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　We assessed the properties of biofilms （BFs） formed by mono- and co-cultures of Listeria 
monocytogenes and Pseudomonas aeruginosa （L+P-BF） at low temperatures and examined 
their sensitivity to several antibacterial substances. L. monocytogenes viable counts comprised 
only 1-10% of total L+P-BF viable counts at 10℃ and 15℃, indicating the significant prevalence 
of P. aeruginosa in co-cultures. L+P-BF formed at 10℃ and 15℃ showed very high resistance to 
antibiotics and NaClO. Examination of the effects of nattokinase and nisin, natural food 
additives with antibacterial properties, showed that their application alone failed to inhibit 
L+P-BF development at 10℃ and 15℃. However, a combined treatment with nisin and 
ethylenediaminetetraacetic acid, a food additive that can be used as a permeabilizing agent, 
suppressed the formation of L+P-BF at 10℃ and 15℃. Microscopy observations of L+P-BF did 
not reveal pronounced morphological changes in bacterial cell morphology. We also noted that 
P. aeruginosa resistance to the action of nisin during BF formation was higher when it was 
maintained in co-culture with L. monocytogenes. The results of the present study are an 
important step toward developing a safe formulation of acceptable food additives that could be 
used for suppression of BFs formed by pathogenic bacteria during food storage.
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INTRODUCTION

　Bacteria commonly adhere to surfaces and form 
structured communities called biofilms （BFs）. BFs are 
enclosed in a self-produced polymeric matrix that 
adheres to inert or living surfaces （Costerton et al., 
1999）. BF presence on food contact surfaces is consid-
ered as a health hazard （Di Cicco et al., 2015）. This 
risk is especially serious because bacteria within BFs 
have decreased susceptibility to antimicrobial agents 
compared with those existing in planktonic form 
（Giaouris et al., 2005）.
　Listeria monocytogenes is a gram-positive foodborne 

pathogen implicated in severe human and animal 
diseases. Listeriosis occurs primarily in pregnant women, 
newborn infants, elderly persons, and immunocompro-
mised individuals. It incurs a high mortality rate （16-38 
%） （Mitjà et al., 2009）. L. monocytogenes can grow 
under a wide range of environmental stresses, such as 
extreme pH, high sal in i ty, or low temperature. 
Consequently, this bacterium is difficult to eradicate 
from food processing facilities （Lourenço et al., 2011）. 
The ability of L. monocytogenes to grow at low temper-
atures is a serious problem that has caused numerous 
foodborne outbreaks （Buchanan et al., 2017）. In addi-
tion, L. monocytogenes forms BFs in which two or more 
bacterial species can coexist （Ibusquiza et al., 2012）. 
Generally, co-culture BFs are less susceptible to biocides 
than the respective pure culture of their respective 
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suspensions of L. monocytogenes and P. aeruginosa 
were mixed in the same volume. The mixed bacterial 
suspension （10 µl） was inoculated into the wells. The 
initial cell density of bacterial cells was approximately 103 
CFU/well. Microplates were incubated at 10℃ and 15℃ 
for 5-14 days. After incubation, the supernatant was 
discarded, and the well was washed with sterilized pure 
water twice and then dried on a clean bench for 1 h. BFs 
formed on the surface of the microplate well walls were 
stained with 1/100 diluted crystal violet stain （Wako Pure 
Chemicals Co. Ltd., Osaka, Japan） for 30 min. Then, 
after the staining solution was removed, the wells were 
washed with pure water twice and allowed to dry on a 
clean bench for 1 h again. After that, 250 µl of 99.5% 
ethanol was dispensed and left in each well for 10 min 
to extract the stain. The supernatant （200 µl） was 
transferred to another microplate, and absorbance at 
590 nm （Abs.590） was measured with a microplate 
reader （TECAN Infinite® 200 PRO, Tecan Trading AG, 
Hombrechtikon, Switzerland）. BF-forming abilities were 
evaluated based on Abs.590 values.
　To enumerate viable counts in the BF, the superna-
tants were discarded after incubation and washed with 
sterile pure water to remove unattached cells, and the 
BFs were removed by swabbing with sterile cotton 
swabs （Joseph et al., 1998, Holah et al., 2002）. The 
swabs were transferred to 1 ml of sterile pure water in a 
sterilized 15 ml centrifuge tube. The tube was shaken 
vigorously and exposed to ultrasonic treatment for 10 
min to remove the bacteria attached to the swab. We 
preliminarily confirmed that viable counts were not 
negatively affected by ultrasonic treatment. Total viable 
counts of bacteria and counts of L. monocytogenes in 
L+P-BF were determined by standard spread plate 
technique by using nutrient agar （Eiken Chemicals） and 
PALCAM Listeria-Selective agar （Merck KGaA, 
Darmstadt, Germany）, respectively. The counts of P. 
aeruginosa in L+P-BF were determined by subtracting 
the counts of L. monocytogenes from total bacterial 
counts.
　Suspensions containing single bacterial species （10 
µl）, L. monocytogenes or P. aeruginosa, were also 
inoculated into the wells at an initial cell density of 
approximately 103 CFU/well, and the BF amount and 
BF viable counts in monocultures of L. monocytogenes 
（L-BF） or P. aeruginosa （P-BF） were evaluated using 
the same procedure as described above.
　The growth behavior of the bacteria in the cultures 
during incubation at 10℃ was monitored. The monocul-
ture and co-culture were prepared as described above 
using the 96- well plate and incubated at 10℃. The 
culture solution （180 µl） sampled from the wells of the 
96-plate during incubation were poured into another 
plate and the Abs.590 was measured by the microplate 

constituents （Lourenço et al., 2011）. Recently, a limited 
number of studies examined BFs formed by L. monocy-
togenes in combination with other bacteria, such as 
Staphylococcus spp. （de Carvalho et al., 2015; Norwood 
and Gilmour, 2001; Reiu et al., 2008）, Salmonella sp. 
（Kostaki et al., 2012）, Pseudomonas putida （Giaouris 
et al., 2013; Ibusquiza et al., 2012）, and P. fluorescens 
（Alavi and Hansen, 2013; Puga et al., 2015; 2016;）.
　To our knowledge, the report by Lourenço et al. 
（2011） has been the only study of BFs formed by 
co-cultures of L. monocytogenes with P. aeruginosa 
（L+P-BF）. The authors reported that stress tolerance 
to biocides of L+P-BF formed at 12℃ was higher than 
that at 37℃. P. aeruginosa is a common gram-negative 
bacterium widely distributed in the environment, e.g., in 
the soil, fresh water, and seawater. P. aeruginosa can 
cause serious diseases as an opportunistic pathogen, 
and it shows high resistance to many antimicrobials 
（Poole, 2002）. P. aeruginosa also is a BF-forming 
bacterium that can grow at a wide range of tempera-
tures, from 4℃ to 42℃ （LaBauve and Wargo, 2015）.
　Expansion of food cold chain logistics has greatly 
contributed to the prevention of food poisoning by micro-
organisms. However, there is a concern that food may 
be poisoned in cold storage by some bacteria that are 
widely distributed in the environment and capable of 
forming BFs at low temperature conditions. Therefore, 
in this study, we investigated the characteristics of 
L+P-BF formed at low temperatures and effects of food 
additives on BF formation. We found that L+P-BF formed 
at low temperatures had extremely high resistance to 
sanitizers, but the addition of nisin in combination with 
ethylenediaminetetraacetic acid （EDTA） inhibited L+P-BF 
formation.

