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A B S T R A C T

Biofilms consisting of multiple species of bacteria compared to biofilms of single species are common in natural 
environments including food contact surfaces. The objective of this study was to understand the biofilm for
mation and the efficiency of sodium hypochlorite (50 ppm/5 mins) on the single and multiple species biofilm of 
Pseudomonas fluorescens, Staphylococcus aureus, and Listeria monocytogenes formed on stainless steel surfaces in 
static and continuous systems. The cell concentration of Listeria in the dual and triple species biofilm in the 
continuous system (7.3–8.4 log CFU/cm2) was higher compared to the static system (4.7–4.9 log CFU/cm2) while 
the concentration remained consistent in the single species biofilm (6.4–6.7 log CFU/cm2) for both systems. 
Biofilm formed in the static system was significantly (p < 0.001) more susceptible to sodium hypochlorite than 
biofilm formed in the continuous system. This observation agrees with the exopolysaccharide concentration 
which was found to be higher in the continuous system (8.0–15.6 μg/cm2) than in the static system (3.2–6.3 μg/ 
cm2) indicating a positive correlation between EPS production and sanitizer resistance. Epifluorescence micro
scopy images showed the formation of interstitial voids within the three-species biofilm and filaments in the 
single and dual species Listeria biofilms in the continuous system which were absent in the static system. Overall, 
results showed that the biofilm formation and sanitizer resistance vary due to multispecies interaction and the 
presence of flow and should be considered an important variable in multispecies sanitizer resistance studies.

1. Introduction

Listeria monocytogenes, commonly isolated from outbreaks in food 
products such as milk, soft cheese, and delicatessen meats (pork tongue 
in jelly) (Leriche and Carpentier, 2000), can adhere and multiply on 
industrial surfaces in the presence of Pseudomonas (Agustín and Brug
noni, 2018; Fagerlund et al., 2017; Kocot and Olszewska, 2020; Tho
massen et al., 2023). Staphylococcus and Pseudomonas are known biofilm 
formers with common nutritional niches such as meat, dairy, fresh fruits, 
milk, and vegetables with Pseudomonas causing spoilage and Staphylo
coccus capable of causing food poisoning (Xu et al., 2019). Multiple 
species of planktonic bacteria can come together in the biofilm which 
defines the biofilm's characteristics and stability (Brooks and Flint, 
2008; Papaioannou et al., 2018). In the food industry, stainless steel 
surfaces that are cleaned and sanitized are frequently contaminated with 
multispecies bacteria within a biofilm along with nutrient-depleted 
conditions (Pang et al., 2019). The interactions between the bacteria 
involved in multispecies biofilm depend on strains of the bacteria, 
temperature, pH, oxygen content, and shear forces. The changes in these 

variables lead to interactions leading to synergistic interactions because 
of cooperation and utilization of common goods; antagonism because of 
the competition for nutrients and space (Ramstedt and Burmølle, 2022). 
Depending on the interaction, exopolysaccharides/metabolites pro
duced by one bacterium in a polymicrobial biofilm can protect other 
bacteria resulting in increased survival during cleaning and disinfection 
(Sanchez-Vizuete et al., 2015). The commonly used sanitizers used in the 
food industry for cleaning and sanitation are quaternary ammonium 
compounds, peracetic acid, chlorine compounds, and sodium hypo
chlorite (Chaves et al., 2024; Simões et al., 2010). The recommended in- 
use concentration of sodium hypochlorite with 13 % active chlorine 
ranges from 0.05 to 2 % (Aarnisalo et al., 2007), depending upon the 
treatment time. Sodium hypochlorite and chlorine compounds are 
strong oxidizers and show bactericidal effects by interacting with pro
teins, enzymes, lipids, DNA, and RNA (Barnes and Greive, 2013; Ran 
et al., 2019). The active compound in sodium hypochlorite is hypo
chlorous acid which interacts with the enzyme's sulfhydryl groups. 
Additionally, chlorine reacts with the organic matter in the biofilm 
before diffusing into the layers for a bactericidal effect (Chaves et al., 
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2024).
In the last decade, biofilm research in dynamic conditions has been 

