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ABSTRACT

The persistence of the foodborne pathogen Listeria monocytogenes in food processing facilities may be facilitated
by the formation of multi-species biofilms by environmental microbiota. This study aimed to determine whether
multi-species biofilm formation results in an increased tolerance of L. monocytogenes in biofilms to the sanitizers
benzalkonium chloride (BAC) and peroxyacetic acid (PAA) at concentrations commonly used in food processing
facilities. Biofilms composed of microbiota previously shown to co-occur with L. monocytogenes in tree fruit
packing facilities (i.e., Pseudomonadaceae, Xanthomonadaceae, Flavobacteriaceae, and Microbacteriaceae) were
formed with L. monocytogenes in single- and multi-family assemblages. Multi-family biofilms were exposed to 250
or 500 ppm of PAA, or 200 ppm of BAC to determine the die-off kinetics of L. monocytogenes. Furthermore, the
ability of a commercial biofilm remover to disrupt biofilms and inhibit bacteria in the formed single- and multi-
family assemblage biofilms was assessed. The die-off kinetics of total bacteria and L. monocytogenes in biofilm
assemblages throughout the exposure to a sanitizer was determined using the aerobic plate count and the most
probable number methods, respectively. Biofilm assemblages that included Pseudomonadaceae resulted in an
increased tolerance of L. monocytogenes to BAC and PAA compared to biofilm assemblages without Pseudomo-
nadaceae. Further, the use of the biofilm remover significantly disrupted biofilms and reduced the concentration
of L. monocytogenes in single- and multi-family biofilms by 5 or more logarithmic units. These findings highlight
the need to improve the control of biofilm-forming microbiota in food processing facilities to mitigate the
persistence of L. monocytogenes.

1. Introduction

also with contaminated fresh produce, including tree fruits and leafy
greens (Chen et al., 2017). A notable outbreak occurred in 2014-2015,

Foodborne pathogen Listeria monocytogenes is of a significant food
safety concern due to its high mortality rate of 20-30% among in-
dividuals with listeriosis (CDC, 2024a; De Noordhout et al., 2014). In the
United States, the Centers for Disease Control and Prevention reported
29 foodborne outbreaks of listeriosis over the last decade (CDC, 2024a),
often linked to ready-to-eat foods like deli meats, cheese, raw milk, ice
cream, and enoki mushrooms (Buchanan et al., 2017; Mohapatra et al.,
2024; Silk et al., 2012). More recently, outbreaks have been associated

involving caramel-coated apples, highlighting the need for improved
monitoring and control measures for L. monocytogenes in tree fruit
packing and processing environments (Chen et al., 2017; Mohapatra
et al., 2024). Using whole genome sequencing, the outbreak investiga-
tion determined that the L. monocytogenes isolates collected from an
apple packing facility were highly related to clinical strains, suggesting
the environment was likely the source of contamination (CDC, 2024b).
Further surveys of tree fruit packing environments have shown that
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L. monocytogenes can persist on produce processing equipment and
within the environment, posing a significant risk for recurrent contam-
ination of food (Chen et al., 2022; Rolon et al., 2024; Ruiz-Llacsahuanga
et al., 2021; Simonetti et al., 2021; Sullivan et al., 2022).

The proposed mechanism for L. monocytogenes’ survival and persis-
tence in food processing environments is by colonizing the environment
and forming surface- or non-surface-attached biofilms, or integrating
into biofilms formed by other environmental microbiota (Fan et al.,
2020; Osek et al., 2022; Puga et al., 2018; Reis-Teixeira et al., 2017;
Sauer et al., 2022). These biofilms are heterogenous, diverse, and co-
ordinated communities of microorganisms protected by a matrix of
extracellular polymeric substances (EPS) (Sauer et al., 2022). Within
biofilms, complex inter- and intra-species relationships can enhance the
adherence and colonization of L. monocytogenes to food processing sur-
faces as well as affect its tolerance to sanitizers (Fagerlund et al., 2017;
Rgder et al., 2015a; Zilelidou and Skandamis, 2018). Microorganisms
within biofilms often exhibit reduced susceptibility to sanitizers
compared to their planktonic counterparts, which can lead to sanitation
failures and the persistence of pathogens. For instance, L. monocytogenes
in four and ten-day old biofilms showed a significant increase in resis-
tance to benzalkonium chloride (BAC) compared to planktonic cells (Saa
Ibusquiza et al., 2011). Furthermore, the presence of environmental
microbiota in biofilms can provide additional protection against anti-
microbials. A previous study demonstrated that a multispecies biofilm
composed of five strains of Pseudomonas spp. enhanced the survival of
L. monocytogenes when exposed to a peroxyacetic acid (PAA)-based
commercial sanitizer (Thomassen et al., 2023).

