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Temperature and contact surfaces are critical factors influencing biofilm formation of microbial communities
derived from both lab and natural environments. However, there is limited understanding regarding how
different temperatures impact transfer dynamics of individual microbial species between meat surfaces in
dual-species biofilms. In this study, we evaluated the biofilm-forming capabilities of various meat-derived
Escherichia coli and Pseudomonas strains on pork surfaces at 15 and 25 °C. The results revealed that lower
temperature had a significant negative effect on the growth fitness of E. coli compared to Pseudomonas. Two
robust biofilm-forming strains, E. coli C-13 and P. fluorescens S, 3, were selected under both temperature
conditions to further explore their interactions in dual-species biofilms on meat surfaces. The results showed
that E. coli exhibited a competitive growth advantage at 25 °C, while Pseudomonas displayed enhanced
growth at 15 °C, indicating temperature-dependent competition patterns. Additionally, three established
mathematical models were utilized to simulate the transfer dynamics of the two strains within mono- and
dual-species biofilms. As anticipated, the numbers of transferred cells progressively declined with increased
imprinting reactions between the meat surfaces. Interestingly, the transfer rates of both strains markedly
improved in dual-species vs. mono-species biofilms at 15 °C, highlighting the influential role of inter-species
interactions on transfer dynamics of microbes that may cross-contaminate meats. Our findings advance
current understanding of mono- and dual-species biofilm development on meat surfaces under different
temperature conditions. They also offer scientific evidence to support strategies for controlling microbial
cross-contamination during meat processing to ensure product safety.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bacteria possess a remarkable ability to adhere to surfaces and
establish spatially-organized communities known as biofilms,
which are encased within a self-produced matrix composed of
extracellular polymeric substances, extracellular DNA and proteins!"’.

Biofilms play a crucial role in the bacterial ecosystem, providing
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microorganisms with protection and stability through the
formation of intricate, three-dimensional, and multicellular
structures™™. Biofilms formed in natural environments typically
consist of multiple species, contributing to the structural
complexity of these communities and fostering diverse inter-species
interactions. These microbial interactions are pivotal in shaping
the species composition, activity, and functionality of the
sP31. Furthermore, studies have indicated
that mixed-species biofilms exhibited enhanced adaptability to

microbial communitie

various environments and have a greater potential to cause

persistent contamination in industrial settings'**.
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In recent years, researchers have discovered numerous factors
that can influence the formation of biofilms, including bacterial
speciesP', strain types"' ', culture substrates, and contact carriers!*"'".
These biofilms, formed by food-spoilage microorganisms, can adhere
to both abiotic surfaces (such as stainless steel, plastic, and glass) and
the surfaces of living organisms!'*'®. While the formation of biofilms
on abiotic surfaces has been extensively studied and reported, there
has been limited research on the formation of mixed-species biofilms
on biological contact surfaces!'>'*.

In the context of pork production and processing, microorganisms
have the ability to adhere to the surfaces of carcasses and meat
pieces during various operations, including cutting and mixing.
These biofilms on biotic surfaces are considered to be the key factor

contributing to food contamination'”'"!

. Therefore, investigating
the formation of mixed-species biofilms on meat surfaces,
particularly from meat isolates, holds significant practical
importance for effectively controlling microbial contamination in
meat production.

Cross-contamination during meat processing and production is a
significant concern, with biofilms formed during these operations
emerging as a key source of contamination!"”’

biofilms between surfaces is influenced by factors such as the type

. The transfer of

of contact surface ", bacterial species involved®**¥, and contact
time. Various studies have investigated the transfer of biofilms from
abiotic surfaces to food, revealing notable differences in transfer
rates across different contact surfaces like stainless steel,
polyethylene™, and glass""**”. Additionally, contact time and
pressure have been identified as crucial factors impacting biofilm
transfer. Researchers have developed multiple models to predict
patterns between biological and
For example, Sheen™ simulated the transfer of

bacterial transfer abiotic

surfaces™**"],
Listeria monocytogenes biofilms from slicer’s round blade to
meat and established an exponential model to describe surface
cross-contamination during slicing operations. Wang et al.”” found
that a logistic model effectively described the transfer of
Escherichia coli biofilms from glass coupons to Hami melon after
continuous contact. They also reported that exponential models and
multiple power models yielded relatively large prediction errors,
whereas the logistic model provided a better simulation of the entire
transfer process, as assessed by root mean square error (RMSE) and
R?. However, no transfer models have been reported for predicting
the transfer of dual-biofilms from meat to meat. Developing
mathematical models to study the transfer dynamics of persistent
mixed-species biofilms on meat surfaces holds crucial practical
significance for risk assessment of cross-contamination, enabling a
better reflection of real-world scenarios.