extensively focused on single species (single strain/multi-strain) 
(Lineback et al., 2018; Mendez et al., 2020; Mettler et al., 2022; 
Nkemngong et al., 2020). Considering the dynamic nature of biofilm 
formation on the food industry surfaces, a continuous system with a 
multispecies bacteria model provides a more realistic representation of 
the biofilm (Diarra et al., 2023; Yuan et al., 2020). The viability of the 
Centre for Disease Control and Prevention (CDC) reactor to replicate the 
dairy industry settings in laboratory-controlled conditions has been 
mentioned before (Lindsay et al., 2022). This study aimed to understand 
the effect of flow on the biofilm formation and sanitizer resistance of 
Pseudomonas aeruginosa, Staphylococcus aureus, and Listeria mono
cytogenes in single, dual, and triple-species biofilm using the CDC 
bioreactor.

2. Methods

2.1. Culture preparation

Stock cultures (− 80 ◦C) of Pseudomonas fluorescens S1 (dairy source), 
Staphylococcus aureus subsp. aureus Rosenbach (ATCC 9144), and Listeria 
monocytogenes H1 (environment source) were inoculated into tryptone 
soy broth (TSB) (Difco™, Becton, Dickinson and Company, USA) and 
incubated at 30 ◦C for 18 h. The cultures were then inoculated into TSB 
and incubated again in 15 mL centrifuge tubes (Falcon®, Corning, the 
USA) for another 18 h to prepare the working culture. After the sec
ondary incubation, the cultures were centrifuged (Sigma® 6–16, John 
Morris Scientific Ltd., New Zealand) at 3000g for 20 min at room tem
perature. The cell pellets after centrifugation were washed with sterile 
saline (0.85 %) via vortex (30 s, highest setting) (Scilogex, Germany) 
and centrifugation (3000 g for 10 min). The concentrated cells were 
collected by removing saline and dissolving the final pellet into fresh 
sterile saline to a cell concentration of 106 CFU/mL.

2.2. Biofilm formation in the static system

Stainless-steel coupons (316-2B; Advanced Sheetmetals Ltd., Pal
merston North) (2.4cm2) were used as substrates for biofilm formation 
in the static system. The coupons were passivated to generate a chro
mium oxide coat by dipping into 50 % nitric acid and heating to 70 ◦C 
for 30 min followed by washing, drying, and autoclaving (121 ◦C, 15 
mins). Sterile coupons were inoculated with 6 log CFU/mL bacteria in 
10 % tryptone soy broth (TSB) for single species and a 1:1 ratio of each 
bacterium at the same cell concentration for dual species and triple 
species inoculations. The sterile coupons were placed in 48-well plates 
(Costar®, Corning, USA) in the vertical position and incubated for 24 h 
at 30 ◦C. The media (10 % TSB) was refreshed every 24 h. The cell count 
was analyzed every 24 h and exopolysaccharide and microscopic ob
servations were made at 72 h to obtain mature biofilms. The experiment 
was repeated for two biological replicates and each biological replicate 
had 3 technical replicates.

2.3. Biofilm formation in the continuous system

The CDC bioreactor® (Biosurface Technologies, USA) was used to 
form biofilm in a continuous system for 72 h. The CDC reactor system 
consisted of 4 components 1) the influent tank 2) the pump and flow rate 
control system 3) the bioreactor 4) the effluent tank. These components 
were connected via silicone 16 tubing and passed through the pump 
using neoprene 16 tubing. The bioreactor consisted of 8 coupon rods, 
each rod consisting of three circular stainless-steel coupon (2.26 cm2). 
The media (10 % TSB) was prepared in the influent tank and connected 
to the bioreactor via a pump (Masterflex®, Cole-Parmer®, USA) which 
fixed the constant flow rate of 5 mL/min. The doubling time for Pseu
domonas, Staphylococcus, and Listeria in 10 % TSB at 30 ◦C was found to 

be 1.22 h, 1.5 h, and 1.27 h following the growth curve (Data not 
shown). The bioreactor was run at 120 RPM and 30 ◦C using a hot plate 
setup (VWR International, U.S.A). Every 24 h, 2 coupon rods (each 
coupon-2.26 cm2) were removed aseptically from the bioreactor, and 
cell counts in the biofilm were calculated. The system was continuously 
run for three days for single species and multiple species combinations. 
The exopolysaccharide (EPS) content and sanitizer resistance were 
determined at 72 h to analyze mature biofilm. The experiment was 
repeated at least twice (2 biological replicates), and three technical 
replicates were acquired from each biological replicate for analysis.