MATERIALS AND METHODS

Test bacteria
　L. monocytogenes ATCC 19114, ATCC 19115, and 
P. aeruginosa ATCC 7700 were used as test strains. The 
bacteria were stored in 10% glycerol solution at －85℃. 
Prior to the experiment, they were thawed and pre-
incubated in the nutrient broth （Eiken Chemicals Co. 
Ltd., Tokyo, Japan） at 37℃ for 24 h. Pre-incubated 
bacterial cells were washed twice （3,000 rpm, 5 min×
2）, and resuspended with sterile pure water to a cell 
density of 105 CFU/ml.

Evaluation of the ability of test strains to form BFs 
and determination of BF viable cell counts
　Two hundred microliters of Todd-Hewitt broth （Oxoid 
Ltd., Basingstoke, Hampshire, UK） were poured into a 
polystyrene 96-well flat bottom microplate （Iwaki, Asahi 
Glass Co. Ltd., Tokyo, Japan）. Resuspended bacterial 
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sodium hypochlorite were purchased from Wako Pure 
Chemicals.

Effects of antibacterial food additives on BF 
formation
　Antibacterial properties of the food additives nattoki-
nase （Wako Pure Chemicals） and nisin from Lactobacillus 
lactis （Sigma-Aldrich, St. Louis, MO, USA） were exam-
ined. The nisin preparation contained nisin at a concen-
tration of 2.5%. Ethylenediaminetetraacetic acid （EDTA: 
Wako Pure Chemicals） was also used as a permeabi-
lizing agent. Todd-Hewitt broth （100 µl） was dispensed 
into microplate wells at a concentration twice higher 
than usual. Each food additive was diluted with sterile 
pure water. EDTA was mixed with nattokinase or nisin. 
Then, 50 µl of food additive-containing solution was 
dispensed into microplate wells. Single or mixed bacte-
rial suspensions （50 µl）, which were diluted to a cell 
density of 1/5, were also inoculated into microplate wells. 
The initial number of bacteria was about 103 CFU/well. 
After five days of incubation at 10℃, 15℃, or 37℃, the 
BF amount and BF viable counts were measured using 
the same procedures as described earlier.

Statistical analysis
　All experiments were performed in triplicate. Data are 
presented as the mean ± standard error of the mean. 
To determine the significance of differences in mean 
values, data were analyzed using one- or two-way anal-
ysis of variance followed by post hoc Tukey’s test, if 
appropriate. BellCurve for Excel® version 2.0.3 （Social 
Survey Research Information Co., Ltd., Tokyo, Japan） 
was used for calculations. Differences were considered 
to be statistically significant if P < 0.05.

RESULTS

BF formation
　Table 1 shows changes in Abs.590 values that were 
proportional to the amount of BF in mono- or co-cultures 
of L. monocytogenes and P. aeruginosa at 10℃. The 
amount of L+P-BF at 10℃ gradually increased until the 
5th day in culture and did not change significantly （P > 
0.05） until the 14th day of culture. The L-BF amount in L. 
monocytogenes monocultures increased until days 3-5 
of culture and did not change significantly until day 14 
（P > 0.05）. Notably, L-BFs were significantly smaller 
than L+P-BF or P-BF （P < 0.05）. The P-BF amount 
increased until the 5th day in culture and did not change 
significantly until day14 （P > 0.05）. In addition, there 
were no significant differences in the BF amount between 
L+P-BF and P-BF cultures across all days in culture （P 
< 0.05）, suggesting that the L+P-BF amount at 10℃ 
was dependent primarily on P. aeruginosa. In addition, 

reader up to 48 h. When sampling, the contents of the 
96-well plate were mixed by vibration for 15 s in the 
microplate reader.

Microscopy observation
　Mixed bacterial suspensions （50 µl） of L. monocyto-
genes ATCC 19114 with P. aeruginosa ATCC 7700 
prepared in Todd-Hewitt broth were put on slide glass 
plates （Matsunami Glass Ind., Ltd., Osaka, Japan） in 
sterile plastic petri dishes. The dishes were covered with 
the lid to prevent evaporation of the liquid and incubated 
at 10℃ or at 15℃. We previously confirmed that capaci-
ties to form BFs in 96-well microplates and on the glass 
plates for up to five days were similar for L+P-BF, L-BF, 
and P-BF （P > 0.05）. BFs formed on the plates were 
observed by phase-contrast microscopy with the EVOS® 
cell imaging system （Thermo Fisher Scientific Inc., 
Waltham, MA, USA）.
　Furthermore, L. monocytogenes and P. aeruginosa 
cells were detected by fluorescent double staining using 
the RNA in situ hybridization method to visualize the 
typical localization of the cells. We used fluorescent 
RNAscope® Target probes （Advanced Cell Diagnostic 
Inc., Hayward, CA, 94545, USA） that were designed 
based on 16S rRNA sequences of L. monocytogenes 
ATCC 19114 （red fluorescence） or P. aeruginosa ATCC 
7700 （green fluorescence）. A mixed bacterial suspen-
sion of L. monocytogenes ATCC 19114 and P. aerugi-
nosa ATCC 7700 was prepared in Todd-Hewitt broth, 
and a portion of that suspension （100 µl） was inocu-
lated on the slide glass plate. After five days of incuba-
tion, the BFs formed on the glass plate were stained with 
RNAscope® and observed by fluorescent microscopy 
with the EVOS® cell imaging system.
　The staining procedure was in accordance with the 
instructions given in the RNAscope® 2-Plex Detection 
Kit （Chromogenic） user manual （Wang et al., 2012）.

