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Interaction of Salmonella with E. coli and Proteus spp. 
in Biofilm Formation  

Abstract 

Aims:Investigate the interaction of Salmonella spp. with E. coli and Proteus spp. in biofilm formation as 

mono and dual-species at different time durations 

Experimental design:Salmonella, Proteus and E. coli were isolated from Broiler chicken meat and the 

biofilm forming ability of these organisms were studied. 

Place and Duration of Study:The study was conducted at the Laboratory of Livestock Production, 

Faculty of Agricultural Sciences, Sabaragamuwa University of Sri Lanka, from 2019 December to 2020 

May. 

Methodology: 

This study investigated the biofilm forming ability of Salmonella as a mono species and its interaction with 

E. coli and Proteus in the process of biofilm formation. Microorganisms used for this study were isolated 

from broiler chicken meat. Biofilm was quantified using microtitre plate assay. The interaction effects were 

tested at the temperature of 28
0
C in different time durations (up to 120 hours). 

Results:  

Salmonella 1 and Proteus, monocultures showed significantly higher biofilm forming ability than 

Salmonella 3 isolate at all tested time points.At 120hr additionally to theSalmonella 1 and Proteus isolates 

E. coli also formed significantly higher biofilms than Salmonella 3.However,Salmonella 3 was the lowest 

biofilm former as mono biofilm at all tested time durations.Salmonella 1 interaction with Salmonella 3 

isolates formed less biofilms than Salmonella 1 mono biofilm at 48hr and 72hr, correspondingly. At all 

other tested time points, Salmonella 1 and its interactions with Salmonella 3, Proteus, E. coli showed 

similar biofilm forming abilities without significant differences. Specifically,Salmonella 3 interaction with 

Salmonella 1 as dual biofilm showed higher biofilm forming ability than Salmonella 3 mono biofilm at all 

tested time points. Tested isolates and their interaction achieved the highest biofilm formation at 

numerous time points.In fact, at 48hr Salmonella 3 isolates and its interaction of Proteus, E. coli and 



 

Salmonella 1 interaction with Proteus attained their highest biofilm formation abilities. The highest biofilm 

formation was achieved by Salmonella 1 isolate as mono biofilm and Salmonella 1 interaction with E. coli 

as dual biofilm at 72hr.Biofilm forming trend of respective isolates and interactions showed numerous 

patterns at tested time durations. Specifically,E. coli rapidly enhanced its biofilm forming ability as 

monoculture from 24hr to 120hr. Proteus, Salmonella 3 as monocultures,Salmonella 3 interaction with 

Proteus and E. coli as dual cultures showed progressive biofilm development from 24hr to 48hr. 

Salmonella 1 monoculture and its interaction with Salmonella 3, E. colias dual biofilm improved their 

biofilm forming ability from 24hr to 72hr.Similar to Salmonella 3 interaction with Proteus, Salmonella 1 

interaction with Proteus also increased its biofilm forming ability from 24hr to 48hr. 

Conclusions:  

This study concluded that there is a variation among isolates and their combinations in forming the 

biofilms, where there is an enhancement of biofilm in dual-species over the mono-species in some 

interaction and there is a reduction in biofilm formation by dual-species with some combinations. Further, 

this concluded that there is an interaction of Salmonella with other commonly found bacteria such as 

Proteus and E. coli in biofilm formation. 
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INTRODUCTION 

Foodborne diseases resulting from consuming contaminated food have become a major problematic 

issue that puts human health at a greater risk. According to world statistics, unsafe food consumption 

causes 420 000 global deaths annually [1]. Campylobacter, Salmonella, Listeria and Escherichia coli are 

the most significant pathogenic bacteria posing severe foodborne outbreaks globally [2]. Among 

them,Salmonella associates with contamination of a wide range of foodstuffs such as meat, shrimps, 

vegetables, fruits, etc[2], which ultimately leads to food safety issues.Salmonella is a Gram-negative 

bacterium, leading to typhoidal, paratyphoid fever, and non-typhoidal salmonellosis. In fact, Salmonella 

Typhi is the major causative agent for typhoid fever while SalmonellaParatyphi is the causative agent for 

paratyphoid fever, beyond that two; other serovarsgenerates non-typhoidal salmonellosis. Enteric fever is 

the main symptom of typoidal and paratyphoid fever, while non typoidal salmonellosis is characterized by 

gastroenteritis. In spite of foodborne nature, animals are the major reservoir of non typhoidal 

salmonellosis [3]. Salmonella and E. coli bacterial strains, such as Shiga-toxin producing strains (STEC) 

and enterotoxigenic E. coli (ETEC) strains, pose negative health impacts on humans,causing foodborne 

illness. ETEC causes traveler's diarrhea while STEC causes bloody diarrhea and abdominal cramps with 

or without mild fever [4]. Proteus, a gram-negative facultative anaerobic, heterotrophic, and proteolytic 

rods, frequently associated with urinary tract infections, also speculated their potentially harmful effect of 

gastroenteritis in humans[5, 6, 7].  



 

These bacteria live in different environments, and for survival in various conditions, they use several 

survival mechanisms. Biofilm formation is one kind of survival mechanism used by bacterial communities 

in different environments, such as food-related environments. Biofilms are the mono or multi-species 

(mixed) bacterial communities attached to biotic or abiotic surfaces with enmeshed extracellular matrix [4, 

8]. Salmonella is one of the biofilm forming bacteria, exists in highly nutritive broiler meat surfaces and 

related surfaces, either as mono biofilms or multi-species biofilms [9, 10, 11], which ultimately leads to 

cross-contamination and foodborne illness. Apart from foodborne illness, biofilms formation has become a 

great dilemma as it poses additional negative impacts such as antibiotic/disinfectant resistance and metal 

corrosion.Salmonella mono biofilms resist commonly used antibiotics such as ciprofloxacin, azithromycin, 

cefotaxime, tetracycline, and penicillin. The resistance is affected by inhibitory activities mediated by 

efflux pumps with existing drug resistance gene profile, presence of extracellular matrix, and slow growth 

rate achieved by biofilms under stress conditions[12, 13]. However,some studies described that the 

Salmonella multi-biofilms are resistant to their mono biofilm status [14, 15, 16, 17].This enhancing 

resistance may be due to the chemical interaction of different polymers produced by multi-species 

bacteria, specific bacterial arrangement patterns, competitive interaction, quorum sensing behavior, and 

horizontal gene transfer [18].Only very few literature on Salmonella interaction with other bacterial 

species in biofilm formation and the sensitivity of biofilm cells to commonly used disinfectant agents. Due 

to the paucity of available literature, this study was conducted to investigate the interaction of Salmonella 

spp. with E. coli and Proteus spp. in biofilm formation as mono and dual-species at different times 

durations. 

METHODOLOGY  

This study investigated the biofilm forming ability of Salmonella as a mono species and its interaction with 

E. coli and Proteus in the process of biofilm formation. Microorganisms used for this study were isolated 

from broiler chicken meat. Biofilm was quantified using microtiter plate assay. The interaction effects were 

tested at the temperature of 28
0
C in different time durations (up to 120 hours). 

Sample collection  

Fifty broiler chicken meat samples collected from retailer broiler meat shops were used in this study. All 

the samples were transported under the chill condition to the Laboratory of Livestock Production, Faculty 

of Agricultural Sciences, Sabaragamuwa University of Sri Lanka. On arrival, sample processing was 

started. 

Isolation of Salmonella, E.coli and Proteus species from Broiler chicken meat 

Isolation of Salmonella, E. coli and Proteus was done as the method described in the guidelines of FDA 

manuals [10,19] was incubated for 24 hours at 37
o
C to complete the pre-enrichment step. As the next 

step, selective enrichment was done in three types of broths (selenite cystine broth (SCB) and 



 

tetrathionate broth (TTB), and Rappaport-Vassiliadis broth (RVB)). In the selective enrichment, one 

milliliter of each pre-enriched sample were added to 10 ml each of SCB and TTB (HiMedia Laboratories, 

India). In contrast, 0.1 ml was added to 10 ml of RVB. The inoculated SCB and TTB were incubated at 

37
o
C for 24 hours, while RV broth was incubated at 43

o
C in a water bath for 24 hours. Apart from that, 1 

mL of each pre-enriched sample was also inoculated to   MacConkey broth (HiMediaLaboratories, India) 

to enrich the E. coli species and allow overnight incubation at 37
0
C.Then selective plating was done 

inhektoen enteric agar (HEA), bismuth sulphite (BSA) agar and xylose-lysine-desoxycholate agar (XLD) 

(HiMediaLaboratories, India) for isolating Salmonella and Proteus. At the same time,MacConkey agar 

(HiMedia, India)was used for isolating E. coli species.Loop full each from these broths were streaked on 

hektoen enteric agar (HEA), bismuth sulphite (BSA) agar, and xylose-lysine-desoxycholate agar (XLD) 

and incubated at 37
o
C for 24 hours. For E. coli isolation, full loop culture from each sample was streaked 

on macConkey agar plates and incubated 24hr, 370C, and subculturing was done until pure colonies 

were obtained. Five pure, presumptive colonies from each selective plate were subjected to a battery of 

biochemical tests such as sugar fermentation, indole production test, urease production, and MR- VP 

test, citrate utilization test done for distinguishing the Salmonella, E. coli and Proteus species. In fact, 

Salmonella and Proteus were differentiated using the urease production test, and E.coli was distinguished 

by using the indole production test. 