2.4. Sanitizer treatment

The incubated stainless-steel coupons obtained from static and 
continuous systems incubated for 72 h were washed with saline to 
remove planktonic cells before being treated with sodium hypochlorite 
(SH) (50 ppm) (Janola, Australia) (Lindsay et al., 2022; Pang et al., 
2019). The sodium hypochlorite was prepared by diluting the com
mercial sodium hypochlorite solution with sterile distilled water and the 
pH was adjusted to 6.7–7.0 using 1 M HCL. After 5 min of treatment, the 
coupons were dipped in neutralizer solution (1 % sodium thiosulphate) 
(AnalaR®, VWR International, England) for at least 1 min before being 
washed with saline. The coupons were dipped in sterile saline instead of 
sanitizer for untreated samples followed by sodium thiosulphate. The 
cells were detached from the coupons using the glass bead beating 
method, vortex mixing with 10 g of sterilized glass beads (diameter − 5 
mm, Sigma-Aldrich, Germany) with 5 mL saline, for 1 min. Selective 
agars were used to enumerate cells (Pseudomonas Isolation agar 
(Difco™, USA) for Pseudomonas, Mannitol salt agar (Oxoid, UK) for 
Staphylococcus and Modified Oxford agar (HiMedia, USA) for Listeria). 
The treatments were conducted in biological duplicates with each 
duplicate containing a technical triplicate.

2.5. Extracellular polymeric substances (EPS) quantification

The biofilm matrix from the coupon surface was extracted using glass 
beads and mixed by vortex and sonication then quantified using a 
phenol-sulphuric acid hydrolysis (Zhou et al., 2024). Stainless-steel 
coupons with single and multispecies biofilms were washed (×3) with 
sterile distilled water to remove planktonic cells. The washed coupons 
were then mixed by vortex with sterile glass beads (5 g) and sterile 
distilled water (2 mL) for 5 min at the maximum setting to remove the 
adhered cells and EPS. This was followed by the sonication of the tubes 
containing coupons, saline, and glass beads for 5 min (40 kHz). The 
extraction process was completed by centrifugation at 10,000 RPM for 5 
min. The supernatant was collected for filtration (0.20 μm) whereas the 
pellet was discarded. 200 μL of filtrate, 100 μL of 6 % phenol, and 500 μL 
of 98 % sulphuric acid were added and left to react for 20 min at room 
temperature. The optical density reading was taken at 490 nm and 
compared with the standard curve for dextran (Fig. S.1) where the EPS 
was determined in ug/cm2 of the stainless-steel coupons.

2.6. Epifluorescence microscopy

The coupons obtained from the static and the CDC system at 72 h 
were washed in saline before air drying the surface at room temperature 
followed by staining with acridine orange (10 g/L) (BDH, England) for 5 
min (Jha et al., 2020). The coupons were again washed with saline and 
dried at room temperature before being visualized with an epifluor
escence microscope (Nikon eclipse Ni, USA) at excitation filter 485/20 
nm and emission filter 500–538 nm (TRITC/filter 3). Three coupons 
were taken for each biological replicate for microscopic analysis, and at 
least five images were captured from each coupon across the surface. 
The observations were made at a magnification of 100 μm. The epi
fluorescence images were acquired using NIS-elements D software.
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2.7. Statistical analysis

The significant differences between the samples were determined 
with one-way ANOVA (IBM SPSS version 29) with 95 % confidence (p <
0.05) together with Tukey analysis for a post-hoc test. The normality of 
the data was verified using the Shapiro-walk (p > 0.05) and Kolmogorov 
test (p > 0.05). All experiments had at least two biological replicates and 
six technical replicates and results were presented as mean ± standard 
deviation.