In our previous longitudinal survey of tree fruit packing facilities, we
identified biofilm-forming microbiota from the families Pseudomonada-
ceae, Xanthomonadaceae, Flavobacteriaceae, and Microbacteriacea, which
frequently co-occurred with L. monocytogenes (Rolon et al., 2023; Tan
et al,, 2019). Notably, we observed that L. monocytogenes exhibited
enhanced growth in multi-family biofilms and an increased tolerance to
12.5 ppm benzalkonium chloride (BAC) when present in these biofilms,
compared to when L. monocytogenes was alone or in planktonic cultures
(Rolon et al., 2024). These findings suggested that certain environ-
mental microbiota in food processing facilities can facilitate biofilm
formation and enhance the tolerance of L. monocytogenes to sanitizers
(Rolon et al., 2024). However, the concentration of BAC used in our
previous study was below the recommended levels for sanitizing envi-
ronmental non-food contact surfaces. In this study, we aimed to assess
whether multi-species biofilms, comprised of environmental microbiota,
can enhance the tolerance of L. monocytogenes to two commonly used
sanitizers, BAC and peroxyacetic acid (PAA) at concentrations typically
applied during cleaning and sanitizing in food processing facilities.
Additionally, we evaluated the efficacy of a commercial
biofilm-removing product in disrupting multi-family biofilms, reducing
the microbial population within these biofilms, and inactivating
L. monocytogenes.

2. Materials and methods
2.1. Bacterial cultures

L. monocytogenes (n = 7), Pseudomonadaceae (n = 8), Xanthomona-
daceae (n = 8), Microbacteriaceae (n = 6), and Flavobacteriaceae (n = 3)
strains were previously isolated from environmental samples collected
from tree fruit packing facilities, characterized using whole genome
sequencing, and preserved in Brain Heart Infusion broth (BD, Franklin
Lakes, NJ) supplemented with sterile glycerol (VWR, Radnor, PA) at
—80 °C (Table 1) (Rolon et al., 2024). Isolates were resuscitated by
streaking onto Reasoner’s 2A (R2A) agar (BD, Franklin Lakes, NJ) and
incubating for 24-72 h at 30 °C or 20 °C. R2A medium was chosen to
mimic the nutrient-restricted conditions on environmental surfaces in
tree fruit packing facilities. Strains were further sub-cultured as
described in the following sections.
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Table 1
Bacterial strains used in this study.
Family Strain Species *
Flavobacteriaceae PS02336  Flavobacterium spp.
PS02337  Flavobacterium spp.
PS02338  Flavobacterium spp.
Microbacteriaceae PS01271 Curtobacterium spp.
PS01859  Gulosibacter massiliensis
PS02066  Microbacterium spp.
PS02068  Microbacterium spp.
PS02072  Microbacterium spp.
PS02292  Agrococcus spp.
Listeriaceae PS01272  Listeria monocytogenes (lineage I, IVb variant,
serotype 4b)
PS01277  Listeria monocytogenes (lineage II, Ila, serotype 1/
2a and 3a)
PS01278  Listeria monocytogenes (lineage I, IIb, serotype 1/
2b, 3b, and 7)
PS01281  Listeria monocytogenes (lineage II, Ila, serotype 1/
2a and 3a)
PS01291  Listeria monocytogenes (lineage I IVb, serotype 4b,
4d, and 4e)
PS01293  Listeria monocytogenes (lineage III)
PS01295  Listeria monocytogenes (lineage III)
Pseudomonadaceae PS01270  Pseudomonas atacamensis
PS01297  Pseudomonas helleri
PS01301  Pseudomonas coleopterorum
PS01303  Pseudomonas rustica
PS01856  Pseudomonas paracarnis
PS02288  Pseudomonas kuykendallii
PS02302  Pseudomonas spp.
PS02303  Pseudomonas mandelii
Xanthomonadaceae ~ PS02289  Stenotrophomonas spp.
PS02297  Stenotrophomonas nitritireducens
PS02298  Stenotrophomonas spp.
PS02299  Stenotrophomonas maltophila
PS02300  Stenotrophomonas spp.
PS02301 Stenotrophomonas spp.
PS02304  Xanthomonas spp.
PS02340  Luteimonas spp.

