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The effect of the simple and complex basic components of a fermentation medium on the surface properties
of Lactobacillus acidophilus NCC2628 is studied by physicochemical methods, such as electrophoresis, inter-
facial adhesion, and X-ray photonelectron spectroscopy, and by transmission electron microscopy. Starting
from an optimized complete medium, the effect of carbohydrates, peptones, and yeast extracts on the physi-
cochemical properties of the cell wall is systematically investigated by consecutively omitting one of the
principal components from the fermentation medium at the time. The physicochemical properties and struc-
ture of the bacterial cell wall remain largely unchanged if the carbohydrate content of the fermentation medium
is strongly reduced, although the concentration of surface proteins increases slightly. Both peptone and yeast
extract have a considerable influence on the bacterial cell wall, as witnessed by changes in surface charge,
hydrophobicity, and the nitrogen-to-carbon ratio. Both zeta potential and the cell wall hydrophobicity show a
positive correlation with the nitrogen-to-carbon ratio of the bacterial surfaces, indicative of the important role
of surface proteins in the overall surface physical chemistry. The hydrophobicity of the cell wall, which is low
for the cultures grown in the complete medium and in the absence of carbohydrates, becomes fairly high for
the cultures grown in the medium without peptones and the medium without yeast extract. UV spectropho-
tometry and sodium dodecyl sulfate-polyacrylamide gel electrophoresis combined with liquid chromatography-
tandem mass spectrometry are used to analyze the effect of medium composition on LiCl-extractable cell wall
proteins, confirming the major change in protein composition of the cell wall for the culture fermented in the
medium without peptones. In particular, it is found that expression of the S-layer protein is dependent on the
protein source of the fermentation medium.

Lactobacilli are of considerable technological and commer-
cial importance because of their role in the manufacturing and
preservation of many fermented food products, but they also
play an important role in the control of undesirable microor-
ganisms in the intestinal and urogenital tract (43). Beside in-
digenous lactobacilli, which reside in the human gastrointesti-
nal tract, several Lactobacillus strains from fermented food
products have shown beneficial effects on gut health (19). The
surface properties of lactic acid bacteria are of major impor-
tance in fermentation technology (6, 30), but they are also of
importance for mediating the adhesion of the bacteria to the
gastrointestinal epithelium. This is considered to be a prereq-
uisite for the exclusion of enteropathogenic bacteria (2, 3, 26)
and immunomodulation of the host (5, 22).

The gram-positive cell wall of lactobacilli consists of the
sacculus, made up of peptidoglycan, which is decorated by
(lipo)teichoic acids, surface proteins, and anionic and neutral
polysaccharides (14). Of particular interest for the surface
properties of lactobacilli are the S-layer proteins (6, 36, 39, 41),
which cover the bacterial cell wall in a regular, two-dimen-
sional array. S-layers have been found in a number of Lacto-
bacillus species, including L. acidophilus (8, 38). The precise

surface constituents of the bacterial cell wall which contribute
to the surface properties of a bacterium is an issue of consid-
erable debate (1, 11, 33, 36), but surface proteins (35), exo-
polysaccharides (6, 12), and lipoteichoic acids (20) have all
been implicated. In general, the outer layers of the cell wall are
more important for the surface properties and interactions
than the inner layers because of steric effects (39a).

The surface properties of microorganisms are, in addition,
dependent on the growth conditions and the composition of
the fermentation medium. Consequently, the interactions of a
particular strain with, for instance, the gastrointestinal epithe-
lium or with surfaces exposed during bioprocessing may be
strongly influenced by the composition of the fermentation
medium and the growth conditions. However, little is known
about the relationship between the fermentation conditions,
changes in bacterial surface properties, and their effect on
bacterial interactions.

Studies have been done of variations in microbial surface
properties using various established media (15), using slight
variations in the formulation of commercial media (28),
using various carbon sources (31), or using variations in the
concentration of a simple carbohydrate in an otherwise com-
plex medium (10). In addition, occasional studies have been
carried out using nontraditional medium components like
bile salts (42).

In these studies, the composition of the medium was varied
in a nonsystematic way. Ideally, one would study the effect of
each individual chemical component of the medium on the
properties of the microbial surface. However, bacteria gener-
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ally do not thrive on highly simple synthetic media and a
number of important medium components are of an intrinsi-
cally complex nature, like yeast extracts, meat extracts, dairy
concentrates, wort, and peptones. Consequently, either the
study of the relationship between medium composition and
physicochemical properties is restricted to model systems uti-
lizing a growth medium of an essentially theoretical interest, or
the complex medium needs to be divided into classes of prin-
cipal components, of which the effects on the cell wall proper-
ties are studied. Here, we opt for the latter approach.

We started with a medium containing all principal compo-
nents of a full-fermentation medium. These components were
either of a simple nature (e.g., chemically well-defined carbo-
hydrates) or of a complex nature (peptones, yeast extracts).
The complete medium was optimized for the microorganism of
interest, in our case, L. acidophilus NCC2628. To study the
effect of the principal medium compositions on the physico-
chemical surface properties, fermentations were carried out
using medium in which one of the principal components—
either chemically simple or complex—has consecutively been
left out. As the cultures were able to grow in all these media,
we were able to study the effect of these simple and complex
medium components on the cell wall properties.

