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Remarkable LAB-yeast mixed-species biofilm was formed by lactic acid bacteria (LAB) Lactobacillus plantarum ML11-
11 isolated from Fukuyama pot vinegar and Saccharomyces cerevisiae. This mixed-species biofilm formation increased 
in proportion to the YPD medium concentration but decreased in proportion to the MRS medium concentration. The 
effect of MRS components on mixed-species biofilm formation was investigated in a YPD medium environment, and it 
was clarified that beef extract (one of the MRS medium components) decreased mixed-species biofilm formation. On 
the other hand, manganese sulfate (another component in MRS) remarkably increased both LAB single- and LAB-
yeast mixed-species biofilm formation. LAB single- and mixed-species biofilm formation were increased in proportion 
to the manganese sulfate concentration up to 1 mM and 100 μM, respectively. The growth of L. plantarum ML11-11 
was increased significantly by the addition of 10 μM manganese sulfate and was resistant to higher concentration of 
up to 100 mM, but growth of S. cerevisiae was sensitive to manganese ion above 100 μM. These results suggested that 
mixed-species biofilm formation could be controlled artificially by controlling the manganese ion level.
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INTRODUCTION

Formation of a biofilm, a microbial community on the 
interface [1–3], is important in traditional fermentations 
that start from solid biomaterials [4, 5].

Previously, we reported that a mixed-species biofilm 
is formed by lactic acid bacteria (LAB) Lactobacillus 
plantarum ML11-11 isolated from Fukuyama pot 
vinegar, a traditional Japanese and domestic type of 
rice vinegar [6–8], and yeast Saccharomyces cerevisiae 
with direct cell-cell contact [7] and also reported co-
aggregation properties between L. plantarum ML11-11 
and S. cerevisiae [6].

LAB and yeast mixed-species biofilm can be applied 
as immobilized cells, and our experiment showed that 
it would be a promising tool for ethanol production 
[9]. Immobilization of yeast cells in mixed culture with 
LAB cells does not require any artificial immobilizing 
agents and cumbersome immobilizing manipulation, 
and therefore is promising for a low-cost continuous 
fermentation.

In this study, we examined the effect of medium 

composition on mixed-species biofilm formation 
between L. plantarum ML11-11 and S. cerevisiae in 
order to optimize medium conditions for immobilizing 
yeast cells in mixed culture with LAB cells. In particular, 
we extensively investigated the effect of manganese ion 
on the growth and the single- and mixed-species biofilm 
formation of the LAB L. plantarum ML11-11 and the 
yeast S. cerevisiae.

MATERIALS AND METHODS

Microorganisms and culture conditions
The LAB strain used in this study was Lactobacillus 

plantarum ML11-11, which was isolated from brewing 
samples of Fukuyama pot vinegar [7]. To prepare seed 
cultures, LAB were grown in DeMan, Rogosa, Sharpe 
broth (MRS; Becton, Dickinson and Company, Sparks, 
MD, USA) at 28°C for 24 hr. Yeast was grown in YPD 
broth (YPD; Becton, Dickinson and Company) at 
28°C for 24 hr. The yeast strain used in this study was 
S. cerevisiae BY4741 (MATa leu2Δ0 ura3Δ0 his3-Δ1 
met15Δ0).

Unless otherwise stated, all the reagents used in this 
study were of reagent grade and were purchased from 
Kanto Chemical (Tokyo), Wako Pure Chemical Industries 
(Osaka, Japan) or Sigma-Aldrich (St. Louis, MO).
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Biofilm formation assay
Biofilm formation and the assay protocol were 

almost the same as in our previous studies [6, 7]. To 
assay biofilm formation, stationary phase LAB and 
yeast cultures were inoculated into fresh YPD or MRS 
at a dilution rate of 1:100 in monoculture, while for co-
culture, both stationary phase cultures of LAB and yeast 
were inoculated into fresh YPD or MRS at a dilution rate 
of 1:200. A 96-well polystyrene microtiter plate was used 
for biofilm formation. After inoculation, both mono- and 
co-culture samples were incubated at 30°C for 24 hr. 
Quantification of biofilm formation was done by the 
conventional titer plate method with minor modifications 
[10–12].

