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Summary 
Salmonella spp. is capable of adhering and forming a biofilm on materials of different kinds 
during their life cycle, contaminating the food chain, thus representing a potential danger 
for consumers. This review discusses the ability of Salmonella to form biofilm as the main 
obstacle to reducing the prevalence of these pathogens in food production. The components 
of Salmonella biofilm, such as cellulose, curli fimbriae, outer membrane proteins (OMPs) and 
their molecular bases are described, as well as various Salmonella morphotypes (rdar, bdar, 
pdar and saw). OMPs play very important roles in the cells of Salmonella strains, because they 
are at the interface between the pathogenic cells and the host tissue and they can contribute 
to adherence, colonization, virulence and biofilm formation. Furthermore, the importance of 
quorum sensing is discussed as a crucial factor regulating the properties of biofilm formation and 
pathogenicity. To further illustrate that biofilm formation is a mechanism used by Salmonella 
to adapt to various environments, the resistance of Salmonella biofilms against different stress 
factors including antimicrobials (disinfectants, antibiotics and plant extracts) is described.
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INTRODUCTION

According to the newest European Food Safety Authority 
(EFSA) report, Salmonella spp. is still the second highest 
zoonoses source in the European Union. In 2016, Salmo-
nella enterica was responsible for 94.530 confirmed cases 
of salmonellosis in humans and 128 deaths in the EU. The 
food-borne pathogen Salmonella is a well-known example 
of bacteria responsible for human and animal infections. 
The main sources of this pathogen are poultry products, 
such as chicken meat, eggs and egg products [14]. Infec
tion (salmonellosis) caused by certain members of the 
genus are a serious epidemiological and economic prob
lem worldwide. Host-to-host transmission in most Salmo-
nella serovars occurs generally via the fecal–oral route. 
Human salmonellosis is an infectious disease occurring in 
various clinical forms and levels of severity (most often 
gastroenteritis), usually self-limiting. In poultry, the 
course of salmonellosis is often asymptomatic and a car
rier state may occur, representing a zoonotic threat. Fur
thermore, some infected individuals, both cattle, swine, 
poultry and humans, can become carriers and, as a result, 
can excrete Salmonella in their feces at length, and thereby 
they can function as a reservoir for this pathogen. These 
infected individuals are crucial items for zoonotic control 
because they represent a significant way to transmit dis
ease [57, 68]. Moreover, the carrier state in livestock can 
increase the probability that Salmonella survives in a farm 
environment, in spite of adverse and stressful environ
mental conditions, and consequently lead to the forma
tion of biofilm outside the host on abiotic surfaces and 
possible contamination of food products [20].

The barrier to the disadvantageous environmental 
conditions, which hinders the eradication of microor
ganisms, is a biofilm – a complex biological structure 
consisting of many bacterial cells surrounded by lay
ers of substances produced by them. In environmental 
settings, biofilms are a common element in the life of 
microorganisms [27]. Salmonella enterica, as well as other 
species from the Enterobacteriaceae family, is capable of 
adhering and forming biofilm on materials of different 
kinds during their life cycle [29, 45]. This ability of non-
enterica subspecies (Salmonella enterica subsp. arizonae/
diarizonae/houtenae/salamae) is more poorly examined 
but is described and compared briefly below. No studies 
have been found relevant to the species Salmonella bon-
gori and its ability to produce biofilm thus our review 
only applies to Salmonella enterica.

Although the main sources of Salmonella are poultry prod
ucts, fresh products, such as fruits and vegetables, are 
increasingly contaminated with Salmonella, even those 
cultivated by pumped irrigation water. The consequences 
of consuming such products without heat treatment are  
a serious public health problem in view of salmonellosis 
outbreaks [35, 64]. Next to the global problem of increasing 
antimicrobial resistance, announced by the World Health 
Organisation (WHO), the ability of bacteria to form biofilm 
may cause therapeutic problems in human and veterinary 

medicine. The literature provides a number of publica
tions [32, 41, 42, 59] claiming that biofilms, including those 
formed by Salmonella enterica, are more resistant to antimi
crobial factors than planktonic forms. This aspect is dis
cussed in a later part of the review.