3. Results

3.1. Biofilm formation in the static system

In the static system, the presence of S. aureus and L. monocytogenes 
did not affect the cell concentration of P. fluorescens in both dual and 
triple species (Fig. 1). The cell concentration of Pseudomonas was found 
to be consistent in single species (6.4 log CFU/cm2), dual species 
(6.0–6.4 log CFU/cm2), and triple species (6.5 log CFU/cm2). Similar 
observations were made for Staphylococcus and Listeria in single and 
multi-species. The cell concentration of Staphylococcus reached 6.9 log 
CFU/cm2 in single species, 5.8–6.3 log CFU/cm2 in dual species, and 5.6 
log CFU/cm2 in triple species biofilm. In single species, the cell con
centration of S. aureus (5.1–6.9 log CFU/cm2) was found to be compa
rable with P. fluorescens (6.3–6.9 log CFU/cm2) but reduced significantly 
(p < 0.05) in dual species (3.7–5.8 log CFU/cm2) with P. fluorescens. 
There were no significant changes (p > 0.05) in the cell concentration of 
all three bacteria involved in their single and multiple species counter
parts as the result of incubation time (Fig. 1).

3.2. Biofilm formation in continuous system

A gradual increase of cell concentration in the biofilm can be 
observed for Staphylococcus and Listeria in both single species and dual 
species setups (Fig. 2). In contrast, for Pseudomonas, the cell concen
tration reached 6.4 log CFU/cm2 at 24 h and stayed comparable over the 
next 48 h (6.9–7.2 log CFU/cm2) in both single and dual species.

The cell concentration of Pseudomonas in single species biofilm (6.4, 
7.2, and 6.9 log CFU/cm2) was found to be comparable (p > 0.05) with 
cell concentration of Pseudomonas in dual species (with Staphylococcus - 
6.0, 6.7, and 6.6 log CFU/cm2 and Listeria − 7.0, 7.1, and 6.6 log CFU/ 
cm2) and in triple species (6.8, 6.9, and 6.3 log CFU/cm2) at 24 h, 48 h, 
and 72 h respectively (Fig. 2). In contrast, at 24 h, significantly (p <
0.05) higher cell concentration of Staphylococcus was observed in dual 
species biofilm with Pseudomonas (3.7 log CFU/cm2), and Listeria (3.5 
log CFU/cm2) and triple species (5.5 log CFU/cm2) (both Pseudomonas 
and Listeria) compared to single species biofilm (<1.5 log CFU/cm2). A 
similar trend of improved biofilm formation of S. aureus could be 
observed for 48 h and 72 h in combination biofilm (dual and triple 
species) as well. Similarly, the presence of a second bacteria (Pseudo
monas) improved the cell concentration of Listeria, increasing it to 7.2 
log CFU/cm2, 8.2 log CFU/cm2, and 8.0 log CFU/cm2 for 24 h, 48 h, and 
72 h respectively. For the same incubation time, the cell concentration of 
Listeria in single species was limited to 4.4 log CFU/cm2, 5.7 log CFU/ 
cm2, and 6.4 log CFU/cm2 respectively. Additionally, the Listeria cell 
concentration in dual species biofilm with Staphylococcus was found to 
be comparable (p > 0.05) with single species (Listeria), with cell con
centrations reaching 3.9 log CFU/cm2, 5.2 log CFU/cm2, and 7.3 log 
CFU/cm2 at 24 h, 48 h, and 72 h respectively. As the result of the in
fluence of Pseudomonas (as observed in dual species), the cell concen
tration of Listeria in triple species was found to be significantly higher 
than single species at 7.2 log CFU/cm2, 8.9 log CFU/cm2, and 8.4 log 

Fig. 1. Cell concentration (log CFU/cm2) of Pseudomonas fluorescens (P1), Staphylococcus aureus (S2), and Listeria monocytogenes (LM1) in single, dual, and triple 
species biofilm formed in the static system in 10 % TSB at 30 ◦C over 72 h. Note: The lower-case superscripts (a-c) indicate the significant differences among the 
bacteria in single and multiple species biofilm.
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CFU/cm2 for 24 h, 48 h, and 72 h respectively. Overall, in the three- 
species biofilm (for all three time periods), the cell concentration of 
both Staphylococcus and Listeria improves significantly (p < 0.05) 
whereas Pseudomonas is consistent with single species.