Quantification of biofilm formation by Salmonella as mono spp. and its interaction with E. 

coli and Proteus spp. 

After the isolation procedure,three bacterial isolates (Salmonella spp., Proteus spp., and E.coli) and their 

combinations (Table 1) were used to investigate the biofilm forming ability of Salmonella as mono biofilm 

and Salmonella interaction with Salmonella, other spp. such as E. coli and Proteus as dual biofilms. 

Descriptively three Salmonella isolates, one E. coli isolate and one Proteus isolate, were used in this 

study as below mentioned in Table 1. 

Table 1: Bacterial isolates and combinations used in this study 

Bacterial species and combination of bacterial 

spp. 

codes 

Salmonella spp. SAL 1 

SAL 3 

Proteus spp. P 

E. coli  spp. E 

Salmonella spp.+ Salmonella spp. SAL1+SAL3 

Salmonella spp. + Proteus  spp. SAL 1+P 

SAL 3+P 



 

 

 

 

Bacterial cultures were grown in 96 well microtiter plates (Grenier Bio-one, Germany) as mono and dual 

cultures, as indicated in Figure 1, in triplicates.  Cultures were inoculated at 10
5
CFU /ml to Luria-Bertani 

broth (Hi-media, India) in microtiter plates and subsequently incubated at 28ºC for different time intervals 

(24, 48, 72, 96 and 120 hours),allowing them to form biofilm on the microtitre plate. At every time point, 

biofilm formation was qualified using the method described by Stepanovic et al. (2000)[20] and with the 

modification described by Jayaweera et al. (2021) [11]. 

Experiments were carried out in triplicates and uninoculated negative control was maintained. 

Quantification of biofilms was done by staining the biofilms with crystal violet at the end of each 

incubation, as described by Stepanovic et al. (2000) [20]. Briefly, the contents of the wells were aspirated 

and washed thrice with sterile phosphate-buffered saline (PBS) (pH – 7.2) as the amount of 250 l per 

well in each washing. The plates were vigorously shaken to remove all unattached planktonic cells.  The 

remaining attached bacterial cells were fixed with 200l of methanol for 15 minutes, and wells were 

emptied and air-dried. Afterward, the staining was done with 2% crystal violet for five minutes to stain the 

biofilms on the microtiter plates. After the process, the excess stain was removed and the plates were 

washed properly and rinsed by gently submerging the plates in a water tub with gentle shaking. Then the 

plates were allowed to dry for another 15 minutes.  After drying the stained biofilm cells, the stained 

biofilm cells were resolubilized with 230l of 33% (v/v) glacial acetic acid. Following resolubilizing, the 

cells,   optical density (Stepanovic et al., 2000), [20]  was measured at 600nm wavelengthby 

spectrophotometer (Multiskan sky with touch screen Microplate Spectrophotometer, Thermo Fisher 

Scientific., Waltham, MA USA).  

Statistical analysis 

Biofilm-forming ability was compared by analyzing the degree of biofilm formation differences using two-

sample t-test, one-way ANOVA and Duncan's multiple range tests in SAS software version 9 (SAS 

Institute, Inc., Cary, NC, USA). 

RESULTS AND DISCUSSION 

This study investigated the biofilm formation ability of Salmonella, Proteus and E. coli when they are 

present as mono species. Further, it investigated the biofilm formation ability when the Salmonella 

interactswith other spp such as Proteus and E. coli in the form of dual biofilm. 

Mono biofilm forming ability of Salmonella, Proteus and E. coli  

Salmonella spp.+ E. coli  spp. SAL1+E 

SAL 3+E 



 

Salmonella, E. coli and Proteus species as mono biofilms showed different biofilm forming abilities 

throughout the tested time period. At 24 hours, both Salmonella 1 (SAL 1) and Proteus formed more 

biofilms than that formed by E. coli and Salmonella 3 (SAL 3) (P≤ 0.05). However, SAL 3 showed the 

lowest biofilm forming ability at 24hr (0.876±0.065) and it was not significantly different from biofilm 

formed by E. coli (1.002±0.034) (P≥ 0.05).  Similarly, at 48hours SAL 1 (2.332±0.2) and Proteus spp. 

(2.513±0.227) showed significantly higher biofilm forming abilities than that of SAL 3 (1.506±0.287) and E. 

coli (1.148±0.279) (Table 2). 

At 72hr SAL 1and Proteus formed higher biofilm than that of the E. coli and Sal 3 (P≤ 0.05) (Table 2). The 

observed optical density values of SAL 1 was  2.593 ±0.184 and Proteus had 1.969 ±0.048 ,followed by 

E. coli 1.198  ± 0.640 and Salmonella 3 (SAL 3)0.891± 0.052.Though the SAL 3 was the lowest biofilm 

former at 72hr that was not significantly different from E. coli (P≥0.05). 

At 96hr similar to the 72hrs, the significantly higher biofilm formation was investigated in both SAL 1 

(2.022±0.216) and Proteus (2.195 ± 0.068), which was higher than the SAL 3 (1.110 ± 0.115)   and E. coli 

(1.388 ± 0.248) (P≤ 0.05). Although SAL 3 showed the lowest biofilm forming ability at 96hr, that wasn't 

significantly different from the biofilm forming ability of E. coli (P≥ 0.05). At 120 hours SAL 1, Proteus and 

E. coli  had significant higher biofilm forming abilities (2.203±0.283, 2.123±0.219 and  1.821±0.166 for 

SAL 1, Proteus and  E. coli respectively) than that showed by SAL 3 (2.123±0.219) (P≤0.05) (Table 2).  

A study done by Kwiecinska-Piróg [21] and the group in 2014 showed that Proteus spp. are forming 

strong biofilmsas detected by 2,3,5-triphenyl-tetrazolium chloride-based assay and this finding is in line 

with the current study which showed higher biofilm formation by Proteus spp. isolated from broiler chicken 

meat. Supporting the current study, Wilks et al. [22] revealed the increasing cell at 24hr with pseudo 

three-dimensional structures [22].Similarly, the higher biofilm forming ability of Proteus mono biofilm at 

24hr on LB broth also investigated with mushroom type architecture by Jones et al. (2007) [23].According 

to Fernández et al.  [24],clinical Proteus strains showed denser biofilm with more extracellular polymeric 

substance production. Also, it sowed higher fimbriaeproduction ability which may cause the higher initial 

attachment of Proteus biofilms at 24hr [24]. The higher biofilm forming ability of Proteus,may be affected 

by its higher capability of extracellular matrix production, nutrient channel formation and fimbriae 

production ability. Throughout the entire tested time durations, SAL 1 showed higher biofilm formation as 

aforementioned. The difference in the biofilm forming ability of SAL 1 and SAL 3 as mono biofilms may be 

due to their serovars variations. However, the significantly different biofilm forming abilities among 

serovars also investigated by Vestby et al.  [25] and Chelvam et al. [26].Among tested Salmonella 

servoars,Chelvamet al.[26] investigated swarming motility variation, i.e., some serovars with swarming 

motility. While some were not, that affected virulence and early stages biofilm formation[27].In case of 

E.coli biofilms different pathotypes have numerous biofilm forming abilities. In this sense, some 

pathotypes t with gene expression related to biofilm formation such as agn43 and fimH, absence of curli 

and fimbriae,and absence of motility behavior cause weak biofilm forming ability[28]. 



 

Table 2: Biofilm forming ability of Salmonella, Proteus and E. coli as mono species  

Isolates Optical density at different time points 

24 hr 48 hr 72 hr 96 hr 120 hr 

 
Salmonella (SAL 1) 

 
1.546±0.306

a
 

 
2.332±0.200

a
 

 
2.593 ±0.184

a
 

 
2.022±0.216

a
 

 
2.203±0.283

a
 

 
Salmonella (SAL 3) 

 
0.876±0.065

b
 

 
1.506±0.287

b
 

 
0.891±0.052

b
 

 
1.110 ±0.115

b
 

 
1.255±0.042

b
 

 
Proteus spp. 