SALMONELLA BIOFILM TYPES

The reasons that bacteria aggregate together are still 
not fully understood. Xavier et al. [69] suggest that it 
could be the result of cells competing with each other 
for access to nutrients and oxygen. The formation of 
biofilms may enable the survival of Salmonella, allowing 
it to resit such stresses as antimicrobials, extreme tem
peratures, low-nutrition conditions, acidic pH and dif
ferent atmospheres [25, 56].

There are a few Salmonella biofilm types, such as pel
licles, that appear at the air-liquid interface as a film 
of cells in standing liquid cultures [53]. The accumu
lated multicellular aggregate in the bottom of the flask 
is a different type of Salmonella biofilm. In this model, 
described in detail by MacKenzie et al. [31], planktonic 
cells are suspended in the growth media in relatively 
stable proportions to multicellular aggregates. The 
well-known Salmonella biofilm phenotype, called rdar 
on account of the colony appearance on Congo Red agar 
plates, is described in detail below, as well as a less fre
quent Salmonella morphotype.

BIOFILM FORMING ABILITY WITHIN THE ENTIRE 
SALMONELLA GENUS

Salmonella strains, intensively producing biofilm, can 
persist in the food chain and consequently contaminate 
food products, resulting in a negative impact on public 
health. A well-defined and studied serovar of subspecies 
enterica is Salmonella Typhimurium, while S. Enteritidis as  
a zoonotic and food-borne serovar like S. Typhimu
rium has been described in a few studies [25, 33, 42, 54]. 
According to the EFSA report, S. Enteritidis and S. Typh
imurium are the most significant serovars with regards 
to foodborne outbreaks [14]. Lamas et al. [24] described 
the cap ability of different subspecies forming biofilm: 
arizonae, diarizonae and salamae on polystyrene surfaces. 
However, some strains of the subspecies salamae have 
shown more biofilm formation ability than other subspe
cies.  Moreover, in that study all the examined strains of 
the subspecies salamae produce cellulose and curli fim
briae, which are crucial extracellular components and are 
described in detail below. The production of both of these 
components differs among S. enetrica as well as other sub
species, with the exception of subspecies arizonae [65].

OCCURRENCE OF SALMONELLA BIOFILM

Numerous studies have reported that Salmonella enterica 
serovars are able to adhere and form biofilm on plastic, 
glass, even on stainless steel [19, 21, 67]. These materi
als are commonly used in kitchens and toilets but, above 



939

Ćwiek K. et al. – Salmonella biofilm development...

COMPONENTS OF SALMONELLA BIOFILMS

All bacterial cells in a biofilm structure are embedded in 
a self-produced matrix of extracellular polymeric sub
stances (EPS) [13]. The composition of EPS depends on 
the species and environmental conditions and can con
sist of a variety of polysaccharides, proteins and even 
nucleic acids. With regard to Salmonella, the essential 
components are cellulose  [53] and curli fimbriae  [5]. 
Cellulose (β-1-4-D glucose polymer) is an important sub
stance in the exopolysaccharide fraction of Salmonella 
EPS and is responsible for its sticky texture and long-
range cell-cell interactions [49, 53] and thus is essential 
for the development of Salmonella biofilms on epithelial 
cells [7, 29]. The bcsABCZ  operon is indispensable in the 
expression of cellulose. Moreover, it encodes structural 
genes of cellulose biosynthesis [72] as well as catalytic 
subunit (synthase –BcsA). Using a bcsA mutant, it was 
determ ined that cellulose has a crucial role in biofilm 
formation on epithelial cell surfaces and glass [29, 45], 
even though Malcova et al. [33] noticed that cellulose is 
dispensable for Salmonella Enteritidis adherence to poly
styrene during biofilm formation. Moreover, deficiency 
of cellulose in Salmonella Enteritidis does not affect its 
virulence but causes increased sensitivity to chlorine 
treatments  [53]. While the contribution of cellulose 
in Salmonella virulence has not been researched yet, 
numerous studies described virulence-associated fea
tures connected with curli fimbriae expression [18, 39, 
40, 51]. Their biosynthesis is performed by two operons: 
csgDEFG and csgABC. The main structural protein subunit 
of curli fimbriae is CsgA, which is positively regulated, 
as well as CsgB, by the global response regulator of the 
LuxR superfamily CsgD. CsgD protein is also required 
for the activation of cellulose production through the 
expression of AdrA, a member of the GGDEF protein 
family, involved in cellulose biosynthesis [72].

