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Abstract Fluorescent-labeled invertase, a hyperglycosy-
lated mannoprotein from Saccharomyces cerevisiae, was
found to bind to Lactococcus lactis IL1403 at acidic pH.
Proteins on the cell wall of the bacterium affinity-purified
using invertase as a ligand were identified to be heat shock
proteins such as DnaK and GroEL and glycolytic enzymes
such as pyruvate kinase and glyceraldehyde-3-phosphate
dehydrogenase. DnaK bound to both the bacterium and
yeast at pH 4 and aggregated them at above 0.1 mg/ml,
whereas no significant difference between the circular
dichroism spectra of DnaK at pH 4 and 7 was observed.
These results indicate that the cytosolic proteins, including
DnaK displayed on the cell wall, cause the lactic acid
bacterium to adhere to the yeast.
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Introduction

Fermented foods offer various benefits (Murooka and
Yamashita 2008). It is known that most fermented foods
are the result of the symbiosis between microorganisms,
particularly lactic acid bacteria (LAB) and yeasts. They
play important roles together in various fermented foods
such as bread, alcoholic drinks, dairy products, and
seasonings (Gobbetti 1998; Corsetti et al. 2001; Narvhusa

and Gadagab 2003; Kawarai et al. 2007), and it is difficult
to produce these fermented foods in the absence of one of
the partners.

The interaction between LAB and yeasts has been
considered to occur through the exchange of substances
such as nutrients (Gobbetti 1998; Corsetti et al. 2001;
Narvhusa and Gadagab 2003; Kawarai et al. 2007). For
example, LAB metabolizes carbohydrates such as starch
and oligosaccharides, and it provides lactic acid as a
substrate to yeast which is incapable of assimilating such
carbohydrates. At the same time, yeast assimilates lactic
acid that inhibits LAB at high concentrations or provides
some amino acids as nutrients to LAB (Gobbetti 1998).
This symbiosis can be found in many fermented foods,
including kefir, a fermented milk that originated from
Caucasia.

We have reported that the production of an exopolysac-
charide called kefiran by Lactobacillus kefiranofaciens is
enhanced by a mixed culture with Saccharomyces cerevi-
siae (Cheirsilp et al. 2001, 2003a, b, 2007; Tada et al.
2007). In addition, the physical contact between LAB and
yeast was shown to be important to stimulate the
production of kefiran. It was found that the presence of
yeast enhances kefiran production by LAB even if the yeast
cells were inactivated by autoclaving or glass beads
disruption, whereas no significant enhancement was ob-
served when the active yeast cells were encapsulated in
alginate beads (Cheirsilp et al. 2003b).

This finding led to two questions: What is it in LAB that
recognizes the yeast and how is the signal transduced?
Since yeast cells are covered with mannan proteins and
Gusils et al. (1999) reported that some LAB have lectin-like
proteins that agglutinate yeast cells and animal erythro-
cytes, it is expected that there exist proteins that recognize
yeast mannan on the surface of LAB.
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To answer the first question, in this study, cell-wall-
associated proteins of Lactococcus lactis IL1403 were
affinity-purified using yeast mannan as a ligand, separated
by two-dimensional electrophoresis and identified by
peptide mass fingerprinting. One of the identified proteins,
DnaK, was shown to adhere LAB to the yeast.

Materials and methods

Strains and culture conditions

S. cerevisiae IFO0216 was cultivated in YPD medium (1%
yeast extract, 2% peptone, 2% glucose, pH 5.5) at 30°C with
shaking. L. kefiranofaciens JCM6985 and L. lactis subsp.
lactis IL1403 were cultivated statically and anaerobically in
MRS broth (Difco, pH 5.5 adjusted with H2SO4) at 37°C.
Escherichia coli DH5α and BL21(DE3) were cultivated
aerobically in Luria–Bertani (LB) medium (0.5% yeast
extract, 1% bactotryptone, 0.5% NaCl, pH 7.5) at 37°C.