Components of MRS broth, beef extract (10 g/l), 
polysorbate 80 (1.0 g/l), ammonium citrate (2.0 g/l), 
sodium acetate (5.0 g/l), magnesium sulfate (0.1 g/l), 
manganese sulfate (0.05 g/l) and dipotassium phosphate 
(2.0 g/l) (all equivalent to the concentration in MRS 
broth), were added to YPD broth, and single- and mixed-
species biofilm formation of L. plantarum ML11-11 and 
S. cerevisiae were assayed.

Manganese sulfate at various concentrations was added 
to YPD broth, and single- and mixed-species biofilm 
formation of L. plantarum ML11-11 and S. cerevisiae 
were assayed. The assays were performed at least 3 times.

Measurement of growth
Manganese sulfate at various concentrations was 

added to YPD broth, and single- and mixed-species 
growth of L. plantarum ML11-11 and S. cerevisiae were 
estimated. LAB and yeasts cultures were inoculated into 
fresh YPD at a dilution rate of 1:100 in monoculture, and 
after inoculation, culture samples were incubated at 30°C 
for 24 hr. Incubated cultures were diluted 10 times with 
physiological saline. Diluted cultures were transferred 
into an ultrasonic apparatus, Bioruptor (Cosmo Bio, 
Tokyo), and gently treated to break down the biofilm. The 
number of viable cells in the culture was determined by 
the viable plate count method by using LAB selective agar 
medium, MRS medium with 10 mg/ml cycloheximide 
and yeast selective agar medium, YPD with 10 µg/ml of 
streptomycin and 100 units/ml of penicillin. Plates were 
incubated at 30°C for 48 hr. The assays were performed 
3 times.

Observation of biofilm by phase contrast microscopy
Mixed-species biofilms were formed on a cover glass 

by culturing at 30°C for 6 hr in 2 mL of YPD medium in 
a petri dish. After 6 hr cultivation, the cover glasses were 
washed twice and dried at room temperature for 30 min 

(some samples were Gram-stained), observed with the 
Olympus BX60 phase contrast microscope equipped 
with a UPlanFl oil immersion lens (Olympus, Tokyo) and 
photographed with a DP90 digital camera (Olympus).

RESULTS

Effect of initial pH on biofilm formation
Effect of initial pH on single- and mixed-species 

biofilm formation of L. plantarum ML11-11 and S. 
cerevisiae BY4741 was investigated in YPD medium. 
LAB and yeast could form mixed-species biofilm under 
the initial pH between 5.0 and 9.0, and significant mixed-
species biofilm was formed under a pH of between 6.0 and 
8.5 (Fig. 1). These results showed that pH significantly 
affects mixed-species biofilm formation.

Effect of YPD medium concentration on biofilm formation
Effect of YPD medium concentration on single- and 

mixed-species biofilm formation of L. plantarum ML11-
11 and S. cerevisiae BY4741 was investigated. Mixed-
species biofilm formation increased in proportion to the 
YPD medium concentration (Fig. 2). This suggested that 
there is an essential factor for mixed-species biofilm 
formation in YPD medium.

Effect of MRS medium concentration on biofilm formation
Effect of MRS medium concentration on single- and 

mixed-species biofilm formation of L. plantarum ML11-
11 and S. cerevisiae BY4741 was also investigated. 
In contrast to YPD medium, mixed-species biofilm 
formation decreased in proportion to the MRS medium 
concentration (Fig. 3). This suggested that there is an 
inhibitor of mixed-species biofilm formation in MRS 
medium. This was an unexpected result, and we tried to 
identify the inhibitor.