 
1.647±0.298

a
 

 
2.513±0.227

a
 

 
1.969 ±0.048

a
 

 
2.195 ± 0.068

a
 

 
2.123±0.219

a
 

 
E. coli  

 
1.002±0.034

b
 

 
1.148±0.279

b
 

 
1.198±0.640

b
 

 
1.388 ±0.248

b
 

 
1.821±0.166

a 

 

 

*Data were presented as the mean ± standard deviation. Means with different superscripts in the same 

column are significant difference(Bold and italic showed the highest biofilm formation at each time point) 

When considering the biofilm forming ability during the period of 120hours, the biofilm forming ability of 

Proteus spp. and Salmonella isolate 3 (SAL3) has reached its maximum at 48 hours. The optical density 

of the biofilm cells were 2.513±0.227 and 1.506±0.287 for Proteus spp. and SAL 3, respectively. After 48 

hours, the biofilm formed by Proteus and SAL 3 started to decline and at 72hours, it reached its minimum 

biofilm cells with the absorbance values of Proteus  1.969 ±0.048, SAL 3 0.891 ± 0.052 respectively 

(Figure 2).Interestingly by 96hours SAL3 again started to increase the biofilm cells (2.022±0.216) and 

continued to increase until the end of the experimental period, i.e.,120hours (2.203±0.283) (Figure 

2).Another Salmonella isolate (SAL1) exhibited the highest biofilm formation at 72hours (2.593 ±0.184) 

afterward, it declined to have the lowest biofilm at 96hours (2.022±0.216) and regained its increasing 

biofilm forming ability at the end of 120hr (2.203±0.283). Contrary to the other isolates, E. coli showed a 

gradual increase in the biofilm cells from the beginning of the experiment. Gradual increase in the biofilm 

cells from the beginning of the experiment. It continued to increase until the end of the experimental 

period (Figure 2). 

However, previous findings also revealed different biofilm forming abilities in different tested 

pathotypes[27, 29].The current study findings of SAL 1 and SAL 3 showing different biofilm forming 

abilities may vary their pathotypes.Current study findings of the optimum biofilm forming ability of 

Salmonella isolate (Salmonella 3) at 48hr also agreed with several previous findings [30, 31, 32]. Among 

those findings,Shatila et al. (2021) [32] has observed more prominent curli and cellulose production at 

48hr.Curli and cellulose overexpression accounts for thicker biofilm formation in Salmonella species 

[33].Hence the maximized biofilm forming ability at 48hr may be due to their higher expression of curli and 

cellulose production ability.The declining biofilm forming ability of some Salmonella pathotypes  at 72hr 

described by Agarwal et al. (2011) [30].This may result from a nutrient depletion in extended incubation 

time durations, leading to biofilms dispersal [34]. A previous research study which was done by 



 

Rodríguez-Melcón et al. (2021) [35] agreed with the findings of the current study having the highest 

biofilm forming ability of SAL 1 at 72hr. Rodríguez-Melcón and his team also have investigated the 

increasing biofilm forming trend of Salmonella species from 48hr to 72hr. Apart from that, the progression 

of biofilm formation since 2 to 4 days is affected by their increasing pellicle forming ability with extending 

incubation times[25], which supports current findings of increasing biofilm formation of SAL1 isolate at 

72hr.The minimum biofilm forming ability of SAL 1,  SAL 3 and Proteus  could be affected by entering 

bacterial biofilm cells in to viable but non-culturable stage [36, 37] followed by repeat increment at 

extended post incubation could also be happened their stress adaptation technique [38].These VBNC can 

be investigated using standard plating techniques[39], not by microtiter plate assay. Thus lower 

absorbance could be recorded in a method such as microtiter plate assay as the current study 

investigated. 

In case of biofilm forming ability of Proteus at 48hr with increasing extracellular matrix component  was 

speculated by[40]. Moreover, at 96hr,Proteus tend to form more organized biofilm architecture [24], which 

supports the current study findings of higher biofilm forming ability than that showed at 72hr.Further that 

enhancing biofilm forming ability of E. coli as mono biofilm also dependent on temperature, whereas 

under low incubation, temperature poses enhancing the biofilm forming ability of E. coli species [41]. 

Moreover, some prior findings have similar results as continuous increasing trend of biofilm forming ability 

of E. coli by several research groups [42, 43, 44, 45].The enhanced motility behavior of E. coli under 

extended time points also increases the initial attachment and biofilm formation process [42].Apart from 

the incubation time,E. coli biofilm formation is regulated by several intrinsic factors such as strain 

diversity, nutrient availability, cellular structures curli/fimbriae, and gene expression patterns [45, 46, 47].   

 

 

*SAL1- Salmonella 1, SAL 3- Salmonella 3, P- Proteus, E- E. coli 

Figure 2: Biofilm forming ability of single isolates as mono- biofilm during the period of 120hrs 
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Interaction of Salmonella1 (SAL1)with Salmonella 3 (SAL 3), Proteus and E. coli in dual 

biofilm formation 

At 24 hours,Salmonella 1 (SAL1) and combinations of Salmonella(SAL1) with SAL 3, Proteus and E. coli  

have not shown any significant differences in biofilm forming ability(P≥0.05)(Table 3).Salmonella isolates1 

(SAL1) alone had OD value of 1.590±0.111, and its interactions SAL 1+SAL 3,  SAL1+P & SAL 1+E 

showed OD values of 1.549±0.104, 1.546±0.306 and 1.505±0.090, respectively (Table 3). At 48hr SAL 

1+SAL 3 combination showed significant lower biofilm forming ability with  1.901±0.187 absorbance value 

than that of SAL 1 (2.332±0.200 )  and its other interactions,SAL 1+P (2.508±0.005)  SAL 1+E 

(2.343±0.006), respectively  (Table 3). Similarly,  at 72hr, SAL 1 interaction with SAL 3  (SAL 1+SAL 3) 

formed significantly less biofilms (2.101±0.145) than that of SAL 1 as mono biofilm (2.593±0.184) and 

SAL 1 as dual biofilms with Proteus  (SAL 1+P;2.375±0.047 ) and E. coli (SAL 1+E;2.448±0.148). 

Contrary to that SAL 1 and its interactions of SAL 3 (SAL 1+SAL 3), E. coli (SAL 1+ E) and Proteus (SAL 

1+P) showed similar biofilm forming abilities at 96hr, without causing any significant differences (P≥ 0.05). 

That biofilm forming abilities were (SAL 1) 2.022±0.216, (SAL 1+SAL 3) 1.862 ±0.154, (SAL 1+P) 1.916 

±0.165 and (Sal 1+E) 1.825 ± 0.172 correspondingly (Table 3). At 120 hours, similar to the 96 hour time 

point, SAL 1 and its interactions did not show any significant increment or reduction in biofilm formation. 

At 120hr shown by the SAL 1 and its interactions was 2.203 ±0.283for SAL 1, 2.148 ±0.127 for SAL 

1+SAL 3,2.293±0.071 for SAL 1+P and2.225 ± 0.09 for SAL 1+E (Table 3). 

The significantly lower biofilm forming ability of SAL 1 interaction with SAL 3  at some tested time points 

(48hr, 72hr),maybe due to the lower biofilm forming ability of SAL 3 which showed at its monoculture 

status (Figure 1).The suppressive action Salmonella in dual biofilm formation was also described by 

Esteves et al. (2005) [48]and described the poor outcompete manner of E.coli over the Salmonella 

strains. The significantly less biofilm forming ability of SAL 1+SAL 3  as dual culture also corroborates 

with previous findings of  Gkana et al. (2017) [49] and Frozi et al. (2017) [50], who speculated the lower 

biofilm forming ability of Salmonella as dual cultures. However, the observed low biofilm capabilities or 

same biofilm capabilities of Salmonella and its interaction in different time points (Table 3) may be due to 

strain-dependent different properties, such asEPS production, presence of either flagella or fimbriae, 

etc.[51].Salmonella strains, S. Heidelberg, S.Hadar, and S. Typhimurium were weak biofilm producers on 

microtiter plates. The cellular appendages curli and fimbriae positive strains also increase the attachment 

process than negative strains[52].Apart from that Salmonella strains and E. coli strains which are 

negative curli, fimbriare and cellulose producers,have also been investigated with less cell percentage 

than the curli and fimbriae positive stains [53]. So with those investigations, current study findings of 

low/same biofilm forming capabilities may be due to the absence of cellular structures in Salmonella 1, 

such as curli and fimbriae in tested strains. 