Preparation of DnaK

A DNA fragment encoding DnaK (gene ID: 1114585) was
amplified from the chromosome of L. lactis IL1403 using
5′-ctgtaggatccatgtctaaaattatcggtat and 5′-gtattctcgag
ttatttgctttcttcaaagt as primers (BamHI and XhoI sites are
underlined, respectively). The resultant fragment digested
with BamHI and XhoI was ligated with pET-21a(+)
(Novagen) digested with the same restriction enzymes and
introduced into E. coli DH5α. After verification of the
sequence, the plasmid was introduced into E. coli BL21
(DE3), and the transformant was cultivated in LB medium
containing 100 μg/ml ampicillin at 37°C to an OD600 of
1.0. Isopropyl-β-D-thiogalactopyranoside (0.5 mM) was
added and cultivation was continued for 3 h. The cells
were collected by centrifugation and resuspended in a
phosphate buffer (20 mM sodium phosphate, 500 mM
NaCl, pH 7.4). After ultrasonication, the recombinant
protein was purified using Ni SepharoseTM 6 Fast Flow
(GE Healthcare) following the manufacturer’s instruction.
After extensive dialysis, the protein concentration was
determined on the basis of the absorbance at 280 nm using
an extinction coefficient of 0.20 l g−1cm−1 which was
determined by the method of Gill and von Hippel (1989) on
the basis of the amino acid composition of DnaK.

Immobilization of DnaK on magnet beads

Tosyl-activated magnet beads (Dynabeads M-280, 3×109

particles) were washed twice with 0.1 M sodium phosphate
buffer (pH 7.4). Dialyzed DnaK solution (0.21 mg in 0.3 ml
of the same buffer) was added to the beads and incubated for

2 h at 37°C. After washing the beads twice with the buffer,
active tosyl groups were blocked by incubating the beads in
0.2 M Tris–HCl (pH 7.5). The resultant beads were washed
twice with the buffer containing 0.1% bovine serum albumin
followed by washing with 0.1 M sodium acetate (pH 4.0).

Fluorescent labeling of proteins

Invertase (Code 14504, Sigma-Aldrich) or the purified
DnaK was dialyzed against 0.1 M sodium phosphate buffer
(pH 7.0) and incubated with 2 mol excess fluorescein
isothiocyanate (FITC; Sigma-Aldrich) for 1 h at 37°C.
After adding 1/10 volume of 1 M Tris–HCl (pH 8.0) to
quench the reaction, the sample was dialyzed against
10 mM sodium phosphate buffer (pH 7.0).

Binding assay of the proteins

The cells (one OD660 unit) were washed with 0.1 M sodium
citrate–phosphate buffer at various pH and resuspended in
the same buffer (150 μl). The FITC-labeled protein
(0.3 mg) dissolved in the buffer was added and incubated
for 1 h at 37°C. After washing the cells with the same
buffer three times, the bound protein was solubilized by
adding 0.1 M sodium phosphate buffer (pH 7.0) containing
8 M urea. The fluorescence intensity of the solution
obtained by centrifugation was measured at 30°C (λex
490 nm, λem535 nm). For the competitive assay, yeast
mannan (Sigma-Aldrich, M7504) was added to 0.1 M
sodium citrate–phosphate buffer (pH 3).

Extraction and affinity purification of cell surface proteins

IL1403 cells (200 OD660 units harvested at OD660 of 2.0) were
digested in a buffer (20 mM Tris–HCl, 0.73 M sucrose, 0.5 M
NaCl, 2 mM EDTA, pH 8.0) containing hen egg lysozyme
(Seikagaku Co., 1.6 mg/ml), mutalolysin (Sigma-Aldrich,
20 units/ml), and bovine pancreatic ribonuclease A (Sigma-
Aldrich, 0.16 mg/ml) for 3 h at 37°C. After centrifugation at
10,000×g for 10 min, solid glycine was added to the
supernatant to give a final concentration of 0.1 M. After
adjusting the pH to 3.0 using HCl, insoluble materials were
removed by centrifugation at 10,000×g for 10 min.