Effect of MRS medium components on biofilm formation
The effect of addition of MRS broth components to 

YPD medium on L. plantarum ML11-11 single- and 
mixed-species biofilm formation was investigated. 
The tested components were beef extract, polysorbate 
80, ammonium citrate, sodium acetate, magnesium 
sulfate, manganese sulfate and dipotassium phosphate 
(equivalent to the concentration in MRS broth). From 
these experiments, it was clarified that beef extract 
inhibited mixed-species biofilm formation. In these 
experiments, we incidentally found out that manganese 
sulfate, one of MRS components, remarkably stimulated 
both single- and mixed-species biofilm formation (Fig. 
4). This was also an unexpected result, and we therefore 
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tried to investigate the effect of manganese sulfate 
concentration on biofilm formation. Manganese chloride 
also showed almost the same effects (data not shown), 
indicating that manganese ion was the effective factor.

Effect of manganese sulfate concentration on biofilm 
formation

As shown in Fig. 5, single biofilm formation of L. 
plantarum ML11-11 increased significantly in proportion 
to the manganese sulfate concentration up to 1 mM, and 
mixed-species biofilm formation increased up to 100 μM 

(Fig. 5). The increase in mixed-species biofilm formation 
would mostly depend on the increase in L. plantarum 
ML11-11 single biofilm formation. There was a tenfold 
difference in the optimum manganese ion concentration 
between LAB single- and mixed-species biofilm 
formation. We considered that this difference came from 
the difference in growth rate of both strains at various 
manganese ion concentrations. Then we investigated the 
effect of manganese ion concentration on growth.

Effect of manganese sulfate concentration on growth
The effect of manganese sulfate concentration on growth 

of L. plantarum ML11-11 and S. cerevisiae BY4741 in 
single- and mixed-species culture were investigated (Fig. 
6). When 10 μM manganese sulfate was added to YPD 
medium, an approximately 100-fold increase in growth 
of L. plantarum ML11-11 was observed compared with 
that without addition of manganese sulfate. Furthermore, 
the growth of L. plantarum ML11-11 was resistant to up 
to 100 mM of manganese sulfate. These results indicated 
that L. plantarum ML11-11 requires some manganese 
ions for optimum growth and also has higher resistance 
to manganese ion. On the other hand, the growth of S. 
cerevisiae was not stimulated by manganese sulfate 
addition but was sensitive to a manganese sulfate 
concentration above 100 μM. 

From these results, the relatively low growth rate 
of S. cerevisiae in a high manganese ion environment 

Fig. 1. Effect of initial pH of YPD medium on single- and mixed-species biofilm formation of L. plantarum ML11-11 with S. cerevisiae 
BY4741.

Fig. 2. Effect of YPD medium concentration on single- and 
mixed-species biofilm formation of L. plantarum ML11-11 with 
S. cerevisiae BY4741.
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was considered to be a reason for the difference in the 
optimum manganese concentration between single 
biofilm formation by L. plantarum ML11-11 and mixed-
species biofilm formation by L. plantarum ML11-11 with 
S. cerevisiae.

Phase contrast microscopic observation of mixed-species 
biofilm

Phase contrast microscopic observation of biofilm 
formed in mono- and co-culture of L. plantarum ML11-11 
and S. cerevisiae BY4741 with manganese sulfate added 
to the environment was conducted. Manganese sulfate 
increased biofilm formation in co-culture as well as LAB 
monoculture and showed no effect on yeast monoculture 

(Fig. 7). These results corresponded to the results of the 
biofilm formation assay.

DISCUSSION

It is generally recognized that a suboptimal nutrient 
concentration is better for biofilm formation [13]. 
However, as shown in this study, the proportional 
relationships between mixed-species biofilm formation 
and YPD medium concentration (Fig. 2) indicated that 
abundant cell growth under nutrient-rich conditions was 
favorable in the case of LAB-yeast mixed-species biofilm 
formation. This mixed-species biofilm was known to be 
formed by direct cell-cell adhesion [7], and formation 

Fig. 3. Effect of MRS medium concentration on single- and 
mixed-species biofilm formation of L. plantarum ML11-11 with 
S. cerevisiae BY4741.

Fig. 4. Effect of MRS medium components on single- and mixed-
species biofilm formation of L. plantarum ML11-11 with S. 
cerevisiae BY4741.

