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Abstract

Enzyme-based treatments could therefore be usetbrigplement regular cleaning
processes. Most studies using enzymes as antirbgoBtrategy are focused on their
outcome in mono-species biofilms. Neverthelesgeal environments mixed biofilms
are prevalent. In this work, seven types of duaegs biofilms were selected to serve
as targets for enzymatic treatments carrying differenvironmental strains df.
monocytogenes and accompanying bacteria isolated from dairy, tneeal seafood
processing plants. The effectiveness of nine coriaerenzymatic preparations,
including pronase, cellulase, pectinase, DNasgshzyme, phospholipase, peroxidase,
B-glucanase and chitinase, was evaluated. Forrésgjual attached viable cells of both
L. monocytogenes and its partners were enumerated through swalamdgcolony plate
counting following the action of each enzyme. Mo Confocal Laser Scanning
Microscopy (CLSM) images were analyzed pre and &iteymatic treatments in order
to quantify changes in biofilm thickness, coveregbaand volume. The viable attached
population ofL. monocytogenes was almost unaffected by all of the enzymes here
tested, being eliminated on average just the 90%hefinitially attached population
(around 1 Logy cfu-cm® reduction). Nevertheless, some of the partner speci

(Escherichia coli and Saphylococcus saprophyticus) were sometimes protected from
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enzymatic detachment when in dual-species biofilbepending on the enzyme tested
and the accompanyingg. monocytogenes strain. CLSM images showed important
changes in biofilm covered area and volume aftera@NI, pronase and pectinase
treatments. These results demonstrate that enzgaregreatly weaken dual-species
biofilms structure. Nevertheless, it cannot beatjarded that detached cells from these
treatments would still be viable. Thus, a contrblcell viability after an enzymatic
procedure in the food industry must be always a®rsid before designing an efficient

disinfection treatment.

Keywords: Listeria monocytogenes, dual-species, biofilms, enzymatic cleaning,
DNase, CLSM, food industry.

1. Introduction

Listeria monocytogenes is a food-borne pathogen ubiquitous in the envirenin Its
entrance into food processing plants can occuutironany different routes, including
raw materials and workers and if not eliminatedjlddinally attach to food contact
surfaces (Mgretrg & Langsrud, 2004). Once therenay persist due to its ability to
stand different environmental stresses and to féofilms, among other factors
(Magalhaes et al., 2017; Valderrama & Cutter, 20t3% well known, however, that in
natural environments bacteria rarely live in isolat Indeed, multi-species biofilms are
most likely to be the dominant lifestyle in enviments such as food industry facilities,
where they facilitate resilience to harsh condsiocend provide shelter to certain
microorganisms that would otherwise have little raf&of surviving in these settings
(Elias & Banin, 2012; Jahid & Ha, 2014, Little AF.et al., 2008). The resident
microbiota established in food processing plangsalble to adapt to the nutrients
available, the growth-limiting physicochemical cdmhs and the disinfectants
normally used during cleaning and disinfection (OQ&f@gimes (Bagge-Ravn et al.,
2003; Flemming et al., 2016; Srey, Jahid, & Ha,30Likewise, when present in those
habitats L. monocytogenes shares surfaces and shelters with other compdididteria,
forming multi-species biofilms.

Despite the risk associated to the presenck. ahonocytogenes-carrying biofilms in
food industry, there is not specific protocol tadicate them apart from the standard

C&D routines, nor a definite prevention strategywalternatives in both processing
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technologies and antimicrobials are being propdeadprove food safety and in this
context, enzyme technology is certainly an optidfei(eles, Borges, Giaouris, &
Simoes, 2016; Simbes, Simdes, & Vieira, 2010). @om& about the increase in
antibiotic resistance and environmental distributad biocides and their derivates are
among the problems to be solved. With respect ton&robial enzymes, the set of
choices is wide and increasing (Thallinger, Praselyyanhongo, & Guebitz, 2013).
Most of the published procedures involving enzyrmassantibiofilm agents have as
target the integrity of the extracellular polymerntatrix (Boles & Horswill, 2011;
Johansen, Falholt, & Gram, 1997; Kaplan et al. 422Q@ & Collins, 2007; Orgaz et al.,
2006) and there are different commercial enzym@aticiucts used in food industry as
cleaning agents and disinfectants (Augustin, AlaMas, & Atroshi, 2004). Enzymes
whose substrates resemble the components of thexmady degrade these to some
extent (Johansen, Falholt, & Gram, 1997). Stillpwtedge about matrix composition
and structure (Flemming & Wingender, 2010; Harmdappann, Kngchel, & Molin,
2010; McCrate, Zhou, Reichhardt, & Cegelski, 204l3yuld guide the development of
these products and procedures.