For the preparation of invertase–Sepharose, invertase
(480 mg, dialyzed against 0.1 M sodium hydrogen carbonate
(pH 8.3) containing 0.5 M NaCl) was reacted with 2 g of
CNBr-activated Sepharose 4B (GE Healthcare) following
the manufacturer’s instruction. The extract was loaded onto
the invertase–Sepharose column (1.5 cmϕ×4 cm, 30 mg
invertase per milliliter gel bed) equilibrated with a buffer
(0.1 M glycine, 0.5 M NaCl, and 2 mM EDTA, pH 3.0).
After washing the column, the bound proteins were eluted
with a pH gradient from 3.0 to 8.0 using 50 mM sodium
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citrate–phosphate buffer (total 100 ml). Proteins eluted at pH
above 7 were concentrated and desalted using an ultrafiltra-
tion cartridge (cutoff 10 kDa, Millipore).

Separation and identification of the affinity-purified proteins

The affinity-purified proteins (30 μg) were separated by two-
dimensional electrophoresis (Multiphor II, GE Healthcare)
using an Immobiline DryStrip with a pH range of 4–7
following the manufacturer’s instruction and stained with
Coomassie Brilliant Blue R-250. The major spots were cut
and destained with 40mM ammonium bicarbonate containing
50% methanol for 30 min with vigorous shaking followed by
drying at 60°C in vacuo. The gel piece was reswelled in 10–
20 µl of trypsin solution (4 nM, proteomic-grade trypsin
(Sigma-Aldrich) in 40 mM ammonium bicarbonate) for
45 min on ice. The enzyme solution was replaced with 10%
acetonitrile solution in 40 mM ammonium bicarbonate
followed by incubation at 37°C for 14–16 h. The digested
peptides in the gel were extracted with 0.1% trifluoroacetate
(TFA), then with acetonitrile containing 0.1% TFA. Each
extracted sample was combined in a tube and dried in vacuo.
The extracted peptides were purified with ZipTip C18

(Millipore) tips following the manufacturer’s protocol. The
m/z values of the peptides were analyzed by matrix-assisted
laser desorption/ionization mass spectrometry (Autoflex,
Bruker Daltonics Inc.) in the measurement range of m/z
800–4,600 using cyano-4-hydroxycinnamic acid as a matrix.
The obtained peptide mass fingerprints were analyzed using
Mascot 2.0 (Matrix Science Inc.) by searching the NCBInr
database for L. lactis subsp. lactis IL1403.

Lactate dehydrogenase assay

After the IL1403 cells were treated with the lytic enzymes as
described above, the cell suspension was sonicated for 1 min.
The clear supernatant (0.1 ml) obtained by centrifugation
(10,000×g, 15 min) was mixed with 0.5 ml of 0.2 M Tris–
HCl (pH 7.8), 0.2 ml of 50 mM fructose-1,6-bisphosphate,
0.1 ml of 3 mM NADH, and 0.1 ml of sodium pyruvate. The
enzyme activity was calculated from the rate of decrease in
the absorbance at 340 nm using the molecular extinction
coefficient of 6.3×103M−1cm−1. One unit is defined as the
amount of enzyme that oxidizes 1 μmol of NADH in 1 min.

Results

Binding of invertase to LAB

We reported that kefiran production by L. kefiranofaciens is
stimulated by physical contact with yeast cells (Cheirsilp et
al. 2003b). Since the surface of yeast cells is covered with

mannan proteins, we assumed the presence of proteins on the
surface of LAB that recognize mannan. On the basis of this
assumption, yeast invertase was selected as an affinity ligand
to detect and purify the cell surface proteins. Yeast invertase
is a hyperglycosylated protein localized on the cell wall
(Colonna et al. 1975; Lehle et al. 1979) that was reported to
contain 270 mol of mannose per mole of subunit (Williams
et al. 1985). As expected, the FITC-labeled invertase bound
to L. kefiranofaciens at acidic pH, and the binding was
strongest at pH 3 (Fig. 1a). Since the binding was inhibited
by the addition of mannan prepared from yeast in a dose-
dependent manner (Fig. 1b), the FITC-labeled invertase
was shown to bind to L. kefiranofaciens via its mannose
chain. Since similar results were obtained in the case of L.
lactis subsp. lactis IL1403, this strain was used in the
subsequent experiments because its complete genome
sequence has already been reported (Bolotin et al. 2001).