Fig. 5. Effect of manganese sulfate concentration on single- and 
mixed-species biofilm formation of L. plantarum ML11-11 with 
S. cerevisiae BY4741.

Fig. 6. Effect of manganese sulfate concentration on the growth 
of L. plantarum ML11-11 and S. cerevisiae BY4741 in single- 
and mixed-species culture.
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would be enhanced in proportion to cell density in 
culture. This would be a unique feature of this mixed-
species biofilm different from general biofilm.

On the other hand, mixed-species biofilm formation 
decreased in proportion to the MRS medium 
concentration (Fig. 3), suggesting that there was some 
inhibitor of mixed-species biofilm formation in MRS 
medium. Among the MRS medium components tested, 
beef extract inhibited mixed-species biofilm formation 
(Fig. 4). The precise mechanism of this inhibition and 
the inhibitive component in beef extract have not been 
elucidated to date. Since beef extract in MRS medium 
is favorable for LAB growth, some component in beef 
extract would seem to inhibit yeast growth or cell-cell 
adhesion between LAB and yeast.

The remarkable stimulation of the LAB single- and  
LAB-yeast mixed-species biofilm formation by manganese 
ion was an unexpected result (Figs. 4, 5). LAB single- and 
LAB-yeast mixed-species biofilm formation increased 
in proportion to the manganese sulfate concentration up 
to 1 mM and 100 μM, respectively (Fig. 5). Stimulation 
of LAB growth in mixed-species biofilm by addition 
of manganese sulfate (Fig. 6) resulted in an increase in 
mixed-species biofilm formation (Fig. 5). These results 
indicated that LAB growth was limited by manganese 
ion, especially in biofilm in which nutrients were scantly 
supplied. It is therefore considered that regulation of the 
manganese ion concentration is important for not only 
LAB single biofilm formation but also LAB-yeast mixed-
species biofilm formation. Growth of LAB reached the 
maximum at 10 μM and was resistant to up to 100 mM, 
suggesting that LAB requires manganese ion for optimum 
growth and also has some system for higher resistance to 
manganese ion (Fig. 6). The positive effect of manganese 
ion on LAB growth was previously known. Manganese 

ion is known to have an anti-oxidative effect, acting as 
coenzyme for some important enzymes such as lactate 
dehydrogenase [14], manganese type SOD [15], catalase 
[16], RNA polymerase [17] and xylose isomerase [18].

In contrast to LAB, growth of yeast was sensitive to 
manganese sulfate above a concentration of 100 μM. 
There have been some studies on the sensitivity of S. 
cerevisiae to manganese ion, and it was indicated that 
above 1 mM, manganese ion was poisonous the yeast 
cells [19].

Thus, manganese ion affects differently the growth 
of LAB and yeast and affects deeply the formation of 
LAB biofilm and LAB-yeast mixed-species biofilm. Our 
preliminary result on the effect of manganese sulfate on 
ethanol fermentation using LAB-yeast mixed-species 
biofilm showed that a concentration above 100 μM was 
rather inhibitive for ethanol production (data not shown). 
The decreased ratio of yeast cells compared with LAB 
cells in the mixed-species biofilm formed with addition 
of 100 μM manganese sulfate (Fig. 6) seemed to cause 
this reduction in ethanol production. Manganese ion did 
not inhibit co-aggregation of LAB and yeast at 100 μM 
(data not shown). From these results, it was considered 
that the domination of LAB under manganese ion-rich 
conditions suppressed ethanol fermentation by yeast, and 
therefore optimization of the manganese ion level to form 
a mixed-species biofilm containing the optimum yeast-
LAB cell ratio would be necessary for efficient ethanol 
fermentation.