In this study, E. coli and Pseudomonas strains isolated from meat
and slaughtering environments were used to evaluate their biofilm
formation abilities on the meat surface. Representative strains were
further selected to examine dual-species biofilm development.
Mathematical models were also utilized to simulate the transfer
dynamics of mono- and dual-biofilms from meat surface to another.
Results revealed substantial variations in biofilm-forming capabilities
among the tested strains, with temperature exerting significant
impacts. Further investigation showed temperature also affected
transfer dynamics of mono- and mixed-biofilms.

2. Materials and methods
2.1 Bacterial strains and growth media

Eight strains of E. coli were isolated from fresh pork and the
slaughtering line, while eight strains of Pseudomonas were isolated
from spoiled pork. The isolation and taxonomic identification of these
strains were conducted in our laboratory following previously
described methods™ with some modifications. To maintain viability,
all strains were stored at —80 °C in tryptone soy broth (TSB, Beijing
Land Bridge Technology Co., Ltd., Beijing, China) supplemented
with 25% (V/V) sterilized glycerol. Prior to further experiments, each
strain was sub-cultured twice
Subsequently, a specific volume of bacterial suspensions was
centrifuged at 8 000 x g for 5 min and then subjected to three washes
with sterile saline. The cell density of each strain was adjusted to

in TSB to optimize growth.

approximately 10° CFU/mL, and confirmed by plating on tryptic soy
agar (TSA, Beijing Land bridge Technology Co., Ltd., China).

2.2 Preparation of pork samples

Chilled pork tenderloin samples were obtained from a local retail
store in order to minimize the potential variability arising from
different cuts of meat. The pork samples were precisely cut into
pieces (5 cm X 2 cm x 2 c¢cm) and immediately placed into sterile
plastic bags for packaging, and frozen at =20 °C for 24 h. To ensure
complete eradication of any potential microorganism contamination,
the frozen samples were treated with a dosage of 9 kGy of y-ray
irradiation. Following irradiation, the samples were once again frozen
at =20 °C until further use. Three meat samples were randomly
selected and allowed to thaw at 4 °C for 12 h. After thawing, these
samples were subjected to sterility verification by culturing them on
TSA plates. Before conducting the biofilm assays, the meat samples
were removed from the freezer, thawed at 4 °C for 12 h, and then
carefully placed, with the surface (5 cm x 2 cm) facing upwards, in
sterilized glass boxes. This ensured a controlled and sterile
environment for subsequent inoculation and biofilm formation studies.

2.3 Evaluation of colonizing processes

Three strains of E. coli and three strains of Pseudomonas were
randomly selected and mixed in equal volumes, respectively. The resulting
2 mixed inoculum was then diluted with sterile saline to obtain a
concentration of 10° CFU/mL, respectively. A volume of 100 uL of each
inoculum was spot-inoculated at ten different locations on the surface
of each pork sample, covering an area of 5 cm x 2 cm. Consequently,
the final inoculation density amounted to 4.0 (Ig (CFU/cm?)). After
inoculation, each inoculated pork sample was individually sealed in a
glass box using parafilm, a laboratory-grade sealing film composed of
a blend of waxes and polyolefins, in order to prevent cross-contamination
between samples. The sealed glass boxes were then incubated at two
distinct temperatures 15 and 25 °C. To assess the biofilm formation
conditions on meat surfaces, pork samples were taken from the glass
boxes at predetermined time points: 6, 12, 24, 48, 72, and 120 h
post-incubation under both temperature conditions. Three biological
replicates (one piece of pork for each time point) were conducted
under both temperature conditions respectively.
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2.4 Assessing biofilm formation capability of single isolates