Nevertheless, most enzymatic approaches have ady liested for mono-species
biofilm disruption and little is known on their efftiveness on multi-species
communities such as those found in food industrar@®dto-Romain et al., 2012). In
addition, there is a shortage of information on thanges induced by enzymatic
cleaning on biofilm structure. The aim of this wavks to evaluate the effectiveness of
different enzymatic solutions to remove 7 dual-ggebiofilm models. These models
were individual combinations of 5 environmental monocytogenes strains and
accompanying bacteria isolated from the sdmemnonocytogenes positive surfaces.
Namely, Pseudomonas spp., Saphylococcus saprophyticus and Carnobacterium spp.
strains were selected as representatives of theiSpaeat secto saprophyticus and
Escherichia coli of seafood plants and a previously studied stéiB. fluorescens was
selected as representative of the dairy sectorevBatuate enzymatic effectiveness, the
remaining viable biofilm population after the tne@ints was measured. Biofilm
structural changes (reduction of biovolume, coveaesh and biofilm thickness) were

studied with Confocal Laser Scanning Microscopy $&1).

2. Material and Methods
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2.1. Bacterial strains

All the strains used in this work are listed in Teah. All of them were isolated frorh.
monocytogenes positive surfaces in food environments after C&Dogedures
(Rodriguez-Lopez, Saa-lbusquiza, Mosquera-Fernagdeapez-Cabo, 2015).

To select the seven consortia, the most represemtiial-species associations for each
sector {.e. the most frequently found. monocytogenes strain and its most frequently
associated partner isolated from the sdmemonocytogenes positive sample) were
chosen as models of dual-spedisilms. In the case of dairy consortia, as Rodkizy
Lépez and coworkers did not find abhymonocytogenes positive surface in the sampled
Spanish dairy industrieg, monocytogenes strains G1 and G2 were kindly provided by
Dr. Luisa Brito (Technical University of Lisbon, Rogal) (Leite et al., 2006).
Pseudomonas fluorescens B52 was isolated from refrigerated raw milk (Rickson &
Te Whaiti, 1978). Working cultures of the straineres stored in Trypticase Soy Broth
(TSB, Oxoid) with 15 % glycerol at -20 °C. 10 of working cultures were incubated
overnight in 10 ml of TSB at 25 °C and subcultuaggin in order to ensure a proper
growth. From these, cells were harvested by cewgation at 4000 x g for 10 min and
washed twice in sterile TSB. Qg values of each culture were adjusted to 0.1 by
dilution with TSB, equivalent to a bacterial contation of 1§ CFU-mL>. Thesavere
diluted in TSB to be used as inoculum, startingd¢hiures with a cell density of 10
CFU-mL?, both in mono-species and in dual-species cult@iesthis case in a
proportion 1:1).

2.2. Experimental system for biofilm development

Biofilms were developed at 25 °C for 48 h in disgade 24-well cell culture plates
(Thermo Fisher Scientific, Code number 144530) gidid x 10 mm AISI 304 stainless
steel coupons as substrata. Before use, the couperns gently swabbed with a
postsurgical toothbrush and soap solution (Vax@R® laboratories, Spain), rinsed
with distilled water, placed on a glass Petri dis@ coupons per dish)I¢ 100 mm, 20
mm in height) and autoclaved (121 °C/ 20 min.)rilsteoupons were then individually
placed into each well and 1 mL of the corresponthacterial suspension was added. In
order to prevent evaporation, the whole system wespped in aluminum foil and
incubated for 48 h under constant shaking at 125. v tray filled with water was
located under the microplate. In this system, dhly top face of the coupon was
4
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considered for biofilm quantification, marking ilally the reverse face, to keep its
position downwards along the assay.

2.3. Enzyme solutions

The 9 enzymes tested are listed in Table 2. 1 nguals of enzymatic stock solutions
(1 mg/mL) prepared according to the manufacturstrictions were stored at -20 °C.
For assays, a working concentration of 0.1 mg/mis weepared just before use. The
working concentration was selected after havingedprevious assays using 1 mg/ml

and 0.01 mg/ml without benefit observed for thehkigconcentration.

2.4. Enzymatic treatments

To evaluate the effect of each enzymatic treatnmentbiofilms, coupons from 48h
cultures were withdrawn with tweezers and submenggdsterile saline solution (0.9%
NaCl) to discard weakly adhered cells. Then, theyensuspended vertically to drain off
residual liquid and immersed into 24-well microp&tpreviously filled with the
corresponding enzymatic solution (1 mL per welbedtments were applied for 1 hour
at room temperature. Control samples were submetgbednto the same enzymatic
solutions previously autoclaved (121°C/ 15 min) femzyme inactivation. After
treatment, samples were rinsed and drained off rasiqusly described. Enzyme
effectiveness was expressed by calculating log atemhs with respect to control

coupons.

