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Abstract: The foodborne pathogen Listeria monocytogenes is a concern in food safety because of its
ability to form biofilm and to persist in food industry. In this mini-review, the issue represented by

this pathogen and some of the latest efforts performed in order to investigate the composition of
biofilms formed by L. monocytogenes are summarized.
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1. Introduction

Listeria monocytogenes are a Gram-positive, rod-shaped ubiquitous bacteria that cause human
listeriosis, a rare disease associated with high hospitalization and mortality rates—causing septicemia,
meningitis, miscarriage, and stillbirth—that affects the elderly, pregnant women, newborns, and
immunocompromised adults [1]. The ingestion of contaminated food (such as meat, poultry, dairy,
vegetables, and ready to eat products) is the main route of transmission to humans [2].

This foodborne pathogen is well known to form biofilms, that are structured communities of
bacterial cells embedded in a self-produced matrix of extracellular polymeric substances (EPSs),
characterized by an altered phenotype and gene expression [3]. L. monocytogenes are able to form
biofilm on several surfaces used in the food industry, representing a serious concern for food safety
because it could serve as source of contamination. In fact, L. monocytogenes has been isolated from
a wide range of processed foods [4-7] and also cooked food can be contaminated as the results of
post-process contamination. In this mini-review, we summarized some of the efforts that have been
conducted in order to characterize biofilms of Listeria monocytogenes.

2. L. monocytogenes in the Food Industry

L. monocytogenes is able to attach to many food-contact surfaces, such as stainless steel, polystyrene
and glass [8]. It has been found to persist even for several years in food industries, where it could cause
recurrent cross-contamination of food products [9]. In this field, Whole Genome Sequencing (WGS) is
an important tool. In the recent years it has emerged as the best method to perform epidemiological
surveillance and investigation of outbreaks, since it allows a more sensitive differentiation of bacterial
subtypes respect to other classical molecular subtyping methods [10,11]. Very detailed information
about the phylogenetic relationship results from the analysis of Single Nucleotide Polymorphisms
(SNPs) in the whole genome of isolated strains. From 2013, the U.S.A. started to sequence all
the Listeria monocytogenes isolates collected from clinical, food, and environmental sources (as part of
the GenomeTrakr project) [12], since WGS was able to differentiate strains of L. monocytogenes isolated
from the same outbreak that showed paucity of genetic diversity [13-15]. For this reason, this tool could
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be applied to study persistence of listerial strains in the food industry—e.g., by tracking the source
of contamination—and to investigate the molecular mechanisms linked to persistence. There are
different theories trying to explain the persistence of L. monocytogenes within food processing plants.
One theory concerns the presence of particularly persistent, dormant, non-dividing cells, that present
an increased ability to survive environmental stresses [16,17]. According to Carpentier and Cerf [18],
the persistence could be related to the inability to remove cells from niches (hard to clean sites) within
the food environment, where they can survive and grow, rather than the presence of strains with
unique properties leading to persistence. On the contrary, other authors argue that bacterial persistence
is more likely related to biofilm formation, since cells within biofilms are more resistant to biocides
and stress conditions (including cleaning and disinfection/sanitization) [19-21].

Microbial cells within a biofilm are organized in complex structures in which they are embedded
in a self-produced matrix of extracellular polymeric substances (EPSs), that are responsible for
the adhesion to surfaces and cohesion in the biofilm [22]. EPSs also confer several features to biofilm,
such as the structure complexity, a higher resistance to removal and destruction, and an increased
resistance to antimicrobials. Furthermore, in the last stage of biofilm development, microbial cells
are able to detach from the biofilm and to disperse into the environment (in their planktonic form),
representing a potential source of contamination [23] (Figure 1).
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Figure 1. Schematic representation of the biofilm development stages. (a) The first step involves
planktonic cells reversible attachment to surfaces; (b) the adhered cells begin to form a monolayer and
to produce extracellular matrix; (c) the cells within the self-produced extrapolymeric matrix continue
to grow and form multilayered microcolonies; (d) cells are irreversibly attached to the surface and
embedded in the matrix: the biofilm is mature; (e) in the last stage of biofilm formation, cells are
able to detach from the biofilm and to return in planktonic form, ready to colonize new surfaces.
Adapted from [24].

Some important potential sources of contamination by L. monocytogenes are represented by
environmental surfaces such as walls and floor: people, air, and cleaning systems may serve as vectors
for microorganisms transmission to food [25]. Floors, waste water pipes, bends in pipes, conveyor
belts, rubber seals, and stainless steel surfaces are some of the most common sources involved in
biofilm accumulation, as well as improperly cleaned and sanitized equipment and airborne microbiota,
that are also involved in contamination [25].

Several studies reported a minor sensitivity to biocides of L. monocytogenes within biofilm
respect to its planktonic counterpart [26-30] and that the ability of bacteria to form biofilm enhances
the resistance of this microorganism to antimicrobials [29,31]. Many antimicrobials that are used in food
industry for removing L. monocytogenes are usually able to reduce and inactivate the microorganisms.
Nonetheless, there are still some risks related to the detachment and the regrowth of the cells [32,33].
For all these reasons, biofilms still represent a great concern in food industry.
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3. Biofilms by L. monocytogenes

Biofilm formation by L. monocytogenes is influenced by a multitude of conditions, hereafter briefly
summarized. Temperature plays an important role in favoring biofilm formation [8,34], as well as
the nature of adhesion surface and its hydrophobicity [35]. Most of the studies focused on biofilm
formation of L. monocytogenes were conducted at temperatures higher than the low temperatures
typical of food processing environments. Biofilm formation was often tested at 37 £ 2 °C, the listerial
optimum growth temperature, and 25 °C (the temperature that the microorganism presents flagella).
Di Bonaventura et al. [8] analyzed biofilm formation of 44 different isolates of L. monocytogenes on
different surfaces at four temperatures (4, 12, 22, and 37 °C). They observed complex organization of
L. monocytogenes biofilms at both 22 and 37 °C in terms of cell number and EPSs produced, whereas
a rudimentary biofilm consisting of sparse cluster of cells and few EPSs were observed at both 4 and
12 °C. Authors suggested that these results were not due to a different cellular physiology but rather
to a reduced growth of bacteria.