A hydrophobic network, consisting of cellulose and curli 
fimbriae covering a matrix of tightly packed Salmonella 
cells, is important in biofilm formation as well as in its sur
vival on various biotic and abiotic surfaces [12, 53]. These 
facts may indicate that these EPS components play a cru
cial role in the persistence and resistance of Salmonella in 
food, farm and hospital environments. OMPs also play very 
important roles in the biofilm formations of Salmonella 
strains, because these structures are the barrier between 
the pathogenic cell and the host cell and they can contrib
ute to adhesion, colonization and virulence; OMPs such 
as SadA are especially involved in biofilm formation, cell 
aggregation and increased adhesion to human intestinal 
epithelial cells. Another protein, such as secreted BapA pro
tein, is also required for biofilm formation [46].

MORPHOTYPES OF SALMONELLA COLONY

Cellulose and/or curli fimbriae are expressed by Entero-
bacteriaceae, including Salmonella enterica [11, 17, 39, 47, 
72]. The presence or lack of cellulose and curli fimbriae 
biosynthesis determines four morphotypes of Salmonella 

all, in slaughter houses, farms and the the food industry. 
Taking into account the ability of Salmonella to survive 
on abiotic surfaces, Salmonella can represent a potential 
danger for consumers by contaminating food products. 
A number of publications [44, 50, 63] describe Salmonella 
strains being associated with fruit, nut or vegetable con
tamination outbreaks. Yaron and Römling [70] noticed 
that Salmonella is able to form biofilm on lettuce, toma
toes parsley and cucumber. It should be a major issue 
for human and animal health and quide the importance 
of adequate hygiene and disinfection methods in food 
production to control and prevent the presence of food-
borne pathogen biofilms. 

Many studies [25, 30, 33, 43, 60] used polystyrene and 
stainless steel to perform Salmonella biofilm assays. Most 
of them have shown that Salmonella strains are able to 
form biofilm on polystyrene surfaces commonly used 
in meat or fruit packing as well as in water supplies or 
feeding stations in poultry farms.

Stepanovic et al. [58] examined more than a hundred 
Salmonella enterica strains for their ability to pro
duce biofilm in both nutrient-rich and nutrient-poor 
media. It turns out that Salmonella produce more bio
film in media lacking in nutritional ingredients. This 
finding shows that the requirements of this species 
are not high and the pathogen can survive even in 
an adverse environment such as the relatively clean 
surfaces of the food industry or home kitchens. Paz-
-Mendez  et. al  [43], unlike other researchers, used 
food residues, such as tomato and chicken meat juices 
as well as milk, instead of common growth media, to 
evaluate how they impact the biofilm-forming ability 
of Salmonella enterica strains. Moreover, these authors 
used a biofilm assay to test different conditions that 
the strains can encounter in each step of the food 
chain, and two types of surfaces (polystyrene and 
stainless steel). Salmonella strains were able to pro
duce biofilm with chicken meat juice growth medium 
under all conditions. This discovery proves that meat 
juice can be a nutrient source allowing Salmonella to 
form biofilm during food processing.

The significant ability of Salmonella to form micro
colonies and even mature biofilms on biotic surfaces 
such as epithelial cells is well described [7, 28] and 
is a concern in both veterinary and human medicine. 
The ability to grow biofilms on chicken intestinal tis
sue, the Hep-2 model system, was described by Lede
boer et al. [28]. Due to the fact that Salmonella is an 
important member of the intestinal flora of turkeys 
and chickens, this research can be useful in biofilm 
formation studies. Understanding the interactions 
and genetics factors responsible for Salmonella biofilm 
production may facilitate the development of meth
ods to modify and control Salmonella colonization as 
well as the transmission this food-borne pathogen 
makes from poultry to a variety of hosts.
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processing environments have the potential to act as  
a chronic source of microbial contamination and, in con
sequence, foster food spoilage or disease transmission [9, 
21]. Bacterial cells in biofilms differ from planktonic cells, 
especially in terms of their increased resistance to antimi
crobials, which occurs by them using various mechanisms 
such as modifying their physiological state (decreased 
metabolism and growth rate), activating efflux pumps or 
multi-drug resistant operons as well as overproduction of 
enzymes degrading biocides and antibiotics [10]. There 
are many studies comparing the efficacy of commonly 
used disinfectants against Salmonella biofilm [3, 21, 23, 
59]. It was noted that cellulose plays an important role in 
the resistance to antimicrobials by Salmonella biofilm. This 
was confirmed using cellulose mutants compared with 
wild-type Salmonella in a test of the efficacy of sodium 
hypochlorite [53]. Furthermore, Mangalapalli – Illathu 
and Korber [34] found adaptive resistance mechanism in 
Salmonella biofilms against benzalkonium chloride. Adapt-
ation was associated with the up-regulation of key pro
teins involved in stress response, detoxification of cells 
and an overall protein biosynthesis intensification. This 
study showed that exposure to sub-inhibitory concen
trations of disinfectants over a certain time period may 
cause them to acquire the ability to survive a normally 
lethal dose of antimicrobials, including disinfectant. 

