GlcNAc are abundant in the intestinal environment originat-
ing from mucin and from bacterial cell wall peptidoglycan.
GlcNAc has also been linked to bacterial sensing and the
regulation of virulence factors [40]. Pathways for the metab-
olism of amino sugars are conserved in bacteria, and it has
been predicted that members of all major intestinal phyla
(Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria,
and Proteobacteria) can use GlcNAc as a carbon source
[41]. During growth in the presence of GlcNAc, lactic acid
bacteria release acetate and use the glucose moiety via the
Embden-Meyerhof pathway [42]. Similarly, E. hallii released
acetate while forming butyrate and formate from the glucose
moiety.

In mucin-grown B. bifidum co-cultures, E. hallii used lac-
tate and acetate to produce butyrate, but E. hallii could also
have used galactose or GlcNAc released from the mucin
glycans. Propionate was only produced if a fucose-utilizing,
1,2-PD-releasing strain (here, B. infantis or B. breve) was
present. When grown with B. infantis in the presence of
fucosyllactose, E. hallii produced butyrate from lactate, glu-
cose or galactose, and acetate and propionate from 1,2-PD
[19]. Further substrate- and co-species-dependent cross-
feeding routes of E. hallii were observed before. In the pres-
ence of starch, E. hallii formed butyrate from lactate and ac-
etate produced by Bifidobacterium adolescentis while with
fructo-oligosaccharides or inulin, E. hallii also used mono-
or disaccharides released by the bifidobacteria [43, 44].
E. hallii therefore possesses a versatile substrate spectrum,
including mono- and disaccharides, as well as intestinal fer-
mentation intermediates, which might explain its competitive-
ness and presence in infant and also in adult gut microbiota
[19].

In adults, gut microbial dietary and host-derived glycan
utilization mainly yields acetate, propionate, and butyrate.
Acetate is a final fermentation metabolite for most gut mi-
crobes whereas butyrate and propionate are formed by only
some species [45]. Until now, the contribution of mucin to gut
microbial metabolism in infants has received little attention in
contrast to the role of HMOs as glycan source. We observed
here that acetate was the main metabolite derived from
Bifidobacterium mucin degradation and cross-feeding and
that butyrate and propionate were formed when E. hallii is
present. The major proportion of acetate over the other
SCFA is a feature generally observed in studies analyzing
SCFAs in infant feces [38]. In a Swiss cohort study following
infants from 2 weeks to 6 months, 35–55 mM acetate was
detected on average and propionate and butyrate levels were
initially low (<5 mM at 2 weeks) and increased with age
(15 mM propionate and 5 mM butyrate at 6 months) [38].
As the strains investigated here are part of the infant
microbiome [19], it is possible that microbial mucin fermen-
tation already occurs at infant age, contributing to intestinal
SCFA formation. The utilization of mucin as an alternative

glycan source to HMOs might depend on infant diet, as a
study in the early 1990s showed that the development of a
mucin-degrading microbial community was significantly de-
layed in breast-fed compared to formula-fed infants [46].

Both bifidobacteria and E. hallii were able to produce for-
mate during the degradation of mucin and fucosyllactose [19];
however, formate is rarely detected in infant feces [38].
Formate together with CO2 can be used by acetogenic mi-
crobes, such as Blautia or Marvinbryantia spp. via the
Wood-Ljungdahl pathway [47] or by methanogens [48]. To
investigate whether Blautia and Marvinbryantia occur in in-
fant gut microbiomes, we reanalyzed a previously generated
dataset [19, 49] and found that Blautia and Marvinbryantia
occurred during the first months of life (Blautia 0.01–0.1%,
Marvinbryantia 0.001–0.00001% relative abundance) and
reached adult levels within 1 year (Blautia 1–10%,
Marvinbryantia 0.005–0.5%) in fecal 16S rRNA gene librar-
ies from the USA, Venezuela, and Malawi (Fig. S2). In con-
trast, methanogens appear at child age [19, 30]. In general,
little is known about intestinal formate cross-feeding [50].