A dynamic analysis was conducted to evaluate the biofilm-forming
abilities of eight strains of E. coli and eight strains of Pseudomonas
on the surface of meat. The experiment involved incubating the
strains at two different temperatures (15 and 25 °C) for 24 h. To
initiate the experiment, a suspension of each strain was prepared by
diluting it with sterile saline to achieve a concentration of 10° CFU/mL.
Subsequently, the prepared suspension was inoculated onto pork
surfaces (5 cm x 2 c¢cm), as described in Section 2.3. Each inoculated
pork sample was individually sealed in a glass box using parafilm.
The samples (one piece of pork for each strain) were then incubated
at 15 and 25 °C for 24 h. To assess the biofilm formation, the quantity
of biofilm formed by both E. coli and Pseudomonas on the inoculated
pork surfaces was determined. Each temperature condition was
performed in triplicate for each strain to ensure reliable results.

2.5 Viable cells enumeration

Each incubated pork sample was rinsed four times with sterile saline
solution to remove unattached cells, after which it was homogenized in
80 mL of sterile saline. The biofilms present on the meat surfaces were
obtained by slapping the samples 8 times per second for 1 min using a
stomacher. The resulting homogenized suspension was subjected to serial
dilution, and 0.1 mL aliquots were spread in triplicate onto selective
counting plates. For the enumeration of Pseudomonas, the selective agar
used was Cetrimide-Fucidin-Cephaloridine (CFC) supplemented with
cetrimide, fusidic acid and cephalosporin (at concentrations of 10, 50 and
10 mg/L, respectively, obtained from Land bridge Technology Co.,
Ltd. Beijing, China). The plates were then incubated at 28 °C for 48 h.
For the enumeration of E. coli, TSA agar supplemented with rifampicin
(150 mg/L, obtained from Ryon Co., Shanghai, China) was used, and the
plates were incubated at 37 °C for 24 h. Three biological replicates were
performed for all samples.

2.6 Profiling of interactions between two representative
strains co-cultured on meat surfaces

For the formation of dual-species biofilms on the meat surface,
E. coli C-13 and Pseudomonas fluorescens S,, 3 were selected. To
initiate the biofilm formation, suspensions of E. coli C-13 and
P. fluorescens S;, 3 were mixed in equal volumes and then diluted
with sterile saline to a concentration of 10° CFU/mL. An inoculum of
100 pL of the mixed suspension, as well as separate inocula of the
two mono-strain suspensions, were each applied to the meat surface
(5 cm x 2 cm), following the procedure described in Section 2.3. The
final cellular density for both E. coli and Pseudomonas was adjusted
to 4.0 (Ig (CFU/cm?)). After inoculation, the glass box containing the
meat samples was sealed with para-film and incubated at 15 and 25 °C
for 24 h. The biofilm quantification of E. coli and Pseudomonas was
determined according to the method described in Section 2.5.

2.7 Simulation of transfer dynamics of dual-species biofilms
between meat surfaces

The continuous cross-contamination performance of mono- and
dual-species biofilms of E. coli C-13 and P. fluorescens S,, 3 was

evaluated using the blot succession method”". More specifically,
pork samples containing biofilms were rinsed to remove any loosely
attached cells and were then used as donors for transfer. In the
transfer process, a second sterile pork sample was placed on top of the
donor pork sample, ensuring stable contact between the surface
(5 cm x 2 cm) for 4 min. During this contact period, the biofilm was
transferred from the donor to the recipient pork sample. This transfer
procedure was repeated 15 times, with the same donor sample loaded
with biofilm being sequentially contacted with different sterile meat
samples. After each transfer, viable biofilm cells on the transferred
meat sample were enumerated through a cellular enumeration test.
Finally, to compare the different experimental conditions, the data
obtained was adjusted using three different mathematical models. The
specific mathematical models used for the adjustment were as follows:

1) Logistic function (model I)P":

S )
1+Cxe

Where Y is the number of bacteria transferred (Ig (CFU/cm?)) at
succession number of X; X is the sequential contact and transfer
events between the donor and recipient pork samples; P is the number
of remaining bacterial cells after a certain number of consecutive
imprinting reactions; C is a dimensionless constant that determines
the initial transfer efficiency of bacteria; » represents abscission
coefficient, serving as a measure of the extent to which bacteria
adhere to the meat surface and reflects their ability to remain attached
during transfer process.