Additionally, thread-like structures with one end attached to the 
coupon rod and another end floating in the impeller direction were 
observed for Staphylococcus biofilm in single and dual species (with 
Listeria) (Fig. 4). In dual species threads, in addition to Staphylococcus at 
cell concentration 7.4 log CFU/mL, Listeria was also detected at cell 
concentration 7.2 log CFU/mL.

3.3. Sanitizer tolerance

A significantly higher (p < 0.001) reduction of the bacteria was 
observed for biofilm formed in static systems compared to the contin
uous system when treated with sodium hypochlorite (Table 1). The log 
reduction was lowered significantly (p < 0.05) for Pseudomonas in dual 
species in both static (3.7–3.9 log CFU/cm2) and continuous systems 
(0.1–2.3 log CFU/cm2) compared to their single species counterpart 
(4.5–6.9 log CFU/cm2). For Staphylococcus, the lowered log reduction in 
the presence of secondary bacteria (3.8–5.9 log CFU/cm2) compared to 
single species (6.1 log CFU/cm2) was limited to the static system. In the 
continuous system, the highest reduction of Staphylococcus (5.0 log 
CFU/cm2) was observed with Pseudomonas and lowest in single species 
(0.1 log CFU/cm2) and comparable log reduction with Listeria (3.1 log 
CFU/cm2). Higher resistivity was observed for Listeria in both static and 
continuous systems in multispecies compared to single species. In the 
static system, there was a 5-log reduction in single species which 
significantly (p < 0.05) reduced to 3.3 log CFU/cm2 (with Pseudomonas), 
and 4.7 log CFU/cm2 (with Staphylococcus). In the continuous system, 
the resistance of single (1.3 log CFU/cm2) and dual species (with 
Staphylococcus) (1.3 log CFU/cm2) was found comparable but reduced 

with Pseudomonas (1.0 log CFU/cm2).
In triple species biofilm, higher reduction was observed for the 

predominating bacteria in both systems. In the static system, Pseudo
monas was found to be the predominating bacteria (Fig. 1) and showed 
the highest reduction in triple species (6.5 log CFU/cm2) upon sanitizer 
treatment compared to single species (4.5 log CFU/cm2) and dual spe
cies (3.7–3.9 log CFU/cm2) biofilm. Similarly, Listeria was the predom
inating bacteria in the continuous system (Fig. 2) and showed the 
highest reduction in triple species (2.6 log CFU/cm2) compared to single 

Fig. 2. Cell concentration (log CFU/cm2) of Pseudomonas fluorescens (P1), Staphylococcus aureus (S2), and Listeria monocytogenes (LM1) in single, dual, and triple 
species biofilm formed in the CDC system in 10 % TSB at 30 ◦C over 72 h. Note: The lower-case superscripts (a-b) indicate the significant differences among the 
bacteria in single and multiple species biofilm. The dotted line indicates the level of detections (1.5 log CFU/cm2).

Table 1 
Log reduction of Pseudomonas (P1), Staphylococcus (S2), and Listeria (LM1) in 
single, dual, and triple species 72 h biofilm after treatment with sodium hypo
chlorite in the static and continuous systems.

Biofilm Bacteria Log reduction after sodium hypochlorite treatment

Static (log CFU/cm2) Continuous (log CFU/cm2)

P1 4.5 ± 1.5eA 6.9 ± 0.4jB

S2 6.2 ± 0.7iA 0.1 ± 0.1aB

LM1 5.1 ± 0.2gA 1.3 ± 0.1cB

P1 + S2 P1 3.9 ± 1.5cdA 1.7 ± 0.5dB

S2 4.0 ± 0.2dA 5.0 ± 0.2iB

P1 + LM1 P1 3.7 ± 1.5bA 0.1 ± 0.1aB

LM1 3.3 ± 1.5aA 1.0 ± 0.1bB

S2 + LM1 S2 5.9 ± 0.4hA 3.1 ± 0.1gB

LM1 4.7 ± 0.4fA 1.3 ± 0.1cB

P1 + S2 + LM1 P1 6.5 ± 0.2jA 2.3 ± 0.1eB

S2 3.8 ± 0.2cA 3.3 ± 0.1hB

LM1 4.7 ± 0.1fA 2.7 ± 0.1fB

Note: The same superscript lowercase letters (a-j) indicate the significant dif
ferences between the bacteria within the same column. The same superscript 
uppercase letters (A-B) indicate the significant differences between the columns 
(static and continuous).
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(1.3) and dual species counterparts (1.0–1.3 log CFU/cm2).