MATERIALS AND METHODS

Growth and preparation of bacterial cultures. L. acidophilus NCC2628 was
obtained from the Nestlé Culture Collection. Cultures were grown at 40°C under
anaerobic conditions in test tubes containing 10 ml of medium and harvested in
late stationary phase (12 to 14 h). A number of media, designated M1, M2, M3,
and M4, were used. The complete medium was M1, which consisted of 1.00%
Variolac 836 (MD Foods Ingredients, Denmark) by weight, 0.10% Tween 80
(Quest International, The Netherlands) by weight, 0.75% sucrose (Fluka,
Switzerland) by weight, 0.75% fructose (Fluka, Switzerland) by weight, 1.00%
Pisane (Cosucra, France) by weight, 3.00% yeast extract 2012 (Biospringer,
France) by weight, and 1.00% Primatone RL (Quest International, The
Netherlands) by weight. Variolac 836 is a whey permeate powder consisting
largely of lactose but also containing about 4% proteins. Pisane is a pea protein
concentrate, whereas Primatone is an enzymatic digest of meat high in amino
acids and peptides. M2, M3, and M4 were each lacking one of the essential
components of M1. M2 lacked sucrose and lactose, M3 lacked the Pisane and
Primatone, and M4 lacked the yeast extract. After fermentation, the bacteria
were harvested by centrifugation (5,000 � g, 10 min, 4°C) and washed twice with
a 0.9% NaCl solution. The viable cell count was determined by serially diluting
1 ml of homogenized cell culture in 100 mM NaH2PO4 buffer. The dilutions were
plated on MRS agar and anaerobically incubated for 24 h at 40°C.

Determination of electrophoretic mobility and zeta potential. Electrophoretic
mobility was measured by laser Doppler velocimetry using a ZetaSizer 4
(Malvern Instruments, Malvern, United Kingdom). A glass capillary (ZET5104;
quartz capillary, 4-mm diameter) was used as the electrophoresis cell. Between
5 and 10 ml of the bacterial suspension was injected into the electrophoresis cell
using a disposable syringe. Before injection of the bacterial suspension, the
measurement cell was flushed with ultrapure water (MilliQ; Millipore). Electro-
phoretic mobilities were converted to the zeta potential using the Helmholtz-
Schmoluchowski equation (18).

Bacterial hydrophobicity through interfacial adhesion. The basic MATH (mi-
crobial adhesion to hexadecane) test was carried out essentially by following the
method described in reference 34. The MATH test was recently extended by us
to provide a quantitative description of the interfacial adhesion of microorgan-
isms (36). In brief, to 10 ml of 10 mM KH2PO4 buffer at pH 7, a quantity of
bacterial suspension was added such that the resulting optical density (OD) was
0.5 � 0.05. This usually required the addition of an aliquot of bacterial suspen-
sion of 100 to 200 �l to the 10-ml buffer solution. After homogenization, 3.0 ml
of the suspension was pipetted into a 15-ml sealable plastic test tube (Falcon; BD
Biosciences, Allschwil, Switzerland). Subsequently, 150 �l hexadecane (purity,
�98%; Fluka, Buchs, Switzerland) was added and, after the tube was hermeti-
cally closed, the mixture was vortexed at maximum speed for 30 s using a Vortex
Genie 2 (Scientific Instruments, Bohemia, NY). This was repeated for 30 s after

an interval of 1 min. The optical densities of both the initial and the extracted
solution were determined at a � of 600 nm using an Uvikon 810 UV/visible-light
spectrophotometer (BioTek, Basel, Switzerland) and disposable polystyrene cu-
vettes with an effective volume of 1 ml. A blank value was determined for the
phosphate buffer without added bacteria. A waiting period between 10 min and
25 min was employed in order to achieve complete phase separation between the
water and hexadecane phases while ensuring that significant sedimentation of the
bacteria remaining in solution did not occur.

The fraction of bacteria adhering to the hexadecane-water interface was cal-
culated using the following equation:

� �
OD0 � OD1

OD0 � ODb
(1)

where � is the degree of interfacial adhesion and OD0, OD1, and ODb are the
optical densities of the initial bacterial suspension, the extracted solution, and the
blank, respectively.

We have modified the MATH assay in order to study the effects of hexadecane
on bacterial interfacial adhesion (36). Instead of one adhesion value for a fixed
aliquot of hexadecane, a series of adhesion values were determined by varying
the amount of hexadecane between 0.5 �l and 3 ml (always on a 3-ml bacterial
suspension with a cell count of 107 to 108 CFU/ml). In the interfacial-adhesion
experiments, the buffer pH was kept at 7.

The interfacial-adhesion curves were quantified according to the following
two-state model (36):

� � �0 � �1 � �0	 �
K


1 � K

(2)

where 
 is the ratio of the volume of hexadecane to that of aqueous buffer (V
[hexadecane]/V [buffer]), �0 represents the initial plateau caused by the bacterial
aggregation induced by the adsorption of very small quantities of hexadecane on
hydrophobic moieties close to the outer surface layers of the bacterial cell wall
model (36), and K is the interfacial-adhesion constant.

Elemental analysis of bacterial surface composition by XPS. Because of the
small penetration depth (5 to 10 nm), X-ray photonelectron spectroscopy (XPS)
is highly useful for analyzing the surface compositions of sensitive biological
materials. Bacterial samples for XPS analysis were prepared by freeze-drying the
resuspended pellet of a 10-ml fermentation mixture. Resuspension was carried
out in 100 mM NaH2PO4 buffer at pH 7. Small flakes of freeze-dried sample
were adhered to a sample grid by means of double-sided sticky tape and gently
compressed using a spatula in order to form a confluent layer. The samples were
analyzed using an Axis Ultra XPS instrument (Kratos Scientific, Manchester,
United Kingdom) for the surface concentration of the elements C, N, O, and P.