 Isolates were identified using whole genome sequence analyses as reported
in Rolon et al. (2024). Lineage and serotype information is provided for each
L. monocytogenes isolate.

2.2. Antimicrobial susceptibility assay

The minimal inhibitory concentrations (MIC) of PAA and a com-
mercial biofilm removing product were determined for all bacterial
isolates using the broth microdilution assay (CLSI, 2009). The PAA and
BAC are parent compounds of sanitizer products and were used in this
study to mitigate the effects of other compounds added to commercial
sanitizers, as those may vary among different commercial products.
However, given that the chemical composition of the biofilm remover
was proprietary, we used the commercial product as is. MICs of BAC
have been reported in our previous study (Rolon et al., 2024). Stock
solutions of PAA (4000 ppm; Pfaltz & Bauer, Waterbury, CT) and the
biofilm remover (17.2 ppm of active ingredients; Boost 3200 & 3201,
Ecolab, Saint Paul, MN) were prepared in Mueller Hinton (MH) broth
(BD, Franklin Lakes, NJ) and sterilized by filtration using a 0.2 pm cel-
lulose filter (Whatman Membranes, Cytiva, Marlborough, MA). Stock
solutions were then two-fold diluted in MH broth in a 96-well microtiter
plate to achieve a range of concentrations from 1000-3.9 ppm for PAA
and from 4.3 to 0.2 ppm of active ingredients for the biofilm remover.
One isolated colony of each bacterial strain was suspended in MH broth
and incubated at 30 °C with shaking at 200 rpm until the turbidity
exceeded an optical density at 600 nm (ODgo) of 0.2, as measured with
an Eppendorf Biophotometer (Eppendorf, Hamburg, Germany).
Following the incubation, cultures were diluted in MH broth to achieve a
final concentration of ~5 * 10° CFU/mL in the assay plate. Four wells of
the microtiter plate containing the bacterial culture in MH broth without
antimicrobial were used as positive controls to verify the growth of each
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strain. Four additional wells containing only MH broth were used as
negative controls to assess potential contamination. Microtiter plates
were incubated at 30 °C for 24 h. The temperature of incubation was
modified from the CLSI standard method, since some bacterial strains
did not grow at 35 °C. The MIC for each antimicrobial was defined as the
lowest concentration of an antimicrobial that resulted in no microbial
growth (CLSI, 2009) and was determined by visual inspection and
measurement of the ODggp using a Synergy Neo2 microplate reader
(BioTek, Thermo Fisher Scientific, Waltman, NJ). Each test was con-
ducted in at least two independent biological replicates, each with two
technical replicates.

2.3. Die-off kinetics of L. monocytogenes in single- and multi-family
assemblage biofilms exposed to benzalkonium chloride and peroxyacetic
acid

Single- and multi-family assemblage biofilms were prepared as pre-
viously described (Rolon et al., 2024). Briefly, one colony of each bac-
terial strain was suspended in R2A broth (Neogen, Lansing, MI) and
incubated at the optimal growth temperature for each strain (i.e., 20 or
30 °C) until the turbidity of the culture exceeded an ODggg of 0.2. Each
culture was then adjusted to a concentration of ~1 * 10’ CFU/mL by
dilution in R2A broth. The concentration of each culture was confirmed
by spiral plating (easySpiral, Interscience, Saint Nom la Bréteche,
France) onto R2A agar plates and incubation at 30 °C for 72 h. Bacterial
cultures were then combined in equal volumes into single- and
multi-family assemblages in a full factorial design, resulting in 16
treatments (Table 2). Five wells of a Minimal Biofilm Eradication Con-
centration (MBEC) assay plates (Innovotech, Edmonton, Canada) were
filled with 150 pl of each assemblage. Additionally, 16 wells containing
150 pl of sterile R2A broth were used as negative controls. Inoculated
MBEC assay plates were incubated for 3 days at 15 °C, with medium
replacement every 24 h. This incubation temperature for biofilm growth
was selected as it was the mean temperature measured in tree fruit