2) Multiple square function (model IT)!

Y=AxX? )

Where Y is the number of bacteria transferred (Ig (CFU/cm?)) at
succession number of X; X is the sequential contact and transfer
events between the donor and recipient pork samples; 4 and B are
constants derived from the regression analysis. Parameter B indirectly
reflects the strength of biofilm.

3) Exponential function (model IIT)!

32,

33],

X

Y=kxe P (3)

Where Y is the number of bacteria transferred (Ig (CFU/cm?)) at
succession number of X; X is the number of consecutive transfers;
k and D are constants derived from the regression analysis;
D represents the reciprocal of the abscission index, and 1/D reflects
the strength of biofilm. The performance of the models was
evaluated using mean squared error (MSE), the coefficient of
determination (R*) was provided by Curve Expert software, and the
bias factor (B;) and accuracy factor (4;) were calculated using the
following equations:

Predictive value
Measured value

2
A=10"

(4)
Predictive value

Bp=10"" Messwodvalve ™ (5)

The performance of the three models was assessed using the
aforementioned parameters. To validate each model, the predicted
transfer amounts of biofilm at 2,8, and 12 imprints were compared
against the corresponding observed values. This validation process
allowed for an evaluation of the accuracy and reliability of the models
in estimating the biofilm transfer under different imprinting
conditions. By analyzing the agreement between the predicted and
observed values at these specific imprint numbers, the performance
and effectiveness of each model can be further assessed and validated.
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2.8 Statistical analysis

The data obtained from the study was processed and visualized
using GraphPad Prism software version 8.0.2. Statistical analysis was
performed using the Statistical Product and Service Solutions
software (SPSS) version 17.0. To determine the significance of
differences in CFU counts between treatment groups, student’s #-test
was employed. The P-values were calculated to assess the statistical
significance of the observed differences. The results were reported as
the mean + standard error. Significant differences between treatment
groups were indicated at a 95% confidence level, denoted by a
significance threshold of P < 0.05.

3. Results
3.1 Dynamic analysis of biofilm formation on meat surfaces

The dynamic changes in biofilms formed by iso-mixed E. coli
and Pseudomonas at temperatures of 15 and 25 °C were depicted in
Fig. 1. Over time, the biofilm amounts of both E. coli and
Pseudomonas gradually increased at both temperatures. The initial
growth rate of the biofilms was rapid within the first 24 h, followed
by a slower increase after 48 h. At 15 °C, 24th hour, the population of
E. coli reached 5.38 (Ig (CFU/cm?)) (Fig. 1A), while Pseudomonas
reached 6.28 (Ig (CFU/cm?)) (Fig. 1B). At 25 °C, 24th hour, the
population of E. coli increased to 7.98 (lg (CFU/ecm?)) (Fig. 1A),
while Pseudomonas reached 8.25 (Ig (CFU/cm?)) (Fig. 1B). These
results indicated that higher temperature promoted higher CFU counts
for both E. coli and Pseudomonas, with significantly higher biofilm
formation observed at 25 °C compared to 15 °C (two-sample #-test,
P < 0.05). Overall, the findings demonstrated that both E. coli and
Pseudomonas had the capacity to form substantial biofilms when
cultured at both 15 and 25 °C for 24 h.
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Fig. 1 Time course of biofilm formation by iso-mixed E. coli (A) and
Pseudomonas (B) cultures on meat surfaces at 15 and 25 °C. Area under the
curve (AUC) is calculated for each growth condition and statistical
significance between 15 and 25 °C is determined by Student’s #-test. Asterisks
indicate statistically significant differences in AUC between 15 and 25 °C.