Extraction of cell wall proteins by LiCl treatment. For the analysis of the
protein content and composition of the cell wall of L. acidophilus NCC2628
fermented in the four media, cell wall proteins were extracted by a 5 M LiCl
extraction (25, 38). The fermentation was carried out as described above but this
time in 1-liter bottles containing 1 liter of each fermentation medium. The
bacteria were harvested by centrifugation (3,500 � g, 20 min, 4°C) and washed
three times with 250 ml of 10 mM KH2PO4. After being harvested and washed,
the bacterial pellet of a 1-liter fermentation (about 5 ml) was resuspended in
about 35 ml of KH2PO4 buffer (total, 40 ml). An equal volume of 5 M LiCl was
added, and the suspension was incubated for 1 h at room temperature. After-
wards, bacteria and high-molecular-mass debris were sedimented by centrifuga-
tion (5,000 � g, 20 min, 4°C). The supernatant was removed, filtered through a
5-�m microfilter (Millex-SV; Millipore, Cork, Ireland), and dialyzed overnight
against 5 liters of 50 mM Tris-HCl (pH 7.4, room temperature). Three hours
after the start of the dialysis, the dialysis buffer was refreshed. Remaining high-
molecular-mass debris was removed by centrifugation (5,000 � g, 20 min, 4°C).
The supernatant was used undiluted for sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) analysis and was diluted 25-fold with ultra-
pure water for UV spectrophotometry.

UV spectrophotometry. The diluted supernatant was analyzed on an HP
8452A diode array spectrophotometer between a � of 200 and a � of 400 nm. The
data were collected using the HP UV/visible-light ChemStation software and
imported in an Excel worksheet for further analysis. The experiments were
carried out in duplicate using independently fermented cultures.

SDS-PAGE analysis. SDS-PAGE of the supernatants of M1 to M4 was carried
out using the reference molecular masses 31 kDa, 45 kDa, 66 kDa, 97.4 kDa, 116
kDa, and 200 kDa. From both the marker solution and the supernatants of M1
to M4, 20 �l was mixed with 5 �l loading buffer and denatured at 95°C for 5 min.
Prior to use, 475 �l of the loading buffer (60 mM Tris at pH 6.8, 25% glycerol,
2% SDS, 0.1% bromophenol blue) was mixed with 25 �l �-mercaptoethanol.
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After denaturation, the samples were cooled on ice and the droplets were
collected by centrifugation. The samples were run on a 10% polyacrylamide gel
(Ready-gel; Bio-Rad Laboratories, Munich, Germany). Each slot was loaded
with 20 �l of sample. The buffer was a 10-fold dilution in ultrapure water of a
10� Tris-glycine-SDS buffer (Bio-Rad). The gel was run for about 45 min at 200
V, washed twice in 150 ml water, and stained with a Coomassie blue stain
(Bio-Safe Coomassie; Bio-Rad). The gel was destained by washing it three times
with 200 ml water and dried for 1.5 h in a GelAir dryer (Bio-Rad) between
cellophane sheets (Cellophane Support; Bio-Rad). Gels were run in duplicate
from independently fermented cultures.

Identification of surface protein by LC-MS/MS. Protein bands were excised
from the fresh gels and in-gel digested with trypsin according to published
procedures (21, 37). Extracted and dried peptides were reconstituted in 50 �l of
liquid chromatography (LC) solvent A (see below) by vortexing and sonication
for 15 min. Then, 25 �l of the sample was used for LC-NanoESI-tandem mass
spectrometry (MS/MS) analysis. The peptides were separated and characterized
using a high-performance liquid chromatography (HPLC) system consisting of a
Rheos 2000 pump with a constant pressure split module (Flux Instruments,
Germany) and a PAL HTC autosampler (CTC Analytics, Switzerland) coupled
to an LCQ classic ion trap mass spectrometer (ThermoFinnigan, San Jose, Calif.)
equipped with a NanoESI source (ThermoFinnigan). The mobile phase for LC
separation was 0.1% (vol/vol) formic acid–2% (vol/vol) acetonitrile in MilliQ
water (solvent A) and 0.1% (vol/vol) formic acid–80% (vol/vol) acetonitrile in
MilliQ water (solvent B). Peptides were eluted with a linear gradient of 5%
solvent B to 50% solvent B in 30 min, followed by a 3-min wash with 100%
solvent B at an �800-�l/min flow rate. The NanoSpray source was operated at a
potential of 2.4 kV provided by a liquid junction T configuration. The distance of
the analytical column end (Magic C18, 100 �m by 10 cm; Spectronex, Basel,
Switzerland) to the heated capillary (set to 140°C) was adjusted to approximately
5 mm. All spectra were obtained in positive mode and recorded at unit mass
resolution. Automated MS/MS spectra were acquired with relative collision
energy for collision-induced dissociation preset at 35% and an isolation width of 1
m/z unit. Full-scan MS and MS/MS data acquisition and analysis were performed with
Xcalibur software V1.3 (ThermoFinnigan), including the Bioworks V3.1 software
package for SEQUEST database searches (17). MS/MS spectra analysis was
performed using the SEQUEST program, which correlates the uninterpreted
MS/MS spectra of peptides with theoretical spectra of amino acid sequences
from protein databases. In the data analysis, robust filters were employed, e.g.,
the SEQUEST cross-correlation factor xcorr was �2 for doubly charged ions and
xcorr was �2.5 for triply charged ions. SEQUEST analysis of the acquired
tandem MS spectra was performed against the latest release of the Swiss-Prot
database on a local personal computer workstation. The significance of protein
identification was displayed by the SEQUEST score and by the sequence cov-
erage. The procedure is discussed in more detail in reference 32.

