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Abstract

Bifidobacterium animalis ssp. lactis is a probiotic frequently used as adjunct culture
in fermented dairy products. In order to ensure its proper function at the intestinal
level, this bacterium has to be tolerant to physiological concentrations of bile. This
study examined the influence of bile on the fatty acid composition and the
membrane characteristics of B. animalis IPLA 4549 and its mutant with acquired
resistance to bile, B. animalis 4549dOx. Bile adaptation triggers in B. animalis
4549dOx a decrease in membrane fluidity and in the protein : phospholipid ratio,
as well as a shift in the fatty acid composition of the cell. Remarkably, the presence
of bile in the growth medium induced similar changes in both B. animalis cells.
Furthermore, transmission electron microscopy analysis showed that bile pro-
motes a severe distortion of the cell surface. This study provides new insights of the

action of bile on the cell envelope of bifidobacteria.
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Introduction

Microorganisms of the genus Bifidobacterium are common
inhabitants of the GI tract of humans, and they represent
one of the most abundant microbial gut populations in the
colon during the early stage of life (Harmsen et al., 2000).
Some strains are considered probiotics on the basis of their
health-promoting effects (Araya et al., 2002). In particular,
strains of Bifidobacterium animalis ssp. lactis have been
extensively used in functional dairy products (Masco et al.,
2005) and their health benefits have been documented and
supported by clinical studies (Salminen et al., 2005).

The functionality of probiotics depends on their ability to
survive and remain in the human intestine. During diges-
tion, bile is secreted into the intestine in order to solubilize
liposoluble nutrients and facilitate their absorption. Besides
its physiological function, bile salts are detergent-like biolo-
gical compounds with a strong antimicrobial activity, which
induces membrane damage and causes oxidative stress to
the DNA (Begley et al., 2005). Therefore, natural tolerance
to bile is strictly necessary for Bifidobacteria in order to
colonize the gut.
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The bacterial cell surface is the first physical target of bile
action. Bile salts modulate the expression of membrane
proteins in enteric bacteria (Bron et al., 2004; Sanchez
et al., 2006). They also affect the lipid composition of
Bifidobacterium (Gémez-Zavaglia et al., 2002) and the cell
membrane functionality of Lactobacillus (Taranto et al.,
2003, 2006). Its mechanism of growth inhibition is likely to
be carried out through the dissipation of the proton motive
force (Kurdi et al., 2006). Additionally, Bifidobacteria could
display other mechanisms to counteract bile toxicity, such as
active extrusion of bile salts through multidrug resistance
proteins (Price et al., 2006), or high bile salt hydrolase
activity (Noriega et al., 2006). These findings indicate that
bile promotes in bacteria a very complex response, involving
several cellular mechanisms.

The isolation of bile salt-resistant mutants in Bifidobac-
terium showed that bile resistance is correlated with multiple
factors, including different surface properties, and changes
in the enzymatic profiles and protein-expression patterns
(Gueimonde et al., 2005; Sanchez et al., 2005; Noriega et al.,
2006). This prompted the present study, in which the
authors aimed to characterize the effect of bile on the surface
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of Bifidobacterium, and the influence of the acquisition of a
bile-resistant phenotype in this effect.

Material and methods

Microorganisms and growth conditions

The bacterial strains used in this study were B. animalis ssp.
lactis IPLA 4549 and its ox gall-resistant derivative B. animalis
ssp. lactis 4549dOx (Ruas-Madiedo et al., 2005). The mutant
has a stable resistance phenotype, and probably harbours
several mutations since it displays remarkable physiological
changes compared with the wild-type (WT) strain (Guei-
monde et al., 2005; Ruas-Madiedo et al., 2005; Noriega et al.,
2006). Strains were cultured on Man, Rogosa & Sharpe (MRS)
agar (BD Diagnostic Systems, Sparks, MD) supplemented with
0.05% L-cysteine (MRSC) (w/v) (Sigma, St. Louis, MO). Single
colonies were picked and cultured in liquid MRSC medium in
an anaerobic chamber (Mac500; Down Whitley Scientific,
West Yorkshire, UK) under a 10% H,, 10% CO,, and 80% N,
atmosphere at 37 °C. MRSC broth was inoculated at 1% with
fresh overnight cultures and incubated anaerobically. When
necessary, bile salts (ox gall, Oxoid Limited, Hampshire, UK)
were added to a final concentration of 3.0gL™".