Resistance of BFs to antibacterial substances
　The sensitivity of BFs to antibiotics and sodium hypo-
chlorite was examined as follows. After BFs were formed 
in microplate wells after five days of incubation at 10℃ 
or 15℃, the supernatant was discarded and the well 
was washed with sterilized pure water twice and dried 
on a clean bench for 1 h. Two hundred microliters of an 
antibiotic- or sanitizer-containing solution （penicillin G, 
chloramphenicol, or sodium hypochlorite） was then 
added to each well and the microplate was incubated 
at 37℃ for 24 h. Each supernatant solution containing 
the drug was then discarded, and the well was washed 
twice with sterilized pure water. Thereafter, 200 µl of 
nutrient broth was poured into each well and the wells 
were incubated at 37℃ for 24 h. Then, the change in 
turbidity was inspected visually. The antibiotics and 
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15℃. BF amounts of both L. monocytogenes ATCC 
19114 and L. monocytogenes ATCC 19115 cultures at 
15℃ were significantly higher than those at 10℃. At the 
same time, there were no significant differences in the 
amounts of L+P-BF and P-BF cultured at 10℃ and 15℃ 
（P > 0.05）.

BF viable counts
　Table 3 shows viable counts in L+P-BF, L-BF, and 

no significant differences were observed between BF 
amounts of the two strains of L. monocytogenes exam-
ined （Table 1, P > 0.05）.
　At 15℃, the L+P-BF amount increased until day 3 in 
culture and showed little change until day 14 （Table 2）. 
In addition, L-BF and P-BF amounts were maximal on 
day 8 and day 5 in culture, respectively. No significant 
differences in BF amounts were observed between the 
two strains of L. monocytogenes （P > 0.05） cultured at 

TABLE 1．Biofilm formation in the wells of polystyrene microplates by mono- and co-cultures of L. monocytogenes and P. aeru-
ginosa at 10℃.

Culture
Absorbance （590 nm）

0 day 1 day 3 day 5 day 8 day 14 day

L.m. ATCC 19114 ＋ P.a.A 0.14 ± 0.03 a,A 0.19 ± 0.01 a,A 0.49 ± 0.07 b,A 0.53 ± 0.10 b,A 0.46 ± 0.08 b,A 0.42 ± 0.01 b,A

L.m. ATCC 19115 ＋ P.a.A 0.14 ± 0.03 a,A 0.20 ± 0.05 ab,A 0.43 ± 0.02 c,A 0.58 ± 0.17 c,A 0.38 ± 0.06 bc,AC 0.46 ± 0.10 c,A

L.m. ATCC 19114B 0.14 ± 0.01 a,A 0.17 ± 0.02 a,A 0.32 ± 0.14 ab,A 0.36 ± 0.05 ab,B 0.28 ± 0.11 ab,C 0.36 ± 0.19 b,A

L.m. ATCC 19115B 0.14 ± 0.01 a,A 0.16 ± 0.01 a,A 0.35 ± 0.18 b,A 0.28 ± 0.05 ab,B 0.25 ± 0.08 ab,C 0.31 ± 0.13 ab,A

P.a. ATCC 7700A 0.14 ± 0.03 a,A 0.17 ± 0.02 b,A 0.41 ± 0.12 c,A 0.63 ± 0.08 cd,A 0.60 ± 0.03 d,D 0.43 ± 0.04 cd,A

Different lowercase or capital letters indicate significantly different mean values within the row or column, respectively （P < 0.05）.
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC 7700.

TABLE 2．Biofilm formation in the wells of polystyrene microplates by mono- and co-cultures of L. monocytogenes and P. aeru-
ginosa at 15℃.

Culture
Absorbance （590 nm）

0 day 1 day 3 day 5 day 8 day 14 day

L.m. ATCC 19114 + P.a.A 0.14 ± 0.03 a,A 0.20 ± 0.01 a,A 0.46 ± 0.07 b,A 0.33 ± 0.06 c,A 0.43 ± 0.06 d,A 0.31 ± 0.06 c,A

L.m. ATCC 19115 + P.a.A 0.14 ± 0.03 a,A 0.19 ± 0.03 a,A 0.41 ± 0.08 ab,A 0.31 ± 0.06 bc,A 0.37 ± 0.08 c,A 0.30 ± 0.02 bc,A

L.m. ATCC 19114AB 0.14 ± 0.01 a,A 0.18 ± 0.02 a,A 0.22 ± 0.01 a,B 0.38 ± 0.09 b,AB 0.61 ± 0.08 c,B 0.42 ± 0.12 b,A

L.m. ATCC 19115AB 0.14 ± 0.01 a,A 0.17 ± 0.00 a,A 0.22 ± 0.02 ab,B 0.34 ± 0.16 bc,AB 0.42 ± 0.16 c,AC 0.34 ± 0.03 c,A

P.a. ATCC 7700B 0.14 ± 0.03 a,A 0.19 ± 0.05 a,A 0.44 ± 0.14 b,A 0.63 ± 0.10 c,C 0.52 ± 0.09 c,D 0.37 ± 0.06 bd,A

Different lowercase or capital letters indicate significantly different mean values within the row or column, respectively （P < 0.05）.
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC 7700.

TABLE 3．Total viable counts or viable counts of L. monocytogenes in biofilms formed by mono- or co-cultures of L. monocyto-
genes and P. aeruginosa at 10℃ （unit: log10 CFU/well）.

Culture
Incubation time （day）

1 3 5 8 14

L.m. ATCC 19114 + P.a.
Total countsA 4.0 ± 0.3 a, ABC 6.2 ± 0.4 b,A 7.4 ± 0.5 c,A 7.7 ± 0.4 c,A 7.4 ± 0.3 c,AC

Listeria countsB 3.1 ± 0.3 a,BC 4.8 ± 0.3 b,BC 5.6 ± 0.4 bc,B 6.2 ± 0.1 c,B 4.9 ± 0.4 b,B

L.m. ATCC 19115 + P.a.
Total countsA 4.4 ± 0.2 a,A 6.2 ± 0.3 b,A 7.6 ± 0.1 c,A 7.7 ± 0.2 c,A 7.4 ± 0.1 c,AC

Listeria countsB 3.1 ± 0.4 a,C 4.5 ± 0.5 bd,C 5.6 ± 0.3 c,B 6.3 ± 0.3 d,B 4.9 ± 0.5 bc,B

L.m. ATCC 19114 CountsC 3.9 ± 0.6 a,AC 5.4 ± 0.6 b,A 5.8 ± 0.6 bc,B 6.4 ± 0.3 c,B 6.5 ± 0.6 c,CD

L.m. ATCC 19115 CountsC 3.8 ± 0.4 a,AC 5.4 ± 0.5 b,A 5.9 ± 0.2 b,C 6.2 ± 0.2 b,B 6.0 ± 0.6 b,D

