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Many previous studies have focused on biofilm formation of microorganisms under steady state, however,
in actual environment around food, surroundings of food frequently fluctuate. This study investigated the
bacterial biofilm formation and interaction between different strains under constant and fluctuating tem-
perature conditions.

Firstly, biofilm formation in mixed culture of Pseudomonas putida with Salmonella enterica under a
constant temperature of 5°C and 30°C was investigated to identify the interactions between the two species.
In the result, at 5°C, P putida principally formed biofilm in the mixed culture with S. enterica while S. enter-
2ca could neither form biofilm nor grow well. And, an interaction between S. enterica and P. putida could
not be observed at 5°C. In contrast, at 30°C, the acceleration of biofilm formation was observed under only
poor nutrient condition. It can be considered that the bacterial interaction induced by a lack of nutrient accel-
erated biofilm formation in the mixed culture.

Secondly, the effect of two different patterns of temperature fluctuation on biofilm formation in the
mixed culture was studied by investigating the biofilm amount and bacterial count. In consequence, tempera-
ture fluctuation inhibited biofilm formation in the mixed culture of S. enterica with P. putida. However,
salmonella count was promoted in comparison with that at the low constant temperature of 5°C. In sum-
mary, the stress due to a lack of nutrient caused the bacterial interaction between S. enterica and P. pul-
tda and accelerated biofilm formation in the mixed culture while fluctuating temperature had an inhibition
effect on biofilm formation. However, considering the salmonella growth through temperature fluctuation, it
is important to keep temperature constant during food distribution.
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INTRODUCTION

Bacteria attaching to food and food contact surfaces
sometimes form biofilm. The attached cell produce extra-
cellular polysaccharide for embedding the cell in a mature
process of biofilm. Bacterial cell in these matured bio-
film would come to have excessive tolerance against sev-
eral stresses such as heat, chemical, etc. (Zottola et al.,
1994). Hence, the contamination caused by biofilm—form-
ing bacteria has been received much attention as serious
problems related to food safety. Most of previous stud-
ies, which reported about biofilm formation, have focused
on the single microbial species and have been conducted
under steady environmental culture conditions. In fact,
there are many kinds of microbial species in an actual
situation and surroundings around the microorganisms
frequently fluctuate. For example, a temperature fluctua-
tion is observed during distribution of food and agricul-
tural produce (Jacxsens et al., 2002, Uchino et al., 2006).
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However, there have been few studies conducted under
an unsteady condition surrounding food. In response to
this situation, Morimatsu et al. (2009, 2010) investigated
the effect of temperature fluctuation on biofilm forma-
tion in a single culture of Pseudomonas putida and
Salmonella enterica. Gram-negative bacteria, into
which P. putida and S. enterica is classified, produce
N-acyl-homoserine lactones as a signal material among
different bacterial species, and a bacterial interaction
through N-acyl-homoserine lactones enhance microbial
biofilm formation (Kjelleberg et al., 2002). Moreover,
any microbial biofilms are generally developed under
multi—existent condition of various species of microorgan-
isms, and the interaction in the microbial community may
enhance the thickness and stability of biofilm, as James
et al. (1995). Therefore, taking the actual food environ-
ment and the mutual action among different bacterial spe-
cies into consideration, an effect of a bacterial interac-
tion on biofilm formation under the unsteady condition
should be investigated.

The present study aims to clarify the interaction
between S. enterica and P. putida by examining biofilm
formation in a mixed culture of these species under con-
stant temperature, and to explain the effect of tempera-
ture fluctuation on the biofilm formation in the mixed cul-
ture.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

The bacterial strains were Salmonella enterica.
subsp. enterica NBRC 13245-derived strain from NITE
Biological Resource Center (NBRC) and Pseudomonas
putida, which was isolated from cucumber fruits and
identified by analyzing base sequence of 16S-rDNA region
using PCR method. S. enterica is one of the main food
poisoning bacteria and P. putida is one of the genus
Pseudomonas with a good ability to form biofilm. Both
strains were cultured in Tryptic Soy Broth (TSB) at 25°C
with agitation of 105 rpm for 3 days.