According to this work [8], L. monocytogenes was able to form biofilms at 4 and 12 °C with higher
levels on glass compared to the more hydrophobic stainless steel and polystyrene. Nonetheless, authors
also observed a significantly higher biofilm production at 37 °C than at 4 °C. Similar results were
obtained by Tomici¢ et al. [36]. They observed a significantly stimulated biofilm formation of
L. monocytogenes strains at 25, 37, and 42 °C in comparison to the lowest incubation temperature
7 °C. Also Chavant et al. [37] observed the ability of L. monocytogenes LO28 strain to colonize
a polytetrafluoroethylene (PTFE) surface at 37 °C, but not at 8 °C.

On the other hand, other authors observed biofilm formation at refrigerator-like temperatures,
such as Bonsaglia et al. [38], that observed biofilm formation at 4 °C on different surfaces, with higher
levels of biofilm on stainless steel and glass compared to polystyrene. Also Norwood and Gilmour [39]
reported two L. monocytogenes isolates that were able to adhere in the same way at 4 °C and 30 °C.

It is possible that biofilm formation at low temperatures could be regulated by genes that are
not implicated in this process at higher temperatures, as recently reported by Piercey et al. [40].
They observed enhanced biofilm formation at 15 °C in bacteria mutated in 9 genes not previously
linked to this process, as well as in other bacteria carrying mutation in 10 genes known to be involved
in biofilm formation at higher temperatures.

The ability of L. monocytogenes to produce biofilms at low temperatures used during food
processing and storing increases the likelihood of cross-contamination.

A strong strain-to-strain variation in biofilm forming ability was observed. Although some
authors reported a correlation between lineages and biofilm forming ability (with lineage II strains
presenting higher levels of biofilm production) [41], other results did not support these findings [8].

Biofilm architectures were also observed to be different among strains. Two recent studies
analyzed the three-dimensional structure of several strains of L. monocytogenes by Confocal Laser
Scanning Microscopy [23,42]. In both the articles, different structures were observed that were
different in biovolume, mean thickness, and roughness, ranging from flat multilayers to complex
honeycomb-like structures. Among the observed structures, the honeycomb-like morphotype was
the dominant one, characterized by layers of cohesive cells, heterogeneously distributed, decorated
with hollow voids and localized pockets containing dead cells and extracellular DNA (eDNA) [42].

In natural environments, such as in food industry, biofilms are composed by multiple bacterial
species (mixed-species biofilms). Mixed-species biofilms have been found to be more resistant to
disinfectants and sanitizers than the rarely occurring, more studied, mono-species biofilms.

Biofilm formation of L. monocytogenes in mixed-species biofilms was also studied. In a study of
2004, the effect of 29 food-related bacterial strains on L. monocytogenes biofilm formation on stainless
steel was tested [43]. It was observed that co-cultivation with four of the tested strains was able to
increase listerial biofilm formation, whereas the other strains showed no effect or resulted in decrease
of biofilm formation. Other studies showed either an increase of number of listerial cells within
biofilms when it was co-cultivated with Flavobacterium spp. [44], or a similarity in the number of cells
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between mono-species listerial biofilms and mixed-species biofilms in co-cultivation with different
Staphylococcus aureus strains [45]. In contrast, different studies about co-cultivation of L. monocytogenes
with food-related strains showed that some species—such as Staphylococcus sciuri [46], Pseudomonas
fragi [39], Enterococcus durans, and Lactococcus lactis [47]—were able to prevent the increase of listerial
population within biofilms.

The influence of other factors on mono-species and multi-species listerial biofilms was also
investigated by Silva et al. [48] that analyzed the formation of L. monocytogenes, Enterococcus faecium,
and Enterococcus faecalis (that were found to be present in cheese processing plants in previous studies)
mixed-species biofilms on stainless steel at various temperatures and contact times. They observed
that the presence of Enterococcus spp. and temperatures affected the growth of L. monocytogenes; in
particular, at 25 °C, L. monocytogenes biofilm growth was higher in mixed-species cultures, whereas
the opposite effect was observed at 39 °C.

The resistance to antimicrobials of L. monocytogenes mixed-species biofilms was also investigated.
A study by van der Veen et al. [31] revealed a higher resistance to the disinfectants benzalkonium
chloride and peracetic acid of mixed-species biofilms of L. monocytogenes and Lactobacillus plantarum
compared to the mono-species listerial biofilms. On the contrary, other authors did not observe
an influence of culture conditions on L. monocytogenes resistance to antimicrobials when it was
co-cultivated with Pseudomonas putida [49] or with Salmonella enterica [50].

4. L. monocytogenes Biofilm Matrix

The extracellular matrix is an important component of L. monocytogenes biofilms [51].
Exopolysaccharides, proteins, and eDNA are the main molecules composing the biofilm matrix
of several bacteria [52]. Studies focused on characterizing the listerial biofilms showed the presence of
all these structures. In particular, teichoic acids were observed to represent the major polysaccharides,
since NMR analysis as well as mutational studies showed the presence of TAs in biofilms and their
role in biofilm formation [53,54].

