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Abstract This study aims to understand the biofilm for-

mation abilities of eight Bacillus cereus strains under food-

industry-related conditions. Biofilms were grown in

microtiter plates in tryptic soy broth (TSB) or brain heart

infusion (BHI) at 30 �C for 24 or 48 h and quantified via

the crystal violet assay. A significantly larger of biofilm

was formed in TSB than in BHI after 48 h. Selected strains

were used to test biofilm formation under food-related

conditions produced by different surfaces (e.g., stainless

steel, plastic, or glass), temperatures (25 or 30 �C), carbon
sources, (glucose or glycerol) and NaCl. Biofilm formation

appeared to be affected by surface properties, temperature,

and carbon sources. A larger biofilm was formed on

stainless steel at 30 �C compared to plastic and glass sur-

faces at 25 and 30 �C. Moreover, addition of glucose in

combination with NaCl in TSB produced significantly

larger biofilm than glucose, glycerol and/or NaCl. These

results indicate that food-industry-related conditions could

promote B. cereus biofilm formation, which is relevant to

food safety.

Keywords Bacillus cereus � Biofilm formation � Glucose �
Glycerol � NaCl

Introduction

Biofilm is a community of bacteria embedded in a hydrated

matrix of extracellular polymeric substances (EPS) and

attached to a surface [1]. Bacterial biofilm formation is a

very complex and dynamic process. It occurs in three

different stages: (1) initial attachment (planktonic cells

attach to a surface), (2) maturation (microorganisms start

producing adhesion proteins and other EPS), and (3)

detachment and dispersal (bacteria or small parts of the

biofilm detach and re-attach to a new surface) [2, 3].

Biofilm cells are highly resistant to adverse environmental

conditions, including antimicrobials and sanitizers [4].

Therefore, bacterial biofilm formation is currently a topic

of great interest in medical, environmental and food

microbiology because it can cause serious public health

problems [5, 6].

Bacillus cereus is a Gram-positive, spore-forming, and

facultatively anaerobic bacterium that is widely distributed

in the environment. Usually, B. cereus is a soil inhabitant

and is commonly isolated from food and food products,

including dairy products, vegetables, rice, and meat [7].

This organism is a human pathogen that causes two dif-

ferent types of gastrointestinal diseases: (1) diarrheal and

(2) emetic [8]. It is a well-known cause of biofilm forma-

tion on many food contact surfaces such as conveyor belts,

stainless steel pipes, and storage tanks [9]. B. cereus bio-

film formation in food-industry settings is considered as a

serious food safety concern because it can act as a potential

source of product contamination and recontamination [10].

Biofilm formation can be influenced by several envi-

ronmental factors such as nutrient availability, osmolality,

and maturation time [11]. In a food-industry-related envi-

ronment, different carbon sources (e.g., glucose, glycerol,

and ethanol), minerals, and food residues are precipitated
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depending on the clean-in-place procedures (CIP) that can

substantially affect biofilm formation [12]. For example,

with respect to Staphylococcus aureus, environmental

conditions related to the food industry, including temper-

ature and glucose and ethanol contents, influence the bio-

film formation behavior [13]. In a food-industry

environment, different surfaces (e.g., stainless steel (SS),

plastic, and glass) may be applied according to the design

of the equipment; this can effect B. cereus biofilm forma-

tion [14]. B. cereus can metabolize a number of carbon

sources, including glucose and glycerol [15]. NaCl is

widely used in almost all food-processing industries, par-

ticularly for preservation or seasoning purposes, and the

concentration of NaCl differs among foods. Controlling

NaCl content can significantly affect biofilm formation by

S. aureus [16]. Therefore, for the food industry, it is

important to recognize the potential effect of food-pro-

cessing-related conditions on B. cereus biofilm formation.

This study aims to investigate the biofilm formation ability

of B. cereus ATCC 14579 and seven food isolates grown

under food-related environmental conditions, including

temperature, surface properties, various carbons sources

(glucose and glycerol), and/or NaCl.