2.5. Cdll recovery and counting

For cell recovery and counting, residual attachelts evere strongly scratched from the
top surface of the coupons with a sterile cottoratsvaccording to the following

sequence: first from left to right, then from ttp bottom and then diagonally. The
swab carrying the detached cells was then tramsfento a 1.5 mL peptone water tube
that was vigorously stirred on a vortexer (IKA/ortex 3) to detach and break up cell
aggregates. The resulting cellular suspension emaally diluted in peptone water and
plated into various culture media according todh@p method (Hoben & Somasegaran,
1982). In dual biofilms, selective media (OXOID) nweused for plating: PALCAM

Agar for L. monocytogenes, Pseudomonas Agar Base (PAB) with CFC supplement, for
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Pseudomonas, Mannitol Salt Agar (MSA) fo&aphylococcus spp. and McConkey agar
for E. coli. Colony counting was performed after 48 h platubation at 30 °C. In the
case of the consortium E1C3 arnobacterium spp. counts were obtained by
substracting oL. monocytogenes counts (obtained in PALCAM) from the total CFU

obtained in general medium (TSA, Oxoid).
2.6. Confocal laser scanning microscopy (CLSM)

Enzymatic effect on biofilm structure was evaluabydCLSM using a FLUOVIEW
FV 1200 Laser Scanning Confocal Microscope (OLYMP.USr CLSM observation,
biofilms grown on stainless steel coupons wereedres previously described in section
2.4. and stained with LIVE/DEADDbiofilm viability kit (L10316, Life Technologies),
including Syto 9, which labels all bacteria witlidot membranes and propidium iodide,
which only penetrates cells with damaged membraRess, for image analysis, green
corresponds to living cells and red to dead or dprdacells. For calculation, the total
area of the coupon was scanned with a 10X objedtivader to select two or three
representative areas. Then, CLSM images of 0.2>0n were examined with a 60x
oil immersion objective. Three-dimensional projens (Maximum Intensity Projection,
MIP) were reconstructed from z-stacks using IMARIB6 software (Bitplane AG,
Zurich, Switzerland). To calculate biovolume usthg MeasurementPro module of the
above mentioned software, the whole image was seigihento channels that were
analyzed to obtain the total volume occupied bisq#hat is, green cells plus red cells).
To calculate biovolume reduction, that of controlupons was taken as the 100%
reference. To calculate the percentage of coverea @asing the software ImageJ, the
images obtained with IMARIS were first transformetb binary systemi ., black and
white) quantifying the black surfaceg, cells). Both, the total area and that occupied
by dead or damaged cells were computed. The resucii the covered area was

obtained as a percentage, considering that of @acdupons being 100%.
2.7. Statistical analysis

At least two independent experiments were perforarad two or three coupons were
sampled each time. Data were analyzed using Spdtigsa Centurion software

(Statistical Graphics Corporation, Rockville, MOSA). ONE-way analysis of variance

6



202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

(ANOVA) was carried out to determine whether saraplere significantly different at
a 95.0 % confidence level (P < 0.05).

3. Results

3.1. Ecological interactionsin dual biofilms

Figure 1 shows the attached cell populations den culture of mono and dual-species
biofilms with several strains of. monocytogenes and the corresponding associated
species. In total ten mono-species biofilms andelsetiual-species consortia were
studied (Table 1)L. monocytogenes counts in mono-species biofilms were on average
6-7 log CFU-crif. A significant inhibitory effect of.. monocytogenes attachment was
only observed when co-coculture wiiseudomonas spp. (Meat I) andt. coli (Seafood

II). None of the secondary species in biofilms wgagnificantly influenced bylL.
monocytogenes, though a little still significant inhibition ofS. saprophyticus was

observed in the Seafood | consortium.

3.2. Enzymatic L. monocytogenes detachment effectiveness on mono vs. dual biofilms

Table 3 shows values of enzymatic treatment effenss expressed as log reductions
of L. monocytogenes viable attached cells, both in mono and in duaksgs biofilms.

On the overall, the association lof monocytogenes with other microorganisms did not
modify its susceptibility to the different enzymased. Moreover, the effect of the
enzymes ovet. monocytogenes attached population was moderate, independently of
the type of biofilm. After the enzymatic treatmenits population was reduced on

average about 1 log (approximately 90% of the wgdapulation).