Analysis of membrane lateral diffusion

To determine the lateral diffusion of fatty acid chains in the
membrane, measurements of intermolecular pyrene exci-
merization were carried out according to Aricha et al.
(2004). Bacterial samples (two independent cultures for
each condition) were fixed with formaldehyde (final con-
centration, 0.25%), washed twice with phosphate-buffered
saline (PBS) containing 0.25% formaldehyde (pH 7.4), and
incubated with constant mild stirring at 37 °C during 40 min
with different concentrations of pyrene, ranging from 0.06
to 0.5uM. With this low pyrene concentration, excimer
formation is not detected in the absence of cells. The extent
of incorporation of the probe was not significantly different
for any of the strains/conditions used. An untreated portion
of the sample without pyrene was incubated under the same
conditions, and served as a scattering control. Measure-
ments were carried out in duplicate for each sample at 37 °C
with a Cary Eclipse spectrofluorometer (Varian, Palo Alto,
CA) with excitation at 335 nm, emission at 374 nm (for the
monomer) and 470 nm (for the excimer), and 5- and 5-nm
slits, respectively.

Fatty acid composition and protein and
phospholipid determinations

The fatty acid composition was determined by GC at the
DSMZ external service (Braunschweig, Germany) using the
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Microbial Identification System (MIDI, Newark, DE; http://
www.midi-inc.com). Two or three independent cultures
were made for each condition. Cells were collected by
centrifugation, washed twice with sterile deionized water
and the pellets were frozen at — 80 °C. The fatty acids were
converted to methyl esters and extracted in a four-step
procedure according to the DSMZ protocols.

For the phospholipid and protein determinations in
membrane fractions, inside-out membrane vesicles were
obtained essentially as indicated in a previous work
(Sanchez et al., 2006) with minor modifications. Cells were
grown in 1 L of MRSC, with or without added bile salts, and
collected at late exponential phase. Two independent cul-
tures for each condition were analysed. Cells were centri-
fuged at 2800 g at 4 °C for 15min and washed twice with
50 mM HEPES-potassium buffer, pH 7.0. The pellet was
resuspended in 20 mL of the same buffer supplemented with
10 mM MgSOy,, and treated with 5mgmL ™" lysozyme and
25UmL"" mutanolysin. The suspension was incubated at
37°C for 4h with constant stirring. Cells were broken by
passage through a cell disruptor (Constant Systems, North-
ants, UK) and the suspension was incubated for 20 min at
30°C with 100 pgmL™" DNase A (Sigma). Unbroken cells
and cell debris were removed by two centrifugation steps at
13000 g for 20 min at 4 °C. Membrane vesicles were centri-
fuged at 200 000 g for 30 min at 4 °C, resuspended in 50 mM
HEPES-potassium buffer pH 7.0, frozen in liquid nitrogen
and stored at — 80 °C until use.

Total membrane protein was assayed according to Lowry
et al. (1951) in the presence of 0.5% sodium dodecyl
sulphate, using bovine serum albumin as the standard. The
concentration of phospholipids in the membrane fraction
was determined by the measurement of the inorganic
phosphate released after perchloric acid oxidation (Rouser
et al., 1970). Glass tubes were washed with perchloric acid
and dried before their use. Samples (400 pL) were added to
the tubes and then dried at 180 °C. Perchloric acid (300 pL)
was added and the preparations were heated for 30 min at
180 °C, using perchloric acid-washed glass marbles on top of
the tubes. Amounts of 1.4 mL of deionized water, 200 pL of
2.5% ammonium molibdate (w/v) and 200uL of 10%
ascorbic acid (w/v) were sequentially added, shaking vigor-
ously between each step. Tubes were incubated for 20 min at
60 °C and the absorbance of the samples was measured at
797 nm. Quantification was carried out by comparisons with
a series of inorganic phosphate standards.