P.a. CountsA 4.5 ± 0.1 a,A 5.7 ± 0.8 b,AB 7.0 ± 1.0 c,A 7.7 ± 0.3 c,A 7.4 ± 0.0 c,AC

Different lowercase or capital letters indicate significantly different mean values within the row or column, respectively （P < 0.05）.
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC 7700.
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ture of 10℃, L+P-BF mostly contained P. aeruginosa, 
whereas L. monocytogenes comprised less than 10% 
of total counts （Table 5）. There was no significant 
difference between L+P-BF and P-BF total counts （P > 
0.05）. The L-BF amount at 15℃ was significantly higher 
than at 10℃. Examination of the relationship between 
BF amounts （Tables 1 and 2） and BF viable bacterial 
counts （Tables 3 and 4） showed fairly high correlation 
between these parameters: R2 = 0.78 at 10℃, R2 = 0.56 
at 15℃, and R2 = 0.67 when data at both two tempera-
tures were combined.
　On the other hand, the changes in Abs.590 values of 
the cultures are shown in Fig.1. The growth rate in 
descending order after 2 days in mono-culture was L.m. 
ATCC19115 > P.a. ATCC7700 > L.m. ATCC 19114 
（Fig.1）. P. aeruginosa, which was the dominant strain 
in BF, did not have the highest growth rate. In the case 
of co-culture of L.m. ATCC19115+P.a. ATCC 7700, the 
value of Abs.590 was almost the sum of that of the mono-
culture of each bacterium. On the other hand, the growth 
of P.a. aTCC 7700 was depressed by co-culturing with 
L.m. ATCC 19114.

P-BF formed at 10℃. Total bacterial counts of L+P-BF 
in the period between day 5 and day 14 in culture were 
within 7.4-7.7 log10 CFU. P. aeruginosa viable counts in 
L+P-BF were determined by subtracting viable counts 
of L. monocytogenes from total bacterial counts. L+P-BF 
predominantly contained P. aeruginosa, whereas L. 
monocytogenes viable counts generally comprised 10% 
or less of total counts （less than 1% on day 14; Table 
3）. There was no significant difference between total 
L+P-BF counts and P. aeruginosa counts in P-BF （P > 
0.05）. Furthermore, it was found that the variation in L. 
monocytogenes counts in L+P-BF were significantly 
different from those in L-BF at 10℃, as slight inhibition 
of growth was apparent in L+P-BF （P < 0.05）.
　Table 4 shows bacterial counts in mono- and 
co-cultures of L. monocytogenes and P. aeruginosa 
cultured at 15℃. In the period between day 5 and day 
14 in culture, total bacterial counts of L+P-BF were 
7.0-7.9 log10 CFU. In L. monocytogenes 19114 + P. 
aeruginosa co-culture, total counts and Listeria counts 
of cultures grown at 10℃ and 15℃ were significantly 
different （P < 0.05）. In addition, L. monocytogenes 
growth was suppressed in L+P-BF formed at 15℃. As 
in the case of cultures grown at the incubation tempera-

TABLE 4．Total viable counts or viable counts of L. monocytogenes in biofilms formed by mono- or co-cultures of L. monocyto-
genes and P. aeruginosa at 15℃ （unit: log10 CFU/well）.

Culture
Incubation time （day）

1 3 5 8 14

L.m. ATCC 19114 + P.a.
Total countsA 4.8 ± 0.3 a,A 4.8 ± 2.0 a,ACDE 7.6 ± 0.4 b,AC 7.1 ± 0.8 b,AB 7.0 ± 0.2 b,A

Listeria countsB 2.8 ± 0.4 a,B 4.0 ± 0.5 ab,B 5.6 ± 0.6 c,B 6.1 ± 0.7 c,B 5.2 ± 0.1 b,B

L.m. ATCC 19115 + P.a.
Total countsA 4.7 ± 0.2 a,A 6.1 ± 0.9 b,C 7.9 ± 0.2 b,A 7.0 ± 1.0 b,A 7.1 ± 0.2 b,A

Listeria countsB 2.7 ± 0.3 a,B 4.3 ± 0.7 b,BD 5.6 ± 0.2 b,B 5.6 ± 0.4 b,C 5.5 ± 0.3 b,B

L.m. ATCC 19114 CountsA 4.8 ± 0.2 a,A 4.3 ± 0.6 a,ABE 7.2 ± 0.4 b,AC 6.5 ± 1.5 b,AB 7.3 ± 0.2 b,A

L.m. ATCC 19115 CountsA 4.6 ± 0.1 a,A 5.1 ± 0.4 ab,ABC 6.4 ± 1.0 b,BC 7.3 ± 0.9 c,A 7.2 ± 0.1 c,A

P.a. CountsA 4.6 ± 0.3 a,A 6.1 ± 1.2 b,CE 7.3 ± 0.6 b,AC 7.1 ± 0.5 b,AB 7.0 ± 0.5 b,A

Different lowercase or capital letters indicate significantly different mean values within the row or column, respectively （P < 0.05）.
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC 7700.

TABLE 5．Ratio of viable counts of Listeria monocytogenes to total counts in biofilms formed in co-culture of L. monocytogenes 
with P. aeruginosa at 10℃ and 15℃.

Temperature
（℃） Culture

Listeria ratio （%）
1 day 3 day 5 day 8 day 14 day

10
L.m. ATCC 19114 + P.a.A 13.7 ± 9.6 a,A 5.9 ± 4.1 a,A 2.0 ± 0.7 b,A 3.4 ± 2.7 b,A 0.6 ± 0.6 b,A

L.m. ATCC 19115 + P.a.A 6.4 ± 6.0 a,AB 3.2 ± 2.4 a,A 1.2 ± 0.6 a,A 5.5 ± 5.6 a,A 0.4 ± 0.4 a,A

15
L.m. ATCC 19114 + P.a.A 1.2 ± 0.7 a,B 4.1 ± 3.1 a,A 2.6 ± 3.5 a,A 10.0 ± 10.9 a,A 1.6 ± 0.5 a,A

L.m. ATCC 19115 + P.a.A 1.3 ± 0.9 a,B 3.3 ± 4.5 a,A 0.7 ± 0.6 a,A 1.8 ± 0.9 a,A 4.1 ± 4.1 a,A

Different lowercase or capital letters indicate significantly different mean values within the row or column, respectively （P < 0.05）.
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC 7700.
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of the two species in L+P-BF, L. monocytogenes and P. 
aeruginosa were stained green ［Fig.3（A）］ and red 
［Fig.3（B）］, respectively, by using RNAscope® and 
observed under a fluorescence microscope. As illus-
trated by the merged image in Fig.3（C）, P. aeruginosa 
and L. monocytogenes cells in P+L-BFs were inter-
mixed. Similar results were also obtained in co-cultures 
grown at 15℃.