3.3. Effect of the presence of |. monocytogenes on its partners detachment

Table 4 show®. fluorescens B52, S. saprophyticus C2 andE. coli C4 log reductions in
mono and dual-species biofilms with different stsaofL. monocytogenes. Again, the
enzymatic efficiency was moderate in all the bmo8l tested. Nevertheless, the
association effect was, in some cases, benefmigdhese species. The associatio of

fluorescens B52 with G1 and G2 (Dairy | and Il, respectivelgnds to moderately
7
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reduceP. fluorescens B52 susceptibility to cellulase and chitinase meatts. Apart
from that, the presence df. monocytogenes G1 and G2 was neutral or slightly
detrimental forP. fluorescens detachment. Enzymatic detachmentSokaprophyticus
from biofilms was, in some cases, significantly ueeld when associated with
monocytogenes strains E1 and Al (Meat Il and Seafood |, respebt)v Interestingly,
the same pattern was observed wkenoli was associated with. monocytogenes A1l

in the Seafood Il consortium, especially when thaisélms were treated with pronase
and glucanase. No statistically significant diffeves were found between cell
detachment in mono and dual-species biofilms inddes ofPseudomonas spp. and

Carnobacterium spp. (Table 4).

3.4. Structural changes caused by enzymatic treatment

For CLSM studies three out of seven consortia wetected, one from each sector. To
choose these, those partners whose susceptiloliégnzymes was modified due to the
association effect with. monocytogenes, i. e. P. fluorescens B52, S. saprophyticus and

E. coli were selected. Figure 2 shows CLSM images of thas® consortia (Dairy I,
Meat Il and Seafood IlI) before and after enzymaeatments with DNase |, pronase
and pectinase. Consortium Dairy I, much thickemtlthe others (12s. 6 and 6 um)
(Table 5) was nevertheless the most vulnerableedddDNase | reduced its biovolume
and covered area by 99% and 90%, respectively. réhmining leftovers after this
treatment were small scattered colonies and disgatged cells, most of them either
damaged or dead (Fig. 2).

On the biofilms of consortium Meat Il, both pronas®el DNase | had similar effects,
leading to a significant reduction in biovolume amccupied area (Table 5). These
parameters were practically unaffected by pectit@sgment, which nonetheless made
most of the remaining cells appeared in red, thatléad or damaged (Fig. 2). Besides,
the residues were reorganized in aggregated stag;tunseen in control images.

CLSM images of consortium Seafood Il biofilms, siealna less compact structure than
that of the other two, with small microcolonies §maum thickness around 6 um) and
dispersed cells adhered along the surface (FigP@gtinase treatment was the most
successful, yielding a 65% loss of both biovolumd accupied area, being the living

cell population the most affected (Table 5). Indewdny of the post-pectinase residual
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cells again appeared in red (Fig. 2). Neverthelbd&se | treatment had a very limited

effect on the structure of this biofilm (Table 5).

4. Discussion

A couple of criteria were initially used in thisugly to select.. monocytogenes partners
for dual-biofilms aimed as targets for dispersatyenes. One was their isolation from
the same surface as themonocytogenes counterpart. Second, the partner should not
outcompete it&. monocytogenes counterpart in experimentally developed biofilike
first criterium had however to be reconsidered wthen72 surface samples analyzed at
four dairy plants, turned out to be &ll monocytogenes negative (Rodriguez-Lopez,
Saa-lbusquiza, Mosquera-Fernandez, & Lopez-Cabth)2Well known dairy strains
of L. monocytogenes and P. fluorescens, a previously studied dual-biofilm (Puga,
SanJose, & Orgaz, 2014) were therefore choseriaasatives.

The second criterium was challenged by the ecaddbgiateractions experimentally
observed in the Seafood consortia. Moderate anismoagainstL. monocytogenes
strains Al and F1 in consortia A1C4 wihcoli and F1C1 witiPseudomonas spp. was
observed (Fig. 1). One fact that influenc8dsaprophyticus acceptance in Seafood
consortia was that the same clone had been isdlaiedthe meat sector (Rodriguez-
Lopez, Saa-lbusquiza, Mosquera-Fernandez, & LomdmC2015). The species has
besides public health interest as it is often imgdl in urinary tract infections (Raz,
Colodner, & Kunin, 2005).

Sampling in the meat product plants yielded a prgdive L. monocytogenes
antagonist,Carnobacterium spp., a lactic acid bacterium of which certain beotin
producing strains have been proposed as bioprés@mydo outcompete pathogens in
the seafood sector (Ghanbari, Jami, Domig, & Knel2813; Leisner J.J et al., 2007,
Matamoros et al., 2009). Thi€arnobacterium spp. strain however kept a neutral
interaction in biofilms with itsL. monocytogenes counterpart, which was already
observed by Rodriguez-Lépez, Saa-lbusquiza, Mosgeemandez, & Lépez-Cabo,
2015. On the whole, of the five selected partnerdy S saprophyticus C2 was
antagonized byL. monocytogenes Al (Seafood I, Fig. 1l)and of the fivelL.
monocytogenes selected strains, two were moderately antagonirethe chosen assay
conditions (F1 in Meat | and Al in Seafood II, Fig. Seven types of dual-biofilms are

