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Bifidobacteria confer many health effects, such as fiber digestion, pathogen inhibition and immune system
maturation, especially in the newborn infant. The bifidobacterial exopolysaccharides (EPS) are often associated
with important health effects, but their thorough investigation is hampered by lack of knowledge of the EPS
localization, which is important for efficient EPS isolation. Here we present a straightforward isolation procedure
to obtain EPS of four commercial bifidobacterial strains (B. adolescentis, B. bifidum, B. breve, and B. infantis), that
are localized at the cell membrane (evidenced using cryo-EM). This procedure can be applied to other bifido
bacterial strains, to facilitate the easy isolation and purification for biological experiments and future application
in nutraceuticals. In addition, we demonstrate structural differences in the EPS of the four bifidobacterial strains,
in terms of monosaccharide composition and size, highlighting the potential of the isolated EPS for determining
specific structure-activity effects of bifidobacteria.

1. Introduction
Bifidobacteria are Gram-positive bacteria that belong to the first
anaerobic colonizers of the human gut, and are among the dominant
species in the infant's microbiome (Hidalgo-Cantabrana et al., 2017;
Houghteling & Walker, 2015). Many beneficial health effects are asso
ciated with the presence of bifidobacteria, including the use of dietary
components with concomitant production of short-chain fatty acids
(SCFA), protection against pathogen invasion, and immune system
maturation (Sanchez et al., 2017). The presence of specific bifidobac
teria strains in the neonatal gut, i.e. Bifidobacterium longum subsp.
infantis, B. bifidum, and B. breve, is directly linked to their capacity to
utilize the complex mixture of oligosaccharide found in human milk
(Garrido et al., 2013; Ruiz-Moyano et al., 2013). Other bifidobacterial
strains, e.g. B. adolescentis, become dominant later in life and are only
capable of utilizing fibers found in the adult diet (Duranti et al., 2016).
Bifidobacteria species are also found to collaborate on efficient carbo
hydrate utilization. For instance, B. bifidum degrades complex carbo
hydrates extracellularly to generate simpler sugars that can be digested

by B. breve in a process called metabolic cross-feeding (Egan et al., 2014;
Milani et al., 2015). In addition to their impact on fiber metabolism,
bifidobacteria have been linked to beneficial immunomodulatory effects
(Medina et al., 2007; Ruiz et al., 2017; Wu et al., 2016). B. longum and
B. animalis strains showed the ability to induce a Th1 response, which is
important for efficient clearing of pathogens and the development of
immune memory. B. bifidum and B. adolescentis strains were capable of
inducing Th17 polarization. Interestingly, the immunomodulatory ac
tivity appears to be strain- and species-dependent (Lopez et al., 2011).
Since bifidobacteria strains produce highly different surface-molecules,
a detailed investigation into the structure-activity relation of surface
molecules from specific microorganisms and their health effects is
warranted.
The bifidobacterial exopolysaccharides (EPS), which are structurally
diverse polysaccharides located on the outside of the bacterial cell, play
a large role in the many health-beneficial effects that are associated with
bifidobacteria (Hidalgo-Cantabrana et al., 2014; Oerlemans et al.,
2021). They have been suggested to be the effector molecules on
beneficial bacteria responsible for beneficial interactions with the host
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(Oerlemans et al., 2021). However, studies to prove these effects are
hampered by the lack of an efficient and generalized EPS isolation
procedure. A straightforward procedure for the isolation of bifido
bacterial EPS is essential to start understanding their structure-function
effects, and ultimately allow their application in food or nutraceuticals
(Barcelos et al., 2020).
By definition, the EPS are the bacterial polysaccharides that are
(loosely) membrane-associated or secreted in the environment. While
this suggests that EPS can be isolated from both locations, there is
definitely a preferred EPS location based on the biosynthesis genes of the
different strains. For Lactobacillus strains the gene clusters for EPS
biosynthesis have a consensus functional-structural organization, which
seems to be lacking in bifidobacteria (Hidalgo-Cantabrana et al., 2014).
As a result, it is challenging to predict the bifidobacterial eps genes and
the consequent EPS location. A current hypothesis is that homo
polysaccharides (HoPS, composed of only one type of monosaccharides)
are mainly synthesized in the extracellular space by transglycosylation
enzymes. In contrast, heteropolysaccharides (HePS, composed of mul
tiple types of monosaccharides), whose repeating units are produced in
the cytosol by glycosyltransferase enzymes and subsequently trans
located across the membrane by either a flippase or an ABC-transporter,
are anchored to the membrane through a covalent pyrophosphatelinkage to a C55-isoprenoid lipid carrier (Hidalgo-Cantabrana et al.,
2014). The bifidobacterial EPS characterized to date all belong to the
family of HePS (Hidalgo-Cantabrana et al., 2014), and as a result, their
EPS is expected to be covalently attached to the cell membrane.
For the isolation of bacterial EPS, a large variety of isolation methods
has been described, including different methods for their precipitation
from the culture media, and methods to release the EPS from the cell
membrane through alkaline treatment, ionic scavengers, and sonication
(De Vuyst & Degeest, 1999; Leroy & De Vuyst, 2016; Ruas-Madiedo & de
los Reyes-Gavilan, 2005). But when specific knowledge of the EPS
localization is lacking, the selection of an efficient isolation method is
based on a ‘trial-and-error’ approach.
To facilitate the efficient purification of bifidobacterial EPS for
structure-activity relation studies, we investigated the location and
structure of the EPS of four commercial strains of intestinal bifidobac
teria, i.e. B. adolescentis (DSM20083), B. bifidum (DSM20456), B. breve
(DSM20213), and B. longum subsp. infantis (B. infantis, DSM20088)
(Table 1). These bifidobacterial strains were isolated from the infant and
adult intestine, and several health effects have been associated with
these specific strains (vide supra). As we hypothesize that knowledge of
the EPS location is crucial for their efficient isolation, we combined
different EPS isolation methods with the power of cryogenic electron
microscopy (cryo-EM) to prove that they are membrane-associated. In
addition, we investigated the impact of different media on bacterial
growth and subsequent ease of purification to deliver pure EPS. Using a
combination of a chemically-defined medium (MRS4) and an alkaline
treatment (2 M NaOH) the membrane-associated EPS were successfully
obtained in pure form for all strains.