Resistance of BFs to antibiotics and sodium 
hypochlorite
　Resistance of L+P-BFs formed at 10℃ and 15℃ to 
antibiotics and sodium hypochlorite was examined after 
five days in culture. At 10℃, the growth of BFs could 
not be suppressed at all even when the concentration 
of penicillin G or chloramphenicol was 5000 µg/ml. Only 
NaClO inhibited the growth of L+P-BFs and P-BF, and 
L-BF at 1000 µg/ml and 500 µg/ml, respectively. Then, 
the antibiotics and NaClO were applied at 37℃ to the 
BFs to enhance the action （Table 6）.
　Penicillin G failed to inhibit BF growth even at a rela-
tively high concentration of 5,000 µg/ml even at 37℃. 
Chloramphenicol treatment attenuated the growth of 
L-BFs at 5,000 µg/ml. NaClO treatment negatively 
affected L-BF at 125 µg/ml, whereas suppressive action 
on L+P-BFs was evident only at concentrations higher 
than 500 µg/ml. The results obtained from cultures 
grown at 15℃ were similar to those obtained at 10℃.
　The MBC after contact between the antibiotics or 
NaClO and the planktonic cells of the single or mixed 

Microscopy observation of L+P-BFs
　Fig.2（A） shows a phase contrast micrograph of P-BF 
after five days in culture at 10℃. P-BF contained rods of 
approximately 0.5×2 µm that overlapped on the glass 
plate. In contrast, L-BF cells spread in monolayers after 
five days in culture ［Fig.2（B）］. The L+P-BF appear-
ance after five days was apparently the same as that of 
P-BF, indicating that P. aeruginosa was the predominant 
species of L+P-BF ［Fig.2（C）］.
　In order to reveal the localizations of the acterial cells 

FIG. 2．Phase-contrast microscopy images of biofilms 
formed at 10℃ on day 5 in culture. （A） Biofilm formed by a 
monoculture of Pseudomonas aeruginosa ATCC7700. （B） 
Biofilm formed by a monoculture of Listeria monocytogenes 
ATCC19114. （C） Biofilm formed by a co-culture of L. mono-
cytogenes ATCC19114 and P. aeruginosa ATCC7700.

FIG. 3．Fluorescence microscopy images of biofilms formed 
at 10℃ on day 5 in culture. Biofilms formed by a co-culture of 
Listeria monocytogenes ATCC19114 with Pseudomonas aeru-
ginosa ATCC7700 were double-stained with RNAscope® target 
probes to red and green fluorescence, respectively. （A） P. 
aeruginosa ATCC7700. （B） L. monocytogenes ATCC19114. 
（C） Merged image.

FIG. 1．Changes in absorbance at 590 nm of cultures at 10℃ 
in monoculture and co-culture. △: Listeria monocytogenes 
ATCC19114, □: Listeria monocytogenes ATCC19115, ○: 
Pseudomonas aeruginosa ATCC7700, ▲: Listeria monocyto-
genes ATCC19114 + Pseudomonas aeruginosa ATCC7700, 
■: Listeria monocytogenes ATCC19115 + Pseudomonas 
aeruginosa ATCC7700.
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of neither L+P-BF or P-BF was suppressed by 50 µg/ml 
nisin.

Effect of nisin + EDTA on BF formation
　Both nattokinase and nisin when applied alone could 
not suppress L+P-BF formation at low temperatures 
（Table 7）. Therefore, EDTA was added to the culture 
medium as an agent that would facilitate the penetration 
of nattokinase and nisin into the bacteria. EDTA is a metal 
chelating compound that itself possesses antibacterial 
activity （Leive et al., 1965）. EDTA alone could suppress 
L-BF formation at a concentration of 0.4% or higher, 
whereas the growth of P-BF and L+P-BF could be 
inhibited by 2.0% EDTA or higher after five days of incu-
bation （data not shown）. In the present study, 0.1 and 
0.2% EDTA solutions were used for combined treatment 
with nattokinase or nisin, because EDTA alone did not 
affect BF formation at these concentrations.

bacteria cultures for 24 h was <625 µg/ml, <625 µg/ml 
or <1 µg/ml for PCG, CP or NaClO, respectively. The 
resistance of the BFs was remarkably higher than that 
of the planktonic cells.

Effects of nattokinase and nisin on BF formation
　Table 7 shows the effects of nattokinase and nisin on 
BF formation to be dependent on the incubation temper-
ature. Although in Table 7 the results for 1,000 µg/ml 
nattokinase are shown, in fact the formation of L+P-BF, 
L-BF, and P-BF at 37℃ was suppressed by nattokinase 
at concentrations as low as 15.6 µg/ml. In contrast, at 
10℃ and 15℃, BF formation could not be suppressed 
in any type of culture even by 1,000 µg/ml nattokinase. 
These results showed that nattokinase did not inhibit BF 
formation at low temperatures.
　Nisin inhibited L-BF formation at 10℃, 15℃ and 37℃ 
at a concentration of 0.78 µg/ml and higher. The growth 

TABLE 6．Resistance to antibiotics and sodium hypochlorite of biofilms formed by mono- or co-cultures of L. monocytogenes 
and P. aeruginosa at 10℃ after five days in culture.

Reagnets
Concentration
（µg/ml）

L.m. ATCC 19114
＋ P.a.

L.m. ATCC 19115
＋ P.a.

L.m. ATCC 19114 L.m. ATCC 19115 P.a.

Penicillin G

1,250 ＋ ＋ ＋ ＋ ＋
2,500 ＋ ＋ ＋ ＋ ＋
5,000 ＋ ＋ ＋ ＋ ＋

Chloramphenicol

1,250 ＋ ＋ ＋ ＋ ＋
2,500 ＋ ＋ ＋ ＋ ＋
5,000 ＋ ＋ － － ＋

Sodium hypochlorite

62.5 ＋ ＋ ＋ ＋ ＋
125 ＋ ＋ － － ＋
250 ＋ ＋ － － ＋
500 － － － － －

1,000 － － － － －
＋: growth, －: no gorwth
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC 7700.

TABLE 7．Effect of nattokinase or nisin on biofilm formation in mono- or co-cultures of L. monocytogenes and P. aeruginosa 
after five days in culture.

Reagents, 
Concentration

Temperature
（℃）

L.m ATCC 19114
＋ P.a.

L.m ATCC 19115
＋ P.a.