certainly rather few, but may give a hint of theatsity of actual targets. Criteria for the
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design of representative mixed biofilm models food industry hygienic purposes are
arguable, as actual communities tend to be comgtekcircumstantial and ecological
interactions between their members may dependraimsprevalent growth conditions,
respective population densities, type of substaaig species distribution in the multi-
species biofilm (Carpentier & Chassaing, 2004; £&aBanin, 2012; Jahid & Ha, 2014,
Puga, SanJose, & Orgaz, 2016).

4.1. Effect of enzymes on the viable population of dual-species biofilms carrying L.
monocytogenes

When exposing both the mono- and dual specieslh®fto the different enzymatic
preparations, there were no statistically signiftodifferences irL.. monocytogenes log
reductions, irrespective of the biofilm develop&alfle 3). Nevertheless, the influence
of L. monocytogenes on its partners cell dispersal was rather varidblerestingly, the
species that had showed growth antagonism whemloare with L. monocytogenes, E.
coli andS saprophyticus (Fig. 1), happened to be the ones whose cells appéa be
more protected against enzymatic attack in mixedilbis. Indeed, the association with
L. monocytogenes reduced the detachment Bf coli cells with most of the enzymes
tested (Table 4). In the caseSkaprophyticus, results were dependent on both enzyme
tested andL. monocytogenes strain, but with a trend towards higher resistataee
enzymatic attack associated to co-culture (Tahl@Hgse data suggest that target points
for these enzymes da. coli and S. saprophyticus mono-species biofilms are not yet
accessible in their dual-species biofilms.

In mono-species biofilms, poly-N-acetylglucosam{P&NAG) is believed to be one of
the most important biofilm matrix component for taphylococci (Izano et al. 2008).
E. cali is also able to synthesize PNAG, in addition thhutese, colanic acid, capsular
polysaccharides and functional amyloid proteinsriiBart & Chapman, 2006; Wang,
Preston, & Romeo, 2004). In the case Lof monocytogenes, Harmsen, Lappann,
Kngchel, & Molin (2010) suggested that DNA mighnhteract with N-
acetylglucosamine forming a PNAG-like polymer tlsapport adhesion and biofilm
formation In dual-species biofilms, all of these polymers migteract in a different
way and new bonds could block in some way targehtpofor enzymatic attack.
Moreover, these structures are rather dense am#t thels, whose interconnected
polymer network would severely hinder diffusion erizymes and their end reaction

products, as previously modeled (Van Wey et all220Xavier et al., 2005). It is
10
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important to highlight that the optimal temperatofeaction of the enzymes here tested
ranged from 37°C to 55°C. To develop a treatmeasilide in the food industry, all
experiments were performed at room temperatures Tédct would have probably
reduced their action. Another important fact todomsidered, is that dispersed cells
could be still viable and therefore in order to idveecontamination of food-contact
surfaces, a combination of enzymes with disinfdstamich as benzalkonium chloride
will be necessary (Rodriguez-Lopez, Puga, Orgakzogez-Cabo, 2017).

4.2. Effect of enzymes on the structure of dual-species biofilms carrying L.
monocytogenes

When analyzed in isolation, results in terms of leductions (Table 3), did not provide
any clues about the most effective enzymes. Momre@féciency was rather poor (on
average, 1 log reduction, Table 3). Nevertheleskenwvquantification of enzyme
effectiveness was performed by CLSM image analgsianges in biofilm covered area
and volume greatly differed according to the enzyamel target biofilm employed
(Table 5). Structural damages appear to be grdaarexpected based on the results of
log reductions (Fig. 2; Table . Table 3). It is well known that a part of the filia
population enters a dormant state in which celi$ tbeir culturability (Lewis, 2007).
Thus, biofilms pre- and after enzymatic treatmemtsild carry both viable and non-
viable cells including those that are damaged dfftertreatment and dormant cells, the
latter being unable to be detected by culture degein methodologies. Therefore,
results in terms of log reductions could be undereding this part of the population.
For an enzyme to be effective, the location anessibility of the target compounds are
likely to be determining factors. Extracellular DNADNA) has proven to be a critical
component folL. monocytogenes biofilm formation and an essential polymer of the
monocytogenes biofilm matrix (Combrouse et al., 2013; Harmseappann, Kngchel, &
Molin, 2010). The CLSM results here obtained sugtest the amount and location of
eDNA in dual biofilm matrices rely ol.. monocytogenes's partner.P. fluorescens
seems to impart a widespread and accessible eDNt&rpaDNase attaining 99%
biofilm volume reduction) whereds. coli would provide a scarce and/or unattainable
one (very low DNase effect) (Table 5, Fig. 2). Emayic methods for biofilm eDNA
extraction reveal an intricate molecular interactiof this polymer with other EPS
components (Wu & Xi, 2009). Therefore, eDNA seem9play an important role in