Transmission electron microscopy (TEM). The bacteria were suspended in a
mixture of 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.0
containing 0.04% Ruthenium red and incubated at 4°C. After 1 h, the sedi-
mented part of the suspensions was microencapsulated in agar gel tubes. The
samples were then fixed by incubation in 2.5% glutaraldehyde in sodium caco-
dylate buffer at pH 7.0 containing 0.04% Ruthenium red and incubated for 16 h
at 4°C. The samples were washed three times with sodium cacodylate buffer at
pH 7.0 containing 0.04% ruthenium red, followed by an incubation in 2%
osmium tetroxide in sodium cacodylate buffer at pH 7.0 containing 0.04% ru-
thenium red for 2 h at room temperature. The samples were washed again as
described above before dehydration in a series of solutions with an ethanol
concentration increasing from 50% to 100%. The samples were then embedded
by three successive incubations for 16 h at 4°C in 50% Spurr resin in ethanol, in
75% Spurr resin in ethanol, and finally in 100% Spurr resin. After polymerization
of the resin (70°C, 48 h), ultrathin sections were cut with a Reichert OMU2
ultramicrotome. Ultrathin sections (thickness, 70 nm) stained with aqueous
uranyl-acetate and lead citrate were examined by transmission electron micros-
copy (Philips CM12; 80 kV, magnification, �128,000).

RESULTS

Bacterial growth. Before analysis of the effect of the com-
position of the fermentation medium on the physicochemical
properties of the bacterial surfaces and cell wall structure,
several basic aspects of the fermentation behavior of L. aci-
dophilus NCC2628 in the various media need to be established.
It turns out that the cultures attained satisfactory cell counts

between 108 and 109 CFU/ml in all media (Table 1). The lower
cell density observed for the cultures grown in M2 than for the
cultures grown in M1 likely reflects a carbohydrate limitation
in M2. The value of the cell count for M4 is most likely on the
low side, as in this medium, the strain tended to form chains of
up to about 10 bacteria (micrographs not shown). The actual
cell density is thus likely to be higher by a factor 2 to 5.

During fermentation, all cultures arrived in stationary phase
after about 11 to 12 h. There was some difference in the
durations of the lag phases, however. For the cultures fer-
mented in M1 and M4, the lag time was the shortest, around
6 h. For the cultures in M2 and M3, this was about 7 h. As the
cultures were harvested 12 to 14 h after inoculation, they were
all in the stationary phase. From the cell counts and the growth
curves, we concluded that L. acidophilus NCC2628 is able to
grow in the four media, even though the variations in medium
composition had some influence on the cell density attained in
stationary phase.

It should be noted that, although medium components like
carbohydrates and amino acid sources are omitted in the var-
ious media, they all contain both principal ingredients, albeit at
strongly reduced levels (depending on the medium). For in-
stance, the amino acid contents of the media were 2.24% (M1),
2.24% (M2), 0.74% (M3), and 1.51% (M4), all by weight, as
calculated from the analysis of the amino acid composition of
the Primatone, Pisane, and yeast extract (see the supplemental
material). In addition, M2 contained carbohydrates, but at a
very low level, mainly from the yeast extract (which contains
about 10% of carbohydrates by weight) or as a carryover from
the inoculant. We estimated the carbohydrate content of M2 to
be about 0.3% by weight.

Zeta potential. The zeta potential of L. acidophilus NCC2628
cultivated in four different media as a function of the pH is
shown in Fig. 1. For the bacteria grown in M1, M2, and M4, the
effective charge on the bacterial surface was positive at a low
pH and negative at a high pH, indicative of cell wall electro-
statics determined by surface proteins and weak acids. The
isoelectric point, which is defined as the pH where the zeta
potential becomes zero, varied for the cultivation medium
composition shown from about pH 4.3 for the culture fer-
mented in M2 to about pH 5.2 for the culture fermented in M1
(see Table 4).

Between the bacteria grown in M1, M2, and M4, there are
some differences in cell wall composition and structure re-
flected in the zeta potential profile. For the bacteria grown in
M2, the zeta potential as a function of pH was very close to
those of the bacteria grown in M1, the values of the zeta
potential being slightly more positive toward a low pH and

TABLE 1. Viable cell countsa of L. acidophilus NCC2628
cultured in the four media

Medium Cell count
(log CFU/ml)

M1..........................................................................................8.96 � 0.04
M2..........................................................................................8.11 � 0.04
M3..........................................................................................8.71 � 0.01
M4..........................................................................................8.08 � 0.04

a Values are the averages from three independently fermented cultures. The
variation indicated is 1 standard deviation.
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slightly more negative toward a high pH. It is likely that, in the
absence of carbohydrates in the medium, the cell wall either
incorporates slightly larger amounts of protein or synthesizes
slightly smaller amounts of (neutral) exopolysaccharides. Pro-
teins are generally highly charged at both low and high pHs,
whereas neutral exopolysaccharides reduce the zeta potential
of the bacteria because the hydrodynamic interface is shifted
outward. The bacteria grown in M4 are significantly more
highly charged at both low and high pHs. This indicates that
the surfaces of the bacteria grown in M4 are richer in proteins.