**P<0.01, ***P <0.001.

3.2 Temperature served as a critical factor influencing
biofilm formation of Pseudomonas and E. coli on meat surfaces

The biofilm-forming abilities of 8 E. coli strains and 8§
Pseudomonas strains were investigated at temperature of 15 and
25 °C for 24 h. As illustrated in Fig. 2, Pseudomonas exhibited
stronger biofilm formation capabilities at 15 °C as compared to
E. coli (two-sample f-test, P < 0.05). Furthermore, significant
differences in biofilm-forming ability were observed between the
two temperatures. Notably, the biofilm-forming abilities of both
E. coli and Pseudomonas strains were significantly higher at 25 °C
compared to 15 °C (two-sample #-test, P < 0.05). Among all the
tested strains, E. coli C-13 and P. fluorescens S,, 3 that exhibited
strong biofilm-forming abilities at both 15 and 25 °C were selected
as representative strains for further experiments.
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Fig. 2 Biofilm formation by E. coli and Pseudomonas isolates on meat at
15 and 25 °C. Biofilm formation is assessed for 8 E. coli and 8 Pseudomonas
strains (n = 3 biological replicates per strain) on meat surfaces during 24 h
incubation. Black filled circles represent biofilm formation by E. coli C-13
and P, fluorescens S, 3. Asterisks indicate statistically significant differences
in biofilm formation between strains as determined by Student’s #-test.
*P<0.05, ¥***P<0.001.

3.3 Temperature-dependent competition patterns
observed between E. coli and P. fluorescens

were

The CFU counts of E. coli C-13 and P. fluorescens S;., 3 in mono-
and dual-species biofilms grown on meat at temperatures of 15 and
25 °C for 24 h were shown in Fig. 3. It was clearly shown that these
two species exhibited distinct growth fitness in response to different
temperatures. At 15 °C, the growth fitness of P. fluorescens S, 3 and
E. coli C-13 in dual-species biofilms was significantly enhanced and
reduced as compared to those when cultured alone, respectively (Fig. 3A;
two-sample #-test, P < 0.05). These two strains presented opposite
tendencies in growth fitness when co-cultured at 25 °C (Fig. 3B). The
results showed that these two strains presented varied capabilities for
surface colonization in the presence of their counterparts at different
temperatures, highlighting the temperature-dependent competition
patterns between E. coli and P. fluorescens as dual-species biofilms
progressed on meat surfaces.

3.4 Transfer model of dual-species biofilm of E. coli and
Pseudomonas from meat to meat

Three models (Logistic mode, Multiple square model, and
Exponential model) were employed to analyze the obtained results
concerning biofilm transfer. The transfer curves of Logistic model for
the biofilms formed by E. coli C-13 and P. fluorescens S,, 3 were
depicted in Fig. 4, and the transfer curves of other two models were
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Interaction between E. coli C-13 and P. fluorescens S1-2 in mixed biofilms formed at 15 °C (A) and 25 °C (B) for 24 h. Data is presented as mean +

standard error (n = 3). Bacterial counts in mono- and mixed-biofilms at the same temperature are compared using Student’s #-test. Asterisks indicate statistically
significant differences in bacterial counts between mono- and mixed-biofilms under the same temperature condition. *P < 0.05, **P < 0.01.

depicted in Figs. S1 and S2, respectively. All three models
demonstrated similar fitting results, which revealed that at 15 °C, the
transfer amount of mono-species biofilms was significantly lower
compared to that of dual-species biofilms (two-sample #-test, P < 0.05).
However, at 25 °C, both species in dual-species biofilms were not
observed significantly increased transfer amount of cell numbers as
compared to those in mono-species biofilms. This indicated that the
transfer of biofilm cells was significantly influenced by temperature
for both mono- and dual-species strains. The corresponding parameters
of Logistic model were provided in Table 1, and two others were
depicted in Tables S1 and S2, respectively. Notably, a significant
difference in the coefficient of “7” (Logistic model), B-value
(multiple square model), D-value (exponential model) was observed
between mono- and dual-species biofilms. This finding suggested that
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10 12 14 16