Materials and methods

Strains and culturing conditions

A total of eight B. cereus strains, of which seven strains

were previously isolated from the traditional Korean soy-

bean paste, and a reference strain ATCC 14579 were used

in this study (Table 1). Strains were streaked on brain heart

infusion (BHI; Becton–Dickinson, France) agar plates

using stocks stored at -80 �C in a BHI broth containing

15% (v/v) glycerol (Daejung, Korea). These strains were

then incubated at 30 �C for 24 h. A single colony was used

to inoculate 10 ml of the BHI broth and incubated over-

night (18 h) at 30 �C without shaking.

Biofilm formation and quantification

Effect of growth media and incubation time

A biofilm was grown on 96-well polystyrene microtiter

plates (flat bottom) (SPL Life Sciences, Korea), as

described in [17]. In summary, each well was filled with

200 ll of either BHI or tryptic soy broth (TSB) (MB cell,

Korea) and inoculated with 1% (v/v) overnight-grown

culture. Microtiter plates were then wrapped with parafilm

to prevent evaporation during incubation. These plates

were statically incubated at 30 �C for 24 or 48 h. Biofilm

formation was quantified using the crystal violet (CV)

assay for total biomass estimation, as described previously

[18]. Briefly, after appropriate incubation, the media was

removed from each well and the attached biofilms were

washed thrice with 220 ll of phosphate buffered saline

(PBS) (pH 7.4) (Gibco, USA). After washing with PBS, the

attached biofilm was stained with (0.1% w/v) CV (Difco,

USA) for 30 min. Subsequently, unbound CV was

removed and the biofilm was washed again thrice with

220 ll of PBS. Then, 200 ll of 70% ethanol was added for

30 min to elute the CV dye attached to the biofilm. Two

hundred microliters of dissolved CV was transferred to a

new 96-well plate to measure the absorbance at 595 nm

using a spectrophotometer (Spectramax Plus 384, Molec-

ular Devices, UK).

Effect of surface properties and temperature

A biofilm was grown on SS coupons (AISI type 304L, surface

finish 2B) (18 9 18 mm2), plastic slides (PS) (18 9 18 mm2),

and glass slides (GS) (18 9 18 mm2) in 12-well microtiter

plates (SPLLifeSciences,Korea), as describedpreviously [18].

Briefly, previously treated SS, PC, and GS were vertically put

into thewells of a 12-well polystyrene plate andfilledwith 3 ml

of TSB. Each well was inoculated with 1.0% (v/v) overnight

culture and then incubated at 25 or 30 �C for 48 h. After

incubation, biofilm production was quantified using the CV

assay, as described above.

Table 1 B. cereus strains used

in this study
B. cereus strain Source of isolation Obtained from References

GIHE 62-5 Soybean paste Gangwon Institute of Health and Environment This study

GIHE 62-9 Soybean paste Gangwon Institute of Health and Environment This study

GIHE 728-17 Soybean paste Gangwon Institute of Health and Environment This study

GIHE 617-4 Soybean paste Gangwon Institute of Health and Environment This study

GIHE 617-5 Soybean paste Gangwon Institute of Health and Environment This study

GIHE 617-6 Soybean paste Gangwon Institute of Health and Environment This study

GIHE 617-8 Soybean paste Gangwon Institute of Health and Environment This study

ATCC 14579 Air American Type Culture Collection [33]
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Effect of glucose and glycerol

Minimal tryptic soy broth (mTSB) containing 1.7% tryp-

tone (Daejung, Korea), 0.3% soy peptone (MB cell,

Korea), 0.25% dipotassium phosphate (Sigma, USA), and

0.5% NaCl (Duksan Pure Chemicals, Korea) was prepared,

and the pH was adjusted to 7.3. Then, mTSB was supple-

mented with glucose (Bio Basic, Canada) or glycerol

(Daejung, Korea) concentrations to achieve final concen-

trations of 0.25, 0.5, 1, 2, 4, 6, and 8% (w/v).