The major variation in the zeta potential profile was ob-
served for the culture grown in M3, which was close to elec-
trically neutral over the whole pH range from 3 to 10. It is clear
that, with strongly reduced protein sources, the composition of
the bacterial surface changes substantially. In particular, we
conclude that the cell wall proteins are not expressed at the
outer layers of the cell wall as the zeta potential remains close
to zero even at a low pH. Normally, even relatively small
amounts of cell wall proteins at the outer surface of the cell
wall result in a positive zeta potential at a low pH.

In summary, the substantial differences in zeta potential
observed for the strains cultured in the various media are most
likely related to differences in cell wall composition, in partic-
ular, the concentration of surface proteins. This issue will be
addressed later using XPS.

Interfacial adhesion assay. From the interfacial adhesion
curves shown in Fig. 2, it is observed that L. acidophilus
NCC2628 is an intrinsically hydrophilic strain, as the degree of
interfacial adhesion is very low for the culture fermented in the
complete medium M1. The bacterium remains hydrophilic
when the carbohydrates are eliminated from the fermentation
medium (M2). Again, in line with the results from the zeta
potential, we conclude that the absence of carbohydrates in the
medium does not lead to a cell wall which is structurally dif-
ferent. This changed as soon as we eliminated either the pep-
tones or the yeast extract. For the cultures grown in M3 and
M4, the bacterial cell wall became much more hydrophobic, as

is witnessed by the interfacial-adhesion curves in Fig. 2 and the
higher values of the adhesion constants in Table 2. Both the
initial adhesion plateau, caused by the aggregation of bacteria
at very low volumes of hexadecane, and the interfacial-adhe-
sion constant, quantifying the affinity for adhesion of the bac-
teria to the hexadecane-water interface, are higher. The high
values for both parameters imply that hydrophobic groups are
present at the outer surface of the bacterial cell wall for the
cultures fermented in M3 and M4. For M4, the increase in
hydrophobicity is related to the protein content, as is indirectly
demonstrated by the increase in zeta potential at both low and
high pHs and directly using XPS (see below). For M3, an
increased content of surface proteins cannot explain the in-
crease in hydrophobicity, as this is excluded by both the zeta
potential and XPS analyses.

In Table 2, the MATH values as determined following the
standard assay in the literature (34) were included. In the
standard method, the degree of interfacial adhesion was de-
termined at 1 volume of hexadecane, 150 �l, on 3.0 ml of
bacterial suspension. Although the method exhibited some sig-
nificant disadvantages in particular for very hydrophilic or
very hydrophobic microorganisms (36), for L. acidophilus
NCC2628, it provided a good discrimination between the cul-
tures from the various fermentation media.

FIG. 1. Zeta potential of L. acidophilus NCC2628 fermented in the
various media as a function of pH. The bacterial cultures were sus-
pended in a 10 mM KH2PO4 buffer. All data points are the averages of
three measurements with independently fermented cultures. F, M1
(complete medium); �, M2 (without sugars); E, M3 (without pep-
tides); }, M4 (without yeast extracts). Error bars are not shown, as the
standard deviations are generally smaller than the symbols.

FIG. 2. Interfacial adhesion curves of L. acidophilus NCC2628 fer-
mented in the various media. The bacterial cultures are suspended in
a 10 mM KH2PO4 buffer at pH 7. All data points are averages from two
independent analyses using separate cultures. F, medium M1 (com-
plete medium); �, M2 (lacking the sugars); E, M3 (without peptones);
}, M4 (without yeast extracts). The error bars denote the standard
errors.

TABLE 2. Fitting parameters of the interfacial
adhesion curvesa and MATH values

Medium �0 K MATH
valueb (%)

M1 0 0.22 1.1
M2 0.05 0.25 6.2
M3 0.33 25 70
M4 0.37 4 48

a Curves are fitted to the data from two experiments with independently
fermented cultures (Fig. 2).

b The MATH value was determined from the interfacial adhesion curves for an
added volume of hexadecane of 150 �l.
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Bacterial surface composition by XPS. In Table 3, the
atomic concentrations of the elements C, N, O, and P are given
as a percentage of the total occurrence of these four elements.
As expected, the surface concentrations of carbon and oxygen
were the highest, followed by nitrogen. The surface concentra-
tion of phosphate was rather low, even if we take into account
that the samples were prepared in a phosphate buffer. Conse-
quently, the surface concentration of cell wall macromolecules
containing phosphate, like lipoteichoic acids, was very low.
This is in line with the results of both the zeta potential and the
interfacial-adhesion assay, which do not reveal bacterial sur-
faces that are hydrophobic and highly charged at the same time
(36). Cell wall macromolecules containing significant amounts
of phosphate groups are necessarily highly charged, as phos-
phate is a strong acid.

An important measure derived from the XPS analysis of bac-
terial surfaces is the nitrogen-to-carbon (N/C) ratio (Table 4). A
high value of this ratio indicates the presence of large amounts of
surface proteins and a low value, a reduced amount. As ex-
pected, for M3, without the two principal amino acid sources,
the concentration of surface proteins is the lowest. Interest-
ingly, if we left out the yeast extract (M4), the N/C ratio
increased strongly. The absence of carbohydrates influences
the N/C ratio to a lesser degree (Table 4, compare M1 and
M2), indicating that differences in carbohydrate supplementa-
tion have only a limited influence on the expression of surface
proteins. The values of the N/C ratio found for the bacterial
cultures from the various media are within the range reported
in the literature. The N/C ratio of the surfaces of lactic acid
bacteria is typically between 0.09 and 0.15 (6, 16), although
values as low as 0.04 have been reported previously (13).