Our previous experiments showed that LAB-yeast 
mixed-species biofilm formed by L. plantarum and 
S. cerevisiae can be applied as immobilized cells for 
ethanol production and had a potential to produce 
ethanol in repetitive culture and continuous culture 
[9]. Artificial cell immobilization requires expensive 

Fig. 7. Phase-contrast microscopic observation of mixed-species biofilm 
formed by L. plantarum ML11-11 and S. cerevisiae BY4741 with manganese 
sulfate added to the environment.
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immobilizing agents, and therefore, fermentation using 
immobilized cells has not been applied commercially 
in large-scale continuous fermentation in spite of its 
potential benefit. On the other hand, cell immobilization 
technology that makes use of LAB-yeast mixed-species 
biofilm formation does not require any artificial agents 
or any artificial handling, and therefore is promising 
for low-cost continuous fermentation. We hope that this 
cell immobilization technology, born out of one of the 
most primitive types of fermentation, namely Fukuyama 
pot vinegar fermentation, can contribute to the yeast 
industry, including biofuel production, in the future. As 
shown in this report, the formation of LAB-yeast mixed-
species biofilm can be controlled artificially through 
control of the manganese ion level, and optimization of 
the manganese ion level would be one of the important 
factors controlling this fermentation system.

ACKNOwLEDgEMENTS

This work was supported by the High-Tech Research Center 
Project (M. Nakajima Project) for Private Universities: 
Matching Fund Subsidy from the Ministry of Education, 
Culture, Sports, Science and Technology (MEXT) of Japan 
and by a Grant-in-Aid for Scientific Research (Wakate B) 
(No. 22780075) to S. F. from MEXT to S. F.

REFERENCES

 1. Costerton JW, Stewart PS, Greenberg EP. 1999. 
Bacterial biofilms: a common cause of persistent 
infections. Science 284: 1318–1322. [Medline]  
[CrossRef]

 2. Davey ME, O’toole GA. 2000. Microbial biofilms: 
from ecology to molecular genetics. Microbiol Mol 
Biol Rev 64: 847–867. [Medline]  [CrossRef]

 3. Kolter R, Greenberg EP. 2006. Microbial sciences: 
the superficial life of microbes. Nature 441: 300–302. 
[Medline]  [CrossRef]

 4. Wood BJB.1981. The yeast/Lactobacillus interaction; 
a study in stability. In Mixed culture fermentations, 
Bushell ME, Slater JH (eds), Academic Press, London, 
pp. 137–150.

 5. Wood BJB.1998. Microbiology of fermented foods, 
Blackie Academic and Professional, London.

 6. Furukawa S, Nojima N, Yoshida K, Hirayama S, 
Ogihara H, Morinaga Y. 2011. The importance of inter-
species cell-cell co-aggregation between Lactobacillus 
plantarum ML11-11 and Saccharomyces cerevisiae 
BY4741 in mixed-species biofilm formation. Biosci 
Biotechnol Biochem 75: 1430–1434. [Medline]  
[CrossRef]

 7. Furukawa S, Yoshida K, Ogihara H, Yamasaki M, 

Morinaga Y. 2010. Mixed-species biofilm formation 
by direct cell-cell contact between brewing yeasts and 
lactic acid bacteria. Biosci Biotechnol Biochem 74: 
2316–2319. [Medline]  [CrossRef]

 8. Okazaki S, Furukawa S, Ogihara H, Kawarai T, Kitada 
C, Komenou A, Yamasaki M. 2010. Microbiological 
and biochemical survey on the transition of fermentative 
processes in Fukuyama pot vinegar brewing. J Gen 
Appl Microbiol 56: 205–211. [Medline]  [CrossRef]

 9. Abe A, Furukawa S, Watanabe S, Morinaga Y. 
2013. Yeasts and lactic acid bacteria mixed-specie 
biofilm formation is a promising cell immobilization 
technology for ethanol fermentation. Appl Biochem 
Biotechnol 171: 72–79. [Medline]  [CrossRef]

 10. Kawarai T, Furukawa S, Ogihara H, Yamasaki M. 
2007. Mixed-species biofilm formation by lactic acid 
bacteria and rice wine yeasts. Appl Environ Microbiol 
73: 4673–4676. [Medline]  [CrossRef]

 11. Narisawa N, Furukawa S, Ogihara H, Yamasaki 
M. 2005. Estimation of the biofilm formation of 
Escherichia coli K-12 by the cell number. J Biosci 
Bioeng 99: 78–80. [Medline]  [CrossRef]