Transmission electron microscopy (TEM)

Samples for TEM were obtained from 10 mL of cells grown
in the absence or presence of bile. Two independent cultures
were analysed for each condition. Cells were collected by
low-spin centrifugation and the pellet was resuspended with
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a PBS solution containing 2% glutaraldehide and 1%
paraformaldehide. Cells were fixed during 3h at room
temperature. Subsequently, cells were treated with osmium
tetroxide (1%) for 90min at 4°C and dehydrated in
gradually increasing concentrations of acetone, and em-
bedded in Epon-812. The sections were stained with uranile
acetate and lead citrate and examined in an electron micro-
scope (Leica EM UC6) in the Electron Microscopy Service
from the CNB (Centro Nacional de Biotecnologia, CSIC,
Madrid).

Results and discussion

The adaptation to bile of Bifidobacterium is the result of a
sum of complex phenomena directed to maintain the
optimal viability of the cell under stress conditions (Garri-
gues et al., 2005; Gueimonde et al., 2005; Ruas-Madiedo
et al., 2005; Noriega et al., 2006; Sanchez et al., 2006). In this
respect, the cell surface is the first physical barrier of defence
against environmental cytotoxic compounds. The deleter-
ious action of lipophilic compounds is due to their mem-
brane accumulation, resulting in alteration of its structure
and function. In particular, bile salts have been related to the
ability to dissipate membrane potential, rendering the
bacterial membrane permeable to protons and causing cell
death (Kurdi et al., 2006). Therefore, bacteria able to survive
under bile challenge exhibit adaptation changes in their
membrane lipids to compensate for the membrane potential
dissipation effect of these compounds. Thus, a shift in the
membrane characteristics could have a direct influence on
bile tolerance. The authors took the opportunity of using
a strain previously isolated and partially characterized by
them obtained by progressive adaptation to increasing
concentrations of ox bile, B. animalis ssp. lactis 4549d0x,
which had acquired a stable bile-resistance phenotype and
the capacity to resist high bile concentrations (Sanchez et al.,
2006). Then, to know the cell surface response to bile of
B. animalis and the influence of the acquisition of the bile-
resistant phenotype in that response, the fatty acid composi-
tion and the membrane lateral diffusion of the WT and the
mutant strains with and without bile were compared. In
order to perform in similar physiological conditions the
different analyses of this work, the cells were always grown
until the late exponential phase of growth (ODggonm ¢. 5.0
for the WT and 3.0 for the mutant, and between 0.8 and 1.0
for both strains in the presence of bile). Under these
conditions, the pH values of the cultures in the absence of
bile were 4.7 for the WT and 4.9 for the mutant, and 5.4 and
5.5 for the WT and the mutant in the presence of bile,
respectively. These data show that the acidic pH, especially
in the absence of bile, could partially influence the physio-
logical response of the cells. In this way, previous results
from the authors’ group demonstrated that the bile resis-
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Fig. 1. Fluorescence emission spectra of 2pM pyrene (excitation at
335nm) normalized by the intensity of the band at 374nm in buffer
(dark grey) and in cell suspensions of Bifidobacterium animalis 4549dOx
grown in the absence (black) or presence (light grey) of bile. The arrow
indicates de excimerization peak.

tance phenotype of B. animalis ssp. lactis 4549dOx was lost
when grown in buffered MRSC medium, suggesting that the
bile resistance level reached by the mutant, but not by the
WT, depended on the external pH (Noriega et al., 2004).
Taking these results into account, all the experimental work
in batch cultures was carried out under uncontrolled pH
conditions.