In summary, we demonstrate that mucin degradation by
B. bifidum enabled growth of the metabolic versatile
E. hallii. Trophic interactions of bifidobacteria and E. hallii
led to the formation of acetate, butyrate, propionate, and for-
mate potentially contributing to intestinal SCFA formation
with potential benefits for the host and microbial colonization
for the infant gut. The ratios of SCFA formed differed depend-
ing on microbial species involved in mucin cross-feeding.

Acknowledgments Vera Bunesova was supported by SCIEX grant
13.151. The authors thank Alfonso Die for technical assistance and
Glycom A/S, Denmark, for supplying NANA.

References

1. Brockhausen I, Schachter H, Stanely P (2009) O-GalNAc glycans.
In: Varki A, Cummings RD, Esko JD, et al. (eds) Essentials of
glycobiology, 2nd edn. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor,

2. Pelaseyed T, Bergström JH, Gustafsson JK, et al. (2014) The mucus
and mucins of the goblet cells and enterocytes provide the first
defense line of the gastrointestinal tract and interact with the im-
mune system Immunol Rev 260:8–20

3. Tailford LE, Crost EH, Kavanaugh D, Juge N (2015) Mucin glycan
foraging in the human gut microbiome Front Genet 6:81

4. Koropatkin NM, Cameron EA, Martens EC (2014) How glycan
metabolism shapes the human gut microbiota Nat Rev Microbiol
10:323–335

5. Avershina E, Storrø O, Øien T, et al. (2013) Bifidobacterial succes-
sion and correlation networks in a large unselected cohort of
mothers and their children Appl Environ Microbiol 79:494–507

6. Sun Z, Zhang W, Guo C, et al. (2015) Comparative genomic anal-
ysis of 45 type strains of the genus Bifidobacterium: a snapshot of
its genetic diversity and evolution PLoS One 10:e0117912

236 Bunesova V. et al.



7. Bottacini F, Ventura M, Van Sinderen D, Motherway MOC (2014)
Diversity, ecology and intestinal function of bifidobacteria Microb
Cell Factories 13:1024

8. Sela DA, Chapman J, Adeuya A, et al. (2008) The genome se-
quence of Bifidobacterium longum subsp. infantis reveals adapta-
tions for milk utilization within the infant microbiome Proc Natl
Acad Sci U S A. 105:18964–18969

9. Rockova S, Rada V, Nevoral J, Marsik P, Vlkova E, Bunesova V
(2012) Inter-species differences in the growth of bifidobacteria cul-
tured on human milk oligosaccharides Folia Microbiol 57:321–324

10. LoCascio RG, Desai P, Sela DA, Weimer B, Mills DA (2010)
Broad conservation of milk utilization genes in Bifidobacterium
longum subsp. infantis as revealed by comparative genomic hybrid-
ization Appl Environ Microbiol 76:7373–7381

11. Turroni F, Duranti S, Bottacini F, Guglielmetti S, Van Sinderen D,
Ventura M (2014) Bifidobacterium bifidum as an example of a
specialized human gut commensal Front Microbiol 5:437

12. Milani C, Luigli GA, Duranti S, et al. (2015) Bifidobacteria exhibit
social behavior through carbohydrate resource sharing in the gut Sci
Rep 5:15782

13. Duranti S, Milani C, Lugli GA, et al. (2015) Insights from genomes
of representatives of the human gut commensal Bifidobacterium
bifidum Environ Microbiol 17:2515–2531

14. Ruas-Madiedo P, Gueimonde M, Fernández-García M, de los
Reyes-Gavilán CG, Margolles A (2008) Mucin degradation by
Bifidobacterium strains isolated from the human intestinal microbi-
ota Appl Environ Microbiol 74:1936–1940