 12. O’Toole GA, Kolter R. 1998. Initiation of biofilm 
formation in Pseudomonas fluorescens WCS365 
proceeds via multiple, convergent signalling pathways: 
a genetic analysis. Mol Microbiol 28: 449–461. 
[Medline]  [CrossRef]

 13. Stanley NR, Lazazzera BA. 2004. Environmental 
signals and regulatory pathways that influence biofilm 
formation. Mol Microbiol 52: 917–924. [Medline]  
[CrossRef]

 14. Holland R, Pritchard GG. 1975. Regulation of the 
L-lactase dehydrogenase from Lactobacillus casei by 
fructose-1,6-diphosphate and metal ions. J Bacteriol 
121: 777–784. [Medline]

 15. Darr D, Zarilla KA, Fridovich I. 1987. A mimic 
of superoxide dismutase activity based upon 
desferrioxamine B and manganese(IV). Arch Biochem 
Biophys 258: 351–355. [Medline]  [CrossRef]

 16. Johnston MA, Delwiche EA. 1965. Distribution and 
characteristics of the catalases of Lactobacillaceae. J 
Bacteriol 90: 347–351. [Medline]

 17. Stetter KO, Kandler O. 1973. Manganese requirement 
of the transcription processes in Lactobacillus curvatus. 
FEBS Lett 36: 5–8. [Medline]  [CrossRef]

 18. Van Bastelaere PB, Callens M, Vangrysperre WA, 
Kersters-Hilderson HL. 1992. Binding characteristics 
of Mn2+, Co2+ and Mg2+ ions with several D-xylose 
isomerases. Biochem J 286: 729–735. [Medline]

 19. Gadd GM, Laurence OS. 1996. Demonstration of high-
affinity Mn2+ uptake in Saccharomyces cerevisiae: 
specificity and kinetics. Microbiology 142: 1159–1167. 
[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/10334980?dopt=Abstract
http://dx.doi.org/10.1126/science.284.5418.1318
http://www.ncbi.nlm.nih.gov/pubmed/11104821?dopt=Abstract
http://dx.doi.org/10.1128/MMBR.64.4.847-867.2000
http://www.ncbi.nlm.nih.gov/pubmed/16710410?dopt=Abstract
http://dx.doi.org/10.1038/441300a
http://www.ncbi.nlm.nih.gov/pubmed/21821955?dopt=Abstract
http://dx.doi.org/10.1271/bbb.100817
http://www.ncbi.nlm.nih.gov/pubmed/21071864?dopt=Abstract
http://dx.doi.org/10.1271/bbb.100350
http://www.ncbi.nlm.nih.gov/pubmed/20647677?dopt=Abstract
http://dx.doi.org/10.2323/jgam.56.205
http://www.ncbi.nlm.nih.gov/pubmed/23817789?dopt=Abstract
http://dx.doi.org/10.1007/s12010-013-0360-6
http://www.ncbi.nlm.nih.gov/pubmed/17526778?dopt=Abstract
http://dx.doi.org/10.1128/AEM.02891-06
http://www.ncbi.nlm.nih.gov/pubmed/16233759?dopt=Abstract
http://dx.doi.org/10.1263/jbb.99.78
http://www.ncbi.nlm.nih.gov/pubmed/9632250?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2958.1998.00797.x
http://www.ncbi.nlm.nih.gov/pubmed/15130114?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2958.2004.04036.x
http://www.ncbi.nlm.nih.gov/pubmed/234946?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2823713?dopt=Abstract
http://dx.doi.org/10.1016/0003-9861(87)90354-7
http://www.ncbi.nlm.nih.gov/pubmed/14329446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4747601?dopt=Abstract
http://dx.doi.org/10.1016/0014-5793(73)80324-2
http://www.ncbi.nlm.nih.gov/pubmed/1417732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8704957?dopt=Abstract
http://dx.doi.org/10.1099/13500872-142-5-1159