To measure the effect of glucose and glycerol on biofilm

formation, a biofilm was formed on 24-well polystyrene

microtiter plates (SPL Life Sciences, Korea) by filling each

well with 2 ml of mTSB supplemented with different

concentrations of glucose or glycerol. It was inoculated

with 1% overnight-grown culture. The plates were incu-

bated at 30 �C for 48 h under a static condition. Subse-

quently, the biofilm was quantified using the CV assay. The

pH of the biofilm culture after appropriate incubation was

measured using a digital pH meter (Thermo Scientific

Orion Star A211, USA) [19]. To perform the CV assay, the

media were removed from each well and the biofilm was

washed thrice with 2.5 ml of PBS. After washing, the

attached biofilm was stained with 2 ml of 0.1% CV for

30 min. Then, the unattached CV dye was removed, and

the biofilm was washed again thrice with 2.5 ml of PBS.

2 ml of 70% ethanol was added for 30 min to elute the CV

dye attached to the biofilm. The absorbance of dissolved

CV was measured using the method described in the pre-

vious section.

Effect of sodium chloride

Note that mTSB supplemented with 0.25% of glucose was

prepared with different concentrations of NaCl to achieve

final percentages (w/v) of 0.0, 0.25, 0.5, 1, 2, 4, 6, and 8%.

The water activity (aw) of the biofilm culture was measured

using a digital water activity meter (Aquaspector AQS-2-

TC, Nagy, Germany). The biofilm was formed with/with-

out NaCl, and it was quantified using the method described

in the previous section.

Data analysis

The results represent the average of at least three inde-

pendent experiments, and each experiment included three

biological replicates. The effects of media, incubation time,

and temperature on biofilm formation by B. cereus strains

were compared using a one-sided t test. Meanwhile, the

influence of surface properties, glucose, glycerol, or NaCl

on biofilm formation was compared using one-way analysis

of variance (ANOVA) with Tukey’s post hoc (IBM SPSS

Statistics, Version 22, USA). Statistical significance was

considered when the p value was less than 0.05.

Results and discussion

Effect of growth media and incubation time

on biofilm formation

Biofilm formation can be influenced by many factors,

including the composition of growth media and incuba-

tion time. In this experiment, in an initial attempt to select

the appropriate growth media and incubation time that

can trigger B. cereus biofilm formation, two types of

media (TSB and BHI) and two incubation times (24 and

48 h) were used. Biofilm formation ability was estimated

for seven strains isolated from soybean paste and for a

reference strain (ATCC 14579) with a known biofilm-

forming capacity [20]. A biofilm was formed on 96-well

polystyrene plates at 30 �C. Growth media, incubation

time, and the strains used greatly influenced B. cereus

biofilm formation, as elucidated by the CV assay (Fig. 1).

In BHI, after 24 h, two strains (ATCC 14579 and GIHE

617-5) out of the eight strains tested showed biofilm

formation ability (OD595nm values[ 0.1). After 48 h, two

strains (GIHE 62-5 and GIHE 617-5) were capable of

biofilm formation [21]. The density of CV staining sig-

nificantly increased (p\ 0.05) for only two strains

(ATCC 14579 and GIHE 617-8) when the incubation time

was increased from 24 to 48 h (Fig. 1). For the remaining

six strains, no change in biofilm formation was observed

during the increased incubation time under this growth

condition.

Meanwhile, in TSB, after 24 h, GIHE 62-5 and GIHE

617-5 were capable of biofilm formation, and after 48 h,

ATCC 14579 and GIHE 62-9 also formed biofilms. These

strains did not show biofilm formation ability after 24 h. In

TSB, after 48 h, four strains (ATCC14579, GIHE 62-5,

GIHE 62-9, and GIHE 617-4) showed significantly higher

(p\ 0.5) CV staining after 48 h, and for the other strains,

no change in biofilm formation was observed.

The amounts of biofilms formed in TSB were signifi-

cantly higher than that in BHI for two strains (GIHE 62-9

and GIHE 617-4) after 48 h; however, after 24 h, there was

no difference in biofilm formation between BHI and TSB

for all of the tested strains. Based on these results, TSB and

48 h were selected as the appropriate growth media and

time point, respectively, for further biofilm experiments.

The obtained results reveal that growth media as well as

incubation time could affect B. cereus biofilm formation.