Lateral diffusion of pyrene was examined, which is
directly related to the membrane viscosity and the lateral
diffusion of the fatty acyl chains (Aricha et al., 2004). This
fluorescent probe, when excited by light, can form a com-
plex with an identical unexcited probe molecule. Such
a complex is called an excimer and the intermolecular
excimerization of pyrene is recognized by the production of
a new fluorescent band at a longer wavelength (470 nm) than
the usual emission wavelength of the monomer (374 nm)
(Fig. 1). The rate of excimer formation depends on pyrene
concentration, excimer lifetime and pyrene excimerization
coefficient (K,), the latter being diffusion controlled
(Vanounou et al., 2003). The excimer-to-monomer ratio
increases linearly with the pyrene concentration and the
probe’s lateral diffusion can be derived from the slope of the
curve (Aricha et al., 2004). Bifidobacterium cells labelled
with pyrene displayed a fluorescence spectrum characteristic
for pyrene derivatives in a hydrophobic environment. Initial
experiments confirmed that the probe was almost comple-
tely embedded (more than 90%) into the bifidobacterial
membrane (data not shown). Figure 1 shows the emission
spectra of pyrene in the membrane and the influence of bile
on the excimer formation. A significant decrease in the
pyrene excimerization coefficient, 28.6% (P < 0.05), was
measured in the bile-resistant mutant compared with the
WT. Similarly, the presence of bile in the growth medium
promoted a decrease of K, of 28.6% and 24% in the WT and
the mutant, respectively (P < 0.05 in both strains) (Table 1).
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Table 1. Pyrene excimerization coefficient (K,) and protein/phospholipid ratios (mean 4 SD) in Bifidobacterium animalis IPLA 4549 and its bile resistant
mutant B. animalis 4549d0Ox grown in the presence (+bile) or absence ( — bile) of ox gall

B. animalis IPLA 4549

B. animalis 4549d0Ox

— bile +bile % decrease — bile +bile % decrease
K 0.354+0.02 0.254+0.01 28.6 0.25+0.02 0.194+0.04 24.0
Protein/phospholipid ratio 7.94+1.19 ND 4.24+0.33 2.36+0.57 44.3

ND, not determined.

Table 2. Fatty acid composition (% of total fatty acids; mean =+ SD) of Bifidobacterium animalis IPLA 4549 and its bile resistant mutant B. animalis

4549d0x grown in the presence (+bile) or absence ( — bile) of ox gall

B. animalis IPLA 4549

B. animalis 4549d0Ox

Fatty acids — bile +bile — bile +bile

9:0 - 0.144+0.03 - 0.194+0.01
10:0 0.274+0.02 - 0.34+0.11 0.07+0.01
12:0 0.634+0.06 0.144+0.06 2.27+1.02 0.194+0.01
13:0 - 0.11+0.05 - -

14:0* 3.094+0.02 2.36+1.04 6.60+2.44 1.8+0.25
15:0* - 1.094+0.18 - 0.994+0.10
16:0* 17.29+1.99 17.45+1.52 20.29+1.80 16.42 £0.63
16:1w7 0.894+0.04 0.194+0.03 2.17+0.61 0.294+0.02
16:1w9 0.254+0.01 0.92+0.07 0.29+0.07 1.344+0.02
16:1w11 - - - 0.474+0.03
17:0 - 0.444+0.18 - 0.484+0.02
18:0 4.04+0.55 4.51+2.51 4.04+1.06 4.60+0.32
18:0 120H 3.024+0.26 12.51+£3.15 - -

18: 1w9* 49.26 +£2.59 43.794+0.03 39.71+£0.66 54.06 +0.62
18:1w11* - 0.354+0.01 - 0.49+40.01
18:2w9,12 - 3.65+0.29 - 4.65+0.08
19:0cyc* 11.11+£1.76 0.574+0.20 12.31+0.95 0.574+0.03
Total BCFA (iso+anteiso 15+16+17) - 1.97+0.50 - 1.544+0.07
Not identified 10.19+£1.33 9.85+1.37 11.99+3.38 11.90+£0.03
Total DMA 10.60+0.30 2.96+1.29 12.93+0.48 4.25+0.12
Total SFA 28.58+2.16 38.82+0.22 36.90+3.56 2476 £0.66
Total USFA 61.99+0.89 49.61+0.45 54.75+2.42 61.93+0.58
USFA/SFA 2.184+0.19 1.284+0.00 1.49+0.16 2.50+0.09

*Fatty acids also including DMA forms.
—, not detected.