Table 3: Interaction of Salmonella isolate 1 (SAL 1) with Proteus and E. coli in the formation of biofilm as 

dual species. 



 

Isolate / 
combinations 

Optical density at different time points 

24 hr 48 hr 72 hr 96 hr 120 hr 

 
SAL 1  

 
1.590±0.111

a
 

 
2.332±0.200

a
 

 
2.593±0.184

a
 

 
2.022±0.216

a
 

 
2.203 ±0.283

a
 

 
SAL 1+ SAL3 

 
1.549±0.104

a
 

 
1.901±0.187

b
 

 
2.101±0.145

b
 

 
1.862±0.154

a
 

 
2.148 ±0.127

a
 

 
SAL1+ P 

 
1.546±0.306

a
 

 
2.508±0.005

a
 

 
2.375±0.047

a
 

 
1.916±0.165

a
 

 
2.293±0.071

a
 

 
SAL 1+ E 

 
1.505±0.090

a
 

 
2.343±0.006

a
 

 
2.448±0.148

a
 

 
1.825±0.172

a
 

 
2.225 ± 0.09

a 

 

*Data were presented as the mean ± standard deviation. Means with different superscripts in the same 

column are a significant difference. (SAL 1- Salmonella 1, SAL 1+SAL 3- Salmonella 1 interaction with 

Salmonella 3 as dual biofilm, SAL 1+P- Salmonella 1 interaction with Proteusas dual biofilm, SAL 1+E- 

Salmonella 1 interaction with E. colias dual biofilm),Bold and italic showed the lowest biofilm formation at 

each time point. 

SAL 1 and its all interactions showed the lowest biofilm forming abilities at 24hr than that showed at other 

time durations. In case of  SAL1 together with Proteus spp. (SAL1 +P) showed the highest biofilm forming 

ability at 48hr,with its highest optical density value of  2.508±0.005 and then declined at 72hr 

(2.375±0.047), 96hr (1.916 ±0.165) which followed regains its biofilm forming ability at 120hr 

(2.293±0.071). The biofilm forming trend of the other two interactions (SAL 1+SAL 3, SAL 1+E)  and 

SAL1  mono biofilm showed similar biofilm forming trends throughout the tested time durations. In 

context, SAL 1 mono biofilm, increased its biofilm forming ability at 48hr (2.332±0.200) and 72hr   

(2.593±0.184), which declined at 96hr (2.022±0.216), followed by increment at 120hr (2.203 ±0.283). The 

highest biofilm formation of that SAL 1 mono biofilm showed at 72hr among absorbance mentioned above 

values of tested different time points (Figure3).Relatively to that, SAL 1+SAL 3 also enhanced its biofilm 

forming ability from 24hr (1.549±0.104)   to 72hr with its highest absorbance (2.101±0.145), declined at 

96hr  (1.862 ±0.154) and enhanced again at 120hr (2.148 ±0.127).Among that absorbance values, SAL 

1+SAL 3  attained its highest biofilm formation at   120hr (Figure 3).  In the case of SAL 1 interaction with 

E. coli as dual biofilm it had increased its biofilm forming ability from 24hr (1.505±0.090) to 72hr 

(2.448±0.148), followed by declining at 96hr (1.825 ± 0.172) and repeatedly increased its biofilm forming 

ability at 120hr (2.225 ± 0.09).Anyhow, among those values, SAL 1+E has attained their highest biofilm 

formation at 72hr (Figure 3). 

The progressive development of Salmonella biofilm i.e.: SAL 1, SAL 1+E  at  72hr  also agreed with 

previous findings which elucidated the greatest thickness has been investigated and followed by 

decreasing biovolume at extended incubation. However, variation of biofilm forming abilities may be due 

to the decreasing matrix component at extending time durations [54]. But in SAL 1+P combination, 

highest biofilm formation at 48hr,as a different observation than other interactions' maximal points, which 

may be due to increased extracellular matrix production of Proteus in some extended time durations 
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[40].The lower absorbance value at 96hr could be affected by entering bacterial biofilm cells into a viable 

but non-culturable state undernutrient-depleted condition [36, 37].Collectively this repeated increment of 

dual biofilms may be due to the rapid growth of Salmonella, E. coli biofilm in extended time points and 

more surface coverage with irregular complex biofilm structure and higher exopolymer production [51]. As 

that cells can be detected by the method such as standard plating techniques [39], the low absorbance 

values could be recorded at 96hr in microtiter plate readings, followed by stress adaptation [38]. The 

repeat increment of biofilm forming ability of all tested combinations at 120hr could have appeared as 

long-term survival of Salmonella species with stress adaptation and predominant radar morphotype 

[29].The radar morphotype has appeared due to biogenesis curli and cellulose, which are important in the 

biofilm formation process [55]. Hence this long-term survival may also be affected by curli and fimbriae 

production too. 

 

 

 

 

 

 

 

 

*SAL 1: Salmonella 1, SAL 1+SAL 3: Salmonella 1 interaction with Salmonella 3 as dual biofilm, SAL 

1+P- Salmonella 1 interaction with Proteus as dual biofilm, SAL 1+E- Salmonella 1 interaction with E. coli 

as dual biofilm 

Figure 3:Biofilm formation of Salmonella isolate 1 (SAL 1) and its combination with Proteus and E. coli as 

dual species during the period of 120hrs 

Interaction of Salmonella3 (SAL3)with Salmonella 1 (SAL 1), Proteus and E. coli in dual 

biofilm formation 

The experiment conducted to see the interaction of SAL 3 with other organisms (SAL 3, Proteus and E. 

coli) showed that at 24 hours,SAL 3 interaction with SAL 1 as dual biofilm (SAL 1+ SAL3), had significant 

higher biofilm forming ability (1.549±0.104) than SAL 3 alone in the mono biofilm (0.876±0.065). Apart 

from that SAL 3 interaction with Proteus spp. (SAL 3+P) also showed significantly higher biofilm formation 

(1.126±0.173) than the SAL 3 existent as mono biofilm (0.876±0.065), but that was  (SAL 3+P) 



 

significantly lower than the  SAL 1+SAL 3 interaction (1.549±0.104). However, SAL 3 as mono biofilm 

(0.876±0.065) and interaction with E. coli, as dual biofilm (SAL 3+E) had similar biofilm (1.038±0.07) 

forming abilities, without significant differences at 24hr (P≥0.05). At 48hr SAL 1+SAL 3 interaction showed 

significantly higher biofilm forming ability (1.901±0.187) than that shown by SAL 3 (1.506±0.287) alone. 

Apart from that the biofilm formed by SAL 3 alone and interaction with E. coli (SAL 3+E) have not shown 

any significant different in biofilm formation at 48hr. At 72hr, the SAL 1 interaction with SAL 3 as dual 

biofilm formed higher biofilm (2.101±0.145) than SAL 3 alone, and with all other combinations (SAL 3+P, 

SAL 3+E).At 96hr also SAL 1+SAL 3 showed more biofilms (1.862 ±0.154) than SAL 3 (1.110 ± 0.115) 

mono culture counterparts (P≤0.05) (Table 4). At 96hr  biofilm formation by SAL 3 together with Proteus 

spp. (SAL 3+P)showed significantly lower (1.594  ±0.160) biofilm than SAL 1 interaction with SAL 3 

(1.862 ±0.154) ,  whereas the SAL 3 alone had the lowest biofilm at 96 hours. At 96hr biofilm formed by 

SAL 3 and E. coli was not significantly different from the biofilm formed by SAL 3 alone (Table 4).At 

120hr, SAL 1+ SAL 3 as dual biofilm former achieved its significantly higher biofilm formation (2.148 

±0.127) compared to SAL 3+P dual interaction had similar biofilm forming ability as showed by SAL 3 

alone without any significant difference (P≥0.05). However, SAL 3+E formed significantly fewer biofilms 

than theSAL 3 mono biofilm counterpart (P≤0.05). SAL 3 isolate significantly increased its biofilm forming 

ability at all tested time points after co-culturing with SAL 1 (SAL 3+SAL 1) than that showed by SAL 3 

mono culture counterpart (Table 4).The highest biofilm forming ability of SAL 3+P over SAL 3, is in 

agreement with previous findings[35, 56, 57].Among them Rodríguez has described the increasing 

Salmonella biofilm forming ability with the presence of other bacterial species. This may be due to the 

spatial different distribution patterns of species within biofilm architecture. Moreover, the outcompete 

behavior of Proteus in dual biofilms is also described by previous findings [56, 57]; hence, this higher 

biofilm formation could be due to the latter to Proteus outcompete behavior in dual biofilm too. Higher 

biomass of Proteus dual culture biofilms also resultant as enhancing EPS production ability[58]. As 

another factor, the serovars differences in biofilm forming ability of isolates [59]could be major cause for 

the deviation of significantly higher biofilm formation in some point tested time points.In case of SAL 3+E, 

lower biofilm forming ability than the SAL 3 mono biofilm at 120hr may be due to E. coli metabolite, 

indole,which acts as a suppressive factor of biofilm formation. This lower biofilm forming ability may be 

affected by indole metabolite produced by E. coli strains which negatively correlates with biofilm formation 

process [60].Under the presence of indole in E.coli biofilms architectural deviations of tower colonies to 

flat colonies have been exhibited by Lee et al. (2007) [61]. However, this suppressive effect was absent in 

earlier tested time points. In this sense,E. coli rapid biofilm forming ability which was highest at 120hr than 

other tested time duration could be a reason for increasing toxic metabolite, indole, leading to the 

prominent suppressive effect of dual interactions.Apart from that, valine, a metabolite by E. coli, is also 

impaired on inhibitory activities of other bacterial strains [62]. 