2. Materials and methods
2.1. Bacterial cultures
B. adolescentis DSM20083, B. bifidum DSM20456, B. breve
DSM20213, and B. infantis DSM20088 were purchased from the German
Collection of Microorganisms and Cultures DSMZ (Braunschweig, Ger
many). Peptone (catalog number 91249), yeast extract (catalog number
92144) and beef extract (catalog number B4888) were purchased from
Sigma-Aldrich (St. Louis, USA). Agar was purchased from BOOM
(Meppel, The Netherlands). Glycerol stocks of the strains were stored at
− 80 ◦ C in de Man, Rogosa and Sharpe (MRS) broth supplemented with
0.5% (w/v) L-cysteine and 20% glycerol. Agar plates were prepared
from MRS agar supplemented with 0.5% (w/v) cysteine and incubated
in an anaerobic chamber (10% H2, 10% CO2, 80% N2) at 37 ◦ C.
Anaerobic conditions for liquid cultures were achieved by Hungate
technique (Macy et al., 1972). Briefly, hungate tubes and bottles con
taining liquid cultures were flushed with CO2 to create anaerobic con
ditions and incubated at 37 ◦ C for 48 h. The strains were inoculated in 5
mL of medium and incubated anaerobically for 48 h at 37 ◦ C. Liquid
cultures were sub-cultured into 200–300 mL of fresh medium and
incubated anaerobically again for 48 h at 37 ◦ C.
2.2. Media studies
The compositions of the different culture media are outlined in
Table S1. All media were autoclaved for 20 min at 120 ◦ C. In general,
liquid cultures of 200 mL were used, and the OD600 values were deter
mined after 48 h. Procedure A (Section 2.3) was used to isolate dry
material from each medium, and the yield was determined by weighing
after lyophilization. Total carbohydrate content was estimated using the
phenol-sulphuric acid method using glucose as a standard (Dubois et al.,
1956), and the monosaccharide composition was determined by HPAECPAD (Section 2.4).
2.3. EPS isolation methods
2.3.1. Procedure A: isolation from the supernatant
Cells were harvested by centrifugation (7000 rpm, 5 ◦ C, 30 min) and
the resulting supernatant was treated with trichloroacetic acid (TCA) at
a final conc. of 10% (v/v) and incubated at − 20 ◦ C for 30 min. After
centrifugation (7000 rpm, 5 ◦ C, 20 min), the pH of the supernatant was
adjusted to ~7 by addition of NaOH, and two volumes of EtOH were
added. The resulting mixture was incubated at − 20 ◦ C overnight. Pellets
were collected by centrifugation (7000 rpm, 5 ◦ C, 30 min), resuspended
in MilliQ water and dialysed (3.5 KDa MWCO) against 2 L of MilliQ
water for 48 h at 4 ◦ C. The sample was lyophilized to obtain the crude
EPS.
2.3.2. Procedure B: isolation from the cells after alkaline treatment
Cells were harvested from 300 mL liquid cultures by centrifugation
(7000 rpm, 5 ◦ C, 30 min), washed once with 6 mL of PBS buffer (pH 7.5),
spinned (7000 rpm, 10 min, 5 ◦ C), treated with 20 mL of 2 M NaOH and
shaken overnight at room temperature. The cellular suspension was
centrifuged (7000 rpm, 5 ◦ C, 30 min), the resulting supernatant was
treated with two volumes of EtOH and incubated overnight at − 20 ◦ C.
Polysaccharides were precipitated by centrifugation (9000 rpm, 5 ◦ C,
30 min), and the resulting pellet was resuspended in ice-cold MilliQ
water and dialyzed against 2 L of MilliQ water for 48 h at 4 ◦ C, using 3.5
KDa MWCO dialysis tubes. The solution was lyophilized to obtain the
crude EPS.