Differently from biofilms formed by other microorganisms (such as mucoid strains of Pseudomonas
aeruginosa) in which polysaccharides are the major EPSs [55], quantification of extracellular components
of listerial biofilms by Combouse et al. [56] indicated proteins as being most abundant among
extracellular substances. Other authors also observed that protease treatment of biofilms was able to
impair biofilm development or to induce dispersal of the cells [57,58], indicating a role of proteins in
biofilm development and maintenance. Both extracellular and surface proteins (such as internalin
A—inlA, and biofilm associated protein BapL) were found to be part of extracellular matrix [59].
Very recently, another class of internalin proteins (internalin L—inlL) was found to be involved in both
initial bacterial adhesion and sessile development in L. monocytogenes EGD-e [60].

Together with polysaccharides and proteins, extracellular DNA (eDNA) was also found within
listerial biofilms and demonstrated to serve as a structural component of the EPSs matrix of
L. monocytogenes EGD-e [58,61]. eDNA has not only a structural role, since it serves also as an energy
and nutrition source [52,62].

5. Physiological Changes in L. monocytogenes Biofilms

It is typical to find structural, chemical, and biological heterogeneity in a biofilm, resulting from
the presence of gradients of nutrients, oxygen, and other molecules. Cells within a biofilm are therefore
in a wide range of physiological states, since they are not exposed to the same conditions, and are
subjected to adaptation to local environmental conditions, altered gene expression, and genotypic
variation related to mutation and selection [63]. The ability of cells within a biofilm consortium to resist
and persist in a variety of environments is therefore related not only to the extracellular polymeric
substances composing the matrix, but also to physiological changes in the cells.

Different studies have investigated the physiological changes of L. monocytogenes cells within
a biofilm [64-67]. It was recently observed that the composition of the bacterial membrane is subjected



Pathogens 2017, 6, 41 50f9

to changes, such as a different content in fatty acids of cells within a biofilm respect to their planktonic
counterpart [64]. In particular, Dubois-Brissonet et al. [64] observed the content of saturated fatty
acids (SFA) were 12.7% higher (p < 0.05) in biofilm cells than in planktonic ones, whereas the content
of branched-chain fatty acids (BCFA) was observed to be significantly lower. The increase in SFA
and decrease in BCFA was already observed in L. monocytogenes on simply adhered cells [65], and is
known to lead to a higher phase transition temperature, density of packing, and bilayer stability [66].
These physiological changes in biofilms allow adaption to stressful conditions and enhancement
of bacterial survival and resistance to antimicrobial agents [64]. Also Miladi et al. [67] observed
a change in fatty acids content of bacterial membrane after starvation and freeze stress exposure
(—20 °C) of L. monocytogenes cells, shifting from a prevalence of iso- and anteiso-branched FAs having
15 and 17 carbon atoms, to the presence of a high proportion of straight FAs such as long-chain
hexadecanoic acid (16:0), heptadecanoic acid (17:0), and octadecanoic acid (18:0). Furthermore, they
observed an increase in biofilm production and in surface hydrophobicity (known to be involved in
adhesion ability), a reduction in cell size, and a change in the shape of bacteria from rod to coccoid.
In particular, a prevalence of straight FAs was found in adhered cells, suggesting a functional role of
this physiological trait to the state of adhered cells. These results lead the authors to hypothesize that
the virulence of L. monocytogenes could be enhanced by freeze and starvation stresses that cause an
increase of adhesion ability. These findings are in contrast with other studies that observed a reduced
biofilm forming ability in cold, refrigerator-like conditions, as already reported in Section 3. For this
reason, the effect of the incubation temperature on biofilm formation by L. monocytogenes is certainly
a topic that should be further investigated.

6. Conclusions and Perspectives

Biofilm formation by foodborne pathogens represents a serious concern in food industry.
L. monocytogenes is able to form biofilms and to persist for long time, favoring contamination of foods [9].

Important contributions in the field of persistence of L. monocytogenes in food industry comes
from the Whole Genome Sequencing studies. The GenomeTrakr project allows the genomic sequences
and corresponding collection information for the samples to be publicly available via the NCBI
website. This could enable the detection of more clusters (possible outbreaks) of Listeria infections,
the identification of unrecognized sources of the bacteria, and better control of outbreaks, giving
the possibility to stop them while they are still small.

Effective strategies for biofilm prevention or eradication should be applied in order to control
the presence and the formation of such resistant form of pathogens. In order to reach these results,
a deeper knowledge of biofilm composition is required.

Different studies have been conducted in order to better characterize the listerial biofilm
extracellular matrix that represent the major component of a biofilm. These studies contributed
to expanding the knowledge about biofilms formed by L. monocytogenes, as well as to determine
the complexity and the function of the characterized components (such as TAs, exopolysaccharides,
surface-associated proteins, and eDNA) during biofilm formation and development. By the way,
further studies focused on characterizing the so-called “dark matter” of listerial biofilms could better
help to prevent biofilm formation or to eradicate mature biofilms in the food industry.

The development of experimental systems that effectively simulate food processing environment
conditions can certainly make a great contribution to the study of biofilm formation of both
L. monocytogenes and many other foodborne pathogens, and help in the eradication of the same.

Acknowledgments: Pierluigi Aldo Di Ciccio and Adriana Ianieri are members of the EU COST Action FA1202
(CGA-FA1202): A European Network for Mitigating Bacterial Colonisation and Persistence on Foods and Food
Processing Environments and acknowledge this action for facilitating collaborative networking that assisted with
this study.