The higher biofilm forming ability of SAL 3 interaction with SAL 1 than SAL 3 mono biofilms at all tested 

may be due to comparative higher biofilm forming ability of Salmonella 1 as mono biofilm which 



 

accelerates the lower biofilm forming ability of Salmonella 3.EPS production abilities of Salmonella strains 

greatly affected their biofilm forming abilities. In contrast, EPS positive strains produce more biofilms than 

negative strains.Apart from that, EPS negative strains poor biofilm forming ability is also stimulated by 

EPS positive strains. Hence the current finding of higher biofilm formation of Salmonella co-cultures could 

be their different EPS production ability [27]. 

Table 4: Interaction of Salmonella isolate 3 (SAL 3) with Proteusand E. coli in the formation of biofilm as 

dual species. 

 

Isolate / 
combinations 

Optical density at different time points 

24 hr 48 hr 72 hr 96 hr 120 hr 

 
SAL 3 

 
0.876±0.065

c
 

 
1.506±0.287

b
 

 
0.891±0.052

b
 

 
1.110±0.115

c
 

 
1.255± 0.042

b
 

 
SAL 1+ SAL 3 

 
1.549±0.104

a
 

 
1.901±0.187

a
 

 
2.101±0.145

a
 

 
1.862 ±0.154

a
 

 
2.148  ±0.127

a
 

 
SAL 3+ P 

 
1.126±0.173

b
 

 
1.621±0.095

ab
 

 
1.185±0.243

b
 

 
1.594  ±0.160

b
 

 
0.9649±0.378

b
 

 
SAL 3+ E 

 
1.038±0.070

bc
 

 
1.337±0.039

b
 

 
1.015±0.221

b
 

 
1.159±0.135

c
 

 
1.164±0.110

c 

 

*Data were presented as the mean ± standard deviation. Means with different superscripts in the same 

column are significantlydifferent. 

*SAL 3- Salmonella 3 mono biofilm, SAL 1+SAL 3-Salmonella interaction with Salmonella 3 as dual 

biofilm, SAL 3+P- Salmonella 3 interaction with Proteusas dual biofilm, SAL 3+E- Salmonella 3 interaction 

with E. colias dual biofilm.Bold and italic showed the highest biofilm formation at each time point 

Except for theSAL 3 interaction with SAL 1 (SAL 1+SAL 3) all other interaction with SAL 3 has shown a 

similar trend in biofilm formation (Figure 4) throughout the time period.  SAL 1+SAL 3 interactions have 

gradually shown an increment of biofilm from 24hours (1.549±0.104), and it reached its maximum at 72hr 

(2.101±0.145). It was declined at 96hr to its minimum value (1.862 ±0.154), and there was a second wave 

of increment afterward increasing at 120hr (2.148 ±0.127)(Figure 4).  

When considering Salmonella isolate 3 (SAL 3), it also showed the trend of gradual increment of biofilm 

formed from 24hr (0.876±0.065),and it reached its maximum level at 48hr, with the highest absorbance 

(1.506±0.287) followed by declining to its lowest value at 72hr (0.891±0.052). Afterward, this has shown 

the second wave of an increment in the biofilm at 96 hr (1.110 ± 0.115) and 120hr (1.255± 

0.042),respectively (Figure 4). 

The biofilm formation trend of SAL 3+P combination also increased from 24hr (1.126±0.173) to 48hr, 

where the highest absorbance value(1.621±0.095) was found.Afterward, it was declined to reach it 

minimum at 72hr (1.185±0.243) followed by increment at 96hr (1.594  ±0.160) and reduced at 120hr to its 



 

minimum value (0.9649±0.378). Interestingly, SAL 3 interaction with Proteus (SAL 3+P) exhibited two 

prominent peaks at 48hr and 96hr, respectively (Figure 4). 

Interaction of SAL 3 with E. coli (SAL 3+E) also showed a similar pattern with others having 

enhancementof biofilm forming ability from 24hr (1.038±0.070) to 48hr with its highest biofilm formation 

at(1.337±0.039).The biofilm formed was declined at 72hr,reaching its lowest l value of 1.015±0.221. 

Different from all the other combinations tested in this study, this interaction of SAL3 and E. coli has 

showna continuous increasing trend of biofilm formation after 72hours (from where the minimum value), 

having biofilms of 1.159   ± 0.135 at 96hr (?) and 1.164  ± 0.110 at120hr (Figure 4). 

Salmonella's higher biofilm forming ability at 48hr was also previously investigated by Sexias et al. (2014) 

[63]and suggested that it may have appeared with a gradual increment of viable cell count.That study 

further supportsour current findings of declining biofilm forming ability of tested interactions at 72hr, and 

reason behind that could be an increase in the production of toxic metabolites.The majority of studies 

investigated higher biofilm formation in nutrient nutrient-depleted conditions [64, 65], so in the current 

study at 96hr and 120hr repeated increment of Salmonella 3 andE. coli dual biofilm may be due to the 

adaptation for limited nutrient depletion. The biofilm formation is affected by different EPS producing 

patterns showed by Salmonella and E. coli species. In contrast,Salmonella species achieve the highest 

biofilm formation with the presence of curli and cellulose. The highest percentage of curli-producing 

bacteria has also been recovered from mixed biofilms [51]. Hence these different biofilm forming abilities 

of Salmonella and E. coli dual biofilms, which was higher at 48hr, may be due to variation of extracellular 

matrix component production.In line with that higher biofilm forming ability of Salmonella as dual biofilm in 

extended time durations than that showed by its mono biofilm also previously investigated by Iñiguez-

Moreno et al. (2018) [66] and further investigated prominent growth may be affected by increasing matrix 

carbohydrate and protein fractions in Salmonella dual biofilms than its monoculture counterparts. 
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*SAL 3- Salmonella 3 mono biofilm, SAL 1+SAL 3- Salmonella 1 interaction with Salmonella 3 as dual 

biofilm, SAL 3+P- Salmonella 3 interaction with Proteus as dual biofilm, SAL 3+E- Salmonella 3 

interaction with E. coli as dual biofilm 

Figure 4:Biofilm formation of Salmonella isolates 2 (SAL 3) and its combination with Proteus and E. coli 

as dual species during the period of 120hrs 

CONCLUSION 

This study concluded that there is a variation among isolates and their combinations in forming the 

biofilms, where there is an enhancement of biofilm in dual-species over the mono-species in some 

interaction, and there is a reduction in biofilm formation by dual-species with some combinations. Further, 

this concluded that there is an interaction of Salmonella with other commonly found bacteria such as 

Proteus and E. coli in biofilm formation. 

 

 

COMPETING INTERESTS DISCLAIMER: 
 
Authors have declared that no competing interests exist. The products used for this research 
are commonly and predominantly use products in our area of research and country. There is 
absolutely no conflict of interest between the authors and producers of the products because we 
do not intend to use these products as an avenue for any litigation but for the advancement of 
knowledge. Also, the research was not funded by the producing company rather it was funded 
by personal efforts of the authors. 
 