the attachment strength between E. coli and Pseudomonas biofilms at
15 and 25 °C differed. The coefficient of determination, R% is
instrumental in assessing the accuracy and reliability of our transfer
model. As R” approaches 1, it signifies a higher degree of model
fitting. In our study, the R®> values obtained in F-statistics
demonstrated that all three models effectively described the
successive transfer of mono- and dual-species biofilm cells from one
pork sample to another. Notably, the R> of the Logistic model was
closest to 1, indicating the highest degree of fit among the models.
The A; value serves as a measure to assess the degree of deviation
between the measured and predicted values. In our models, the 4
values ranged from 0.99 to 1.1, suggesting a high degree of fit.
Generally, an 4; value within the range of 1.0 to 1.1 is considered
ideal, as it implies that actual values are within 10% of the predicted
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Fig. 4 Fitting curves of the logistic models for biofilms formed by E. coli C-13 (A) and P. fluorescens S, , 3 (B) at 15 °C (A}, B;) and 25 °C (A,, B,). The curves
represent the modeled growth dynamics of mono-species biofilms and dual-species biofilms based on CFU counts. The smooth lines depict the average trends of
the data, while the shaded regions indicate the standard errors. Statistically significant differences in the AUC between mono- and dual-species biofilms are
denoted by asterisks, **P < 0.01, ***P <0.001.
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Table 1
Parameters of Logistic function model of biofilms formed by E. coli C-13 and P. fluorescens S, 3.
15°C 25°C
Strains Parameters
Mono-biofilm Dual-biofilm Mono-biofilm Dual-biofilm

1.672 +£0.067** 0.229 +2.299* 5.506 + 0.059" 3.836+0.210°®
-0.516 +0.017* —0.948 + 0.569"* -0.264 + 0.005™* -0.425 +0.030™
r 0.129 +0.021* 0.001 +£0.011° 0.131+0.014™ 0.036 + 0.006"

A 0.994 0.998 1.000 1.000

E. coli

B 0.994 0.998 1.000 1.000

MSE 0.006 0.004 0.002 0.001

R 0.979 0.944 0.996 0.998

F-test <0.000 1 <0.000 1 <0.000 1 <0.000 1

P 3.000 £ 0.138** 0320+ 1.751%* 4.871+0.123* 4.164+0.1648
C —0.413 +0.023** —0.950 + 0.296** -0.387 £0.013* -0.420 +0.018%8
r 0.133 £0.031** 0.001 = 0.005** 0.089 £ 0.010*® 0.090 £ 0.016*

A 0.997 1.001 1.000 1.001

P, fluorescens

B; 0.997 1.001 1.000 1.001

MSE 0.009 0.003 0.002 0.004

R 0.949 0.982 0.995 0.991

F-test <0.000 1 <0.000 1 <0.000 1 <0.000 1

Note: a, b denoted significant differences between mono- and dual-biofilm at the same temperature (P < 0.05); A, B denoted significant differences between the 2 temperatures in the

same biofilm consortia (P < 0.05).

values and, therefore, more accurate. However, it was important to
note that, compared to the Logistic model, the other two models
exhibited notable deviations between predicted and observed values,
particularly during the initial periods of the fitting process. This
indicated that their fitting effects were not as precise as those of the
Logistic function model. Similarly, the parameter B;, which is a
deviation factor, yielded conclusions akin to those of the 4; values,
further reinforcing the superior accuracy of the Logistic model in
our analysis.

3.5 Validation of transfer models

The validation results of the transfer curve for E. coli and
Pseudomonas biofilms were presented in Tables S3 and S4, which
demonstrated the accuracy of each model. Three points were selected
with imprinting times of 2, 8, and 12 to assess the performance of the
models. The relative errors of the biofilm transfer varied for E. coli
and Pseudomonas at different temperatures. For the transfer model of
mono-biofilm of E. coli at 15 °C, model I exhibited the smallest
relative error. However, in the transfer model of dual-species biofilm
of E. coli, both models I and III displayed relatively low relative
errors. At 25 °C, the relative errors of all three models for the transfer
of mono- and dual-species biofilms of E. coli were small, indicating
their accuracy in these scenarios. In the case of Pseudomonas biofilm,
at 15 °C, model II exhibited a small relative error for the transfer of
mono-species biofilm. Conversely, at 25 °C, both model I and III
displayed small relative errors for the transfer of mono- and dual-species
biofilms of Pseudomonas. Based on these findings, we concluded that
at both 15 and 25 °C, model I showed relatively smaller relative
errors, suggesting its higher accuracy in predicting the transfer of
mono- and dual-species biofilms.