Table 2
Single- and multi-family assemblages tested for tolerance to sanitizers.
Treatment” Assemblage Assemblage
Complexity
L L. monocytogenes Single family
L+P L. monocytogenes + Pseudomonadaceae Two-family
L+X L. monocytogenes + Xanthomonadaceae
L+M L. monocytogenes + Microbacteriaceae
L+F L. monocytogenes + Flavobacteriaceae
L+P+X L. monocytogenes + Pseudomonadaceae + Three-family
Xanthomonadaceae
L+P+M L. monocytogenes + Pseudomonadaceae +
Microbacteriaceae
L+P+F L. monocytogenes + Pseudomonadaceae +
Flavobacteriaceae
L+X+M L. monocytogenes + Xanthomonadaceae +
Microbacteriaceae
L+X+F L. monocytogenes + Xanthomonadaceae +
Flavobacteriaceae
L+M+F L. monocytogenes + Microbacteriaceae +
Flavobacteriaceae
L+P+X+M L monocytogenes + Pseudomonadaceae + Four-family
Xanthomonadaceae + Microbacteriaceae
L+P+X+F L. monocytogenes + Pseudomonadaceae -+
Xanthomonadaceae + Flavobacteriaceae
L+P+M+F L monocytogenes + Pseudomonadaceae +
Microbacteriaceae + Flavobacteriaceae
L+X+M+F L. monocytogenes + Xanthomonadaceae +
Microbacteriaceae + Flavobacteriaceae
L+P+X+M L monocytogenes + Pseudomonadaceae + Five-family
+F Xanthomonadaceae + Microbacteriaceae +
Flavobacteriaceae
@ Microbial  assemblage  abbreviations: F,  Flavobacteriaceae; 1,

L. monocytogenes; M, Microbacteriaceae; P, Pseudomonadaceae; X,

Xanthomonadaceae.
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packing facilities (Rolon et al., 2023; Tan et al., 2019).

To assess the tolerance of L. monocytogenes to sanitizers, single- and
multi-family assemblage biofilms were exposed to 250 ppm PAA, 500
ppm PAA, or 200 ppm BAC. Experiments were conducted in at least 2
independent biological replicates, each with 5 technical replicates. PAA
and BAC (Spectrum, New Brunswick, NJ) solutions were prepared in
sterile 0.85% NaCl solution to mitigate bacterial osmotic stress and
sterile filtered using a 0.2 pm cellulose filter (Whatman Membranes,
Cytiva, Marlborough, MA). MBEC peg lids with grown biofilms were
rinsed by submerging a lid in sterile 0.85% NaCl for 10 s. The rinsed peg
lids were then transferred to a 96-well plate pre-filled with 200 ul PAA
(250 or 500 ppm) or BAC solution (200 ppm) per well and incubated at
15°C for 0, 15, 30, or 60 min for 250 ppm PAA, for 0, 2, 15, and 30 min
for 200 ppm BAC, and for 0, 2, 10, and 15 min for 500 ppm PAA. Given
the observed tolerance of L. monocytogenes in biofilms to 250 ppm PAA
and 12.5 ppm BAC (Rolon et al., 2024) compared to planktonic cultures,
we tested whether increasing the concentrations to 500 ppm PAA and
200 ppm BAC would reduce L. monocytogenes’ tolerance in biofilms.
Preliminary experiments indicated a faster die-off at these higher con-
centrations, prompting us to include additional sampling time points
before 15 min and to conclude the experiments earlier.