 



 

 

 

REFERENCES 

1. Lee, H., & Yoon, Y. (2021). Etiological Agents Implicated in Foodborne Illness World Wide. Food 

science of animal resources, 41(1), 1–7. https://doi.org/10.5851/kosfa.2020.e75 

2. CDC., List of Selected Multistate Foodborne Outbreak Investigations (2021) Available: 

https://www.cdc.gov/foodsafety/outbreaks/multistate-outbreaks/outbreaks-list.html 

3. Eng, S. K., Pusparajah, P., AbMutalib, N. S., Ser, H. L., Chan, K. G., & Lee, L. H. (2015). 

Salmonella: A review on pathogenesis, epidemiology and antibiotic resistance. Frontiers in Life 

Science, 8(3), 284–293. https://doi.org/10.1080/21553769.2015.1051243 

4. Pigott D. C. (2008). Foodborne illness. Emergency medicine clinics of North America, 26(2), 475–

x. https://doi.org/10.1016/j.emc.2008.01.009 

5. Drzewiecka D. (2016). Significance and Roles of Proteus spp. Bacteria in Natural 

Environments. Microbial ecology, 72(4), 741–758. https://doi.org/10.1007/s00248-015-0720-6 

6. Hamilton, A. L., Kamm, M. A., Ng, S. C., & Morrison, M. (2018). Proteus spp. as Putative 

Gastrointestinal Pathogens. Clinical microbiology reviews, 31(3), e00085-17. 

https://doi.org/10.1128/CMR.00085-17 

7. Gong, Z., Shi, X., Bai, F., He, X., Zhang, H., Li, Y., Wan, Y., Lin, Y., Qiu, Y., Chen, Q., Hu, Q., & 

Cao, H. (2019). Characterization of a Novel Diarrheagenic Strain of Proteus mirabilis Associated 

With Food Poisoning in China. Frontiers in microbiology, 10, 2810. 

https://doi.org/10.3389/fmicb.2019.02810 

8. Malhotra, V., Chandra, P., & Maurya, P. K. (2015). Control of bacterial biofilms in industrial and 

medical settings. Green Earth Research Foundation Bulletin of Biosciences, 6(1), 1-4. 

9. Khan, A. S., Georges, K., Rahaman, S., Abebe, W., &Adesiyun, A. A. (2021). Characterization of 

Salmonella Isolates Recovered from Stages of the Processing Lines at Four Broiler Processing 

Plants in Trinidad and Tobago. Microorganisms, 9(5), 1048. 

https://doi.org/10.3390/microorganisms9051048 

10. Jayaweera, T. S. P., Ruwandeepika, H. A. D., Deekshit, V. K., Vidanarachchi, J. K., 

Kodithuwakku, S. P., Karunasagar, I., & Cyril, H. W. (2020). Isolation and Identification of 

Salmonella spp. from Broiler Chicken Meat in Sri Lanka and their Antibiotic Resistance. Journal of 

Agricultural Sciences – Sri Lanka, 15(3), 395–410. DOI: http://doi.org/10.4038/jas.v15i3.9031 

11. Jayaweera, T. S. P., Ruwandeepika, H. A. D., Deekshit, V. K., Kodithuwakku, S. P., Cyril, H. W., 

Karunasagar, I., &Vidanarachchi, J. K. (2021). Biofilm Forming Ability of Broiler Chicken Meat 

Associated Salmonella spp. on Food Contact Surfaces. Tropical Agricultural Research, 32(1), 

17–26. DOI: http://doi.org/10.4038/tar.v32i1.8438 

12. Trampari, E., Holden, E. R., Wickham, G. J., Ravi, A., Martins, L. O., Savva, G. M., & Webber, M. 

A. (2021). Exposure of Salmonella biofilms to antibiotic concentrations rapidly selects resistance 

with collateral tradeoffs. NPJ biofilms and microbiomes, 7(1), 3. https://doi.org/10.1038/s41522-

020-00178-0 

13. Sereno, M., Ziech, R., Druziani, J., Pereira, J., &Bersot, L. (2017). Antimicrobial Susceptibility and 

Biofilm Production by Salmonella sp. Strains Isolated from Frozen Poultry Carcasses. 

RevistaBrasileira de CiênciaAvícola, 19(1), 103–108. https://doi.org/10.1590/1806-9061-2016-

0268 

14. Nesse, L. L., Osland, A. M., Mo, S. S., Sekse, C., Slettemeås, J. S., Bruvoll, A. E. E., Urdahl, A. 

M., &Vestby, L. K. (2020). Biofilm forming properties of quinolone resistant Escherichia coli from 

the broiler production chain and their dynamics in mixed biofilms. BMC Microbiology, 20(1). 

https://doi.org/10.1186/s12866-020-01730-w 

https://doi.org/10.5851/kosfa.2020.e75
https://doi.org/10.1080/21553769.2015.1051243
https://doi.org/10.1016/j.emc.2008.01.009
https://doi.org/10.1007/s00248-015-0720-6
https://doi.org/10.1128/CMR.00085-17
https://doi.org/10.3389/fmicb.2019.02810
https://doi.org/10.3390/microorganisms9051048
http://doi.org/10.4038/jas.v15i3.9031
http://doi.org/10.4038/tar.v32i1.8438
https://doi.org/10.1038/s41522-020-00178-0
https://doi.org/10.1038/s41522-020-00178-0
https://doi.org/10.1590/1806-9061-2016-0268
https://doi.org/10.1590/1806-9061-2016-0268
https://doi.org/10.1186/s12866-020-01730-w


 

15. Pang, X., Chen, L., & Yuk, H. G. (2020). Stress response and survival of Salmonella Enteritidis in 

single and dual species biofilms with Pseudomonas fluorescens following repeated exposure to 

quaternary ammonium compounds. International journal of food microbiology, 325, 108643. 

https://doi.org/10.1016/j.ijfoodmicro.2020.108643 

16. Pang, X., & Yuk, H. G. (2018). Effect of Pseudomonas aeruginosa on the sanitizer sensitivity of 

Salmonella Enteritidis biofilm cells in chicken juice. Food Control, 86, 59–65. 

https://doi.org/10.1016/j.foodcont.2017.11.012 

17. Parijs, I., &Steenackers, H. P. (2018). Competitive inter-species interactions underlie the 

increased antimicrobial tolerance in multi-species brewery biofilms. The ISME journal, 12(8), 

2061–2075. https://doi.org/10.1038/s41396-018-0146-5 

18. Yuan, L., Hansen, M. F., Røder, H. L., Wang, N., Burmølle, M., & He, G. (2020). Mixed-species 

biofilms in the food industry: Current knowledge and novel control strategies. Critical reviews in 

food science and nutrition, 60(13), 2277–2293. https://doi.org/10.1080/10408398.2019.1632790 

19. FDA, 2007. Salmonella. In: Bacteriological Analytical Manual, Food and Drug Administration, 

AOAC International Arlington.  pp. 1322 – 1324. 

20. Stepanovic, S., Vukovic, D., Dakic, I., Savic, B., &Svabic-Vlahovic, M. (2000). A modified 

microtiter-plate test for quantification of staphylococcal biofilm formation. Journal of 

microbiological methods, 40(2), 175–179. https://doi.org/10.1016/s0167-7012(00)00122-6 

21. Kwiecinska-Piróg, J., Bogiel, T., Skowron, K., Wieckowska, E., &Gospodarek, E. (2015). Proteus 

mirabilis biofilm - qualitative and quantitative colorimetric methods-based evaluation. Brazilian 

journal of microbiology : [publication of the Brazilian Society for Microbiology], 45(4), 1423–1431. 

https://doi.org/10.1590/s1517-83822014000400037 

22. Wilks, S. A., Fader, M. J., & Keevil, C. W. (2015). Novel Insights into the Proteus mirabilis 

Crystalline Biofilm Using Real-Time Imaging. PLOS ONE, 10(10), e0141711. 

https://doi.org/10.1371/journal.pone.0141711 

23. Jones, S. M., Yerly, J., Hu, Y., Ceri, H., &Martinuzzi, R. (2007). Structure of Proteus mirabilis 

biofilms grown in artificial urine and standard laboratory media. FEMS microbiology 

letters, 268(1), 16–21. https://doi.org/10.1111/j.1574-6968.2006.00587.x 

24. Fernández-Delgado, M., Duque, Z., Rojas, H., Suárez, P., Contreras, M., García-Amado, M. A., 

&Alciaturi, C. (2015). Environmental scanning electron microscopy analysis of Proteus mirabilis 

biofilms grown on chitin and stainless steel. Annals of microbiology, 65(3), 1401–1409. 

https://doi.org/10.1007/s13213-014-0978-9 

25. Vestby, L. K., Møretrø, T., Langsrud, S., Heir, E., &Nesse, L. L. (2009). Biofilm forming abilities of 

Salmonella are correlated with persistence in fish meal- and feed factories. BMC veterinary 

research, 5, 20. https://doi.org/10.1186/1746-6148-5-20 

26. KalaiChelvam, K., Chai, L. C., & Thong, K. L. (2014). Variations in motility and biofilm formation of 

Salmonella enterica serovar Typhi. Gut Pathogens, 6(1). https://doi.org/10.1186/1757-4749-6-2 