Table 1
Details of bifidobacteria strains used in this study.
Bacterial strain

Strain no.

Other designations

Origin

B. adolescentis

DSM20083

B. bifidum

DSM20456

ATCC 15703, CCUG 18363,
NCTC 11814, YIT 4011
ATCC 29521, JCM 1255

B. breve

DSM20213

B. longum subsp.
infantis

DSM20088

Intestine of
adult
Stool of breastfed infants
Intestine of
infant
Intestine of
infant

ATCC 15700, NCTC 11815,
YIT 4014
ATCC 15697, NCTC11817,
YIT 4025

2.3.3. Procedure C: isolation from the cells using sonication
Cells were harvested from 300 mL liquid culture by centrifugation
(9000 rpm, 5 ◦ C, 30 min), washed with chilled PBS buffer, and resus
pended in 30 mL of 1 M NaCl. The suspension was sonicated at 0 ◦ C
2

M. Ferrari et al.

Carbohydrate Polymers 278 (2022) 118913

(Soniprep 150, Amplitude 10, 45 s, 60 s off, 7 cycles). The supernatant
was collected by centrifugation (9000 rpm, 5 ◦ C, 30 min), one volume of
EtOH was added before incubating overnight at 4 ◦ C. The poly
saccharides were collected by centrifugation (9000 rpm, 5 ◦ C, 30 min),
resuspended in ice-cold MilliQ water and dialyzed against 2 L of MilliQ
water for 48 h at 4 ◦ C, using 3.5 KDa MWCO dialysis tubes. The solution
was lyophilized to obtain the crude EPS.

polysaccharide contaminants was estimated by the phenol-sulphuric
acid method, using glucose as a standard (Dubois et al., 1956). For the
spectroscopic measurements, the absorbance was measured at 490 nm
on an Agilent 8453 UV–Visible Spectrophotometer using a 10 mm quartz
cuvette. The protein content of the samples was determined by the
Bradford assay, using the Bio-Rad assay reagents (catalogue number
500-0116); bovine serum albumin (BSA) was used to generate a stan
dard curve.

2.3.4. Procedure D: isolation from the cells using EDTA treatment
The EDTA extraction was performed using a previously described
protocol (Tallon et al., 2003). Cells were harvested by centrifugation
(9000 rpm, 5 ◦ C, 30 min), washed with 40 mL PBS buffer and pelleted by
centrifugation (6000 rpm, 4 ◦ C, 15 min). Pellets were treated with 25 mL
0.05 M EDTA (pH 8) and agitated at 0 ◦ C for 4 h. Cells were pelletted
(6000 rpm, 4 ◦ C, 30 min) and two volumes of EtOH was added to the
supernatant and incubated overnight at 4 ◦ C. The precipitate was dia
lyzed against 2 L of MilliQ water for 2 days at 4 ◦ C. Next, the samples
were treated with TCA at a final conc. of 20% to precipitate proteins.
After centrifugation (7000 rpm, 5 ◦ C, 15 min) the supernatant was
dialyzed (6–8 KDa MWCO) against 2 L of MilliQ water overnight at room
temperature. Samples were lyophilized to obtain the crude EPS.

2.6. Molecular weight determination
The molecular weight of the samples was measured by gel perme
ation chromatography (GPC). The analysis was performed on an Agilent
Technologies 1200 Series using three PSS Suprema columns (100, 1000,
3000 Å, 300 × 8 mm × 10 μm), with 40 ◦ C column temperature. The
eluate was monitored by a refractive index (RI) detector. The mobile
phase was 0.05 M NaNO3 at a flow rate of 1 mL/min. The sample con
centration was 2 mg/mL and the injection volume was 10 μL. Ethylene
glycol 0.5% was used as internal standard. Calibration was performed
using a pullulan series (PSS-pulkit-12, Polymer Standard Service) with a
molecular weight in the range of 1.03–708 kDa.