Identification of cell surface proteins

To solubilize the proteins that recognize mannan, IL1403
cells (200 OD660 units) were treated with a mixture of lytic
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Fig. 1 Binding of FITC-labeled invertase to LAB. Triangles, L.
kefiranofasiens JCM6985; circles, L. lactis IL1403
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enzymes in the presence of osmolytes to prevent cell
bursting. After digestion at 37°C for 3 h, the lactate
dehydrogenase (LDH) activity in the supernatant of the
cell suspension was measured to confirm the leakage of
cytosolic proteins from the cells. The supernatant contained
only 0.006 units/ml LDH, whereas it contained 7.9 units/ml
when the cells in the suspension were disrupted by
sonication. These results showed that the leakage of
cytosolic proteins during the treatment is negligible.

After adjusting the pH of the supernatant to 3, at which the
binding of the FITC-labeled invertase to LAB was strongest,
the crude extract was loaded onto the invertase–Sepharose
column. The bound proteins eluted at pH above 7 were
separated by two-dimensional gel electrophoresis (Fig. 2)
and identified by peptide mass fingerprinting. The proteins

with MOWSE scores of more than 70 are listed in Table 1.
Fifteen of the 16 spots were identified to be cytosolic
proteins including molecular chaperones DnaK, GroEL and
GroE, and enzymes in the central metabolic pathway such
as glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
pyruvate kinase (PK), and 6-phosphofructokinase. Spot no.
16, hypothetical protein L142733, was deduced to be a
cytosolic protein by SOSUIsignal, a program for the
prediction of signal peptide (Gomi et al. 2004).

Binding of DnaK to LAB and yeast

DnaK gene of IL1403 was cloned into pET-21a(+) by PCR,
and His-tagged DnaK was expressed in E. coli BL21(DE3).
DnaK purified by nickel chelate chromatography (Fig. 3,
lane 2) was labeled with FITC. Figure 4 shows the binding
of the FITC-labeled DnaK to the microorganisms at various
pH. DnaK bound to not only the yeast but also both L.
kefiranofaciens and L. lactis at pH 4.

To examine the target site of DnaK on the surface of
LAB, substances that bind to DnaK immobilized on the
magnet beads were analyzed. The pH of the cell surface
extract described above was adjusted to 4.0, and the extract
was incubated with the DnaK beads for 30 min at 37°C.
After extensive washing with 0.1 M sodium acetate buffer
(pH 4.0), the bound substances were eluted by adding
sodium phosphate buffer (pH 7.0). The eluent contained a
protein (Fig. 3, lane 3), and the protein was identified to be
lysozyme that was used for the digestion of LAB. Together
with the result that the eluent contained a significant
amount of carbohydrate (tested positive by anthrone sulfate
reaction, data not shown), the target site of DnaK on LAB
was deduced to be a peptidoglycan.
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Fig. 2 Two-dimensional electrophoresis of affinity-purified cell wall
proteins