3.4. Exopolysaccharide production

Significantly higher (p < 0.001) exopolysaccharide was produced by 
the bacteria in the biofilm formed in the CDC reactor compared to the 
static system irrespective of the number of species of bacteria present in 
the biofilm (Fig. 3). In the static system, Listeria was found to be the 
lowest producer (3.2 μg/cm2) of EPS together with the dual species 
combination of Pseudomonas and Listeria (3.6 μg/cm2). Comparatively, 
Listeria in the CDC system produced higher EPS (7.6 μg/cm2). In a 
continuous system, the dual species combination of Pseudomonas +
Staphylococcus (6.3 μg/cm2) and Staphylococcus + Listeria (6.4 μg/cm2) 
produced comparable EPS with single species biofilm of Pseudomonas 
(6.0 μg/cm2) and Staphylococcus (5.9 μg/cm2). In both flow systems, 
there was no significant difference (p > 0.05) between the EPS produced 
by the three-species combination compared to two-species 
combinations.

3.5. Epifluorescence microscopy

Acridine orange staining of the single species biofilm of Listeria 
biofilm structure showed filament-like structures at 48 h (Fig. 4. A) 
where the cell concentration reached 5.7 log CFU/cm2. These filamen
tous structures were absent in the static system (Fig. 4. B) with 7.1 log 
CFU/cm2 cell concentration. A similar filamentous structure was 
observed in dual species with Staphylococcus (Fig. 4. C), where the Lis
teria cell concentration reached 5.2 log CFU/cm2. In contrast, Listeria in 
dual species with Pseudomonas did not appear to have filaments but 
instead, a layer of Pseudomonas cells could be observed. With Pseudo
monas, the cell concentration of Listeria was significantly higher (p <
0.05) at 8.2 log CFU/cm2. Additionally, the formation of wide channel- 
like structures was observed in the three species of biofilm formed in a 
continuous system (Fig. 5. A). In contrast, the static system showed a 
different distribution of bacteria with a dense arrangement of bacteria 
throughout the surface of the coupon (Fig. 5. B).

4. Discussion

Significantly higher (p < 0.05) cell concentration (Figs. 1 and 2), 
exopolysaccharides (Fig. 3), and tolerance to a hypochlorite sanitizer 
(Table 1) were noted for biofilms formed in continuous systems as 
compared to static systems. The importance of hydrodynamics and flow 
in the biofilm formation and biofilm community shift in drinking water 
systems has been stated before (Liu et al., 2020; Wang et al., 2014). The 
flow plays a vital role in the access of nutrients, metabolites, shear stress, 
and oxygen ultimately shaping the three-dimensional structure of single 
species biofilm. In addition, the bacteria in the biofilm formed in flow 
conditions produce higher EPS and are more resistant to detachment 
from the surface (Paul et al., 2012; Wang et al., 2014). Depending on the 
bacterial species, the formation of exopolysaccharide is regulated by 
cyclic-di-guanosine-5′-monophosphate (c-di-GMP), quorum sensing 
molecules, and small RNAs. When these genetic variables are impacted 
by the stress factors, variations in the production of matrix compounds 
such as exopolysaccharides can be noted (Flemming et al., 2023). In 
triple species combinations, the highest reduction upon sanitizer treat
ment was observed for bacteria that exist in predominance in both 
systems which could be the result of a higher chance of exposure to the 
sanitizer in the biofilm. In this study, the three-species biofilm formed in 
the continuous system showed the formation of interstitial voids, also 
known as fluid channels (Fig. 5). This is normally established by the 
bacteria primarily for the transportation of metabolites, nutrients, and 
waste (Chitlapilly Dass and Wang, 2022). A study on the biofilm ar
chitecture of P. aeruginosa revealed a similar formation of open, hy
drated structures with large voids in the biofilm structure where fresh 
media was continuously supplied (Davey et al., 2003). This continued 
access to the nutrients and metabolites could be the reason for the 
favorable growth of Listeria in the continuous system in this study. In 
contrast, at the same incubation time for static culture, dense patches of 
bacteria could be observed where Pseudomonas was the predominating 
species with Staphylococcus and Listeria in the three-species biofilm. 
Some research has hypothesized that the domination of Pseudomonas in 
multispecies set-ups is the result of higher EPS production (Chaggar 
et al., 2024). In contrast, this study found that even though biofilms in 
the CDC system had significantly higher EPS content, the predominant 