Deconvolution of the 1s orbital of carbon (C1s) peak con-
firms the presence of carbohydrates at the bacterial surface,

because of the significant contribution of hydroxyl- and ether-
linked carbon at the bacterial surfaces. In addition, significant
amounts of carbon in ester groups were detected as well as
nitrogen-linked carbon, which are the sign of surface proteins.
Evidence was also found for small amounts of carbon in car-
boxylic acid groups. The principal variation in carbon linkage
between the cultures fermented in the various media is a some-
what higher value for the OH-linked carbon in the cases of M1
and M4.

Characterization of cell wall extracts. A first check on the
state of the proteins in the cell walls of the cultures fermented
in the various media showed a UV adsorption spectrum
around a � of 280 nm of the supernatant of the LiCl extract
(Fig. 3). The spectrum in Fig. 3 shows the expected behavior.
The relative protein content of the cell walls of the cultures
fermented in M1 was the highest, immediately followed by the
cultures fermented in M2, whereas the relative protein con-
centrations in the cell walls of the cultures from M4 and, in
particular, M3 were the lowest. In the absence of amino acid
sources (M3), the bacteria thus exhibit a strongly reduced level
of proteins in their cell walls, as is corroborated by the low
value for the N/C ratio reported in Table 4. In addition, if the
amount of carbohydrates was reduced (M2), the microbial
surface became richer in surface proteins (the relative concen-
tration of extractable surface proteins was the highest in M2),
as was confirmed by the XPS data (witness the high value for
the N/C ratio for M2 compared to M1 in Table 4) and the zeta
potential data (high positive charge at a low pH value) (Fig. 1).

From the SDS-PAGE analysis of the supernatant from the
LiCl extract (Fig. 4), more-detailed information was obtained
about the presence of extractable surface proteins. The molec-
ular masses of the extractable surface proteins varied between
about 30 kDa and 70 kDa, in line with previous observations
(24, 29, 38). The protein profiles of the cultures from M1 and
M2 were similar, with the bands being less intense for M2. In
addition, minor differences in band structure were observed
between the cultures fermented in M1 and M2 (Fig. 4). The
electrophoresis pattern for the culture fermented in M4 bore
some similarity to the cultures fermented in M1 and M2. How-
ever, differences were observed with respect to the types of

FIG. 3. UV spectra of the supernatant of LiCl cell wall extracts of
L. acidophilus NCC2628 fermented in the various media. The super-
natant was diluted 25 times with ultrapure water.

TABLE 3. Atomic concentrations of the bacterial surfaces as
determined by XPS analysis of freeze-dried preparationsa

Medium
Atomic concn (%)

C N O P

M1 66.9 8.3 24.2 0.6
M2 58.8 7.9 32.3 1.1
M3 59.7 6.0 32.7 1.6
M4 67.0 11.0 21.0 1.0

a The standard error in the XPS data is about 2%, as determined by analysis
of two independently fermented cultures.

TABLE 4. Summary of physicochemical properties of L. acidophilus
NCC2628 as fermented in the various mediaa

Medium

Zeta
potential

at a pH of 3
(mV)

Minimum of
zeta

potential
(mV)

pI Interfacial
adhesion

N/C
ratio

M1 11.3 
10.9 5.2 Hydrophilic 0.124
M2 14.5 
15.5 4.3 Hydrophilic 0.134
M3 
1.8 
1.9 Hydrophobic 0.100
M4 19.4 
25.6 4.9 Fairly hydrophobic 0.164

a The standard deviation in the zeta potential data is about 1.5 mV (experi-
ments on three independently fermented cultures) (Fig. 1). The estimated stan-
dard deviation in the isoelectric point is about 0.2 pH units.
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surface proteins. In addition, the intensity of the bands was
higher. This is in line with the increased concentration of
surface proteins, as found by XPS (Table 3).

Interestingly, the SDS-PAGE profile of the supernatant of
M3 indicates that, in the absence of peptones, the bacterium is
not able to synthesize most of the (extractable) surface pro-
teins or only at very strongly reduced levels. However, several
surface proteins were more strongly expressed in the case of
fermentation in M3 than in M1 or M2 (see the bands around
45 and 55 kDa). In particular, the expression of the protein at
around 45 kDa was very strongly enhanced (Fig. 4). Because of
the high overall density of the bands for M4, we have not
attempted quantify the intensity of the band belonging to the
S-layer protein for this medium.

As S-layer proteins of Lactobacillus species vary in molecu-
lar mass between about 40 and 55 kDa (8, 24, 38), the band at
�45 kDa is likely the S-layer protein of L. acidophilus. Indeed,
LC-MS/MS analysis of the digested protein band in combina-
tion with SEQUEST database searching identified the band as
belonging to the S-layer of L. acidophilus (7, 9). Six peptides
(SEQUEST score 60) with high xcorr factors have been
matched, yielding confident protein identification. The molec-
ular mass of this surface protein of 444 amino acids was 46.6
kDa (Swiss-Prot entry P35829).