These results are in agreement with a recent study by Gao

et al. [19], which showed that B. cereus forms larger bio-

films (submerged) in TSB than in other growth media,
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including BHI. However, these results are contradictory to

those reported by Hayrapetyan et al. [21], which described

BHI as the optimum growth media for B. cereus biofilm

formation. Noticeably, this result was based on a prelimi-

nary tests conducted using four different growth media for

B. cereus biofilm formation on SS coupons, and the results

were not presented. Wijman et al. [22] reported that the

biofilm formation ability of B. cereus was largely depen-

dent on the growth media. The superiority of TSB over

BHI was also reported for other species, including Sal-

monella spp. [23]. In this study, we found that some of the

tested strains, including the reference strain (ATCC

14579), formed a significantly higher amount of biofilm

(p\ 0.05) after 48 h than after 24 h in both BHI and TSB.

However, there was no difference in the biofilm formation

ability during this incubation period among some other

strains. A similar result was reported previously, and it

showed that some of the B. cereus strains, including ATCC

14579, formed significantly higher amounts of biofilms at

48 h than after 24 h, whereas some strains showed no

change in biofilm formation [21, 22]. These results indicate

that the biofilm formation ability of B. cereus is greatly

affected by strain-specific features. The strain-specific

behavior of B. cereus biofilm formation is in agreement

with a number of recent studies [21, 22]. Biofilm formation

can be largely affected by strain-specific features such as

serotype, origin of isolation, and pathogenicity; however, it

is largely dependent on the species [22, 23].

Effect of surface properties and temperature

on biofilm formation

In a food-processing environment, different surfaces and

temperatures can be used depending on the equipment

design, which may affect B. cereus biofilm formation.

Therefore, for selected strains, biofilm formation abilities

were investigated for the most commonly used food-pro-

cessing surfaces such as SS, PC, or GS at 25 or 30 �C.
Based on the CV assay, all the tested strains except GIHE

62-9 were capable of biofilm formation at both 25 and

30 �C in TSB after 48 h of incubation [Fig. 2(A)]. Com-

pared with SS, the amounts of biofilms formed on PS and

GS were significantly lower (p\ 0.05). These results are in

agreement with a recent study by Hayrapetyan et al. [21],

which reported a significantly higher amount of biofilm

formation on SS when compared with PS for B. cereus

food isolates. This higher amount of biofilm formation by

B. cereus (capable of producing spores, which are

hydrophobic) on SS (a hydrophobic surface) might be due

to the differences in the thermodynamic properties that

facilitate them to adhere together. These data indicate that

B. cereus biofilm formation is substantially affected by

Fig. 1 Biofilm formation by B. cereus strains under different growth

conditions. A total of eight strains were grown at 30 �C in either BHI

or TSB on 96-well polystyrene microtiter plates for 24 or 48 h, and

biofilm formation was quantified by the CV assay. The data represents

the average of three independent biological experiments, each

performed in triplicates (n = 9), and the standard deviations. The

threshold for biofilm formation (solid line) is equal to the background

signal plus two times the standard deviation (OD = 0.1). Values

higher than the threshold level were considered positive for biofilm

formation. The four selected strains used in further experiments are

underlined. (asterisk) and (hash) indicate a significant difference

(p\ 0.05) compared with 24 h of incubation and BHI, respectively

(t test, p\ 0.05)
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surface properties. Next, the amount of biofilm formation

at 30 �C was significantly higher (p\ 0.05) for ATCC

14579, for GIHE 62-5 on SS, and for GIHE 617-5 on GS

than that at 25 �C [Fig. 2(B)]. This data suggested that B.

cereus biofilm formation is also affected by temperature.

The temperature dependence of B. cereus biofilm forma-

tion has been reported previously by Wijman et al. [22].

Effect of glucose and glycerol on biofilm formation

Biofilm formation was estimated for a total of four selected

strains in mTSB with or without the addition of glucose or

glycerol in the concentration range of 0.25–8%. These

strains were selected based on their biofilm formation

ability (OD595 nm value[ 0.1) in TSB after 48 h of incu-

bation at 30 �C (Fig. 1). The concentrations of glucose or

glycerol chosen for this experiment are relevant to the

food-industry environment [13]. For these experiments, a

biofilm was grown on 24-well polystyrene plates, which

have a larger surface area than the 96-well polystyrene

plates used in the initial screening experiments described

above. The individual effect of glucose or glycerol was

compared in mTSB without their addition. The effect of

glucose or glycerol on biofilm formation varied among the

strains tested; however, for three of the four strains tested,

the highest CV readings were obtained in mTSB supple-

mented with 0.5% glucose [Fig. 3(A)]. For only GIHE

62-9, biofilm formation appeared to increase with glucose

concentrations of up to 0.5%. For GIHE 62-5 and GIHE

62-9, no change in biofilm formation was observed in a

higher concentration range of glucose, i.e., from 2 to 8%.