The discovery of antibiotics is one of the most signific ant 
findings in the history of medicine. Their use in clinical 
treatments is accompanied by the emergence of resist
ant bacteria, including Salmonella. As well as an increased 
resistance to disinfectants, Salmonella biofilms are also 
characterised by resistance to antibiotics. Several stud
ies describe research on the resistance of Salmonella bio
film to antimicrobials, such as ampicillin, ciprofloxacin, 
gentamicin, tetracycline or third-generation cephalo
sporins such ceftriaxone and cefotaxime [32, 41]. Papa
vasileiou et al.  [42] compared 194 Salmonella enterica 
strains isolated from hospitalized children by examin
ing their ability to produce biofilm on silicone surfaces. 
Afterwards, susceptibility to nine antimicrobials was 
tested by comparing biofilms and planktonic forms. In 
every case, biofilms showed higher resistance to the 
tested antimicrobials, but the most significant resist
ance rate was for gentamicin and ampicillin. Moreover, 
a current problem that has been noticed concerns the 
increasing resistance to ciprofloxacin used to treat non-
typhoid Salmonella infection [14]. It was reported that S. 
Typhimurium biofilms preformed on polystyrene micro
plates also exhibited up to a 200-fold greater resistance 
to ciprofloxacin compared to planktonic cells [59]. 

The selective pressure caused by antibiotic irresponsible 
use (overuse, as well as misuse), especially in veterinary 
medicine and animal husbandry, causes the bacteria to 
develop resistance [10, 14]. Furthermore, the increas
ing concern regarding the potential resistant bacteria 
transmission from the food industry via the food chain 
recently also includes bacteria producing biofilm [26].

colonies [49]. Expression of these EPS components may be 
visualized by culturing the cells of Salmonella serovars on 
Congo Red Agar at temperatures lower than 30°C [15]. Sal-
monella expressing cellulose as well as curli fimbriae dis
play red, dry and rough (rdar) colonies. Disruption of one 
or both of these components leads to the development of 
distinct morphologies [48]. Bacteria of the pink dry and 
rough (pdar) morphotype express cellulose but no curli 
fimbriae [47, 53]. Cellulose production impairment gener
ates a brown dry and rough (bdar) morphotype on Congo 
Red Agar plates, characteristic for curli fimbriae expres
sion only. The occurrence of smooth and white (saw)  
colony appearance at 28°C is most likely a consequence 
of CsgD transcriptional regulator deactivation [47]. How
ever, some studies [25, 56] demonstrated that anaerobic 
conditions affect the presence of the Salmonella saw mor
photype at 28°C (despite the rdar mophotype occurring 
at the same temperature but under aerobic conditions) 
and inhibits biofilm production on polystyrene. In food 
production, a special modified atmosphere packing (MAP) 
is used, which decreases O2 concentration by using CO2. 
This method is widely utilized for meat preservation [71].