In Fig. 5, the SDS-PAGE pattern of the LiCl cell wall extract
is shown for a series of media containing various concentra-
tions of both peptones. Again, it was observed that without
both peptones, the S-layer is expressed (M3) whereas with 1%
of both Pisane and Primatone by weight, only a very low level
of S-layer expression was seen (M1). If we leave out the Pri-
matone while maintaining the Pisane, the S-layer expression
remains at a very low level (M3a). Conversely, if 1% of Pri-
matone by weight is added but the Pisane is left out, a high
level of expression of the S-layer is again observed (M3b). The
expression of the S-layer is dependent on the concentration
of the Pisane: in M3c, with 0.5% of Pisane present by weight,
the S-layer is expressed but fairly weakly. In M3d, containing
only 0.1% Pisane by weight, S-layer expression is very strong,
however.

Transmission electron microscopy. The change in protein
content of the cell wall by omitting amino acid sources from
the fermentation medium is confirmed by the TEM analysis
(Fig. 6). In the cell wall of the cultures fermented in both M1
and M2, a dark, proteinaceous band could be observed (Fig. 6a
and b). This band is reduced in intensity in the cell wall shown
in Fig. 6c (fermented in M3) and Fig. 6d (fermented in M4).
An S-layer on the outside of the cell wall, as found, for in-
stance, for L. helveticus ATCC 12046 in the exponential growth
phase (24, 29) and L. crispatus DSM20584 (36), was not ob-
served. This is in agreement with the data from electrophoretic
mobility analysis and the interfacial-adhesion assay, which
show the bacterial surface to be both weakly charged at low pH
and generally hydrophilic. An S-layer on the outside of the cell
wall, conversely, would turn the surface strongly positively
charged at low pH (the S-layer protein in Lactobacillus is
highly basic, with an estimated pI around 10 [38]) and render
it highly hydrophobic (36).

DISCUSSION

For the purpose of the present investigation, M1 is consid-
ered a reference state for investigating the effects of the
medium properties on the physicochemical properties of L.
acidophilus NCC2628. M1 has been optimized with respect to
the cell count by variation of the type and concentration of
carbohydrates, peptones, and yeast extracts (data not shown).
Under these favorable growth conditions, the bacterium is
hydrophilic and well dispersed in the medium and it does not
form chains. L. acidophilus NCC2628 turns out to be somewhat
more hydrophilic than most L. acidophilus strains reported in
the literature (28, 34, 40), even when fermented in standard
MRS medium (data not shown). As discussed below in more
detail, hydrophobicity values for L. acidophilus show a consid-

FIG. 4. SDS-PAGE gel of the supernatant of LiCl cell wall extracts
of L. acidophilus NCC2628 fermented in M1 to M4. Levels of S-layer
protein expression in the cultures fermented in M1 to M4 are shown.
The level of protein expression (determined by densitometric analysis
of the bands) was 342 for the extract from the cultures fermented in
M1, 42.0 for M2, and 2.40 � 103 for M3 (all in arbitrary units).

FIG. 5. SDS-PAGE gel of the supernatant of LiCl cell wall extracts
of L. acidophilus NCC2628 fermented in M3 supplemented with var-
ious quantities of Pisane and Primatone as indicated in the figure. All
concentrations are in percentages by weight. The level of protein
expression (determined by densitometric analysis of the bands) was
54.6 for the extract from the cultures fermented with 1% Pisane and
1% Primatone, 828 for the cultures without Primatone and Pisane, 60.4
for the cultures with 1% Pisane, 700 for the cultures with 1% Prima-
tone, and 101 and 1.46 � 103 for the cultures fermented with 0.5% and
0.1% Pisane and Primatone, respectively (all in arbitrary units).
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erable variation from strain to strain, which could in part be
due to differences in growth medium and conditions.

In M2, without carbohydrates, the physicochemical proper-
ties of the bacterial surface are closely similar to those in M1,
but the overall cell count is somewhat lower, reflecting the
carbohydrate limitation in M2. The zeta potential of L. acido-
philus NCC2628 in M2 is more positive at low pH and more
negative at high pH, reflecting a higher protein content of the
cell wall, as is corroborated by the XPS analysis (Table 4; see
also the discussion below). This is also the case for the bacteria
grown in M4, which are both highly charged and very hydro-
phobic.

For bacteria grown in M3, significant differences are ob-
served in the physicochemical surface properties compared to
the cultures grown in M1 and M2 (Fig. 2 and 3). In this respect,
the omission of the two principal amino acid sources is having
effects similar to those observed during microbial starvation,
which is known to increase the microbial hydrophobicity (23).
The overall protein content of the cell wall is significantly lower
for cultures fermented in M3 than for the cultures fermented
in M1, as is found both by XPS analysis of the freeze-dried
bacterial samples and by the UV adsorption of the LiCl ex-
tract. Interestingly, the omission of the principal amino acid

sources leads to significant differences in the occurrence of
extractable cell wall proteins (compare the SDS-PAGE pro-
files in Fig. 4). In particular, in the absence of the peptones, the
expression of the S-layer protein is strongly enhanced (Fig. 4).
This suggests that the S-layer protein is preferentially ex-
pressed under conditions which are not optimal for bacterial
growth. Of the various roles proposed for the bacterial S-layer,
this is in line with a postulated protective effect whereby the
S-layer is expressed in response to a stress factor (4, 7). From
the experimental series in which the concentrations of Pisane
and Primatone have been varied, the concentration at which
the Pisane starts to have an effect may be estimated to be
between 0.1 and 0.5% by weight (Fig. 5). Again, the contribu-
tion of the Pisane to the growth medium is likely that it en-
hances the growth conditions in the medium and it reduces the
environmental stress.