Pathogens 2017, 6, 41 60f9

Author Contributions: Angelo Colagiorgi, Pierluigi Aldo Di Ciccio, and Ilaria Bruini: participated in data
collection and drafted the manuscript. Emanuela Zanardi, Sergio Ghidini, and Adriana lanieri: critically revised
the paper. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Cossart, P. Illuminating the landscape of host-pathogen interactions with the bacterium Listeria monocytogenes.
Proc. Natl. Acad. Sci. USA 2011, 108, 19484-19491. [CrossRef] [PubMed]

EFSA (European Food Safety Authority). Request for updating the former SCVPH opinion on Listeria
monocytogenes risk related to ready-to-eat foods and scientific advice on different levels of Listeria
monocytogenes in ready-to-eat foods and the related risk for human illness—Sci. EFSA ]. 2008, 6, 599.
[CrossRef]

Donlan, R.M. Biofilms: Microbial life on surfaces. Emerg. Infect. Dis. 2002, 8, 881-890. [CrossRef] [PubMed]
Jofré, A.; Garriga, M.; Aymerich, T.; Pérez-Rodriguez, A.-V.; Carrasco, E.; Bover-Cid, S. Closing gaps for
performing a risk assessment on Listeria monocytogenes in ready-to-eat (RTE) foods: Activity 1, an extensive
literature search and study selection with data extraction on L. monocytogenes in a wide range of RTE food.
EFSA Support. Publ. 2016. [CrossRef]

Vitas, A.L; Garcia-Jalon, V.A.E.I. Occurrence of Listeria monocytogenes in fresh and processed foods in Navarra
(Spain). Int. ]. Food Microbiol. 2004, 90, 349-356. [CrossRef]

Vongkamjan, K.; Fuangpaiboon, J.; Turner, M.P.; Vuddhakul, V. Various Ready-to-Eat Products from Retail
Stores Linked to Occurrence of Diverse Listeria monocytogenes and Listeria spp. Isolates. J. Food Prot. 2016, 79,
239-245. [CrossRef] [PubMed]

D’Ostuni, V.; Tristezza, M.; De Giorgi, M.G.; Rampino, P.; Grieco, F.; Perrotta, C. Occurrence of Listeria
monocytogenes and Salmonella spp. in meat processed products from industrial plants in Southern Italy.
Food Control 2016, 62, 104-109. [CrossRef]

Di Bonaventura, G.; Piccolomini, R.; Paludi, D.; D’Orio, V.; Vergara, A.; Conter, M.; Ianieri, A. Influence of
temperature on biofilm formation by Listeria monocytogenes on various food-contact surfaces: Relationship
with motility and cell surface hydrophobicity. J. Appl. Microbiol. 2008, 104, 1552-1561. [CrossRef] [PubMed]
Ferreira, V.; Wiedmann, M.; Teixeira, P.; Stasiewicz, M.]. Listeria monocytogenes Persistence in Food-Associated
Environments: Epidemiology, Strain Characteristics, and Implications for Public Health. J. Food Prot. 2014,
77,150-170. [CrossRef] [PubMed]

Salipante, S.J.; SenGupta, D.J.; Cummings, L.A.; Land, T.A.; Hoogestraat, D.R.; Cookson, B.T. Application of
whole-genome sequencing for bacterial strain typing in molecular epidemiology. J. Clin. Microbiol. 2015, 53,
1072-1079. [CrossRef] [PubMed]

Gardy, J.; Loman, N.J.; Rambaut, A. Real-time digital pathogen surveillance—The time is now. Genome Biol.
2015, 16, 155. [CrossRef] [PubMed]

Larsen, M.H.; Dalmasso, M.; Ingmer, H.; Langsrud, S.; Malakauskas, M.; Mader, A.; Meretrg, T.; Smole
Mozina, S.; Rychli, K.; Wagner, M.; et al. Persistence of foodborne pathogens and their control in primary
and secondary food production chains. Food Control 2014, 44, 92-109. [CrossRef]

Gilmour, M.W.,; Graham, M.; van Domselaar, G.; Tyler, S.; Kent, H.; Trout-Yakel, K.M.; Larios, O.; Allen, V.;
Lee, B.; Nadon, C. High-throughput genome sequencing of two Listeria monocytogenes clinical isolates during
a large foodborne outbreak. BMC Genom. 2010, 11, 120. [CrossRef] [PubMed]

Schmid, D.; Allerberger, F.; Huhulescu, S.; Pietzka, A.; Amar, C.; Kleta, S.; Prager, R.; PreufSel, K.; Aichinger, E.;
Mellmann, A. Whole genome sequencing as a tool to investigate a cluster of seven cases of listeriosis in
Austria and Germany, 2011-2013. Clin. Microbiol. Infect. 2014, 20, 431-436. [CrossRef] [PubMed]

Rychli, K; Miiller, A.; Zaiser, A.; Schoder, D.; Allerberger, F; Wagner, M.; Schmitz-Esser, S.
Genome sequencing of Listeria monocytogenes “Quargel” listeriosis outbreak strains reveals two different
strains with distinct in vitro virulence potential. PLoS ONE 2014, 9. [CrossRef] [PubMed]