stabilizing G1B52 and E1C2 matrices, whereas in Al@atrix, proteins and
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polysaccharides could be more important in maiimgirits structure (pronase and
pectinase yielded a 67% and 65% biovolume reductaspectively) (Table 5). Indeed,
curli have been described as the major proteinaceomponents of the extracellular
matrix of the Enterobacteriaceae family (Barnhax€Bapman, 2006).

Pectinase achieved 65-70 % volume reduction on disdlms of L. monocytogenes
with Gram-negative bacteriaP( fluorescens or E. coli) but not on those with..
monocytogenes and another Gram-positiveS.( saprophyticus) (Table 5, Fig. 2).
Pectinase is a pectolytic enzyme preparation prediuey Aspergillus niger that
contains a mixture of pectolytic enzymes, small ame of hemicellulases and
cellulases and proteolytic activity. This enzymauldotherefore act on both Gram-
positive and Gram-negative cell walls and Gram-tieganatrix polysaccharides, such
as cellulose (Hufnagel, Depas, & Chapman 2015).o&dgvolume reduction was
obtained with pronase on all the dual-biofilms ([Eab) probably due to the diversity of
proteinases the preparation contains. Pronase leasnan-specific chitinase activity
(Kumar, Gowda, & Tharanathan, 2004; Orgaz, Neuf@dsanJose, 2007), useful to
degrade chitin (N-acetilglucosamine) and its dedatsd derivative chitosan, whose
structures have components similar to those foaritie biofilm EPS (Kives, Orgaz, &
SanJose, 2006). All those activities and the d&iterof proteins distributed in the
matrix may perhaps explain the diversity in pronefects on average biofilm thickness
reduction (Table 5).

Few clues on the spatial distributionLofmonocytogenes cells in multi-species biofilms
are available. In mixed biofilm with. monocytogenes and Pseudomonas spp, this last
one is usually considered the primary colonizeg, lthst, providing-. monocytogenes
with a thick matrix protection (Hassan, Birt, & Rka 2004). ButL. monocytogenes is
not just a passively engulfed guest; though it grovore slowly thar. fluorescens, its
cells get positioned underneath (Puga, SanJosergazD2014). A similar pattern, in
which bottom layers of.. monocytogenes/E.coli dual-biofilms were occupied by the
former, was previously described (Almeida et abDlP). Nevertheless, co-culture-
induced structural changes lin monocytogenes/E. coli biofilm matrix are likely to be
different from those produced in themonocytogenes/P. fluorescens system. That is at
least suggested by their respective patterns afeptbility, particularly when treated
with DNase | and pronase (Table 5).

Probably the interactions between co-cultured gseniake the mixed biofilm matrix

different in components and polymer junctions witlspect to mono-species biofilms

12



405
406
407
408
409

410
411
412

413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

and that may be the cause for their frequently ntepgo higher resistance to
antimicrobials (Burmglle, Ren, Bjarnsholt, & Sgrems 2014; Ibusquiza, Herrera,
Vazquez-Sanchez, & Cabo, 2012; Jahid & Ha, 2014aP8anJose, & Orgaz, 2016),
mechanical disintegration (Simdes, Simdes, & Vie2809), desiccation (Alavi &
Hansen, 2013) or enzymatic attack, as observed Heng these interactions transform

the physical chemistry of the biofilms is stilllbe understood.

5. Conclusions

L. monocytogenes strains were equally susceptible to enzymaticchttahether in
mono- or in dual-species young biofilms. The effettthe association however was
beneficial for some of. monocytogenes partners such &s. coli andS. saprophyticus.

In terms of viable attached cell log reduction® tise of enzymes for the treatment of
dual-species biofilms did not achieve good reswttswever, CLSM images showed
significant structural damage after enzymatic trestt of these biofilms with DNase I,
pronase and pectinase. Moreover, use of differealyraes yielded very different
changes in biofilm structure, depending on the -dpakies biofilm treated. Therefore,
enzymes could be an interesting tool for weakemiegstructure of.. monocytogenes
carrying biofilms likely to exist on the surfacetfood processing plants, always in
combination with a disinfection treatment. Moreqwvelnecking the action of different
enzymes on biofilms could be regarded as a rough afasensing and probing their

external or accessible structure.
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Figure captions

Figure 1. 48 h-attached population df. monocytogenes (bared bars), and its
corresponding partner (lined bars) in mono (whaedl dual-species (black and grey)
biofilms. For each strain, asterisks denote sigaiit differences between mono- and
dual-species conditions (P<0.05).