We have assessed the role of the amino acids in the fermen-
tation medium by supplementing M3 with all amino acids of
which the concentration was lower than 0.1% by weight. M3
contains all 20 amino acids, but some at a rather low concen-
tration (see the supplemental material). The supplementation
of M3 with amino acids does not lead to a change in the
expression of extractable surface proteins (data not shown).

FIG. 6. Transmission electron micrographs of L. acidophilus NCC2628 fermented in the various media. (a) M1 (complete medium); (b) M2
(without sugars); (c) M3 (without peptides); (d) M4 (without yeast extracts). The arrows in panels a and b point to a protein-rich layer within the
cell wall. This layer is much less intense in panels c and d. Bars, 200 nm.
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Consequently, the expression of the S-layer is not directly
related to the lack of an amino acid in the medium. This
further supports the interpretation that the S-layer is expressed
in response to an environmental stress factor.

It is of interest to establish relations between the cell wall
composition and the physicochemical properties of the bacte-
rial surfaces. In Fig. 7, the zeta potential of L. acidophilus
NCC2628 is plotted as a function of the N/C ratio. The data
shown are for the various media, M1 to M4, and the values of
the zeta potential are those at pH 3, and those at the minimum
of the zeta potential in the pH range between 3 and 10. A very
good linear relation between the N/C ratios of the various
bacterial surfaces and their electrostatic properties was ob-
tained. This demonstrates that the electrostatic properties of
the bacterial surfaces are largely determined by their protein
content and that the nature of the surface proteins does not
significantly change with variations in the composition of the
fermentation medium. This is in good agreement with our
SDS-PAGE analysis, which shows that for the cultures fer-
mented in M1, M2, and M4, only the concentration of surface
proteins varies.

Good correlations between the N/C ratio and the results of
the interfacial-adhesion assay are also obtained, with the ex-
ception of the cultures fermented in M3 (Tables 2 and 4). This
indicates that for the cultures fermented in M1, M2, and M4,
the surface hydrophobicity is related to the protein content of
the bacterial surfaces. The culture fermented in M3 is an
exception, but this is not surprising, as the protein profile is
drastically different. The contradiction between the strong ex-
pression of the S-layer and the low zeta potential and hydro-
phobicity of the cultures fermented in M3 is only an apparent
one, as it is demonstrated that the S-layer is buried within the
cell wall and therefore does not contribute to the physicochem-
ical surface properties.

The mechanisms by which hydrophobicity of the bacterial
surface is induced are most likely different between the cul-
tures fermented in M3 and in M4, since the zeta potential
profiles differ strongly between these two cultures (Fig. 2). One

explanation is that other cell wall constituents like (lipo)tei-
choic acids or specific polysaccharides are responsible for the
hydrophobicity of the bacterial surface, as these constituents
have been implied in microbial hydrophobicity (36) and adhe-
sion (1, 20). On the other hand, the far-from-optimal growth
conditions in the medium without peptones might induce the
bacteria to express, at low surface concentrations, a specific
adhesion factor.

Variations in the surface properties of L. acidophilus have
been observed before. Under standard growth conditions in
MRS medium, L. acidophilus strains vary from hydrophilic to
hydrophobic (28, 34, 41). Our data obtained for L. acidophilus
NCC2628 fermented in standard MRS medium (Difco,
France) and harvested in stationary phase support these ob-
servations (data not shown). However, the variations observed
in the literature may in part be caused by variations in the
composition of the MRS medium, as even small changes in the
composition of a commercial MRS medium are found to lead
to very significant changes in the hydrophobicity of L. acidophi-
lus (27). Based on our results, we would infer that the change
in composition of the MRS medium is related to a change in
protein or peptone composition. Indeed, one of the principal
changes in the composition of the MRS medium is related to
its peptone content (27).

In conclusion, the composition of the fermentation medium
is a major factor in determining the surface properties of mi-
croorganisms like L. acidophilus. For L. acidophilus NCC2628,
the physicochemical properties and the protein composition of
the bacterial cell wall remain largely unchanged if the carbo-
hydrates are left out of the fermentation medium, although the
bacterial growth is influenced. Both peptones and yeast extract
have a considerable influence on the structure and physico-
chemical properties of the bacterial cell wall. A major change
in cell wall structure is that a protein-rich band within the cell
wall, as observed in transmission electron microscopy, is
largely absent in the media without peptones and yeast extract.
At the same time, the hydrophobicity of the cell wall, which is
very low for the cultures grown in the complete medium and in
the absence of carbohydrates, becomes fairly high for the cul-
tures grown in the absence of peptone and yeast extract. The
hydrophobicity and electric charge correlate well with the N/C
ratio of the bacterial surfaces, indicating a major role for sur-
face proteins in the overall physicochemical properties. The
exception is formed for the cultures grown in the medium
without peptones, where major changes in protein expression
in the cell wall, in particular, a strongly enhanced expression of
the S-layer protein, are observed. This enhanced S-layer ex-
pression is most likely stress induced.

Finally, we anticipate that our findings promote the adop-
tion of physicochemical techniques in the microbiology of the
bacterial cell wall, in particular, in relation to the development
of fermentation processes and the optimization of bacterial
strains for probiotic health benefits.
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zeta potential at pH 3; open symbols, minimum of the zeta potential in
the pH range between 3 and 10. The solid lines indicate the linear
regression of the experimental data. R2 � 0.89 (zeta potential at pH 3
versus N/C ratio); R2 � 1.00 (minimum value of the zeta potential
versus N/C ratio).
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