No. Protein GI number MW pI Score

1 DnaK 15672936 64,947 4.62 105

2 GroEL 15672376 57,166 4.75 160

3 GrpE 15672935 20,568 4.43 98

4 Pyruvate kinase 15673314 54,221 5.27 88

5 Phosphoglycerate kinase 15672227 42,044 5.06 162

6 Malate oxidoreductase 15673168 40,451 5.21 125

7 Glyceraldehyde-3-phosphate dehydrogenase 15674228 35,797 5.57 86

8 6-Phosphofructokinase 15673315 35,783 5.68 73

9 Fructose-bisphosphate aldolase 15673891 31,969 5.10 100

10 Phosphoglycerate mutase 15672318 26,297 5.34 95

11 Mannose-6-phosphate isomerase 15672751 35,592 5.01 85

12 Glutamyl-tRNA synthetase 15674035 55,427 5.10 115

13 30S ribosomal protein S1 15672820 44,683 4.99 164

14 Elongation factor Ts 15674134 36,647 4.92 82

15 Cysteine synthase 15672522 32,338 5.76 94

16 Hypothetical protein L142733 15673872 18,468 4.88 72

Table 1 Identified proteins
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Aggregation of LAB and yeast by DnaK

The yeast and IL1403 cells were harvested at mid-log phase
and washed twice with 50 mM sodium citrate–phosphate
buffer (pH 4). These cells were mixed in the same buffer in
the presence of various concentrations of DnaK and
incubated for 1 h at 37°C. Aggregation of the yeast cells
was observed when the yeast cells (1×108cfu/ml) were
mixed with LAB cells (5×107cfu/ml) at DnaK concen-
trations above 0.1 mg/ml (Table 2 and Fig. 5). However,
when an excess of LAB cells (5×109cfu/ml) was added to
the yeast cells or in the absence of LAB cells, no
aggregation of the yeast cells was observed even in the
presence of DnaK at 1.0 mg/ml (since the diameters of S.

cerevisiae and L. lactis subsp. lactis cells are about 5 and
0.7 μm (Do et al. 2001), respectively, one yeast cell is
surrounded by 50 LAB cells). In addition, in the absence of
the yeast cells, no aggregation of the LAB cells was
observed regardless of DnaK concentration.

Discussion

Identified proteins were cytosolic

To investigate the interaction between LAB and yeast cells,
proteins localized on the surfaces of IL1403 cells were
solubilized by lytic enzyme treatment and were affinity-
purified using the invertase–Sepharose column. The puri-
fied proteins are considered to have an affinity to both the
cell wall of LAB and yeast mannan, whereas some of the
proteins might have affinity to these dual functional
proteins but have no affinity to either the cell wall or yeast
mannan. Contrary to expectations, all the proteins purified
from the surface of LAB were identified to be cytosolic.
Although it is suspected that cytosolic proteins might leak
following cell lysis, the LDH activity in the supernatant of
the cell suspension after the lytic enzyme treatment was less
than 0.1% of the total LDH activity contained in the cell
suspension. These results showed that the cytosolic proteins
were localized on the surface of LAB by a regulated
mechanism, but not by cell lysis. The observed molecular
weights and isoelectric points of these proteins were almost
in accordance with their theoretical values (Table 1),
indicating that these proteins were not degraded signifi-
cantly by proteases.

In various microorganisms, it has been reported that
cytosolic proteins localize on their cell surface and act as
adhesion molecules to their host cells, whereas the
mechanism of the localization is still unclear. For example,
DnaKs (hsp70) of E. coli (Jesus et al. 2005) and
Helicobacter pylori (Huesca et al. 1996, 1998) mediate
gastric colonization, and GroELs (hsp60) of Legionella
pneumophila (Garduno et al. 1988), Clostridium difficile
(Hennequin et al. 2001), Actinobacillus actinomycetemco-
mitans (Goulhen et al. 1998), and Salmonella typhimurium
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Fig. 4 Binding of FITC-labeled DnaK to LAB and yeast. Triangles,
L. kefiranofasiens JCM6985; circles, L. lactis IL1403; squares, S.
cerevisiae IFO0216
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Fig. 3 Results of SDS-PAGE. Lane 1 size marker, lane 2 purified
DnaK, lane 3 proteins bound to the beads on which DnaK was
immobilized

Table 2 Aggregation of LAB and yeast

LAB (cells/ml) Yeast (cells/ml) DnaK (g/l)