However, for the remaining two strains (ATCC 14579 and

GIHE 617-5), the amount of biofilm formation

Fig. 2 Biofilm formation by B. cereus on different surfaces and at

different temperatures. A biofilm was grown on stainless steel (SS),

plastic slides (PS), or glass slides (GS) at 25 (A) or 30 �C (B) in TSB

for 48 h and quantified using the CV assay. The data represents the

average of two independent biological experiments, each performed

in triplicates (n = 6), and the standard deviations. The threshold of

biofilm formation (solid line) is equal to the background absorbance

value plus three times the standard deviation (OD = 0.2). Groups

with different alphabets within each strain indicate a significant

difference (Tukey’s post hoc test p\ 0.05). (asterisk) indicates a

significant difference (p\ 0.05) compared to incubation at 25 �C
(t test, p\ 0.05)

Fig. 3 Biofilm formation by B. cereus in response to glucose and

glycerol. A biofilm was grown on 24-well polystyrene microtiter

plates for 48 h at 30 �C in mTSB supplemented with various

concentrations of either A glucose or B glycerol broth and quantified

using the CV assay. The data represents the average of three

independent biological experiments, each performed in triplicates

(n = 9), and the standard deviations. Groups with different alphabets

within each strain indicate a significant difference (Tukey’s post hoc

test p\ 0.05)
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dramatically decreased with an increasing concentration of

glucose from 1 to 8%.

Interestingly, when glucose was replaced by glycerol as

an energy source in mTSB, the amount of biofilm forma-

tion significantly reduced (p\ 0.5) for all of the tested

strains [Fig. 3(B)]. For two strains (ATCC14579 and GIHE

62-5), no change in biofilm formation was observed with

the addition of glycerol at concentrations ranging from 0.25

to 8%. However, two strains (GIHE 62-9 and GIHE 617-5)

showed a decreased tendency for biofilm formation in

mTSB supplemented with an increasing concentration of

glycerol ranging from 0.25 to 8%.

The obtained results demonstrate that the addition of a

low concentration of glucose (0.25–1%) in mTSB could

significantly increase B. cereus biofilm formation; how-

ever, a higher concentration of glucose ([1%) inhibited

biofilm formation. Gao et al. [19] reported that the addition

of glucose (1%) in TSB can trigger B. cereus (905) biofilm

formation (particularly, a submerged biofilm) as opposed to

the absence of glucose in this growth media. Increased

biofilm formation by B. cereus strains in a medium sup-

plemented with a low concentration of glucose might be

due to the decreased pH of the medium [19].

To verify whether the pH affects B. cereus biofilm

formation during the addition of glucose in mTSB, the pH

of the growth medium was measured, as described in the

Materials and methods section. When B. cereus was grown

in the absence of glucose in mTSB, the pH ranged from

7.84 ± 0.04 to 7.62 ± 0.28 for all of the tested stains

(Table 1). In contrast, after addition of 0.25% glucose, the

pH of the growth medium significantly decreased (ranging

from 6.27 ± 0.07 to 6.78 ± 0.27; p\ 0.05). Under this

low-pH condition (addition of 0.25% glucose), all the

strains formed a significantly higher amount of biofilms

(p\ 0.05) compared with the case when the pH was higher

than 7.0 (absence of glucose in mTSB). However, the

amount of biofilm formation increased in GIHE 62-5,

GIHE 62-9, and GIHE 617-5 when 0.5% glucose was

added (pH ranging from 5.04 ± 0.00 to 5.78 ± 0.01)

[Fig. 3(A)]. These results clearly reveal that a low pH due

to an increasing concentration of glucose contributes to B.

cereus biofilm formation. B. cereus forms biofilms mainly

at the air–liquid interface at the wall of the surface and

produces pellicles that float on the liquid medium [21].