QUORUM-SENSING IN FORMATION OF BIOFILM STRUCTURES

The sensitivity and response to bacterial population dens-
ity is a process called bacterial cell-to-cell communication 
or, frequently, biofilm. In some bacterial species, includ
ing Salmonella enterica, quorum sensing regulates proper 
biofilm formation and pathogenicity [16, 66]. This abil
ity could be significant in food production. The libera
tion of microorganisms from a biofilm, as a typical stage 
in its development, can initiate biofilm formation on 
abiotic surfaces and in consequence, contaminate pro
duced food  [26]. The Salmonella quorum-sensing mech
anism and its vital corollary for safety of food production 
is researched extensively [4]. Between Salmonella cells, 
an acyl homoserine lactone (AHL) quorum sensing system 
has been recognized and described. The significant com
ponent of this system belongs to the LuxR family and is 
named SdiA [2]. It detects and responds to AHL signals 
produced by other bacterial species [1, 36, 55]. Moreo
ver, SdiA regulates two potential Salmonellaloci responsi
ble for human complement resistance, intestinal survival 
or colonisation: rck (resistance to complement killing) 
and srgE  (sdiA – regulated  gene E) [2, 52]. Rck promotes 
adherence to epithelial cells and extracellular matrix pro
teins. Instead, srg being part of the rck operon such as pef, 
appears to affect the expression and function of the pef 
operon responsible for plasmid-encoded fimbriae [8, 37].

RESISTANCE OF SALMONELLA IN BIOFILMS TO STRESS 
CONDITIONS

The essential issue in animal production and the food 
industry is ensuring adequate sanitation standards by 
regulating cleaning, appropriate disinfection and bal
anced use of antibiotics. It is known that bacteria in 
biofilms are characterized by enhanced resistance to 
cleaning and sanitation. Biofilms occurring in food 
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trol of bacteria in food processing environments. Further
more, the investigation of coriander, garlic, rosemary and 
orange peel essential oil effects on the survival of Salmo-
nella Enteritidis revealed that rosemary oil proved to be 
the least effective of all the tested oils [61]. 

The in vitro efficacy of natural plant extracts against bio
films calls for further research into their use in the food 
industry and other fields.

CONCLUSION

Studies on bacterial biofilm have been increasing due 
to the significance of biofilm in veterinary, clinical, 
environmental and food microbiology fields. Through
out this review, the profile of Salmonella biofilm in the 
food production has been elaborated. Even though 
many reports about this topic have been published, 
more studies are needed to understand properly the 
behaviour of Salmonella cells in biofilms and how wild 
Salmonella strains can survive within the whole food 
chain. Unquestionably, any assays studying commonly 
used nutrients, such as fruit, vegetables or meat juices 
in biofilm formation, provide practical knowledge and 
should be constantly conducted and improveed. Fur
thermore, all phenotypic biofilm assays should be 
enriched by transcriptomic and proteomic studies. The 
success of alternative methods in inhibiting cell attach
ment and biofilm development indicates a promising 
implement for reducing microbial colonization of food 
processing surfaces. Furthermore, understanding all 
issues discussed above allows for the control and even 
prevention of biofilm formation in the food industry.

ALTERNATIVE STRATEGIES TO CONTROL BIOFILM 

Due to unsuccessful disinfection processes and increasing 
resistance to antimicrobilas among bacteria, conventional 
control biofilm methods, such as removing by thermal, 
mechanical, or chemical principles, are unfortunately 
becoming ineffective and new alternative startegies of 
biofilm eradication should be developed. Furthermore, 
the use of chemical detergents and disinfectants depends 
on their efficacy, safety and toxicity and the impact on 
final food product. Therefore, the use of solutions formu
lated with essential oils or plant extract in biofilm control 
process is worth considering [6].

The results of reserach conducted by Karampoula et 
al. [22] show significant antimicrobial action of a natural 
plant extract from Mediterranrean spice Thymbra capi-
tata against both planktonic and biofilm Salmonella Typh
imurium cells. According to the authors, hydrosol has 
numerous advantages as a disinfectant of food-contact 
surfaces. Next, control strategies are also described by Oh 
et al. [38], who tested the effect of essential oils on the 
anti-biological biofilm formation of Salmonella strains in 
in vitro experiments. The suppression of biofilm through 
essential oils has been observed. Cavacrol and thymol, 
which are phenolic components of oregano and thyme 
essential oil, had a better result on anti-biofilm formation 
of Salmonella than oregano essential oil. Confirmation of 
the above results can be found in the research by Tre
visan et al. [62], in which it has been proved that carvac
rol exhibited antibacterial and antibiofilm action against 
S. Typhimurium. Thus, it can be suggested that carvacrol 
could be used as an sanitization alternative for the con
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