2.3.5. Procedure E: isolation from cells grown on agar plates after alkaline
treatment
This procedure was based on a reported method (Ruas-Madiedo
et al., 2006). The strains were inoculated in 5 mL of MRS4 and incubated
anaerobically at 37 ◦ C. The liquid cultures were streaked on MRS/L-cys
agar and incubated in an anaerobic chamber (10% H2, 10% CO2, 80%
N2) for 7–14 days. Cells were collected using 3 mL of PBS buffer per
plate, subsequently one volume of 2 M NaOH was added and the sus
pension was incubated overnight at room temperature. After centrifu
gation (9000 rpm, 5 ◦ C, 20 min) the supernatant was collected and
treated with two volumes of EtOH and incubated at − 20 ◦ C overnight.
The polysaccharide pellet was collected by centrifugation (9000 rpm,
5 ◦ C, 20 min), resuspended in MilliQ water and dialysed (3.5 KDa
MWCO) against 2 L of MilliQ water for 48 h at 4 ◦ C. The sample was
lyophilized to obtain the crude EPS.

2.7. Cryogenic electron microscopy (Cryo-EM)
The cells from 5 mL liquid cultures were harvested by centrifugation
(7000 rpm, 5 ◦ C, 30 min), treated with 5 mL 2 M NaOH and shaken
overnight at room temperature. The cells were pelletted (7000 rpm,
5 ◦ C, 30 min) and washed with 2 mL PBS. The washed cells obtained
after centrifugation (7000 rpm, 5 ◦ C, 15 min) were suspended in 40 μL of
PBS. Controls samples were prepared using the same procedure without
alkaline treatment. Concentrated cell samples were placed in a
holy‑carbon coated grid (Quantifoil 3.5/1) and frozen in liquid ethane
(Vitrobot, FEI). Frozen hydrated samples were visualized using a Gatan
model 626 cryo-stage on a FEI T20 electron microscope operating at
200 keV. Images were recorded under low-dose conditions using a slow
scan CCD camera.
3. Results

2.4. Monosaccharide composition and quantification using HPAEC-PAD
analysis

3.1. Bacterial growth and carbohydrate contamination in the different
media

EPS and media samples were hydrolized using an adapted method
based on a previously described procedure (Jurak et al., 2014). In brief,
samples were treated with 72% H2SO4 (1 h, 30 ◦ C) and then hydrolyzed
with 2.8 M H2SO4 for 3 h at 100 ◦ C. Samples were diluted (35× NaOH
and 20× EtOH samples) and 10 μL were directly injected for analysis.
High performance anion exchange chromatography (HPAEC) was per
formed on a Dionex Ultimate 6000 system (Thermo Scientific, Sunny
vale, CA, USA) equipped with a CarboPac PA-1 column (2 mm × 250
mm ID) in combination with a CarboPac PA-1 guard column (2 mm ×
50 mm ID) and pulsed amperometric detection (PAD). The system was
controlled by Chromeleon 7.2.9 software (Thermo Scientific, Sunnyvale,
CA, USA). Elution of monosaccharides was performed at a flow-rate of
0.25 mL/min with a multi-step-gradient using the following eluents: A:
0.1 M NaOH, B: 1 M NaOAc in 0.1 M NaOH, C: 0.2 M NaOH, and D:
MilliQ water. The gradient used was 16% A, 84% D (20 min), 45% A, 5%
B, 50% D (5 min), and 60% A, 40% B (15 min). To regenerate the col
umn, it was flushed during 12 min with 100% C by increasing the flowrate in the first 2 min to 0.35 mL/min. Finally, the column was equili
brated for 12 min with 16% A, 84% D by decreasing the flow-rate in the
first 2 min to 0.25 mL/min. Pure monosaccharides (Sigma-Aldrich) were
used as standards for quantification.

A commonly used medium for bifidobacterial growth is de Man,
Rogosa and Sharpe (MRS) broth, supplemented with L-cysteine. The rich
MRS broth contains peptone, beef extract, and yeast extract, which
contain peptide fragments, glycogen, and glucomannan poly
saccharides, respectively that interfere with the EPS isolation (Kimmel &
Roberts, 1998; Vaningelgem et al., 2004). It is known that EPS-like
material can be co-precipitated from rich, non-chemically defined
liquid media, such as MRS broth, and thus have a great impact on the
identification of EPS structures (Alhudhud et al., 2014). Recently it was
revealed that MRS broth contains several carbohydrate components that
negatively interfere with EPS isolation and purification (Pintado et al.,
2020). Possible approaches to overcome this problem are changing the
growth medium composition and the utilization of additional purifica
tion steps (e.g. size exclusion, enzymatic digestion). However, selecting
the right purification procedure can be challenging, and the already low
EPS yields may be further decreased by a multi-step purification pro
tocol. Therefore, we decided to perform a comparative analysis of
different MRS-derived media and screen them for bacterial growth and
carbohydrate contamination to identify the medium with the least
background contaminants. Five semi-chemically defined media based
on MRS broth were designed by systematically removing yeast extract,
beef extract and peptone (Table S1), and a growth study with the bifi
dobacterial strains was performed. As can be seen in Table 2, all four
strains only show excellent growth in the MRS4 medium (which lacks