Figure 2. CLSM zenital images of biofiims formed by consarbairy |, Meat Il and
Seafood I, before and after the enzymatic treatmePoupons were stained with Live-
Dead Kit {.e. in green, live cells and in red, dead cells). &ach consortium, left rows
show live and dead cells (L+D). Right rows, onladeells (D). The images covered an
area of 0.12 x 0.12 mm. (Scale barpgi).

Table 1.Selected consortia @f monocytogenes strains and partner strains.

Table 2. Enzymes used in treatments against mono-specgesizal-species biofilms-
carryingListeria monocytogenes.

Table 3. Enzymatic efficiency expressed as Logreductioatt#fched.. monocytogenes
cells in the target mono-species (in total, 5) al-species biofilms (in total, 7
consortia). Values correspond to the average «atadeviation (n=3).

Table 4. Enzymatic efficiency expressed as Log reductibmattachedP. fluorescens
B52, S saprophyticus C2 andE. coli C4 cells in the target mono-species and dual-

species biofilms. Results correspond to the avetagjandard deviation (n=3).
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608 Table 5. Biofilm structural parameters variation after emagic treatments of three

609 consortia.
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Table 2. Enzymesused in treatments against monospecies and
dual species biofilms-carrying Listeria monocytogenes

Enzyme Origin Catalog

Pronase Sreptomyces griseus 11459643001, Roche
Cédllulase Aspergillus niger C1184-5KU, Sigma
Pectinase Aspergillus niger 1789-10G, Sigma
DNasel Bovine pancreas DN 25, Sigma
Lysozyme Chicken egg white 62971-10G-F, Sigma
Phospholipase Thermomyces lanuginosus L3295-50ML, Sigma
Per oxidase Horseradish P8250-5K U, Sigma
B-Glucanase Trichoderma longibrachiatum G4423-100G, Sigma
Chitinase Streptomyces griseus C6137-5UN, Sigma




Table 3. Enzymatic efficiency expressed as L og reduction of attached L. monocytogenes cellsin thetarget mono-species (in total, 5) and dual-species
biofilms (in total, 7 consortia). Values correspond to the average + standard deviation (n=3).

Dairy sector M eat sector Seafood sector
Enzyme
G1 G1B52 G2 G2B52 F1 Fici El E1C2 E1C3 Al Al1C2  AlC4

Pronase 09 £0.2 16+04* 12+07 16 =05 14 + 043+05 10x04 12+04 06 04 1.0+x03 123 10x0.1
Cdlulase 1.1 £+07 13+06 16+02 10+05 14+ 054407 13+x04 14+05 06+ 04 1.0+£06 18% 1.0+0.3
Pectinase 17 +0.1 13+x06 15x04 14 06 14 + 053406 10+x03 1505 09z 0.3 09+04 103 0903
Dnasel 1.7+06 11+x03 1503 15+ 0.8 15+ 044406 1204 12x03 09% 04 09+05 11400903
Lysozyme 12+07 10+x05 12+x06 13 0.8 12 + 034404 16+05 14+x03 08+ 04 11+x05 106 08%x0.2
Phospholipase | 1.0+06 13+08 1.3+0.2 15 % 0.2 16 + 044406 0905 12x06 0.8=% 0.5 0.8+0.3 0.8%00.8+0.3
Peroxidase 09+03 13+x04 12x06 10 05 12 +02 434 11+03 12x06 0.7x 0.6 12+03 1.2401.0%x04
B-Glucanase 1.3+x05 12+x06 1207 12+ 0.3 1.0 + 048603 10+x06 1.3x05 0.8% 0.1 06+0.2 0.7301.0x05
Chitinase 1.0+x02 11+x06 15+x04 09 =05 14 + 046404 0904 14x05 0.8z 0.5 1.3+03 06%01.0%0.1

In rows, asterisks mean statistically significaiffedences between each pair mono-species/duaiepbofiims (P<0.05)
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Table 4. Enzymatic efficiency expressed as Log reductioattsfiched?. fluorescens B52, P. fluorescensspp.C1, S saprophyticus C2, Carnobacterium spp. C3
andE. coli C4 cells, in the target mono-species and dualigspdxofilms. Results correspond to the averaggandard deviation (n=3).