15. Garrido D, Ruiz-Moyano S, Lemy DG, Sela DA, German JB, Mills
DA (2015) Comparative genomics reveals key differences in re-
sponse to milk oligosaccharides of infant gut-associated
bifidobacteria Sci Rep 4:5

16. Egan M, Motherway MOC, Kilcoyne M, et al. (2014) Cross-
feeding by Bifidobacterium breve UCC2003 during co-cultivation
with Bifidobacterium bifidum PRL2010 in a mucin-based medium
BMC Microbiol 14:282

17. de Vries W, Stouthamer AH (1967) Pathway of glucose fermenta-
tion in relation to the taxonomy of bifidobacteria J Bacteriol 93:
574–576

18. Palframan RJ, Gibson GR, Rastall RA (2003) Carbohydrate pref-
erences of Bifidobacterium species isolated from the human gut
Curr Issues Intes Microbiol 4:71–75

19. Schwab C, Ruscheweyh HJ, Bunesova V, Pham VT, Beerenwinkel
N, Lacroix C (2017) Trophic interactions of infant bifidobacteria
and Eubacterium hallii during L-fucose and fucosyllactose degra-
dation Front Microbiol 8:95

20. Bunesova V, Lacroix C, Schwab C (2016) Fucosyllactose and L-
fucose utilization of infant Bifidobacterium longum and
Bifidobacterium kashiwanohense BMC Microbiol 16:248

21. Reichardt N, Duncan SH, Young P, et al. (2014) Phylogenetic dis-
tribution of three pathways for propionate production within the
human gut microbiota ISME J 8:1323–1335

22. Engels C, RuscheweyhH-J, Beerenwinkel N, Lacroix C, Schwab C
(2016) The common gut microbe Eubacterium hallii also contrib-
utes to intestinal propionate formation Front Microbiol 7:713

23. Scott KP, Martin JC, Duncan SH, Flint HJ (2013) Prebiotic simu-
lation of human colonic butyrate-producing bacteria and
bifidobacteria, in vitro FEMS Microbiol Ecol 87:30–40

24. Wang JMW, de Souza R, Kendall CWC, Emam A, Jenkins DJA
(2006) Colonic health: fermentation and short chain fatty acids J
Clin Gastroenterol 40:235–243

25. Vazquez-Gutierrez P, Lacroix C, Jaeggi T, Zeder C, Zimmerman
MB, Chassard C (2015) Bifidobacteria strains isolated from stools
of iron deficient infants can efficiently sequester iron BMC
Microbiol 15:3

26. Duncan SH, Hold GL, Barcenilla A, Stewart CS, Flint HJ (2002)
Lactate-utilizing bacteria, isolated from human feces that produce

butyrate as a major fermentation product Appl Environ Microbiol
70:5810–5817

27. Ramirez-Farias C, Slezak K, Fuller Z, Duncan A, Holtrop G, Louis
P (2009) Growth requirements and fermentation products of
Fusobacterium prausnitzii, and a proposal to reclassify it as
Faecalibacterium prausnitzii gen. nov., comb. nov Int J Syst Evol
Microbiol 52:2141–2146

28. Matsuki T, Watanabe K, Fujimoto J, et al. (2004) Quantitative
PCR with 16S rRNA-gene-targeted species-specific primers
for analysis of human intestinal bifidobacteria Appl Environ
Microbiol 70:167–173

29. Liu S, Ren F, Zhao L, et al. (2015) Starch and starch hydrolysates
are favorable carbon sources for bifidobacteria in the human gut
BMC Microbiol 15:54

30. Vanderhaeghen S, Lacroix C, Schwab C (2015) Methanogen com-
munities in stools of humans of different age and health status and
co-occurrence with bacteria FEMS Microbiol Lett 362:fnv092

31. Stoddard SF, Smith BJ, Hein R, Roller BRK, Schmidt TM (2015)
rrnDB: improved tools for interpreting rRNA gene abundance in
bacteria and archaea and a new foundation for future development
Nucleic Acids Res 43:D593–D598