USFA, unsaturated fatty acids; SFA, saturated fatty acids; BCFA, branched chain fatty acids; DMA, dimethyl acetal fatty acids.

Because pyrene excimer lifetime does not show variations
during the time of analysis, the decrease in K, was due to
reduced lateral diffusion of the probe, probably indicating
increased membrane viscosity in the bile-resistant mutant
compared with the WT, and in both strains in the presence
of bile. The significance of these alterations in the biophysi-
cal characteristics of the membrane could be related to
enable better control of some functional aspects, such as
transporters and signal-transduction systems (Barenholz
et al., 1996). Furthermore, the regulation of membrane
fluidity through fatty acid alterations is a way for the
bacteria to respond to environmental challenge (Denich
et al., 2003).
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A preliminary thin-layer chromatography analysis of
polar lipids in B. animalis IPLA 4549 and B. animalis
4549dOx indicated important qualitative changes in the
lipid composition of their membranes (data not shown).
This encouraged the study of fatty acid profiles of both
strains grown in the absence and presence of bile. Two major
fatty acids (accounting for over 50% of the total fatty acids)
were found, corresponding to 16:0 and 18: 1w9c (Table 2).
The most significant change observed in the mutant with
respect to the WT was a large increase of saturated fatty acids
(SFA), and a decrease of the unsaturated ones (USFA), and
this was reflected in a ratio USFA : SFA of 2.18 for the WT
and 1.49 for the mutant (Table 2). This is in agreement with
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the pyrene excimerization rates, since a higher proportion of
SFA is usually related to a decreased mobility of membrane
probes, generally reflected in decreasing the numbers of
double bonds in acyl chains or increasing their length
(Beney & Gervais, 2001; Lofthagen et al., 2004).

On the other hand, different environmental factors have
been shown to influence the fatty acid composition of
bacteria (Quivey et al., 2000; Guerzoni et al., 2001; Fozo
et al., 2004). In this case, the unusual 10-hydroxy-octanode-
canoic acid (18:0 120H) was only detected in the WT, and
its percentage increased more than four times in the
presence of bile. In Lactobacillus acidophilus, an increase in
hydroxy fatty acids has been reported when grown at
suboptimal temperatures (Fernandez-Murga et al., 2001).
These molecules seem to play a role in cell membrane
permeability. In the authors’ strains, WT and mutant, bile
promoted a decrease of cyclic fatty acids. A similar reduction
was reported for Lactobacillus reuteri, attributed to the
inhibition exerted by bile on some fatty-acid-metabolizing
enzymes (Taranto et al., 2003). In contrast, bile induced the
synthesis of branched-chain 15:0, 16:0 and 17: 0 fatty acids
(Table 2) in WT and mutant strains. A higher quantity of
branched-chain fatty acids has been previously detected
under alkaline conditions in Listeria monocytogenes (Giotis
et al., 2007). These fatty acids, typical of Gram-positive
bacteria (Hopkins & MacFarlane, 2000), have physico-
chemical characteristics very similar to USFA. Thus, its
presence could contribute to the modification of the viscos-
ity of the membrane when cells were grown in the presence
of bile. In this respect, Goitis and colleagues suggest that the
balance between the different branched-chain fatty acids
could be critical in pH adaptation. However, the influence of
bile on the ratios USFA/SFA was different in both strains.
Whereas bile induced an increase in the ratio in the mutant,
a decrease was detected in the WT. Related to this, it is
worthwhile to point out that a much lower protein to
phospholipid ratio in the cell membranes of the mutant
strain was detected in the presence of bile (44.3% of
reduction), compared with the conditions in which bile was
absent (Table 1). Membrane proteins represent mechanical
barriers for lipids. The presence of proteins decreases the
diffusion coefficient of lipids in biological membranes, in a
way that is related to the protein to lipid ratio (Engelke et al.,
1996). Thus, the relative decrease of protein in the mem-
brane of the mutant in the presence of bile is not in
agreement with the decrease of K, detected in the mutant
under the same conditions. In relation to this, it must be
pointed out that only phospholipids (and not the total lipid
fraction) are considered in the ratio; therefore the influence
of the other lipids is going unnoticed in the analysis. In
addition, pyrene lateral diffusion is directly related to the
lateral diffusion of fatty acid chains in the membrane, but
other factors also affect the physical state and the viscosity of