Biofilm formation on an inner surface of polysty-
rene tube in mixed culture

Biofilm formation test on an inner surface of a poly-
styrene tube was prepared according to the method pro-
posed by Planchon et al. (2006) with some modifications.
Each salmonella and pseudomonal subcultures were
diluted with sterile distilled water until optical density
(OD) at 600 nm was adjusted to a value of 1.0. Salmonella
culture was mixed with pseudomonal culture so that ini-
tial bacterial count of this mixed culture was 7.4 X
10°CFU/ml. The mixed culture of 0.1 ml was distributed
in a prepared 15ml polystyrene tube with 5ml of TSB at
100% or 5% diluted with sterile distilled water, in order
to identify the effect of nutrient concentration on biofilm
formation. To attach bacteria onto the inner surface of
the tube, the samples were allowed to stand for 30 min-
utes at room temperature. The tubes were then incu-
bated in a incubator for 5 days at constant and fluctuat-
ing temperatures in order that the microorganisms form
biofilms. The constant temperatures were set at 5°C and
30°C, which reflected a refrigerated condition during the
food distribution and a high—temperature in summer. In
addition, two patterns of fluctuating temperature were
applied. For the pattern (i) of fluctuating temperature
condition, the tubes were incubated at ca. 5°C for 1 day,
and after that these were incubated at ca. 30°C for 4 days.
For the pattern (ii), the tubes were incubated at ca. 5°C
for 1 day then at ca. 30°C for 1 day, after that the tubes
were incubated at ca. 5°C for 3 days.

Quantification assay for an amount of attached bio-
film

The quantification assay for an amount of attached
biofilm was performed according to the method proposed
by Stepanovic et al. (2000) with some modifications.
After the incubation, solution in each tube was drained.
Then, 5ml of sterile distilled water was distributed in
each tube and drained to wash. Viable and dead cells with
exopolysaccharides remaining onto the inner surface of
the polystyrene tube after washing were defined as bio-
film according to our previous study (Morimatsu et al.,
2009). Subsequently, the attached cells and exopolysac-
charides on the surface of each tube were stained with
5ml of 0.1% crystal violet solution for 10 minutes. After
draining the solution, the inner surface was rinsed off by
distributing and draining 5 ml of sterile distilled water and

then dried in a clean bench. The bound dye was resol-
ubilized with 5ml of 99.5% ethanol for 1 minute by ultra-
sonication at 125 W —42 kHz for one minute at room tem-
perature. The OD of the solution obtained with the man-
ner described above was measured at 500 nm to quantify
the amount of biofilm by using the spectrophotometer
according to the method described by Hamanaka et al.
(2007). The quantification was performed in triplicate.

Bacterial count in biofilm matrix of mixed culture

To investigate the change in microbial flora of the bio-
film, the viable bacterial number in the biofilm matrix was
counted as follows. After the incubation, the solution in
each tube was drained and washed once with 5ml of
sterile distilled water and dried in the clean bench.
Subsequently, 5 ml of sterile distilled water was dispensed
into each tube, and then the bacteria attached to the
inner surface of the tube were resolubilized for 1 minute
by ultrasonication at 126 W — 42 kHz for one minute at
room temperature. After diluting the bacterial suspen-
sion, standard method agar for counting both P. putida
and S. enterica, and X-SAL agar for S. enterica was
mixed with the bacterial suspension in a petri dish. Each
of the petri dishes were incubated at 25°C for 48 hours
and 37°C for 24 hours, respectively. After the incuba-
tion, the colonies on the agar were counted for calculat-
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Fig. 1. Profile of fluctuating temperature condition.
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ing total bacterial count of P. putida and S. enterica,
and salmonella count in the biofilm matrix. The experi-
ment was performed at least three times.

Statistical Analysis

The mean value of OD and viable count for each day
were statistically evaluated using the modified t-test
based on Ryan’s multiple test. (P<0.05).

RESULTS AND DISCUSSION

At the low constant temperature of 5°C, an amount
of attached biofilm in the mixed culture of P. putida
with S. enterica increased with cultivating time regard-
less of T'SB concentration (Fig. 2). With cultivation time,
total bacterial count increased while salmonella count
decreased. Additionally, in our previous study (Morimatsu
et al., 2010), P. putida actively formed biofilm at 5°C in
the single culture while S. enterica kept a low level of
biofilm amount from the beginning to the end of culture.
Therefore, in the mixed culture at the low constant tem-
perature of 5°C, P. putida principally formed biofilm,
while S. enterica could neither form biofilm nor grow
well same as the single cultures. A bacterial interaction
between P. putida and S. enterica could not be recog-
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Fig. 2. Biofilm amount indicated by absorbance and viable bac-
terial count in biofilm matrix in the mixed culture of P.
putida with S. enterica at 5°C.

l: biofilm amount in mixed culture of P. putida with
S. enterica 4 total bacterial count <>: salmonella count

nized in the mixed culture at 5°C because the biofilm
amount in the mixed culture did not markedly increase
in comparison with the single culture of P. putida in our
previous study.