L.m ATCC 19114 L.m ATCC 19115 P.a.

Nattokinase
1000 µg/ml

10 ＋ ＋ ＋ ＋ ＋
15 ＋ ＋ ＋ ＋ ＋
37 － － － － －

Nisin
50 µg/ml

10 ＋ ＋ － － ＋
15 ＋ ＋ － － ＋
37 ＋ ＋ － － ＋

＋: growth, －: no gorwth
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC7700.
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all temperatures tested by a combination of nisin and 
EDTA at a concentration of 0.1% or higher. In fact, L-BF 
formation could be suppressed by a combination of 
0.1% EDTA and nisin at a concentration of 0.75 µg/ml 
or higher. In contrast, the formation of P-BFs and 
L+P-BFs was not inhibited even after the treatment with 
0.1% EDTA and 12.5 µg/ml nisin. Partial attenuation of 
P-BFs and L+P-BFs was achieved by a combined treat-
ment with 0.2% EDTA and 6.25 µg/ml nisin. In the latter 

　L-BF formation could be suppressed by a combina-
tion of EDTA at a concentration of 0.1% or higher and 
nattokinase at a concentration of 15.6 µg/ml or higher. 
However, the formation of P-BF and L+P-BF was not 
affected at any temperature, even by a combination of 
0.2% EDTA and 1000 µg/ml nattokinase （data not 
shown）.
　Table 8 shows the results of the combined treatment 
with nisin and EDTA. L-BF formation was suppressed at 

TABLE 8．Effects of nisin and EDTA on the amount of biofilms formed in the wells of polystyrene microplates by mono- or 
co-cultures of L. monocytogenes and P. aeruginosa after five days in culture （unit: absorbance at 590 nm）.

Culture
EDTA
（%）

Temperature
（℃） Control＊

Nisin concentration （µg/ml）
0 6.25 12.5

L.m. ATCC 19114 ＋
P.a. ATCC 7700

0.1

10 0.19 ± 0.01 a 0.73 ± 0.08 b 0.73 ± 0.16 b 0.76 ± 0.16 b

15 0.19 ± 0.01 a 0.56 ± 0.12 b 0.65 ± 0.16 b 0.63 ± 0.24 b

37 0.17 ± 0.00 a 0.41 ± 0.01 ab 0.38 ± 0.15 ab 0.49 ± 0.24 b

0.2

10 0.18 ± 0.01 a 0.58 ± 0.11 b 0.36 ± 0.16 ab 0.19 ± 0.03 ac

15 0.19 ± 0.01 a 0.54 ± 0.23 b 0.54 ± 0.04 b 0.40 ± 0.17 ab

37 0.17 ± 0.01 a 0.36 ± 0.05 a 0.20 ± 0.04 a 0.25 ± 0.04 a

L.m. ATCC 19115 ＋
P.a. ATCC 7700

0.1

10 0.19 ± 0.01 a 0.51 ± 0.09 b 0.61 ± 0.00 b 0.57 ± 0.01 b

15 0.19 ± 0.02 a 0.63 ± 0.08 b 0.71 ± 0.18 b 0.66 ± 0.20 b

37 0.17 ± 0.01 a 0.33 ± 0.05 ab 0.48 ± 0.09 b 0.57 ± 0.09 b

0.2

10 0.18 ± 0.01 a 0.56 ± 0.20 b 0.28 ± 0.14 a 0.15 ± 0.01 a

15 0.19 ± 0.02 a 0.53 ± 0.12 b 0.46 ± 0.28 b 0.41 ± 0.25 ab

37 0.17 ± 0.01 a 0.38 ± 0.11 a 0.28 ± 0.04 a 0.27 ± 0.04 a

L.m. ATCC 19114

0.1

10 0.19 ± 0.01 ab 0.29 ± 0.09 b 0.16 ± 0.01 a 0.16 ± 0.02 a

15 0.19 ± 0.01 a 0.29 ± 0.05 a 0.24 ± 0.06 a 0.22 ± 0.05 a

37 0.17 ± 0.01 a 0.42 ± 0.13 b 0.20 ± 0.11 a 0.18 ± 0.09 a

0.2

10 0.18 ± 0.03 ab 0.27 ± 0.08 b 0.16 ± 0.02 ab 0.15 ± 0.01 a

15 0.17 ± 0.03 a 0.24 ± 0.106 a 0.15 ± 0.03 a 0.14 ± 0.02 a

37 0.19 ± 0.02 a 0.24 ± 0.03 a 0.14 ± 0.01 a 0.13 ± 0.00 a

L.m. ATCC 19115

0.1

10 0.19 ± 0.02 a 0.24 ± 0.08 a 0.16 ± 0.01 a 0.15 ± 0.02 a

15 0.18 ± 0.01 a 0.30 ± 0.04 b 0.18 ± 0.03 a 0.18 ± 0.05 a

37 0.17 ± 0.01 a 0.34 ± 0.14 b 0.21 ± 0.13 a 0.19 ± 0.11 a

0.2

10 0.17 ± 0.02 a 0.25 ± 0.03 a 0.18 ± 0.04 a 0.16 ± 0.01 a

15 0.18 ± 0.01 a 0.16 ± 0.01 a 0.17 ± 0.01 a 0.16 ± 0.01 a

37 0.19 ± 0.01 ab 0.25 ± 0.03 b 0.15 ± 0.00 ab 0.13 ± 0.01 a

P.a. ATCC 7700

0.1

10 0.19 ± 0.01 a 0.61 ± 0.11 b 0.61 ± 0.04 b 0.57 ± 0.08 b

15 0.18 ± 0.01 a 0.56 ± 0.11 b 0.70 ± 0.17 b 0.61 ± 0.08 b

37 0.19 ± 0.01 a 0.37 ± 0.06 ab 0.46 ± 0.12 ab 0.51 ± 0.15 b

0.2

10 0.18 ± 0.01 a 0.62 ± 0.22 b 0.18 ± 0.01 a 0.15 ± 0.01 a

15 0.19 ± 0.01 a 0.64 ± 0.17 b 0.62 ± 0.25 b 0.48 ± 0.29 b

37 0.17 ± 0.00 a 0.41 ± 0.14 a 0.24 ± 0.07 a 0.35 ± 0.11 a
＊The value of absorbance at 590 nm when bacterial suspension was not added.
Different lowercase letters within a column indicate significantly different mean values （P < 0.05）.
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa.