Additionally, B. cereus can also form submerged biofilms

but to a lesser extent [22, 24]. The particular mechanism

for different patterns of biofilm formation by B. cereus has

not yet been revealed. This bacterium probably uses two

distinct mechanisms for the formation of air–liquid bio-

films (known to be dependent on SinI or TasA-like pro-

teins) [25] and submerged biofilms (regulated by Spo0A)

[19, 26]. B. cereus may use the second pathway for the

formation of a biofilm grown under the addition of excess

glucose in growth media; this decreases the pH of the

biofilm culture and thereby facilitates a higher amount of

biofilm formation [19]. A higher amount of biofilm for-

mation during the addition of glucose to the growth media

and the consequent decrease in pH has also been reported

for other species, for example, S. aureus [27].

Importantly, upon the addition of a higher concentration

of glucose (ranging from 0.5% to 8%), some strains, e.g.,

GIHE 617-5, showed decreased biofilm formation (Fig. 3)

in this study even though the pH decreased (Table 2).

Therefore, the addition of glucose decreased the pH of

growth media; in addition, it might have contributed to

other factors, including a decreased aw, which might sub-

stantially affect B. cereus biofilm formation [28]. A higher

concentration of glucose can inhibit biofilm formation, and

this result has also been reported previously for other

species, including Aeromonas hydrophila [29].

When we substituted glycerol for glucose in mTSB, the

amount of B. cereus biofilm formation significantly

decreased for all of the tested strains. Gao et al. [19] found

similar results in B. cereus (905) biofilm formation. This

could be explained by glycerol uptake or the metabolism

mechanism used by Bacillus species. Deletion mutant

studies and the addition of glycerol to a minimal growth

medium in a previous study resulted in no growth of

Bacillus subtilis, thereby causing no production of biofilms

[30]. However, this organism grew well when glucose was

added to the minimal growth media.

Influence of NaCl on biofilm formation

The influence of the four selected B. cereus strains on

biofilm formation was investigated in mTSB supplemented

with different concentrations of NaCl (ranging from 0.25 to

8%). For this experiment, strains were grown for biofilm

formation on 24-well polystyrene microtiter plates in

mTSB added with NaCl or a combination of various con-

centrations of NaCl and glucose (0.25%) for 48 h at 30 �C.
The individual effects of NaCl were compared with those

of the combination of glucose and NaCl. The concentra-

tions of NaCl were selected from a previous study by Rode

et al. [13], which was considered to be relevant to the food-

industry-related environment. The effect of NaCl concen-

tration on biofilm formation and the optimum concentra-

tion of NaCl widely varied among the tested strains.

However, the combination of glucose with NaCl signifi-

cantly (p\ 0.05) increased biofilm formation for all the

strains studied when compared to the addition of NaCl

alone (Fig. 4). Three strains (ATCC 14579, GIHE 62-9,

and GIHE 617-5) showed a higher tendency for biofilm

formation when glucose was supplemented with an

increasing concentration of NaCl (up to 2%). Meanwhile,

for GIHE 62-5, biofilm formation did not change with these
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concentrations of NaCl combined with glucose. Addition-

ally, all of the strains showed a sharp reduction in biofilm

formation when the NaCl concentration increased above

2% with glucose supplementation.

However, when only NaCl was added in mTSB, an

increasing tendency for biofilm formation was noticed for

ATCC 14579 and GIHE 617-5 up to a concentration of 2%.