4. Discussion

During meat slaughter and production processing, various spoilage
microorganisms have the potential to develop biofilms on both abiotic
and biotic contact surfaces such as stainless steel, pork!"”, lettuce, and
beef™. Previous studies have indicated that biofilm formation is a
dynamic process consisting of stages such as initial attachment,
irreversible attachment, micro-colony formation, proliferation, and
biofilm dispersal®. In this study, we observed that the formation of
mono-species biofilms of E. coli and Pseudomonas exhibited a gradual
increase. However, these changes did not completely align with the
dynamic process of mono-species biofilm formation of E. coli and
Pseudomonas on stainless steel surfaces, as reported in our previous
study®?. It was evident that the bacteria utilized culture media for growth
and adhesion to abiotic contact surfaces under liquid culture conditions.
Conversely, on the meat surface, the bacteria relied on meat nutrients for
growth, proliferation, and adhesion. It is important to note that the liquid
culture condition may significantly contribute to the variations observed
in the biofilm formation process, in addition to differences in the
nutritional composition of the culture media. Furthermore, our
investigations revealed that Pseudomonas demonstrated a stronger
ability to form biofilms compared to E. coli during the early stages of
biofilm development. This finding suggested that Pseudomonas
exhibited superior initial adhesion capabilities compared to E. coli.

Prior investigations into biofilm formation on diverse abiotic
surfaces, including stainless steel, glass, polyethylene, have demonstrated
variations in the biofilm-forming ability among different strains of the

1437 In this study, we examined the biofilm-forming

same species
capability of E. coli and Pseudomonas isolates derived from meat,
specifically on the meat surface. Our findings aligned with previous
studies, as we observed that the biofilm-forming ability was

strain-specific for both organisms™®.
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We investigated the impact of temperature on the formation of
mono-species biofilms using meat-derived E. coli and Pseudomonas
isolates. We observed dynamic changes in biofilm formation and
evaluated the biofilm-forming ability of these bacteria on meat at
different temperatures. Our findings revealed that the viable cellular
number of biofilms formed by E. coli and Pseudomonas at 25 °C was
higher compared to that at 15 °C. These results are consistent with our

B8 where we examined biofilm formation of E. coli

previous study
and Pseudomonas on stainless steel surfaces at 15 and 25 °C. In that
study, we also observed that biofilm formation by E. coli was more
pronounced at 25 °C compared to 15 °C. However, we observed an
opposing trend for Pseudomonas, whereby the amount of biofilm formed
was greater at 15 than at 25 °C. This observation aligns with the findings

of Sternisa et al.l'

, who demonstrated stronger biofilm-forming
ability of Pseudomonas at 15 °C. We propose that the phenomenon
observed could be attributed to alterations in the composition of
bacterial cell-wall elements and the affinity of cells for water at lower
temperatures. These factors likely influence auto-aggregation and
contribute to the adaptive capabilities of Pseudomonas biofilms at
lower temperatures.

Interactions among different species residing in biofilms play a
crucial role in shaping their fitness, either through cooperative!*** or
competitive®**"! activities. The specific interaction patterns of E. coli
with other bacteria in biofilm formation have been reported to vary in
previous studies. Several studies have indicated that when co-cultured
with bacteria such as Salmonella, L. monocytogenes, and
Enterococcus faecalis, biofilm formation of E. coli was typically
inhibited*'*?. Conversely, some researcher have shown that the
extracellular substances secreted by Acinetobacter can significantly
promote E. coli biofilm formation™!. Similarly, interaction of
Pseudomonas with other bacteria has demonstrated diverse outcomes.
For instance, it has been reported that Staphylococcus aureus
predominantly  promotes biofilm  formation™.
Conversely, in dual-species biofilms, the presence of Lactococcus
lactis has been found to inhibit Pseudomonas biofilm formation'*!,
Competition, which frequently occurs between E. coli contaminants
and Pseudomonas, has been identified as an interaction pattern®*".
In our previous research, we explored the interplay between E. coli
and Pseudomonas in biofilm formation on stainless steel surfaces,
revealing that Pseudomonas predominantly inhibited the biofilm
formation of E. coli at both 15 and 25 °C*%. Considering the distinct
biofilm-forming abilities of E. coli and Pseudomonas, we selected
representative strains to investigate their interplay on the surface of
meat. We observed that at 15 °C, Pseudomonas inhibited the biofilm
formation of E. coli, while at 25 °C, it significantly promoted E. coli
biofilm formation. Conversely, Pseudomonas was promoted by E. coli at
15 °C, but significantly inhibited by E. coli at 25 °C. Our study
demonstrated that the interaction during dual-species biofilm
formation is influenced by both the contact surface and temperature,
in addition to the variation in strain isolates. These findings highlight
the intricate nature of species interactions and emphasize the
importance of considering environmental factors in understanding
biofilm formation dynamics.