2.5. Determination of carbohydrate and protein content
The carbohydrate content of the isolated EPS and of the
3
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Table 2
Impact of different media on bifidobacterial growth and media polysaccharide contaminants.
Media

B. adolescentisa

B. bifiduma

B. brevea

B. infantisa

Isolated material (mg)b

Carbohydrate content (%)c

Monosaccharide compositiond

MRS1
MRS2
MRS3
MRS4
MRS5
MRS-broth

>0.2
0.0
>0.5
>2.0
>0.5
>1.5

>1.0
>1.5
>1.5
>1.0
>1.0
>2.0

0.0
0.0
0.0
>2.0
>0.5
>1.0

>0.2
0.0
0.0
>2.0
0.0
>2.0

17 ± 0
14 ± 6
36 ± 1
42 ± 8
20 ± 4
53 ± 7

14
31
24
16
36
58

Man:Glc, 2.3:1
Man:Glc, 1:1
Man:Glc, 1.9:1
Man:Glc, 1.9:1
Man:Glc, 1:1.4
Man:Glc, 2.9:1

a
b
c
d

±1
± 0.9
±2
±1
±1
±6

OD600 value after incubation for 48 h.
Weight of dry material isolated from a 200 mL culture using procedure A (n = 2).
Determined using the phenol‑sulphuric acid method (n = 3).
Determined using HPAEC-PAD analysis.

yeast extract), to similar levels as in the rich MRS medium. Apparently,
removing yeast extract has little impact on bifidobacterial cell growth.
Interestingly, only B. bifidum grew well in all other media (OD600 > 1),
while growth of B. adolescentis, B. breve and B. infantis was not
supported.
Next, we used isolation procedure A (Section 2.3) on each medium
(without bacterial cells) to identify the potential carbohydrate
contamination from the media. As shown in Table 2, the yields of iso
lated material ranged between 14 ± 6 mg (MRS2) and 42 ± 8 mg
(MRS4), with the highest yield obtained from MRS broth (53 ± 7 mg).
Interestingly, all samples solely contained the monosaccharides glucose
and mannose, which likely originate from polysaccharides found in beef
and yeast extracts. The monosaccharide ratio of these negative controls
(as opposed to the EPS samples, Section 3.3) may be slightly under
estimated based on oligomeric peaks in the HPAEC chromatogram
eluting at 30–35 min (Fig. S1), indicating incomplete hydrolysis of the
samples.
Molecular weight analysis using gel-permeation chromatography
(GPC) indicated the presence of polysaccharides in all samples, with the
largest polymers observed in media containing beef extract (MRS4,
MRS5 and MRS broth, Fig. S2). The lowest yields of isolated material
were obtained from MRS1 and MRS2, but bacterial growth was not
supported for all four strains. Although a significant amount of isolated
material was obtained from MRS4, the carbohydrate content was low,
and this medium supported the growth of the four bifidobacterial
strains. Consequently, MRS4 was selected for the next experiments.