1 0.1 0.01 0

0 1×108 − − − −
5×107 1×108 ++ + − −
5×109 1×108 − − − −
5×109 0 − − − −
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(Ensgraber and Loos 1992) are involved in adhesion or
invasion of their target cells or tissues. Furthermore,
GAPDH of Paracoccidioides brasiliensis that causes
pulmonary mycosis binds to host extracellular matrix
components (Barbosa et al. 2006). Moreover, in cases of
LAB, Kinoshita et al. (2008) reported that GAPDH on the
cell surface of Lactobacillus plantarum adheres to human
colonic mucin. Furthermore, GroEL and PK (Bergonzelli et
al. 2006) and elongation factor Tu (EF-Tu; Granato et al.
2004) of Lactobacillus johnsonii are reported to be cell-
surface-associated and involved in interactions with mucin
and intestinal cells. Kelly et al. (2005) reported that 84-kDa
proteins associated with the cell wall of Lactobacillus
salivarius were identified to be DnaK, PK, and EF-Ts.
Considering these reports, our finding that cytosolic
proteins are localized on the cell surface is not exceptional.
However, it is notable that most of the adhesion proteins
described above were identified in this study.

Specificity and interaction mode of adhesion proteins

In the previous studies, some cell surface proteins were
reported to recognize glycoproteins on their host cells, such
as mucin at neutral pH. In this study, in addition to these
proteins, many proteins on L. lactis cells involving central
metabolism and protein synthesis were found to interact
with yeast mannan at acidic pH. Although the specificities
of the identified proteins against carbohydrates should be
elucidated in detail, some of them are expected to bind to
both intestinal cells and yeast. Adlerberth et al. (1996) and
Tallon et al. (2007) reported that the adhesion of L.
plantarum to human cells is protease-sensitive, and the
adhesions were inhibited by methyl-α-D-mannoside. More-
over, Peng et al. (2001) reported that the agglutination of
Pediococcus damnosus is mannose-sensitive. These adhe-
sions are considered to be mediated by proteins localized
on the surface of LAB, and it is also considered that these
proteins would recognize mannan.

Most of the previous studies focused on the adhesion of
a microorganism to human intestinal cells from the view-

points of probiotics or infection. Therefore, binding experi-
ments were carried out at neutral pH, whereas a few
experiments were carried out at pH 5. In contrast, our
binding experiments were conducted at acidic pH where
LAB grow in natural environments. Kinoshita et al. (2008)
reported that GAPDH of L. plantarum dissociates from the
cells by washing with phosphate-buffered saline. Moreover,
the binding of GroEL, PK, and EF-Tu to human cells was
pH-dependent and higher at pH 5.0 than at pH 7.2
(Bergonzelli et al. 2006). These results agree with our
results that the binding of invertase to LAB and yeast was
pH-dependent and strongest at pH 3 (Fig. 1a).

Fluorescent-labeled invertase associated with LAB at
pH 3−4 (Fig. 1a) even in the presence of 2 M NaCl (data
not shown) but dissociated in the presence of 8 M urea.
Together with the fact that peptidoglycan and mannan are
rich in hydroxyl groups, these results suggest that the
interaction is mediated significantly by hydrogen bonds
between the polysaccharides and protonated carboxyl
groups of the side chains of glutamate and aspartate
residues of the proteins.

DnaK adheres LAB to yeast

After washing IL1403 cells, the proteins retained on the cell
surface were affinity-purified using an invertase–Sepharose
column. This indicates that the recovered proteins can bind
to both the cells and invertase, suggesting that these
proteins act as adhesion molecules between the LAB and
yeast. To confirm the adhesive function, DnaK that gave
the densest spot in Fig. 2 was selected as the representative
protein and recombinant DnaK was prepared. As expected,
the fluorescent-labeled DnaK bound to both LAB and yeast
at pH 4 (Fig. 4). These results show that DnaK from
IL1403 has three functions, namely, molecular chaperone,
ligand for cell surface of LAB, and ligand for yeast
mannan. Since DnaK localizes originally in the cytosol
where the pH is approximately 7, the conformation of
DnaK might be different at acidic pH. However, no
significant difference between the circular dichroism spec-

Fig. 5 Aggregation of yeast by
DnaK. Yeast cells (1×108cfu/ml)
were mixed with IL1403 cells
(5 ×107cfu/ml) in the presence
(left) or absence (right) of DnaK
(1 mg/ml). Each scale bar is
10 μm
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tra of DnaK at pH 4 and 7 was observed (data not shown).
With the same conformation, therefore, DnaK was consid-
ered to act both as a molecular chaperone in the cytosol and
as an adhesion molecule between LAB and yeast on the cell
surface.