© 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

L. Ruiz et al.

B. animalis IPLA 4549 B. animalis 4549dOx

.. @ O_i j’.

—bile

< bie ‘-‘ o 0.

Fig. 2. Transmission electron microscopy of Bifidobacterium animalis
IPLA 4549 and B. animalis 4549dOx cells grown in the absence ( — bile)
or in the presence (+bile) of ox gall. The bar corresponds to 250 nm.

the membrane, such as (1) rotational diffusion of the fatty
acyl chains inside the bilayer and (2) transbilayer lipid
diffusion (‘flip-flop’) (Aricha et al., 2004). Furthermore,
possible secondary effects, such as changes in the activities of
membrane-embedded enzymes as a result of altered mem-
brane characteristics, should be taken into account.

Unfortunately, the protein to phospholipid ratio could
not be calculated for the WT since bile interferes with the
colorimetric reaction of phospholipid determination, and
the membranes of the WT accumulated bile to a much
higher extent than the membranes of the mutant. This
suggests that the WT can embed bile salts into its mem-
brane, and the mutant does it in a much lower proportion.
This fact also indicates that the membrane of the mutant
could be more impermeable to bile than the membrane
of the WT, partially explaining the higher bile tolerance of
B. animalis 4549dOx.

Morphological changes also occurred as a consequence of
bile action. In previous studies, it was observed, by optical
microscopy, that bile strongly influences the cell shape in
Bifidobacterium (Margolles et al., 2003). In this work, it was
analysed by TEM the influence that the adaptation or the
exposure to bile has in B. animalis cells. Remarkably, the
most significant changes were apparent when cells, either
WT or mutant, were grown in the presence of bile (Fig. 2). In
the absence of bile, clearly defined cell walls and cell
membranes were detected. In contrast, bile-treated cells
displayed marked changes on the cell surface and vesicle-
like structures became apparent. These structures retained
an electron-dense surrounding cover, and an interior space,
which was transparent to the electrons. In this respect,
a similar result has been reported for Lactobacillus reuteri as
a reponse to the bile salt deoxycholate (Taranto et al., 2006).
Recently, McBroom & Kuehn (2007) demonstrated that
Escherichia coli alleviates stress by producing membrane
vesicles for removal of toxic missfolded proteins, and they
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suggest this vesiculation phenotype as a general envelope
stress response mechanism in Gram-negative bacteria. The
data of this paper could indicate a similar behaviour in
B. animalis. This surface response under stress conditions
has not been described before in Bifidobacteria, and further
research is needed to characterize this phenomenon. In
short, bile has the capacity to modulate the lateral diffusion
of B. animalis membranes and their fatty acid composition,
and to change the ratio between membrane proteins and
phospholipids. Long-term exposure to bile, represented in
this work by the bile-adapted strain, also induced stable
changes in the membrane features, which are maintained
even in the absence of bile, likely contributing to the stable
bile-resistance phenotype of B. animalis 4549dOx.
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