Fig. 3. Exopolysaccharide content (μg dextran/cm2) determined for single, dual, and triple species combination of Pseudomonas fluorescens (P1), Staphylococcus 
aureus (S2), and Listeria monocytogenes (LM1) in static and CDC system. Note: The lowercase superscript (a-f) indicates the significant differences (p < 0.05) between 
the exopolysaccharide content produced by single and multiple species bacteria in static and CDC system.
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species was L. monocytogenes indicating the importance of flow for the 
order of predominance in a multispecies setup. The biofilm formation of 
S. aureus and L. monocytogenes in single species was found to be lowered 
in the first 24 h in the presence of flow, indicating that the shear has a 
higher impact on the weaker biofilm formers as compared to strong 
biofilm formers (P. fluorescens) which remained unaffected. Significantly 
(p < 0.05) higher cell concentration of L. monocytogenes was observed in 
dual and triple species in the presence of flow (Fig. 2). This could be the 
result of synergy between the bacteria in the presence of stress factors 
such as shear. The growth and the interaction of L. monocytogenes in 
multiple species biofilms are known to be different according to the type 
of stress present (Puga et al., 2016). The results showed a significant (p 
< 0.05) increase in the tolerance against hypochlorite sanitizer when 
multiple species of bacteria were present in the biofilm in both static and 
continuous systems (Table 1). Various studies have indicated that the 
elevated protection of bacteria in single and dual species biofilm is the 
result of the sheltering effect produced by a higher amount of EPS 
produced in the combination (Chaggar et al., 2024; Nkemngong et al., 
2020). In this study, the EPS produced by single species biofilm was 
found to be comparable with dual and triple-species biofilms under a 
specific flow condition (Fig. 3) indicating other factors such as quorum 
sensing, and spatial organization could be the reasons behind elevated 
resistance in multiple-species biofilms formed under shear stress. Pre
vious studies have noted that the biofilm properties (thickness, 
composition), spatial arrangement, and resistivity to the physical 
removal of the bacteria from the biofilm are significantly impacted by 
the presence of turbulent flow (Berne et al., 2018; Chawla et al., 2020).

In this study, biofilm streamers were observed for Staphylococcus 
biofilm in single and dual species (with Listeria) (Supplementary S2). In 
addition, Listeria could attach itself to the streamers formed by S. aureus, 
indicating tolerance between the bacteria. These interactions were 
found to be highly strain dependent. The inhibitory effect of L. mono
cytogenes by Staphylococcus via the inhibitory compounds has been noted 
before (Bockelmann et al., 2017; Lynch et al., 202). Biofilm formed in 
static conditions with no shear forces often forms biofilm through 
layering and ends up forming mushroom and tower structures (Secchi 
et al., 2022). With the addition of shear forces going unidirectional, the 
formation of filamentous structures referred to as biofilm streamers 
formed in a microfluidic channel has previously been observed for 
P. aeruginosa (Drescher et al., 2013; Secchi et al., 2022; Stoodley et al., 
2002) and S. aureus (Kim et al., 2014). The foundation of P. aeruginosa 
biofilm streamers was found to be EPS and eDNA (Secchi et al., 2022), 
and they elongate by attaching the passing cells onto the EPS in the 
initial stages (Drescher et al., 2013). Once the initial attachment is 
complete, the elongation of the streamer depends on the type of biofilm 
formed. In solid biofilm, further elongation of the streamer is mostly 
through cell growth rather than attachment from the passing fluid. But, 
in the case of porous biofilm, the cells flowing through attach themselves 
to the streamers (Drescher et al., 2013). In addition to the gene 
expression for enhanced attachment and EPS production, flow decides 
the structure of the S. aureus biofilm. When flow is present, the motility 
of the bacteria does not play a vital role in the streamer type of biofilm 
formation (Kim et al., 2014). Like any other type of biofilm, dislodge
ment of the streamer type of biofilm results in the attachment of the 