performing standard precipitation steps on the supernatant (procedure
A). To obtain the bound EPS, three commonly used procedures were
compared: the release of EPS using alkaline conditions (NaOH, pro
cedure B), the use of sonication with concomitant cell disruption (pro
tocol C), and the use of the chelating agent ethylenediaminetetraacetic
acid (EDTA, protocol D). The efficiency of the different methods was
assessed by determining the yield of isolated (polysaccharide) material
(Table 2) and analysis by GPC, HPAEC-PAD, and 1H NMR to determine
the molecular characteristics and purity (Figs. 1, 2 and 3).
Procedure A, to obtain the released EPS, resulted in decent yields of
isolated material for all strains, ranging from 42 ± 9 mg (B. breve) to 124
± 10 mg (B. infantis) from 200-mL cultures. However, inspection of the
1
H NMR (Fig. S4) and GPC spectra (Fig. 1, blue traces) of the four
samples revealed a close resemblance to the polysaccharide material
isolated from the MRS4 medium alone. In addition, HPAEC-PAD anal
ysis suggested the presence of mannose in all samples (Fig. 2), which is
proposed to originate from medium components (see Section 3.1).
Together these data suggest that the use of procedure A results in
concomitant isolation of medium sugars, together with the bacterial
released EPS.
Next, we compared three methods to isolate the bound EPS. The
NaOH treatment (procedure B) resulted in the successful isolation of EPS
from all strains, with the highest yields obtained from B. adolescentis and
B. infantis (Table 3). Analysis by NMR spectroscopy (Fig. 3, Fig. S5)
revealed a wider structural heterogeneity than observed with procedure
A, which was also corroborated with monosaccharide analysis (Section
3.3).
When sonication was used to release the exopolysaccharides (pro
cedure C), analysis by 1H NMR revealed that the samples were quite
identical in polysaccharide content, and little characteristic peaks could
be observed (Fig. S6). Finally, application of the chelating agent EDTA
(procedure D) did not result in any isolated material from the bifido
bacteria in this study. To increase the yield of isolated EPS using the
successful alkaline treatment (procedure B), all strains were grown on
MRS-agar plates (procedure E) (Ruas-Madiedo et al., 2006). By treating
the isolated cells directly with the NaOH solution instead of pelleting the
cells in a centrifugation step, any loosely associated EPS may possibly
also be included in the isolation. Indeed, good yields of isolated EPS
were obtained for all strains (Table 3).

3.2. Comparison of different EPS isolation procedures
Inspired by the many reports of isolation of Lactobacilli EPS from the
culture supernatant (Leroy & De Vuyst, 2016; Lynch et al., 2018), this
procedure is also often applied to bifidobacteria. It involves the removal
of bacterial cells by centrifugation, precipitation of proteins using tri
chloroacetic acid (TCA), and subsequent precipitation of poly
saccharides using ethanol. A final dialysis and lyophilization affords the
EPS as a solid, which can be further purified by a variety of chroma
tography techniques. However, as this procedure only yields the
‘released’ EPS, different methods need to be applied to obtain the
‘bound’ EPS.
As a first indication of the localization of the bifidobacterial EPS, a
visual inspection was performed to assess whether the four bifidobac
teria strains produced EPS in the MRS4 medium. All of the strains pro
duced a visible slimy EPS layer (for an example of B. infantis, see Fig. S3).
In addition, analysis of the bifidobacterial cell wall composition with
cryogenic electron microscopy (cryo-EM) revealed that EPS layers of
different thickness were surrounding all bifidobacterial cells (Section
3.6). These results suggest that all strains produce a polysaccharide layer
that is associated (‘bound’) to the bacterial call wall, and the production
of ‘released’ EPS is not ruled out.
To investigate the efficiency of isolation of both the released and
bound EPS of the four bifidobacterial strains, procedures A–D were
developed (see Section 2.3). The released EPS were obtained by

3.3. Determination of the monosaccharide composition
The monosaccharide composition of the samples generated in this
study was determined using HPAEC-PAD after acid hydrolysis, by
comparison to monosaccharide standards. The ‘released’ EPS samples
(procedure A) from all four bifidobacterial strains contained mannose
and glucose, and except for the B. bifidum EPS, also galactose (Table 4
and Fig. 2). Interestingly, the ‘bound’ EPS samples (procedure B)
revealed a different monosaccharide composition. Most notably,
mannose was absent from all samples, and the bound EPS sample from
B. breve contained L-rhamnose. In all samples glucose and galactose were
observed, albeit in different ratios.
4
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Fig. 1. GPC spectra for the molecular weight determination of ‘released’ (blue) and ‘bound’ (red) EPS samples from B. adolescentis (A), B. bifidum (B), B. breve (C) and
B. infantis (D), and material isolated from MRS4 only (black).

Fig. 2. HPAEC-PAD elution profiles of ‘released’ (blue) and ‘bound’ (red) EPS samples from B. adolescentis (A), B. bifidum (B), B. beve (C) and B. infantis (D), and
material isolated from MRS4 only (black).

The difference in monosaccharide composition between the
‘released’ and ‘bound’ EPS samples is striking (Fig. 2). For all four
bifidobacterial EPS, the ‘released’ sample (blue trace) contains a sig
nificant amount of carbohydrate contamination from the medium (black
trace). The absence of mannose suggests that this polysaccharide
contamination is greatly reduced in the ‘bound’ EPS sample (red trace).
These results highlight the effective EPS isolation and purification with
the NaOH method (procedure B), in contrast to the isolation from the
culture supernatant (procedure A).