Knudsen, G.M.; Ng, Y.; Gram, L. Survival of bactericidal antibiotic treatment by a persister subpopulation of
Listeria monocytogenes. Appl. Environ. Microbiol. 2013, 79, 7390-7397. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1112371108
http://www.ncbi.nlm.nih.gov/pubmed/22114192
http://dx.doi.org/10.2903/j.efsa.2008.599
http://dx.doi.org/10.3201/eid0809.020063
http://www.ncbi.nlm.nih.gov/pubmed/12194761
http://dx.doi.org/10.2903/sp.efsa.2016.EN-1141
http://dx.doi.org/10.1016/S0168-1605(03)00314-3
http://dx.doi.org/10.4315/0362-028X.JFP-15-361
http://www.ncbi.nlm.nih.gov/pubmed/26818984
http://dx.doi.org/10.1016/j.foodcont.2015.10.025
http://dx.doi.org/10.1111/j.1365-2672.2007.03688.x
http://www.ncbi.nlm.nih.gov/pubmed/18194252
http://dx.doi.org/10.4315/0362-028X.JFP-13-150
http://www.ncbi.nlm.nih.gov/pubmed/24406014
http://dx.doi.org/10.1128/JCM.03385-14
http://www.ncbi.nlm.nih.gov/pubmed/25631811
http://dx.doi.org/10.1186/s13059-015-0726-x
http://www.ncbi.nlm.nih.gov/pubmed/27391693
http://dx.doi.org/10.1016/j.foodcont.2014.03.039
http://dx.doi.org/10.1186/1471-2164-11-120
http://www.ncbi.nlm.nih.gov/pubmed/20167121
http://dx.doi.org/10.1111/1469-0691.12638
http://www.ncbi.nlm.nih.gov/pubmed/24698214
http://dx.doi.org/10.1371/journal.pone.0089964
http://www.ncbi.nlm.nih.gov/pubmed/24587155
http://dx.doi.org/10.1128/AEM.02184-13
http://www.ncbi.nlm.nih.gov/pubmed/24056460

Pathogens 2017, 6, 41 7 of 9

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wen, ].; Deng, X.; Li, Z.; Dudley, E.G.; Anantheswaran, R.C.; Knabel, S.J.; Zhang, W. Transcriptomic response
of Listeria monocytogenes during the transition to the long-term-survival phase. Appl. Environ. Microbiol. 2011,
77,5966-5972. [CrossRef] [PubMed]

Carpentier, B.; Cerf, O. Review—Persistence of Listeria monocytogenes in food industry equipment and
premises. Int. |. Food Microbiol. 2011, 145, 1-8. [CrossRef] [PubMed]

Wang, J.; Ray, A.J.; Hammons, S.R.; Oliver, H.E; Ray, A.J.; Hammons, S.R.; Oliver, H.F. Persistent and
transient Listeria monocytogenes strains from retail deli environments vary in their ability to adhere and
form biofilms and rarely have inlA premature stop codons. Foodborne Pathog. Dis. 2015, 12, 1-8. [CrossRef]
[PubMed]

Holch, A.; Webb, K.; Lukjancenko, O.; Ussery, D.; Rosenthal, B.M.; Gram, L. Genome sequencing identifies
two nearly unchanged strains of persistent Listeria monocytogenes isolated at two different fish processing
plants sampled 6 years apart. Appl. Environ. Microbiol. 2013, 79, 2944-2951. [CrossRef] [PubMed]

Nowak, J.; Cruz, C.D.; Tempelaars, M.; Abee, T.; van Vliet, A H.M,; Fletcher, G.C.; Hedderley, D.; Palmer, J.;
Flint, S. Persistent Listeria monocytogenes strains isolated from mussel production facilities form more biofilm
but are not linked to specific genetic markers. Int. ]. Food Microbiol. 2017, 256, 45-53. [CrossRef] [PubMed]
Flemming, H.C.; Neu, T.R.; Wozniak, D.J. The EPS matrix: The “House of Biofilm Cells”. . Bacteriol. 2007,
189, 7945-7947. [CrossRef] [PubMed]

Reis-Teixeira, EB.D.; Alves, V.F,; de Martinis, E.C.P. Growth, viability and architecture of biofilms of Listeria
monocytogenes formed on abiotic surfaces. Brazilian |. Microbiol. 2017, 48, 587-591. [CrossRef] [PubMed]
Vasudevan, R. Biofilms: Microbial Cities of Scientific Significance. J. Microbiol. Exp. 2014, 1. [CrossRef]

Di Ciccio, P; Conter, M.; Zanardi, E.; Ghidini, S.; Vergara, A.; Paludi, D.; Festino, A.R.; Ianieri, A.
Listeria monocytogenes: Biofilms in food processing. Ital. ]. Food Sci. 2012, 24, 203-213.

Aarnisalo, K.; Salo, S.; Miettinen, H.; Suihko, M.-L.; Wirtanen, G.; Autio, T.; Lundén, J.; Korkeala, H.;
Sjoberg, A.-M. Bacterial efficiencies of commercial disinfectants against Listeria monocytogenes on surfaces.
J. Food Saf. 2000, 20, 237-250. [CrossRef]

Chavant, P; Gaillard-Martinie, B.; Hébraud, M. Antimicrobial effects of sanitizers against planktonic and
sessile Listeria monocytogenes cells according to the growth phase. FEMS Microbiol. Lett. 2004, 236, 241-248.
[CrossRef] [PubMed]

Gram, L.; Bagge-Ravn, D.; Ng, Y.Y.; Gymoese, P.; Vogel, B.F. Influence of food soiling matrix on cleaning and
disinfection efficiency on surface attached Listeria monocytogenes. Food Control 2007, 18, 1165-1171. [CrossRef]
Pan, Y.; Breidt, F; Kathariou, S. Resistance of Listeria monocytogenes biofilms to sanitizing agents in a simulated
food processing environment. Appl. Environ. Microbiol. 2006, 72, 7711-7717. [CrossRef] [PubMed]

Robbins, ].B.; Fisher, C.W.; Moltz, A.G.; Martin, S.E. Elimination of Listeria monocytogenes biofilms by ozone,
chlorine, and hydrogen peroxide. J. Food Prot. 2005, 68, 494-498. [CrossRef] [PubMed]