CONTROL OF LISTERIA AND PSEUDOMONAS BF 115

DISCUSSION

　The capacity of various microorganisms to withstand 
treatment with antibacterial substances is greatly 
increased if they can form BFs. Although instances of 
food poisoning by microorganisms have been kept low 
by widespread use of cold chain logistics, some bacteria 
are known to be able to form BFs even at low tempera-
tures. In the present study, we assessed the properties 
of BFs formed by mono- and co-cultures of L. monocy-
togenes and P. aeruginosa grown at low temperatures 
and examined their sensitivity to several antibacterial 
substances. We found that the L+P-BF formed at 10℃ 
and 15℃ showed very high resistance to antibiotics and 
NaClO. However, a combined treatment with nisin and 
EDTA suppressed the formation of L+P-BF.

Characteristics of biofilms formed by co-cultures 
of L. monocytogenes with P. aeruginosa at low 
temperatures
　The fraction of L. monocytogenes viable counts in 
L+P-BF total viable counts was within 1-10% at 10℃ 
and 15℃, indicating the predominance of P. aeruginosa 
in L+P-BFs. The finding of a lower proportion of L. 
monocytogenes in such co-cultures was consistent 
with the results of previous studies of co-cultures of L. 
monocytogenes with Pseudomonas spp. （Fatemi and 
Frank, 1999; Lourenço et al., 2011）. In most cases, 

case, viable counts were 5.9 to 6.1 log10 CFU in L+P-BF 
（Table 9）, which was lower than viable counts obtained 
in control cultures at day 5 （Table 4）. L. monocytogenes 
viable counts in L+P-BFs were below the detection 
limit. In addition, L. monocytogenes was not detected 
even after culturing the immersion solution of the swab 
scraped off in the well with nutrient broth, which indicated 
that L. monocytogenes was completely eliminated, and 
only P. aeruginosa survived in the presence of 0.2% 
EDTA and 6.25 µg/ml nisin. It should be noted that P. 
aeruginosa survival counts in L+P-BF were significantly 
larger than those in P-BF after the treatment with 0.2% 
EDTA and 6.25 µg/ml nisin （P < 0.05）. This result 
suggested that P. aeruginosa may have higher resis-
tance toward antibacterial agents in co-culture with L. 
monocytogenes.
　Following 5-day incubation with 0.2% EDTA and 12.5 
µg/ml nisin, the absorbance values of L+P-BF and P-BF 
decreased until there were no significant differences 
from the values in the control cultures （P > 0.05）. 
Nonetheless, viable counts of approximately 3 log10 
CFU/well were detected from the well wall surface after 
five days in culture. As in the case of the combination of 
0.2% EDTA and 6.25 µg/ml nisin, L. monocytogenes 
could not be detected after incubation with 0.2% EDTA 
and 12.5 µg/ml nisin because only P. aeruginosa 
survived.

TABLE 9．Effect of nisin ＋ 0.2% EDTA on total viable counts or viable counts of L. monocytogenes in the biofilms formed by 
mono- or co-cultures of L. monocytogenes and P. aeruginosa at 10℃ after five days in culture （unit: absorbance at 590 nm）.

Culture Nisin Conc. （µg/ml） Total counts （log10 CFU/well） Listeria counts （log10 CFU/well）
L.m. ATCC 19114 ＋ P.a.

0

7.4 ± 0.5 a 5.6 ± 0.4 a

L.m. ATCC 19115 ＋ P.a. 7.6 ± 0.1 ab 5.6 ± 0.3 a

L.m. ATCC 19114 － 5.8 ± 0.5 a

L.m. ATCC 19115 － 5.9 ± 0.2 a

P.a. 7.0 ± 0.9 a －
L.m. ATCC 19114 ＋ P.a.

6.25

6.1 ± 0.3 a N.D.

L.m. ATCC 19115 ＋ P.a. 5.9 ± 0.5 ac N.D.

L.m. ATCC 19114 － N.D.

L.m. ATCC 19115 － N.D.

P.a. 3.9 ± 1.1 b －
L.m. ATCC 19114 ＋ P.a.

12.5

3.2 ± 0.6 b N.D.

L.m. ATCC 19115 ＋ P.a. 2.5 ± 0.4 b N.D.

L.m. ATCC 19114 － N.D.

L.m. ATCC 19115 － N.D.

P.a. 3.0 ± 0.4 b －
Different lowercase letters within a column indicate significantly different mean values （P < 0.05）
N.D. : below detection limit （< 2 log10 CFU/well）
Abbreviations: L.m., Listeria monocytogenes. P.a., Pseudomonas aeruginosa ATCC 7700.
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Resistance of L+P-BF to antibacterial substances
　In this study, L+P-BFs formed at 10℃ and 15℃ 
showed very high resistance to antibiotics and NaClO, 
which suggested the necessity to repress BF formation, 
especially in food. Norwood and Gilmour （2000） inves-
tigated the resistance of multispecies BF comprising L. 
monocytogenes, P. fragi, and S. xylosus. In that study, 
BFs were exposed to NaClO concentrations of 200, 500, 
and 1000 mg/l for 20 min, but a substantial two-log cycle 
drop in bacterial numbers was only achieved at 1000 
mg/l. In contrast, in planktonic culture, all three microor-
ganisms were completely eliminated when exposed to 
10 mg/L NaClO for a 30-s period.
　Lourenço et al. （2011） examined the resistance of 
L+P-BFs formed at 37℃ and 12℃ to four commercial 
dairy sanitizers （one alkyl amine acetate based, two 
chlorine based, and one phosphoric acid based）. Their 
study revealed that L+P-BFs were generally less suscep-
tible than pure L. monocytogenes cultures. Notably, BFs 
formed at 12℃ were usually less susceptible to 20-min 
exposures to sanitizers than BFs formed at 37℃. In that 
study, minimum BF-eradicating concentrations of those 
four commercial dairy sanitizers ranged from 200 to 
32,000 mg/l, and L+P-BF formed at a low temperature 
also showed very high resistance to sanitizers. Thus, 
the results of the report by Lourenço et al. （2011） and 
data from the present study reinforced the notion that 
BFs formed by co-cultures of L. monocytogenes and 
Pseudomonas spp. exhibit extreme resistance to sani-
tizers. Therefore, the emergence of L+B-BFs should be 
prevented, especially in foods.