Biofilms have been

Pseudomonas

identified as significant centers for
Numerous  studies

24,48-50]
, contact

cross-contamination  transmission. have
investigated various factors, such as contact surface!
pressure and time®'™?, that influence the transfer of biofilms. Data

has shown that bacteria within biofilms can readily transfer from one

surface to another, even during short contact time, resulting in substantial
contamination levels'". Mathematical models have been applied to
understand the transfer dynamics of persistent biofilms, which is
crucial for assessing the risk of cross-contamination. Wang et al.*?
conducted simulations on the continuous contact of L. monocytogenes
biofilms from glass coupons to the surface of Hami melon. They
explored the cross-contamination scenarios and found that the logistic
model effectively described the transfer patterns of biofilm formation
at different stages. Sheen™ developed surface transfer models for
L. monocytogenes during slicing operations and established an
exponential model to describe surface cross-contamination. They
concluded that a minimal number of parameters were required for a
well-fitting transfer model, with an R* value greater than 0.7. In our
research, we selected the logistic model, exponential model, and
multiple square model as predictive models for biofilm transfer. We
investigated the transfer patterns of mono- and mixed-biofilms of
E. coli and Pseudomonas on meat surfaces using these models. The
first two models demonstrated a statistically significant fit to the
transfer curve of bacterial biofilms. However, when the multiple
square model was utilized to predict the transfer count, the results
could not well explain the experimental data. This discrepancy was
particularly noticeable in the later stages of bacterial biofilm transfer,
suggesting that the multiple square model was not suitable for
accurately describing the transfer dynamics of biofilms.

During the model fitting process for E. coli and Pseudomonas, we
discovered that temperature exerted a significant influence on the
adhesion strength and stability of mono- and dual-species biofilms on
meat surfaces, as well as the transfer amount of mono- and
mixed-biofilms. In our study, we observed that higher temperatures
(25 °C) increased biofilm formation by both E. coli and P. fluorescens,
regardless of whether they were in mono- or dual-species biofilms, in
comparison to the biofilms formed at the lower temperature (15 °C). This
finding implied that at 25 °C, microbial species within mono-species
biofilms likely underwent intensified intraspecies competition
compared to those at 15 °C. Furthermore, our results indicated that in
dual-species biofilms, there was a notable increase in interspecies
competition at 25 °C. We hypothesized that the similar transfer rates
observed in mono- and dual-species biofilms at 25 °C can be
attributed to the robust intra- and interspecies competition, respectively,
potentially leading to unstable biofilm structures. Conversely, at the
lower temperature of 15 °C, the strains formed less biomass when
grown individually, suggesting less intraspecies competition and
consequently lower transfer rates. However, in dual-species biofilms
at this temperature, we observed significant interspecies competition.
Thus, we speculate that the increased transfer rate in dual-species
biofilms at 15 °C may be due to the strong interspecies competition
fostering unstable biofilm structures. This highlights the importance
of considering the contamination risk posed by biofilms on biological
surfaces under low temperature conditions in the prevention and
control of microbial hazards in meat production.

5. Conclusions

This study revealed notable variations in biofilm formation across
the tested strains, underscoring the importance of strain-dependent
differences. Temperature was found to be a critical factor,
significantly influencing both the quantity and characteristics of the
biofilms. Furthermore, we employed three mathematical models to
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characterize the transfer process of mono- and mixed-biofilms from
one meat surface to another. The results from these models suggest
their potential as effective tools for predicting and understanding the
spread of biofilms in meat processing and production environments.
Our investigation further highlighted that lower temperature notably
facilitates the transfer dynamics of tested microbial species when
grown as mixed-species biofilms.

Overall, this research enhances our understanding of biofilm
formation, transfer dynamics, and the mathematical modeling of
mono- and mixed-species biofilms on meat surfaces. The insights
gained from this study are crucial for developing strategies to control
contamination and maintain meat quality in the food industry.
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