However, when the concentration of NaCl was further

increased (from 2 to 8%), these two strains showed a

reducing tendency for biofilm formation. Meanwhile, there

was no dramatic change in the biofilm formation ability

with an increasing concentration of NaCl for GIHE 62-5

Table 2 Effects of glucose on the pH of the B. cereus biofilm formed in mTSB at 30 �C after 48 h

B. cereus mTSB mTSB ? Glc (%)

0.25% 0.5% 1% 2% 4% 6% 8%

14579 7.67 ± 0.40c 6.78 ± 0.27b 5.29 ± 0.08a 5.26 ± 0.01a 5.22 ± 0.01a 5.21 ± 0.01a 5.20 ± 0.01a 5.12 ± 0.02a

62-5 7.62 ± 0.28c 6.40 ± 0.04b 5.09 ± 0.08a 5.19 ± 0.2 a 5.02 ± 0.01a 5.05 ± 0.01a 5.08 ± 0.02a 4.95 ± 0.00a

62-9 7.34 ± 0.16c 6.27 ± 0.07b 5.04 ± 0.00a 5.21 ± 0.28a 4.99 ± 0.01a 4.96 ± 0.1 a 4.94 ± 0.02a 4.86 ± 0.01a

617-5 7.84 ± 0.04d 6.78 ± 0.08c 5.78 ± 0.01b 5.27 ± 0.02a 5.22 ± 0.02a 5.30 ± 0.1a 5.27 ± 0.01a 5.25 ± 0.06a

Different alphabets in each row indicate significant differences (Tukey’s post hoc test, p\ 0.05)

Fig. 4 Biofilm formation by B. cereus in response to NaCl or a

combination of glucose and NaCl. Strains A ATCC14579, B GIHE

62-5, C GIHE 62-9, and D GIHE 617-5 were grown on 24-well

polystyrene microtiter plates in mTSB supplemented with different

concentrations of NaCl, i.e., ranging from 0 to 8%, or in combination

with glucose (0.25%) and NaCl; they were incubated at 30 �C for

48 h. Biofilm formation was quantified using the CV assay for

absorbance at 595 nm. The data represents the average of three

independent biological experiments, each performed in triplicates

(n = 9), and the vertical bars indicate the standard deviations. Groups

with different alphabets within each strain and each treatment indicate

a significant difference (Tukey’s post hoc test, p\ 0.05). Asterisk

indicates a significant difference (p\ 0.05) compared to NaCl
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and GIHE 62-9. These data indicate highly diverse and

complex patterns of biofilm formation by the four selected

B. cereus strains when they were exposed to different

concentrations of NaCl. The combination of glucose with

different concentrations of NaCl added to mTSB led to an

extreme change in the biofilm formation behavior of all of

the tested strains. The obtained results show that in mTSB,

biofilm formation by B. cereus significantly increased at

low NaCl concentrations in combination with glucose;

however, at a high concentration of NaCl, biofilm forma-

tion significantly decreased. This might be due to the fact

that high concentration of NaCl in the growth medium

might result in a lower aw in the biofilm culture, which

leads to disruption of normal cellular functions. Therefore,

we tested the effect of aw with an increasing concentration

of NaCl in the mTSB growth medium used for biofilm

formation. The aw of mTSB considerably decreased with

increasing concentration of NaCl (Table 3). The aw of

mTSB without the addition of NaCl was found to be 0.998.

When NaCl was added at an increasing concentration range

(from 0.25 to 2%), there was no noticeable change in aw.

However, when the NaCl concentration was increased from

4 to 8%, aw substantially changed from 0.96 to 0.94. These

results confirm that osmotic drift due to the increasing

concentration of NaCl in the growth medium inhibits B.

cereus biofilm formation. A previous study on Salmonella

enterica described a similar biofilm formation behavior

under an osmotic stress condition produced by NaCl [31].

In conclusion, this study described the physiological

phenotypes of B. cereus biofilm formation under food-re-

lated conditions, including the presence of two carbon

sources (glucose and glycerol) and NaCl. The obtained

results showed a highly diverse behavior of B. cereus

biofilm formation under food-related conditions. This study

indicated that the presence of glucose and/or NaCl could

promote B. cereus biofilm formation. A previous study

showed that the B. cereus biofilm is highly resistant to

disinfectants [32] and contains up to 90% of the spores of

the total biofilm cells [22]. Therefore, a higher amount of

biofilm formation under food-industry-related environ-

mental conditions might be related to food safety issues

because biofilms formed on industrial equipment surfaces

can act as a source for spore formation, thereby contami-

nating the food products. However, as food is made of

many components, before making general conclusions

regarding B. cereus biofilm formation induced by glucose,

glycerol, or NaCl, further studies are required to elucidate

the effects of food-related environmental conditions.
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