Van der Veen, S.; Abee, T. Mixed species biofilms of Listeria monocytogenes and Lactobacillus plantarum show
enhanced resistance to benzalkonium chloride and peracetic acid. Int. ]. Food Microbiol. 2011, 144, 421-431.
[CrossRef] [PubMed]

Minei, C.C.; Gomes, B.C.; Ratti, R.P.; D’Angelis, C.E.M.; De Martinis, E.C.P. Influence of peroxyacetic acid
and nisin and coculture with Enterococcus faecium on Listeria monocytogenes biofilm formation. J. Food Prot.
2008, 71, 634-638. [CrossRef] [PubMed]

Poimenidou, S.; Belessi, C.A.; Giaouris, E.D.; Gounadaki, A.S.; Nychas, G.J.E.; Skandamis, P.N.
Listeria monocytogenes attachment to and detachment from stainless steel surfaces in a simulated dairy
processing environment. Appl. Environ. Microbiol. 2009, 75, 7182-7188. [CrossRef] [PubMed]

Moltz, A.G.; Martin, S.E. Formation of biofilms by Listeria monocytogenes under various growth conditions.
J. Food Prot. 2005, 68, 92-97. [CrossRef] [PubMed]

Midelet, G.; Kobilinsky, A.; Carpentier, B. Construction and analysis of fractional multifactorial designs to
study attachment strength and transfer of Listeria monocytogenes from pure or mixed biofilms after contact
with a solid model food. Appl. Environ. Microbiol. 2006, 72, 2313-2321. [CrossRef] [PubMed]

Tomici¢, R.M.; Cabarkapa, LS.; Vukmirovi¢, D.M.; Levi¢, ].D.; Tomici¢, Z.M. Influence of growth conditions
on biofilm formation of Listeria monocytogenes. Food Feed Res. 2016, 43, 19-24. [CrossRef]

Chavant, P.; Martinie, B.; Meylheuc, T.; Bellon-Fontaine, M.N.; Hebraud, M. Listeria monocytogenes LO28:
Surface physicochemical properties and ability to form biofilms at different temperatures and growth phases.
Appl. Environ. Microbiol. 2002, 68, 728-737. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/AEM.00596-11
http://www.ncbi.nlm.nih.gov/pubmed/21764970
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21276634
http://dx.doi.org/10.1089/fpd.2014.1837
http://www.ncbi.nlm.nih.gov/pubmed/25569840
http://dx.doi.org/10.1128/AEM.03715-12
http://www.ncbi.nlm.nih.gov/pubmed/23435887
http://dx.doi.org/10.1016/j.ijfoodmicro.2017.05.024
http://www.ncbi.nlm.nih.gov/pubmed/28599174
http://dx.doi.org/10.1128/JB.00858-07
http://www.ncbi.nlm.nih.gov/pubmed/17675377
http://dx.doi.org/10.1016/j.bjm.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28237677
http://dx.doi.org/10.15406/jmen.2014.01.00014
http://dx.doi.org/10.1111/j.1745-4565.2000.tb00302.x
http://dx.doi.org/10.1111/j.1574-6968.2004.tb09653.x
http://www.ncbi.nlm.nih.gov/pubmed/15251203
http://dx.doi.org/10.1016/j.foodcont.2006.06.014
http://dx.doi.org/10.1128/AEM.01065-06
http://www.ncbi.nlm.nih.gov/pubmed/17012587
http://dx.doi.org/10.4315/0362-028X-68.3.494
http://www.ncbi.nlm.nih.gov/pubmed/15771172
http://dx.doi.org/10.1016/j.ijfoodmicro.2010.10.029
http://www.ncbi.nlm.nih.gov/pubmed/21084128
http://dx.doi.org/10.4315/0362-028X-71.3.634
http://www.ncbi.nlm.nih.gov/pubmed/18389714
http://dx.doi.org/10.1128/AEM.01359-09
http://www.ncbi.nlm.nih.gov/pubmed/19767476
http://dx.doi.org/10.4315/0362-028X-68.1.92
http://www.ncbi.nlm.nih.gov/pubmed/15690808
http://dx.doi.org/10.1128/AEM.72.4.2313-2321.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597925
http://dx.doi.org/10.5937/FFR1601019T
http://dx.doi.org/10.1128/AEM.68.2.728-737.2002
http://www.ncbi.nlm.nih.gov/pubmed/11823213

Pathogens 2017, 6, 41 80f9

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

Bonsaglia, E.C.R;; Silva, N.C.C,; Fernades, J.A.; Aradjo Junior, J.P.; Tsunemi, M.H.; Rall, V.L.M. Production of
biofilm by Listeria monocytogenes in different materials and temperatures. Food Control 2014, 35, 386-391.
[CrossRef]

Norwood, D.E.; Gilmour, A. The differential adherence capabilities of two Listeria monocytogenes strains in
monoculture and multispecies biofilms as a function of temperature. Lett. Appl. Microbiol. 2001, 33, 320-324.
[CrossRef] [PubMed]

Piercey, M.].; Hingston, P.A.; Truelstrup Hansen, L. Genes involved in Listeria monocytogenes biofilm formation
at a simulated food processing plant temperature of 15 °C. Int. J. Food Microbiol. 2016, 223, 63-74. [CrossRef]
[PubMed]

Borucki, M.K,; Peppin, J.D.; White, D.; Loge, F.; Call, D.R. Variation in biofilm formation among strains of
Listeria monocytogenes. Appl. Environ. Microbiol. 2003, 69, 7336-7342. [CrossRef] [PubMed]