To confirm the adhesive function of DnaK, LAB and
yeast cells were mixed at pH 4 in the presence of DnaK.
When almost the same number of LAB cells and yeast cells
were mixed (5×107 and 1×108cfu/ml, respectively), ag-
gregation of the yeast cells was observed in the presence of
the recombinant DnaK at above 0.1 mg/ml (Table 2 and
Fig. 5). In contrast, in the absence of one of the partners, the
other did not aggregate even in the presence of 1.0 mg/ml
DnaK. Furthermore, when an excess number of LAB cells
was added to yeast cells, the yeast cells did not aggregate
because all the yeast cells would be surrounded by LAB
cells. These results show that DnaK has two independent
binding sites, one is specific for LAB and the other is specific
for yeast.

Significance of adherence of LAB to yeast

On the basis of the results described above, we propose a
working hypothesis; that is, when LAB are subjected to
stresses such as accumulation of lactic acid, they cause
yeast cells to help reduce the stresses by displaying these
proteins on their cell surface.

LAB produce lactic acid for their growth, but the
accumulation of lactic acid debilitates and kills LAB even
when the pH of the culture is maintained by adding an
alkaline. The debilitation of LAB by the accumulation of
lactic acid has bothered researchers who attempt to let LAB
produce useful materials such as nisin and extracellular
polysaccharides (Shimizu et al. 1999; Cheirsilp et al.
2003a). In the natural environment, including traditional
fermented foods, incidentally, LAB often coexist with yeast
that are capable of assimilating lactic acid aerobically
(Murooka and Yamashita 2008; Cheirsilp et al. 2003a).
Thus, we co-cultured L. kefiranofaciens with S. cerevisiae
to remove lactic acid and succeeded to improve the
productivity of kefiran, an extrapolysaccharide (Cheirsilp
et al. 2003a, b, 2007; Tada et al. 2007).

In growth environments of LAB and yeast, a concentra-
tion gradient of lactic acid is formed. The concentration of
lactic acid increases near LAB cells and decreases near
yeast cells. This distribution becomes notable in natural
environments such as fallen fruits and cereals that are
unstirred and viscous, whereas artificial media in laborato-
ries are usually stirred and not viscous owing to their high
water contents. Under these conditions wherein the diffu-
sion of substances is slow, the lactic acid concentration
around an LAB cell increases rapidly and the LAB cell is
subjected to stress. However, if the LAB cell adheres to the

yeast cell that assimilates lactic acid, the stress would be
relieved. Similarly, when LAB cells that do not possess
catalase activity are exposed to oxidative stress caused by
hydrogen peroxide, the stress would also be relieved by the
adhesion of the LAB cells to yeast that has catalase activity.

On the basis of the present results and considerations
described above, it would be possible to formulate a
working hypothesis; that is, when LAB are subjected to
lactic acid and oxidative stresses, they cause yeast to help
reduce the stresses by displaying the adhesion proteins on
their cell surface. If a protein displayed on LAB surface had
a significant level of affinity to mannan and allowed the
LAB cell to approach yeast cell, the stresses would be
relieved. As a result, the adhesive function of the protein
would evolve because the rapid growth of LAB would
allow to produce progeny.

Although it is necessary to clarify the mechanisms of the
localization of adhesion proteins on the cell surface and the
interactions between the adhesion proteins and yeast, this
working hypothesis will contribute to understanding the
symbioses between LAB and yeasts in natural environ-
ments and fermented foods.
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