27. Wang, R., Kalchayanand, N., Schmidt, J. W., &Harhay, D. M. (2013). Mixed biofilm formation by 

Shiga toxin-producing Escherichia coli and Salmonella enterica serovar Typhimurium enhanced 

bacterial resistance to sanitization due to extracellular polymeric substances. Journal of food 

protection, 76(9), 1513–1522. https://doi.org/10.4315/0362-028X.JFP-13-077 

28. Schiebel, J., Böhm, A., Nitschke, J., Burdukiewicz, M., Weinreich, J., Ali, A., Roggenbuck, D., 

Rödiger, S., &Schierack, P. (2017). Genotypic and Phenotypic Characteristics Associated with 

Biofilm Formation by Human Clinical Escherichia coli Isolates of Different Pathotypes. Applied 

and environmental microbiology, 83(24), e01660-17. https://doi.org/10.1128/AEM.01660-17 

29. Ramachandran, G., Aheto, K., Shirtliff, M. E., & Tennant, S. M. (2016). Poor biofilm-forming ability 

and long-term survival of invasive Salmonella Typhimurium ST313. Pathogens and 

disease, 74(5), ftw049. https://doi.org/10.1093/femspd/ftw049 

30. Agarwal, R. K., Singh, S., Bhilegaonkar, K. N., & Singh, V. P. (2011). Optimization of microtitre 

plate assay for the testing of biofilm formation ability in different Salmonella 

serotypes. International Food Research Journal, 18(4), 1493. 

https://doi.org/10.1016/j.ijfoodmicro.2020.108643
https://doi.org/10.1016/j.foodcont.2017.11.012
https://doi.org/10.1038/s41396-018-0146-5
https://doi.org/10.1080/10408398.2019.1632790
https://doi.org/10.1016/s0167-7012(00)00122-6
https://doi.org/10.1590/s1517-83822014000400037
https://doi.org/10.1371/journal.pone.0141711
https://doi.org/10.1111/j.1574-6968.2006.00587.x
https://doi.org/10.1007/s13213-014-0978-9
https://doi.org/10.1186/1746-6148-5-20
https://doi.org/10.1186/1757-4749-6-2
https://doi.org/10.4315/0362-028X.JFP-13-077
https://doi.org/10.1128/AEM.01660-17
https://doi.org/10.1093/femspd/ftw049


 

31. Morium, M. M., Ahsan, S., Kabir, M. S., Akhter, M. Z., & Islam, M. F. (2016). In vitro Biofilm 

Formation Ability of Clinical Isolates of Salmonella enterica SerovarsTyphi and Paratyphi. 

Bangladesh Journal of Microbiology, 35–39. https://doi.org/10.3329/bjm.v31i1.28463 

32. Shatila, F., Yaşa, İ., &Yalçın, H. T. (2021). Biofilm Formation by Salmonella enterica 

Strains. Current microbiology, 78(4), 1150–1158. https://doi.org/10.1007/s00284-021-02373-4 

33. Jonas, K., Tomenius, H., Kader, A., Normark, S., Römling, U., Belova, L. M., &Melefors, O. 

(2007). Roles of curli, cellulose and BapA in Salmonella biofilm morphology studied by atomic 

force microscopy. BMC microbiology, 7, 70. https://doi.org/10.1186/1471-2180-7-70 

34. Pradhan, D., & Devi Negi, V. (2019). Stress-induced adaptations in Salmonella: A ground for 

shaping its pathogenesis. Microbiological research, 229, 126311. 

https://doi.org/10.1016/j.micres.2019.126311 

35. Rodríguez-Melcón, C., Alonso-Hernando, A., Riesco-Peláez, F., García-Fernández, C., Alonso-

Calleja, C., & Capita, R. (2021). Biovolume and spatial distribution of foodborne Gram-negative 

and Gram-positive pathogenic bacteria in mono- and dual-species biofilms. Food 

microbiology, 94, 103616. https://doi.org/10.1016/j.fm.2020.103616 

36. Magajna, B. A., &Schraft, H. (2015). Campylobacter jejuni biofilm cells become viable but non-

culturable (VBNC) in low nutrient conditions at 4 °C more quickly than their planktonic 

counterparts. Food Control, 50, 45–50. https://doi.org/10.1016/j.foodcont.2014.08.022 

37. Salive, A. F. V., Prudêncio, C. V., Baglinière, F., Oliveira, L. L., Ferreira, S. O., &Vanetti, M. C. D. 

(2020). Comparison of stress conditions to induce viable but non-cultivable state in Salmonella. 

Brazilian Journal of Microbiology, 51(3), 1269–1277. https://doi.org/10.1007/s42770-020-00261-w 

38. Shen, Y., Stojicic, S., &Haapasalo, M. (2010). Bacterial viability in starved and revitalized biofilms: 

comparison of viability staining and direct culture. Journal of endodontics, 36(11), 1820–1823. 

https://doi.org/10.1016/j.joen.2010.08.029 

39. Pasquale, D. M. (2019). Understanding the role of iron in biofilm formation, characterization, and 

viable but non-culturable state induction and resuscitation in Salmonella spp. (T). University of 

British Columbia. Retrieved from 

https://open.library.ubc.ca/collections/ubctheses/24/items/1.0378556 

40. Scavone, P., Iribarnegaray, V., Caetano, A. L., Schlapp, G., Härtel, S., & Zunino, P. (2016). 

Fimbriae have distinguishable roles in Proteus mirabilis biofilm formation. Pathogens and 

disease, 74(5), ftw033. https://doi.org/10.1093/femspd/ftw033 

41. Ma, Z., Bumunang, E. W., Stanford, K., Bie, X., Niu, Y. D., & McAllister, T. A. (2019). Biofilm 

Formation by Shiga Toxin-Producing Escherichia coli on Stainless Steel Coupons as Affected by 

Temperature and Incubation Time. Microorganisms, 7(4), 95. 

https://doi.org/10.3390/microorganisms7040095 

42. Visvalingam, J., Ells, T. C., & Yang, X. (2017). Impact of persistent and nonpersistent generic 

Escherichia coli and Salmonella sp. recovered from a beef packing plant on biofilm formation by 

E. coli O157. Journal of applied microbiology, 123(6), 1512–1521. 

https://doi.org/10.1111/jam.13591 

43. Santos Mendonça, R. C., Morelli, A. M. F., Pereira, J. A. M., de Carvalho, M. M., & de Souza, N. 

L. (2012). Prediction of Escherichia coli O157:H7 adhesion and potential to form biofilm under 

experimental conditions. Food Control, 23(2), 389–396. 

https://doi.org/10.1016/j.foodcont.2011.08.004 

44. Vazquez, N. M., Mariani, F., Torres, P. S., Moreno, S., &Galván, E. M. (2020). Cell death and 

biomass reduction in biofilms of multidrug resistant extended spectrum β-lactamase-producing 

uropathogenic Escherichia coli isolates by 1,8-cineole. PLOS ONE, 15(11), e0241978. 

https://doi.org/10.1371/journal.pone.0241978 

45. Gandee, L., Hsieh, J. T., Sperandio, V., Moreira, C. G., Lai, C. H., & Zimmern, P. E. (2015). The 

efficacy of immediate versus delayed antibiotic administration on bacterial growth and biofilm 

production of selected strains of uropathogenic Escherichia coli and Pseudomonas aeruginosa. 