Guilbaud, M.; Piveteau, P.; Desvaux, M.; Brisse, S.; Briandet, R. Exploring the diversity of
Listeria monocytogenes biofilm architecture by high-throughput confocal laser scanning microscopy and
the predominance of the honeycomb-like morphotype. Appl. Environ. Microbiol. 2015, 81, 1813-1819.
[CrossRef] [PubMed]

Carpentier, B.; Chassaing, D. Interactions in biofilms between Listeria monocytogenes and resident
microorganisms from food industry premises. Int. J. Food Microbiol. 2004, 97, 111-122. [CrossRef] [PubMed]
Bremer, PJ.; Monk, I.; Osborne, C.M. Survival of Listeria monocytogenes attached to stainless steel surfaces in
the presence or absence of Flavobacterium spp. J. Food Prot. 2001, 64, 1369-1376. [CrossRef] [PubMed]

Rieu, A.; Lemaitre, J.P.; Guzzo, J.; Piveteau, P. Interactions in dual species biofilms between Listeria
monocytogenes EGD-e and several strains of Staphylococcus aureus. Int. ]. Food Microbiol. 2008, 126, 76-82.
[CrossRef] [PubMed]

Leriche, V.; Carpentier, B. Limitation of adhesion and growth of Listeria monocytogenes on stainless steel
surfaces by Staphylococcus sciuri biofilms. J. Appl. Microbiol. 2000, 88, 594-605. [CrossRef] [PubMed]

Zhao, T.; Doyle, M.P.; Zhao, P. Control of Listeria monocytogenes in a biofilm by competitive-exclusion
microorganisms. Appl. Environ. Microbiol. 2004, 70, 3996—-4003. [CrossRef] [PubMed]

Da Silva Fernandes, M.; Kabuki, D.Y.; Kuaye, A.Y. Behavior of Listeria monocytogenes in a multi-species
biofilm with Enterococcus faecalis and Enterococcus faecium and control through sanitation procedures. Int. J.
Food Microbiol. 2015, 200, 5-12. [CrossRef] [PubMed]

Giaouris, E.; Chorianopoulos, N.; Doulgeraki, A.; Nychas, G.J. Co-Culture with Listeria monocytogenes within
a Dual-Species Biofilm Community Strongly Increases Resistance of Pseudomonas putida to Benzalkonium
Chloride. PLoS ONE 2013, 8. [CrossRef] [PubMed]

Kostaki, M.; Chorianopoulos, N.; Braxou, E.; Nychas, G.J.; Giaouris, E. Differential biofilm formation and
chemical disinfection resistance of sessile cells of Listeria monocytogenes strains under monospecies and
dual-species (with Salmonella enterica) conditions. Appl. Environ. Microbiol. 2012, 78, 2586-2595. [CrossRef]
[PubMed]

Colagiorgi, A.; di Ciccio, P.; Zanardi, E.; Ghidini, S.; Ianieri, A. A Look inside the Listeria monocytogenes
Biofilms Extracellular Matrix. Microorganisms 2016, 4, 22. [CrossRef] [PubMed]

Flemming, H.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623-633. [CrossRef] [PubMed]
Alonso, A.N.; Perry, K.J.; Regeimbal, ].M.; Regan, PM.; Higgins, D.E. Identification of Listeria monocytogenes
determinants required for biofilm formation. PLoS ONE 2014, 9. [CrossRef] [PubMed]

Brauge, T.; Sadovskaya, I; Faille, C.; Benezech, T.; Maes, E.; Guerardel, Y.; Midelet-Bourdin, G. Teichoic acid
is the major polysaccharide present in the Listeria monocytogenes biofilm matrix. FEMS Microbiol. Lett. 2016,
363, fnv229. [CrossRef] [PubMed]

Evans, L.R.; Linker, A. Production and characterization of the slime polysaccharide of Pseudomonas
aeruginosa. J. Bacteriol. 1973, 116, 915-924. [PubMed]

Combrouse, T.; Sadovskaya, I.; Faille, C.; Kol, O.; Guérardel, Y.; Midelet-Bourdin, G. Quantification of the
extracellular matrix of the Listeria monocytogenes biofilms of different phylogenic lineages with optimization
of culture conditions. J. Appl. Microbiol. 2013, 114, 1120-1131. [CrossRef] [PubMed]