3.4. Determination of the purity of the isolated EPS by quantifying
carbohydrate and protein content
Next, we investigated the purity of the samples in terms of total
carbohydrate and protein content. As is apparent from Fig. 4, when
measured with HPAEC analysis, the carbohydrate content in the ‘bound’
EPS samples is consistently higher than in the ‘released’ EPS samples. On
the other hand, when measured with the phenol-sulphuric acid assay,
the carbohydrate content of the released EPS samples is slightly higher
(except for B. infantis). This inconsistency may arise from the use of Dglucose as a standard for the Dubois method, while the EPS samples also
5
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Fig. 3. 1H NMR spectra of EPS samples obtained using procedure B (600 MHz, D2O, 25 ◦ C), and material isolated from MRS4 only.

As illustrated for the EPS isolated from B. infantis in Fig. 1, the GPC
spectrum from the ‘released’ EPS (blue trace) is highly similar to the
spectrum obtained for the MRS4 material only (black trace). Interest
ingly, the ‘released’ EPS samples from all strains contained a mixture of
several polymeric populations in a molecular weight range from 2 to
160 kDa, based on the pullulan standards, which were similar to the
negative control sample from MRS4 medium only (Fig. 1, black trace). In
contrast, and except for B. bifidum, the ‘bound’ EPS samples contained a
mixture of polymeric populations with remarkably higher molecular
weights (600–800 kDa) and overall larger area which is indicative of
larger amounts of polysaccharide material (Fig. 1, red traces). This
clearly proves that the EPS extraction protocol using NaOH allows the
isolation of EPS samples with a higher molecular weight distribution and
purity than isolating EPS from the liquid medium.

Table 3
Yields of EPS isolated with different methodsa.
Isolation procedure

B. adolescentis

B. bifidum

B. breve

B. infantis

Ab
Bc
Cd
Db
Ed

57 ± 4
24 ± 3
20
n.d.
112

52 ± 9
8±4
4
n.d.
41

42 ± 9
8 ± 0.5
17
n.d.
62

124 ± 10
50 ± 6
35
n.d.
210

a
Values represent the yield (in mg) of isolated EPS from a 200 mL culture
(procedures A–D), or 46 agar plates (procedure E).
b
n = 2.
c
n = 3.
d
n = 1.

Table 4
Monosaccharide compositions of the released and bound EPS samples from all
four strains, analyzed by HPAEC-PAD.

B. adolescentis
B. bifidum
B. breve
B. infantis

Procedure A (released)

Procedure B (bound)

Composition

Ratio

Composition

Ratio

Man,
Man,
Man,
Man,

4.3:3.3:1
1.6:1
9:5.8:1
4.6:1.8:1

Glc, Gal
Gal, Glc
Rha, Glc, Gal
Glc, Gal

2.9:1
7.8:1
3:1.6:1
2.5:1

Glc, Gal
Glc
Glc, Gal
Glc, Gal

3.6. Cryogenic electron microscopy (cryo-EM) to visualize the EPS layer
before and after NaOH treatment
The results above indicate that carbohydrate contamination arises
from the isolation of EPS directly from the culture supernatant (pro
cedure A), in contrast to extracting the EPS from the bifidobacterial cell
surface using NaOH (procedure B). During this alkaline treatment,
however, the bacterial cells are incubated with a relatively high con
centration of NaOH (2 M) overnight at room temperature, which may
have a negative impact on the integrity of the cells. Using cryogenic
electron microscopy (cryo-EM), cell images were obtained before and
after treatment with 2 M NaOH (Fig. 5). For freshly cultured bifido
bacterial cells, the EPS layer can be visualized as an opaque grey layer
surrounding the cell membrane. The thickness of the EPS layer was
calculated, and all bifidobacterial strains displayed a membraneassociated EPS layer, albeit with different thickness (ranging from 26
nm to 39 nm, Table S2). In contrast, after alkaline treatment the cryo-EM
images clearly show a difference in the cell surface structure. The EPS
layer appears thinner in B. adolescentis and B. bifidum and it is virtually
absent from the surface of B. infantis. Finally, it was not possible to
visualize the surface of B. breve cells after NaOH treatment, as almost no
intact cells were observed, presumably due to cell lysis under the alka
line conditions. These experiments show that different bifidobacterial
strains produce a membrane-associated EPS that can be isolated by
alkaline treatment. However, concomitant cell disruption should be

contain other monosaccharides (Felz et al., 2019). In addition, the
HPAEC-PAD analysis has a higher sensitivity than the spectrophoto
metric analysis. For both the ‘released’ and ‘bound’ EPS samples, the
protein content was in the range of 6–13% w/w (Fig. 4). The negative
control sample (MRS4 medium only) revealed a protein content of 7%
w/w (data not shown).
3.5. Molecular weight distribution
To determine the impact of the different isolation methods on the
molecular weight distribution of the polysaccharides, the ‘released’
(procedure A) and ‘bound’ (procedure B) EPS samples were analyzed by
gel permeation chromatography (GPC) and their size exclusion profiles
were determined.
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Fig. 4. Carbohydrate and protein content of EPS samples (HPAEC: n = 2; Dubois assay: n = 3; Bradford assay: n = 2).