International braz j urol : official journal of the Brazilian Society of Urology, 41(1), 67–77. 

https://doi.org/10.1590/S1677-5538.IBJU.2015.01.10 

https://doi.org/10.3329/bjm.v31i1.28463
https://doi.org/10.1007/s00284-021-02373-4
https://doi.org/10.1186/1471-2180-7-70
https://doi.org/10.1016/j.micres.2019.126311
https://doi.org/10.1016/j.fm.2020.103616
https://doi.org/10.1016/j.foodcont.2014.08.022
https://doi.org/10.1007/s42770-020-00261-w
https://doi.org/10.1016/j.joen.2010.08.029
https://open.library.ubc.ca/collections/ubctheses/24/items/1.0378556
https://doi.org/10.1093/femspd/ftw033
https://doi.org/10.3390/microorganisms7040095
https://doi.org/10.1111/jam.13591
https://doi.org/10.1016/j.foodcont.2011.08.004
https://doi.org/10.1371/journal.pone.0241978
https://doi.org/10.1590/S1677-5538.IBJU.2015.01.10


 

46. Beloin, C., Roux, A., & Ghigo, J. M. (2008). Escherichia coli biofilms. Current topics in 

microbiology and immunology, 322, 249–289. https://doi.org/10.1007/978-3-540-75418-3_12 

47. Sarkar, S., Vagenas, D., Schembri, M. A., &Totsika, M. (2016). Biofilm formation by multidrug 

resistant Escherichia coli ST131 is dependent on type 1 fimbriae and assay 

conditions. Pathogens and disease, 74(3), ftw013. https://doi.org/10.1093/femspd/ftw013 

48. Esteves, C. L., Jones, B. D., & Clegg, S. (2005). Biofilm formation by Salmonella enterica serovar 

Typhimurium and Escherichia coli on epithelial cells following mixed inoculations. Infection and 

immunity, 73(8), 5198–5203. https://doi.org/10.1128/IAI.73.8.5198-5203.2005 

49. Gkana, E. N., Doulgeraki, A. I., Chorianopoulos, N. G., &Nychas, G. E. (2017). Anti-adhesion and 

Anti-biofilm Potential of Organosilane Nanoparticles against Foodborne Pathogens. Frontiers in 

microbiology, 8, 1295. https://doi.org/10.3389/fmicb.2017.01295 

50. Frozi, J. B., Esper, L. M. R., & Franco, R. M. (2017). Single- and Multispecies Biofilms by 

Escherichia coli, Staphylococcus aureus, and Salmonella spp. Isolated from Raw Fish and a Fish 

Processing Unit. Ciência Rural, 47(10). https://doi.org/10.1590/0103-8478cr20170011 

51. Li, T., Yang, B., Li, X., Li, J., Zhao, G., & Kan, J. (2018). Quorum sensing system and influence 

on food spoilage in Pseudomonas fluorescens from turbot. Journal of food science and 

technology, 55(8), 3016–3025. https://doi.org/10.1007/s13197-018-3222-y 

52. Hansmeier, N., Miskiewicz, K., Elpers, L., Liss, V., Hensel, M., & Sterzenbach, T. (2017). 

Functional expression of the entire adhesiome of Salmonella enterica serotype Typhimurium. 

Scientific Reports, 7(1). https://doi.org/10.1038/s41598-017-10598-2 

53. Wang, H., Ding, S., Wang, G., Xu, X., & Zhou, G. (2013). In situ characterization and analysis of 

Salmonella biofilm formation under meat processing environments using a combined microscopic 

and spectroscopic approach. International journal of food microbiology, 167(3), 293–302. 

https://doi.org/10.1016/j.ijfoodmicro.2013.10.005 

54. González-Machado, C., Capita, R., Riesco-Peláez, F., & Alonso-Calleja, C. (2018). Visualization 

and quantification of the cellular and extracellular components of Salmonella Agona biofilms at 

different stages of development. PLOS ONE, 13(7), e0200011. 

https://doi.org/10.1371/journal.pone.0200011 

55. Simm, R., Ahmad, I., Rhen, M., Le Guyon, S., &Römling, U. (2014). Regulation of biofilm 

formation in Salmonella enterica serovar Typhimurium. Future microbiology, 9(11), 1261–1282. 

https://doi.org/10.2217/fmb.14.88 

56. Juarez, G. E., Mateyca, C., & Galvan, E. M. (2020). Proteus mirabilis outcompetes Klebsiella 

pneumoniae in artificial urine medium through secretion of ammonia and other volatile 

compounds. Heliyon, 6(2), e03361. https://doi.org/10.1016/j.heliyon.2020.e03361 

57. Kart, D., YabanogluCiftci, S., &Nemutlu, E. (2020). Altered metabolomic profile of dual-species 

biofilm: Interactions between Proteus mirabilis and Candida albicans. Microbiological 

research, 230, 126346. https://doi.org/10.1016/j.micres.2019.126346 

58. Gaston, J. R., Andersen, M. J., Johnson, A. O., Bair, K. L., Sullivan, C. M., Guterman, L. B., 

White, A. N., Brauer, A. L., Learman, B. S., Flores-Mireles, A. L., & Armbruster, C. E. (2020). 

Enterococcus faecalis Polymicrobial Interactions Facilitate Biofilm Formation, Antibiotic 

Recalcitrance, and Persistent Colonization of the Catheterized Urinary Tract. Pathogens, 9(10), 

835. https://doi.org/10.3390/pathogens9100835 

59. Lamas, A., Miranda, J. M., Vázquez, B., Cepeda, A., & Franco, C. M. (2016). Biofilm formation, 

phenotypic production of cellulose and gene expression in Salmonella enterica decrease under 

anaerobic conditions. International journal of food microbiology, 238, 63–67. 

https://doi.org/10.1016/j.ijfoodmicro.2016.08.043 

60. Hu, M., Zhang, C., Mu, Y., Shen, Q., & Feng, Y. (2010). Indole affects biofilm formation in 

bacteria. Indian journal of microbiology, 50(4), 362–368. https://doi.org/10.1007/s12088-011-

0142-1 

61. Lee, J., Jayaraman, A., & Wood, T. K. (2007). Indole is an inter-species biofilm signal mediated 

by SdiA. BMC Microbiology, 7(1). https://doi.org/10.1186/1471-2180-7-42 

https://doi.org/10.1007/978-3-540-75418-3_12
https://doi.org/10.1093/femspd/ftw013
https://doi.org/10.1128/IAI.73.8.5198-5203.2005
https://doi.org/10.3389/fmicb.2017.01295
https://doi.org/10.1590/0103-8478cr20170011
https://doi.org/10.1007/s13197-018-3222-y
https://doi.org/10.1038/s41598-017-10598-2
https://doi.org/10.1016/j.ijfoodmicro.2013.10.005
https://doi.org/10.1371/journal.pone.0200011
https://doi.org/10.2217/fmb.14.88
https://doi.org/10.1016/j.heliyon.2020.e03361
https://doi.org/10.1016/j.micres.2019.126346
https://doi.org/10.3390/pathogens9100835
https://doi.org/10.1016/j.ijfoodmicro.2016.08.043
https://doi.org/10.1007/s12088-011-0142-1
https://doi.org/10.1007/s12088-011-0142-1
https://doi.org/10.1186/1471-2180-7-42


 

62. Valle, J., Da Re, S., Schmid, S., Skurnik, D., D'Ari, R., & Ghigo, J. M. (2008). The amino acid 

valine is secreted in continuous-flow bacterial biofilms. Journal of bacteriology, 190(1), 264–274. 

https://doi.org/10.1128/JB.01405-07 

63. Seixas, R., Machado, J., Bernardo, F., Vilela, C., & Oliveira, M. (2014). Biofilm formation by 

Salmonella enterica serovar 1,4,[5],12:i:- Portuguese isolates: a phenotypic, genotypic, and 

socio-geographic analysis. Current microbiology, 68(5), 670–677. https://doi.org/10.1007/s00284-

014-0523-x 

64. Bashir, A., Azeem, A., Stedman, Y., & Hilton, A. C. (2019). Pet Food Factory Isolates 

ofSalmonellaSerotypes Do Not Demonstrate Enhanced Biofilm Formation Compared to Serotype-

Matched Clinical and Veterinary Isolates. BioMed Research International, 2019, 1–7. 

https://doi.org/10.1155/2019/8569459 

65. Avila-Novoa, M. G., Guerrero-Medina, P. J., Navarrete-Sahagún, V., Gómez-Olmos, I., 

Velázquez-Suárez, N. Y., de la Cruz-Color, L., & Gutiérrez-Lomelí, M. (2021). Biofilm Formation 

by Multidrug-Resistant Serotypes of Salmonella Isolated from Fresh Products: Effects of 

Nutritional and Environmental Conditions. Applied Sciences, 11(8), 3581. 

https://doi.org/10.3390/app11083581 

66. Iñiguez-Moreno, M., Gutiérrez-Lomelí, M., Guerrero-Medina, P. J., & Avila-Novoa, M. G. (2018). 

Biofilm formation by Staphylococcus aureus and Salmonella spp. under mono and dual-species 

conditions and their sensitivity to cetrimonium bromide, peracetic acid and sodium 

hypochlorite. Brazilian journal of microbiology : [publication of the Brazilian Society for 

Microbiology], 49(2), 310–319. https://doi.org/10.1016/j.bjm.2017.08.002 

 

 

 

 

https://doi.org/10.1128/JB.01405-07
https://doi.org/10.1007/s00284-014-0523-x
https://doi.org/10.1007/s00284-014-0523-x
https://doi.org/10.1155/2019/8569459
https://doi.org/10.3390/app11083581
https://doi.org/10.1016/j.bjm.2017.08.002