At the high constant temperature of 30°C, the biofilm
amount in the mixed culture with 100% TSB decreased
from 2nd day to the 5th day after a rapid increase on the
1st day, while the amount using 5% diluted TSB increased
until 3rd day and was kept over the culturing period (Fig.
3). From the result of our previous study (Morimatsu et
al., 2010), S. enterica in the single culture with high
nutrient broth formed biofilm similar to the result of the
present research shown in Fig. 3 above however P. put-
ida could not form the biofilm actively, moreover both
of microbial strains in the single culture with low nutri-
ent broth formed less amount of biofilm comparing to
that in high nutrient broth. Considering these facts, the
biofilm formation could be accelerated only in the mixed
culture using low TSB. Therefore, it appeared that a
lack of nutrient at a high temperature, that is to say, unfa-
vorable environment for microbe could enhance the bac-
terial interaction between P. putida and S. enterica, and
biofilm formation could be accelerated by enhancement
of the bacterial interaction.

Under the condition of fluctuating temperature of
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Fig. 3. Biofilm amount indicated by absorbance and viable bac-
terial count in biofilm matrix in the mixed culture of P.
putid with S. enterica at 30°C.

M biofilm amount in mixed culture of P. putida with
S. enterica 4 total bacterial count <: salmonella count



128 K. MORIMATSU et al.

the pattern (i), the biofilm amount in 100% TSB signifi-
cantly decreased from the 2nd day to the 5th day after a
increase in the biofilm amount until the 2nd day, while the
biofilm amount in 5% diluted TSB significantly increased
from the 1st day to the 3rd day after a rise in temperature
from 5°C to 30°C (P<0.05) (Fig. 4). At the high constant
temperature, the bacterial interaction between P. put-
ida and S. enterica could accelerate biofilm formation
in the poor nutrient in contrast to that in the rich nutri-
ent (Fig. 3). Taking this result into consideration, biofilm
formation in 5% diluted TSB could be induced by the
bacterial interaction between P. putida and S. enterica
under the condition of the pattern (i). However, the
biofilm amount was significantly less than that at the high
constant temperature over the culturing day except for
on the 4th day and the 5th day (P<0.05). Therefore, tem-
perature fluctuation at the pattern (i) could inhibit the
biofilm formation accelerated by the bacterial interaction.

Under the condition of fluctuating temperature of
the pattern (ii), although both of the biofilm amounts in
100% and 5% diluted TSB increased from the 2nd day to
the 5th day after temperature declined (Fig. 5), this
increase in the biofilm amount was less than that at the
low constant temperature. Thus, an effect of temperature
fluctuation of the pattern (ii) could inhibit the biofilm
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Fig. 4. Biofilm amount indicated by absorbance and viable
bacterial count in biofilm matrix in the mixed culture
of P. putida with S. enterica at the pattern (i) of fluc-
tuating temperature condition.

l: biofilm amount in mixed culture of P. putida with
S. enterica 4 total bacterial count <>: salmonella count

formation. However, temperature fluctuation of the pat-
tern (ii) could help the survival of S. enterica at a low
temperature of 5°C after the 3rd day because the salmo-
nella count was significantly high in comparison with that
at the low constant temperature conditions in all cultur-
ing days (P<0.05).

Overall, the result of this study on biofilm formation
by the bacterial interaction between P. putida and S.
enterica can be summarized as follows: (a) At low con-
stant temperature, P. putida became the dominant spe-
cies in terms of biofilm formation; the bacterial interac-
tion related with biofilm formation was not observed. (b)
At high temperature, a stress of poor nutrient condition
induced the bacterial interaction. As a result, biofilm for-
mation in the mixed culture of P. putida with S. enter-
ica was accelerated. (c) Inhibition of biofilm formation
by temperature fluctuation was observed, however, tem-
perature fluctuation of the pattern (ii) helped the survival
of S. enterica at low temperature. Taking a growth of S.
enterica through temperature fluctuation into consider-
ation, it was indicated that an unsuitable temperature
fluctuations in food distribution may pose a high risk of
food poisoning. Thus, it is important to maintain a con-
stant temperature during food distribution.
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Fig. 5. Biofilm amount indicated by absorbance and viable
bacterial count in biofilm matrix in the mixed culture
of P. putida with S. enterica at the pattern (ii) of fluc-
tuating temperature condition.
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