Fig. 4. L. monocytogenes biofilm formed at 48 h in 10 % TSB and 30 ◦C in A) single species in CDC bioreactor system B) single species in static system C) Listeria 
monocytogenes in dual species biofilm with Staphylococcus aureus in CDC bioreactor, D) Listeria monocytogenes in dual species with Pseudomonas fluorescens in CDC 
bioreactor, observed with acridine orange staining. Scale bar: 10 μm. Note: A) The white arrows indicate the Listeria monocytogenes filaments in the single species 
biofilm formed in the CDC bioreactor B) The white circle highlights the Listeria monocytogenes cells in single cell clusters on the stainless steel surface formed in static 
system C) White arrow indicates the filamentous Listeria monocytogenes and the blue arrow indicates the spherical Staphylococcus aureus cells entangles in the Listeria 
monocytogenes filaments in dual-species biofilm formed in CDC system. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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detached biofilm to another site, continuing the process. Additionally, 
the location of the streamers plays an important role in deciding the flow 
in a microfluidic channel. The presence of P. aeruginosa streamers in the 
center of the channel results in a significantly decreased flow rate 
compared to the streamers attached to the wall of the channel (Drescher 
et al., 2013), which ultimately results in clogging (Kim et al., 2014) and 
infection challenges (Secchi et al., 2022) for biofilms formed in medical 
contexts.

Another interesting observation was made for the Listeria biofilm 
formed in a continuous system where filamentous structures of Listeria 
could be observed in single species (Fig. 4. A) and dual species (with 
Staphylococcus) (Fig. 4. C) but were absent in the biofilm formed in the 
static system (Fig. 4. B). In this study, the Listeria filaments were only 
observed when the cell concentration was <6 log CFU/cm2 indicating 
the structural variation being the result of poor biofilm formation. These 
filamentous structures have previously been observed for L. mono
cytogenes in a planktonic state under sublethal sodium chloride con
centrations (Hazeleger et al., 2006; Yamaki et al., 2021), antimicrobial 
stress (Rocha et al., 2019), alkaline stress (Giotis et al., 2007) and acidic 
stress in combination with sodium chloride (Bereksi et al., 2002). 
Furthermore, the filamentous Listeria was found to have higher stress 
tolerance compared to non-filamentous Listeria and multiplied rapidly 

once the cells ended the filamentous phase (Yamaki et al., 2021). So far, 
these filaments have not yet been reported in biofilm form. The forma
tion of stress-resistant filamentous Listeria in the single and dual species 
biofilm in the continuous system has important implications in the food 
industry.

5. Conclusion

The cell concentration, sanitizer tolerance, and spatial organization 
of the biofilm are significantly affected by the presence of flow indi
cating the importance of shear stress and access to nutrients in the 
overall biofilm structure and characteristics. The ability of the L. mon
ocytogenes to enhance its biofilm formation and attach to the S. aureus 
biofilm streamers in the presence of flow is concerning, considering the 
pathogenicity of L. monocytogenes. Additionally, the ability of L. mono
cytogenes to form filamentous cells under flow conditions in single and 
dual species biofilms with elevated chemical stress tolerance could be a 
serious concern in food safety. This study concludes that to understand 
the sanitizer tolerance of bacteria in multiple species biofilms in a dy
namic system, in addition to the chemical components (EPS), the spatial 
arrangement of resistant bacteria in the biofilm architecture and varia
tions in gene expression need to be studied.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijfoodmicro.2024.111030.
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