Fig. 5. Cryo-EM images of B. adolescentis, B. bifidum, B. breve and B. infantis before and after NaOH treatment.

considered, as established here for B. breve.

consequent failure of a specific surface polysaccharides isolation. The
fact that EDTA did not yield any EPS product at all supports the hy
pothesis that the linkage to the cell membrane is covalent, instead of
through electrostatic interactions (Tallon et al., 2003). Whereas the
alkaline treatment successfully yielded EPS from all strains, it has to be
considered that the basic conditions may interfere with base-labile EPS
moieties (i.e. acetate, pyruvate) and cause ‘peeling’ reactions, thereby
altering the final EPS structure.
Our preliminary efforts to characterize the bifidobacterial EPS
structures in terms of monosaccharide composition and size have
resulted in novel findings. Our results for the EPS from B. infantis are
mainly in accordance with the reported data for two EPS samples that
are released from cell wall preparations (Tone-Shimokawa et al., 1996).
In contrast, for B. adolescentis we isolated EPS that contain D-glucose and
D-galactose (ratio 2.9:1), while a polysaccharide containing 6-deoxy-Ltalose monosaccharides has been described (Nagaoka et al., 1988). The
reported isolation method, however, used extensive enzymatic degra
dation of the peptidoglycan layer to release a peptidoglycan-linked
polysaccharide, instead of EPS. As our alkaline conditions are not
strong enough to release these reported polysaccharides, we conclude
that the polysaccharides isolated using procedure B are the actual EPS of
B. adolescentis. Finally, this study is the first to report EPS production by
B. bifidum DSM20456 and B. breve DSM20213, which contain a high
level of D-galactose, and L-rhamnose, respectively. In addition, the EPS
sample of B. bifidum contained relatively small polysaccharides (~7
kDa), in contrast to the large polymers (>600 kDa) observed for the
other strains. A thorough characterization to fully identify the novel EPS

4. Discussion and concluding remarks
In order to develop a reliable method for the isolation of pure bifi
dobacterial EPS, knowledge of cell growth in different media, interfering
polysaccharides from the selected media, and the localization of the EPS
are crucial. By investigating all these aspects, a straightforward method
for the isolation of bifidobacterial EPS was developed.
In this study, chemically-defined medium MRS4, similar to the rich
MRS broth but lacking the yeast extract, which is a notorious contributor
of interfering polysaccharides, allowed for efficient growth of all bifi
dobacterial strains. However, there was still a significant amount of
polysaccharides present, as apparent from the mannose-containing
polysaccharides isolated from the medium alone. These interfering
polysaccharides presumably originate from the beef extract. This does
not pose a problem for the isolation of membrane-associated EPS (using
procedure B); however, care should be taken when ‘released’ EPS are the
isolation target. Other media that lack both beef and yeast extracts may
be developed for this purpose (Alhudhud et al., 2014; Pintado et al.,
2020).
As corroborated by cryo-EM, all four commercial bifidobacteria
produced a cell membrane-associated layer of EPS, that was efficiently
extracted using alkaline treatment. This localization also explains why
sonication (procedure C) and EDTA treatment (produce D) were not
suitable. We postulate that the loss of cell integrity after sonication led to
the co-extraction of capsular and intracellular polysaccharides with the
7
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structures of B. adolescentis, B. bifidum, and B. breve in terms of repeating
unit, glycosidic linkages and configuration is currently underway.
Evaluating these structurally different samples in biological experiments
will provide insight into the structure-activity relation of these bifido
bacterial EPS.
Taken together, we reveal that the commercial bifidobacterial
strains, B. adolescentis, B. bifidum, B. breve, and B. infantis, produce
membrane-associated EPS that can be easily extracted from MRS4 me
dium using alkaline conditions (2 M NaOH). In this way, negligible
amounts of interfering polysaccharides are observed, eliminating the
necessity for additional purification steps. The combination of cryo-EM,
to definitely prove the production and localization of the EPS, with the
NaOH treatment allows the isolation of EPS of other bifidobacterial
strains, to accelerate the research into structure-function identification
of bifidobacteria and their EPS.
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