Effect of natural food additives on the formation of 
L+P-BF at low temperatures
　The use of proteolytic enzymes specific for the mole-
cules involved in the adhesion and BF formation as 
anti-BF compounds has been reported previously （Sato 
et al., 1983）. Narisawa et al. （2014） found that the 
proteolytic enzyme nattokinase, which is present in the 
traditional fermented food "Natto" and belongs to the 
alkaline serine protease family, inhibited sucrose-depen-
dent formation of BFs by cariogenic streptococci. The 
presence of nattokinase is known to reduce the amount 
of water-insoluble glucan that promotes adhesion to the 
tooth surface and aggregation of bacterial cells within a 
BF. Furthermore, nattokinase and plasmin were demon-
strated to disperse S. aureus BFs that exhibited high 
antimicrobial resistance to rifampicin and vancomycin 
over time （> 48 h） （Zapotoczna et al., 2015）. In the 
present study, nattokinase at 100 µg/ml inhibited BF 
formed by all mono- and co-cultures only at 37℃. 
Purified nattokinase has high thermostability at 30℃ to 
50℃, and the optimal temperature for nattokinase activity 
is 40℃ （Wang, et al., 2009）. In our experiments, we 

Pseudomonas spp. tends to be the predominant species 
in co-culture BFs, for example, in a co-culture with E. 
coli on silicone surfaces （Cerqueira et al., 2013） and 
with E. coli O157:H7 on glass slides （Uhlich et al., 
2010）. As shown in Fig.1, up to 2 days the growth rate 
of L. monocytogenes ATCC 19115 was the fastest, 
followed by that of P. aeruginosa and L. monocytogenes 
ATCC 19114. Therefore, the dominance of P. aeruginosa 
in the co-cultured BF originated not from its growth rate 
but because P. aeruginosa could easily to attach to 
surfaces and form BF.
　Reiu et al. （2008） revealed a close relationship 
between L. monocytogenes and Staphylococcus aureus 
in dual species BFs by scanning electron microscopy. 
The spatial organization of L. monocytogenes cells within 
monoculture BFs was flat and homogeneous. In contrast, 
BFs formed by S. aureus in pure culture were heteroge-
neous. Stainless steel surfaces were partly colonized, 
and cells were aggregated in distinct clusters. In dual 
species BFs, spatial organization features of L. mono-
cytogenes with S. aureus cells were different from those 
in monocultures. For example, larger L. monocytogenes 
rods were observed （10-20 µm） that were mainly found 
within microcolonies of S. aureus. Phase-contrast 
microscopy observations in the present study did not 
allow clear conclusions about the extent of the associa-
tion between L. monocytogenes and P. aeruginosa. 
However, no macroscopic differences were observed 
between L+P-BFs and P-BFs.
　It has been reported that the number of L. monocyto-
genes cells in BFs could be increased in the presence 
of the S. aureus cell-free supernatant. That effect 
persisted after ultrafiltration （< 3 kDa）, and was heat 
stable, but became lost after proteinase K treatment 
（Rieu et al., 2008）. In addition, L. monocytogenes 
attached in significantly greater numbers （>3-log differ-
ence） to surfaces with preexisting P. putida BFs than to 
Pseudomonas-free surfaces （Hassan et al., 2004）. 
Autoinducers produced by L. monocytogenes appear 
to contribute to the BF-forming capacity. It was demon-
strated that S-ribosyl homocysteine, a precursor of 
autoinducer-2, stimulated dense BF formation by L. 
monocytogenes （Belval et al. 2006）. Similarly, the 
accessory gene regulator quorum sensing system, 
described for S. aureus, also appears to be involved in 
the modulation of adhesion and early stages of BF 
formation by L. monocytogenes （Rieu et al., 2007）. It is 
not possible at the present stage to explain comprehen-
sively the influence of the counterpart bacteria on L. 
monocytogenes in co-culture. Future studies examining 
quorum sensing in bacterial co-cultures will be neces-
sary in future.
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nisin was used within the recommended concentration 
range, whereas EDTA was employed at concentrations 
that exceeded the recommended level. Today, nisin is 
widely used in a variety of food products around the 
world. In many countries, there are no concentration 
limits for its application, whereas some countries specify 
nisin levels for specific product categories. For example, 
the maximum acceptable level of nisin in cheese in EU 
is also 12.5 mg/kg （Müller-Auffermann et al., 2015）.
　In conclusion, we obtained evidence that BFs formed 
by mono- and co-cultures of L. monocytogenes and P. 
aeruginosa can be controlled by the combined applica-
tion of nisin and EDTA. However, further studies of the 
combination variations will be needed in order to find the 
formulation that would be compatible with the accept-
able levels of food additives currently stipulated by food 
safety regulations.
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revealed that nattokinase, however, could not inhibit BF 
formation at low temperatures （10℃ and 15℃）.
　Nisin is a natural polypeptide bacteriocin produced 
by some strains of L. lactis （Leriche et al., 1999）. It has 
a “generally recognized as safe” designation and is used 
in over 50 countries as a food preservative and antimi-
crobial substance. Inhibition of the gram-positive food-
borne pathogens S. aureus, L. monocytogenes, Bacillus 
cereus, and Clostridium perfringens by nisin has been 
demonstrated （Pimentel-Filho et al., 2014）. Nostro et 
al. （2010） reported that nisin incorporated in poly-
ethylene-co-vinyl acetate films reduced formation of BFs 
by gram-positive bacteria, such as L. monocytogenes. 
Minei at al. （2008） showed that growth of L. monocy-
togenes on stainless steel coupons is reduced in the 
presence of 1,000 IU/ml nisin. However, the treatment 
with nisin did not fully eradicate bacteria and after 24 h 
of incubation, renewed BF formation was detected in L. 
monocytogenes cultures.
　In the present study, we also showed that nisin 
suppressed only L-BF formation, but not the formation 
of L+P-BF or P-BF. To augment the efficacy of nattoki-
nase and nisin, EDTA, which is also a food additive, was 
used as a permeabilizing agent. Ayres et al. （1998） 
revealed that treatment with 0.3% EDTA enhanced the 
antibacterial activity of chlorhexidine diacetate, triclosan, 
and benzalkonium chloride against P. aeruginosa BFs. 
Lebeaux et al. （2015） reported that 0.3% EDTA 
increased the inhibitory effects of gentamicin, amikacin, 
and vancomycin on BF formation by gram-positive and 
gram-negative microorganisms, including P. aeruginosa.
　Treatment of gram-negative bacteria, such as E. coli, 
with EDTA released 50% of the outer membrane poly-
saccharides （Wooley and Jones 1983）. Nisin disrupts 
the structure of the cytoplasmic membrane of suscep-
tible species by binding to anionic phospholipids, espe-
cially lipid II, which is an essential element of the cell 
wall. Subsequently, nisin permeates and incorporates 
into the membrane, forming an ion channel. This causes 
the efflux of intracellular components and, consequently, 
cell damage and death （Müller-Auffermann et al., 2015）. 
Gram-negative bacteria are resistant to nisin because 
their cell envelopes, especially the outer membrane, are 
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