Enzyme B52 G1B52 G2B52 C1 F1C1 Cc2 E1C2 A1C2 C3 E1C3 Al1C4
Pronase 1.3+0.3 1.8+0.4 1.8+04 1.4+09 1.0+ 0|3 103 04+01* 05%x03f 05+03 11+0.6 0.8+0.1 4@0.1*
Cdlulase 18+0.1 11+05* 13x02F 1.0zx05 1.0+04 +DP.3 09+03 06+0.1f 06x04 1508 0.7+0.20.6 £0.3
Pectinase 1.0+04 1.2+04 1.6+0.9 15+05 1.1+0|2 185 1103 0.7+04F 1512 09+0.p 06+0.2 5801
DNasel 11+0.2 16+0.4 1.8+0.3 1.2+0.6 1.1+0f2 1.04 1.2+0.2 06+02fF 09+0.3 1.2+0.) 09+04 4804
Lysozyme 1.4+0.6 1.1+05 15+0.4 1.2+0.3 1.0+ 0|4 105 07+x04* 0903 05+0.3 1.1+0.p 0.6+0.2 58.0.3
Phospholipase 1.9+03 14+£04 18+04 1.2+05 1.2 £ 0|4 004 13+06 05+0.1f 05+0.3 15+0F) 06+04 580.2
Per oxidase 11+0.2 1.7+£0.1* 1.5+0.2 0.8+0.4 0.6+0]1 0.0.6 0.7+£0.3 09+04F 0402 16+11 1.0+04 5805
B-Glucanase 09+04 1.3+£0.2 1.5+0.3 1.1+05 0.7+03 001 09+0.3 0.8+0.3 0.7+0.3 110 09+0.1 39803
Chitinase 1.8+0.6 15+0.1* 1.9+0.5 1.8+0.7 1.2+03 0.6.8 09+0.1* 04+00f 11+05 1.0+0.6 1.0+0.305%0.3

In rows, asterisks mean statistically significaiffedences between each pair mono-species/dualespbofiims (P<0.05)




Table 4. Enzymatic efficiency expressed asthe % of eliminated attached P. fluorescens B52 cellsin the target biofilms, monospecies
and dual-species.

Monocultured  Co-cultured Co-cultured Monocultured  Co-cultured Co-cultured Monocultured  Co-cultured
Enzyme B52 G1B52 G2B52 C2 E1C2 A1C2 C4 Al1C4

X t X t X t X tD X t X t X ts X t
Pronase 97 +2 98 +2 99+1 90+5 62 + 9* 76 +12* 85+5 65@*1
Cellulase 99+0 89 + 9 97 £ 1* 94 +7 92+2 77 +8* 81+9 7251
Pectinase 95+4 92+7 96+8 95+4 90+6 75+ 12* 79+8 735
DNasel 971 964 99 + 0* 897 93+3 82 +14* 85+14 665
Lysozyme 97 +3 89+9 96 +7 90+9 76 + 16* 86 +12 79+8 7151
Phospholipase 99+0 94 +8 99+0 89+6 91+7 73 +5* 77+11 73+8
Peroxidase 93+5 98 + 1* 97+3 85+8 78 +11 92 + 4* 88+8 6791
B-Glucanase 91+3 95+2 98 £ 1* 74+8 85+11 82+11 88+5 693 1
Chitinase 99+1 97 £ 1* 99+0 72+1 88 + 4* 56 + 1* 87+8 76+ 8

In rows, asterisks mean statistically significant differences between monocultured and co-cultured target biofilms (P<0.05)



Table 1. Selected consortia of L.

monocytogenes strains and partner strains

Partner strains

L. monocytogenes strains

Gl G2 F1 El Al
Pseudomonas fluorescens B52 Dairy | Dairy Il
Pseudomonas spp. C1 Meat |
Staphylococcus saprophyticus C2 Meat Il Seafood |
Carnobacterium spp. C3 Meat I11
Escherchia coli C4 Seafood 1




Table 5.Biofilm structrural parameters variation after enzymatic treatments of three

consortia
Biofilm Bjoﬂlm Covered area (%) Cover_e d area Biovolume
. . thickness reduction (%) .
Consortium Sample thickness reduction Soadl L reduction
(um) o Total | —cad| Hving Total (%)
(%) cells | cells
Control 12 39 4 35
. Pronase 12 0 24 12 12 37 40
Dairy |
Pectinase 10 17 25 24 36 70
DNase | 8.5 29 4 2 90 99
Control 6 21 13 8
Pronase 3 50 9 3 6 57 62
Meat Il
Pectinase 6 0 24 17 7 0 12
DNase | 4 33 8 6 2 67 73
Control 6 20 5 15
Pronase 1 83 11 4 7 45 67
Seafood I
Pectinase 4 33 7 7 65 65
DNase | 6 0 16 9 20 0
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Highlights

— Some species were protected from enzymes in dual biofilms with L. monocytogenes

— Enzymes greatly affect dual-species biofilms structure and cellular integrity

— They can be agood alternative for weakening dual biofilms carrying L.
monocytogenes