Longhi, C.; Scoarughi, G.L.; Poggiali, F.; Cellini, A.; Carpentieri, A.; Seganti, L.; Pucci, P.; Amoresano, A.;
Cocconcelli, P.S.; Artini, M.; et al. Protease treatment affects both invasion ability and biofilm formation in
Listeria monocytogenes. Microb. Pathog. 2008, 45, 45-52. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.foodcont.2013.07.023
http://dx.doi.org/10.1046/j.1472-765X.2001.01004.x
http://www.ncbi.nlm.nih.gov/pubmed/11559409
http://dx.doi.org/10.1016/j.ijfoodmicro.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26900648
http://dx.doi.org/10.1128/AEM.69.12.7336-7342.2003
http://www.ncbi.nlm.nih.gov/pubmed/14660383
http://dx.doi.org/10.1128/AEM.03173-14
http://www.ncbi.nlm.nih.gov/pubmed/25548046
http://dx.doi.org/10.1016/j.ijfoodmicro.2004.03.031
http://www.ncbi.nlm.nih.gov/pubmed/15541798
http://dx.doi.org/10.4315/0362-028X-64.9.1369
http://www.ncbi.nlm.nih.gov/pubmed/11563514
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18554739
http://dx.doi.org/10.1046/j.1365-2672.2000.01000.x
http://www.ncbi.nlm.nih.gov/pubmed/10792517
http://dx.doi.org/10.1128/AEM.70.7.3996-4003.2004
http://www.ncbi.nlm.nih.gov/pubmed/15240275
http://dx.doi.org/10.1016/j.ijfoodmicro.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25655573
http://dx.doi.org/10.1371/journal.pone.0077276
http://www.ncbi.nlm.nih.gov/pubmed/24130873
http://dx.doi.org/10.1128/AEM.07099-11
http://www.ncbi.nlm.nih.gov/pubmed/22307304
http://dx.doi.org/10.3390/microorganisms4030022
http://www.ncbi.nlm.nih.gov/pubmed/27681916
http://dx.doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
http://dx.doi.org/10.1371/journal.pone.0113696
http://www.ncbi.nlm.nih.gov/pubmed/25517120
http://dx.doi.org/10.1093/femsle/fnv229
http://www.ncbi.nlm.nih.gov/pubmed/26626878
http://www.ncbi.nlm.nih.gov/pubmed/4200860
http://dx.doi.org/10.1111/jam.12127
http://www.ncbi.nlm.nih.gov/pubmed/23317349
http://dx.doi.org/10.1016/j.micpath.2008.01.007
http://www.ncbi.nlm.nih.gov/pubmed/18479885

Pathogens 2017, 6, 41 90f9

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nguyen, U.T,; Burrows, L.L. DNase I and proteinase K impair Listeria monocytogenes biofilm formation and
induce dispersal of pre-existing biofilms. Int. |. Food Microbiol. 2014, 187, 26-32. [CrossRef] [PubMed]
Franciosa, G.; Maugliani, A.; Scalfaro, C.; Floridi, F.; Aureli, P. Expression of internalin A and biofilm
formation among Listeria monocytogenes clinical isolates. Int. |. Immunopathol. Pharmacol. 2009, 22, 183-193.
[CrossRef] [PubMed]

Popowska, M.; Krawczyk-Balska, A.; Ostrowski, R.; Desvaux, M. InlL from Listeria monocytogenes Is Involved
in Biofilm Formation and Adhesion to Mucin. Front. Microbiol. 2017, 8, 660. [CrossRef] [PubMed]
Zetzmann, M.; Okshevsky, M.; Endres, J.; Sedlag, A.; Caccia, N.; Auchter, M.; Waidmann, M.S.; Desvaux, M.;
Meyer, R.L.; Riedel, C.U. DNase-sensitive and -resistant modes of biofilm formation by Listeria monocytogenes.
Front. Microbiol. 2015, 6. [CrossRef] [PubMed]

Harmsen, M.; Lappann, M.; Knechel, S.; Molin, S. Role of extracellular DNA during biofilm formation by
Listeria monocytogenes. Appl. Environ. Microbiol. 2010, 76, 2271-2279. [CrossRef] [PubMed]

Stewart, P.S.; Franklin, M.]. Physiological heterogeneity in biofilms. Nat. Rev. Microbiol. 2008, 6, 199-210.
[CrossRef] [PubMed]

Dubois-Brissonnet, E; Trotier, E.; Briandet, R. The biofilm lifestyle involves an increase in bacterial membrane
saturated fatty acids. Front. Microbiol. 2016, 7, 1673. [CrossRef] [PubMed]

Gianotti, A.; Serrazanetti, D.; Sado Kamdem, S.; Guerzoni, M.E. Involvement of cell fatty acid composition
and lipid metabolism in adhesion mechanism of Listeria monocytogenes. Int. . Food Microbiol. 2008, 123, 9-17.
[CrossRef] [PubMed]

Denich, TJ.; Beaudette, L.A.; Lee, H.; Trevors, ].T. Effect of selected environmental and physico-chemical
factors on bacterial cytoplasmic membranes. J. Microbiol. Methods 2003, 52, 149-182. [CrossRef]

Miladi, H.; Ammar, E.; Ben Slama, R.; Sakly, N.; Bakhrouf, A. Influence of freezing stress on morphological
alteration and biofilm formation by Listeria monocytogenes: Relationship with cell surface hydrophobicity
and membrane fluidity. Arch. Microbiol. 2013, 195, 705-715. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ijfoodmicro.2014.06.025
http://www.ncbi.nlm.nih.gov/pubmed/25043896
http://dx.doi.org/10.1177/039463200902200121
http://www.ncbi.nlm.nih.gov/pubmed/19309566
http://dx.doi.org/10.3389/fmicb.2017.00660
http://www.ncbi.nlm.nih.gov/pubmed/28473809
http://dx.doi.org/10.3389/fmicb.2015.01428
http://www.ncbi.nlm.nih.gov/pubmed/26733972
http://dx.doi.org/10.1128/AEM.02361-09
http://www.ncbi.nlm.nih.gov/pubmed/20139319
http://dx.doi.org/10.1038/nrmicro1838
http://www.ncbi.nlm.nih.gov/pubmed/18264116
http://dx.doi.org/10.3389/fmicb.2016.01673
http://www.ncbi.nlm.nih.gov/pubmed/27840623
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.11.039
http://www.ncbi.nlm.nih.gov/pubmed/18160165
http://dx.doi.org/10.1016/S0167-7012(02)00155-0
http://dx.doi.org/10.1007/s00203-013-0921-7
http://www.ncbi.nlm.nih.gov/pubmed/23982847
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	L. monocytogenes in the Food Industry 
	Biofilms by L. monocytogenes 
	L. monocytogenes Biofilm Matrix 
	Physiological Changes in L. monocytogenes Biofilms 
	Conclusions and Perspectives 