32. Větrovský T, Baldrian P (2013) The variability of the 16S rRNA
gene in bacterial genomes and its consequences for bacterial com-
munity analyses PLoS One 8:e57923

33. Aziz RK, Bartels D, Best AA, et al. (2008) The RAST Server: rapid
annotations using subsystems technology BMC Genomics 9:75

34. Holden HM, Rayment I, Thoden JB (2003) Structure and function
of enzymes of the Leloir pathway for galactose metabolism J Biol
Chem 278:43885–43888

35. Vimr ER, Kalivoda KA, Deszo EL, Steenbergen SM (2004)
Diversity of microbial sialic acid metabolism Microbiol Mol Biol
Rev 68:132–153

36. Turroni F, Bottacini F, Foroni E, et al. (2010) Genome anal-
ysis of Bifidobacterium bifidum PRL2010 reveals metabolic
pathways for host-derived glycan foraging Proc Natl Acad
Sci U S A 107:19514–19519

37. Turroni F, Milani C, van Sinderen D, Ventura M (2011) Genetic
strategies for mucin metabolism in Bifidobacterium bifidum
PRL2010: an example of possible human-microbe co-evolution
Gut Microbes 2:183–189

38. Pham VT, Lacroix C, Braegger CP, Chassard C (2016) Early colo-
nization of functional groups of microbes in the infant gut Environ
Microbiol 18:2246–2258

39. Duncan SH, Barcenilla A, Stewart CS, Pryde SE, Flint HJ (2002)
Acetate utilization and butyryl coenzyme A (CoA):acetate CoA
transferase in butyrate-producing bacteria from the human large
intestine Appl Environ Microbiol 68:5186–5190

40. Naseem S, Konopka JB (2015) N-acetylglucosamine regulates vir-
ulence properties in microbial pathogens PLoS Pathog 11:
e1004947

41. Magnusdottir S, Heinken A, Kutt L, et al. (2017) Generation of
genome-scale metabolic reconstructions for 773 members of the
human gut microbiota Nat Biotechnol 35:81–89

42. Schwab C, Gänzle MG (2011) Lactic acid bacteria fermen-
tation of human milk oligosaccharide components, human
milk oligosaccharides and galactooligosaccharides FEMS
Microbiol Lett 315:141–148

43. Belenguer A, Duncan SH, Graham Calder A, et al. (2006) Two
routes of metabolic cross-feeding between Bifidobacterium
adolescentis and butyrate-producing anaerobes from the human
gut Appl Environ Microbiol 72:3593–3599

44. Moens F, Verce M, de Vuyst L (2017) Lactate- and acetate-based
cross-feeding interactions between selected strains of lactobacilli,
bifidobacteria and colon bacteria in the presence of inulin-type
fructans Int J Food Microbiol 241:225–236

Mucin Cross-Feeding of Infant Bifidobacteria and Eubacterium hallii 237



45. Louis P, Flint HJ (2016) Formation of propionate and butyrate by
the human colonic microbiota Environ Microbiol 19:29–41

46. Midtvedt AC, Carlstedt-Duke B, Midtvedt T (1994) Establishment
of a mucin-degrading intestinal microflora during the first two years
of human life J Ped Gastroenterol Nutr 18:321–326

47. Fuchs G (1986) CO2 fixation in acetogenic bacteria: variations on a
theme FEMS Microbiol Rev 39:181–213

48. LiuY,WhitmanWB (2008)Metabolic, phylogenetic and ecological
diversity ofmethanogenic archaeaAnnNYAcadSci 1125:171–189

49. Yatsunenko T, Rey FE, Manary MJ, et al. (2012) Human gut
microbiome viewed across age and geographyNature 486:222–228

50. Rey FE, Faith JJ, Bain J, et al. (2010) Dissecting the in vivo meta-
bolic potential of two human gut acetogens J Biol Chem 285:
22082–22090

238 Bunesova V. et al.