The time points for exposure to different concentrations of sanitizers
were informed by preliminary experiments (data not shown). After the
PAA or BAC exposure, biofilms were rinsed by submersion in sterile
0.85% NacCl for 10 s, transferred to Dey Engley (DE) neutralizing broth
(BD, Franklin Lakes, NJ), and sonicated for 30 min (VWR, Radnor, PA)
to release biofilm biomass for further quantification of aerobic meso-
philic microbiota and L. monocytogenes. The suspensions of five technical
replicates per treatment were pooled prior to quantification of microbial
concentration. To quantify the total concentration of aerobic bacteria,
the released biomass was ten-fold diluted in 0.85% NaCl solution, spread
plated onto R2A agar, and incubated for 72 h at 30 °C. A miniaturized
most probable number (MPN) assay was used to quantify
L. monocytogenes (Rolon et al., 2024). The MPN method was used to
mitigate the interference of other microbiota with the quantification of
L. monocytogenes and to promote the recovery of sub-lethally injured or
dormant cells that may not be detected by direct plating. Briefly, the
released biomass was 10-fold diluted 8 times in 900 pl of Buffered Lis-
teria Enrichment broth (BLEB) (Criterion, Santa Maria, CA) in triplicate
in 96-deep well plates (VWR, Radnor, PA) and incubated for 4 h at 30 °C.
Subsequently, each well was supplemented with 4 pl of Listeria Selective
Enrichment Supplement (90 mg acriflavine, 450 mg cycloheximide, and
360 mg sodium nalidixic acid in 40 mL of sterile deionized water)
(Sigma Aldrich, St. Lois, MO) and incubated at 30 °C for an additional
44 h. After the incubation, 2.5 pl of enrichments were spot-inoculated
onto agar Listeria according to Ottavani & Agosti (ALOA) (Biomerieux,
Marcy-l’Etoile, France) and incubated for 24 h at 37 °C. The number of
positive dilutions for L. monocytogenes were counted and used to
calculate MPN/peg using the MPN calculator available on the FDA
Bacteriological Analytical Manual (BAM) (Blodgett, 2020).

The USDA Integrated Pathogen Modelling Program (v. 2013)
(Huang, 2014) was used to fit the log-linear with tail and the Weibull
models to the L. monocytogenes die-off kinetic data. The goodness-of-fit
of the models was evaluated with the Root Mean Square Error (RMSE)
and the Akaike’s Information Criterium (AIC), which allowed for the
selection of the best model. The tolerance of L. monocytogenes to PAA
and BAC in multi-family assemblage biofilms was defined as the time
required to achieve a 2-log reduction in L. monocytogenes concentration
(Brauner et al., 2016), also known as the minimum duration for killing
(MDK99). MDK99 was calculated from the best fitting modeled curves.

2.4. Die-off kinetics of L. monocytogenes in planktonic cultures of single-
and multi-family assemblages exposed to peroxyacetic acid

Planktonic cultures of single- and multi-family assemblages were
prepared to test their effect on the tolerance of L. monocytogenes to PAA.
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Each bacterial strain was grown in R2A broth and incubated at 20 or
30 °C until the turbidity of the culture reached an ODggg of >0.2. The
cultures were centrifuged for 5 min at 16,000 g (Avanti J-26 XPI,
Beckman Coulter, USA) and the pellets were resuspended and adjusted
in sterile 0.85% NaCl to ~1 * 107 CFU/mL. Saline solution was used for
inoculum preparation instead of R2A broth to mitigate the potential
neutralizing effect of R2A broth on the antimicrobial activity of PAA,
which was not required in the biofilm assay due to biofilm rinsing. The
concentration of each bacterial suspension was verified by spiral plating
onto R2A agar plates (easySpiral automatic plater, Interscience, Saint
Nom la Bréteche, France) followed by incubation at 30 °C for 72 h.
Single- and multi-family assemblages were prepared by mixing equal
volumes of each strain. Planktonic cultures of single- and multi-family
assemblages (i.e., 2 mL) were exposed to PAA (250 ppm) for O, 15, 30,
or 60 min at 15 °C, followed by the addition of 2 mL double-strength DE
neutralizing buffer. BAC was not tested on planktonic cultures as it has
been tested and reported in our previous work (Rolon et al., 2024). The
concentration of total aerobic bacteria and L. monocytogenes present in
biofilms and planktonic cultures was quantified as described in the
previous section. The experiment was performed in 3 independent ex-
periments, each with 1 biological replicate.

2.5. The effect of a biofilm remover on biofilm disruption and
L. monocytogenes reduction in single- and multi-family assemblage
biofilms

Single- and multi-family assemblages of biofilms grown as outlined
above (section 2.3) were exposed to the biofilm remover prepared in the
ratio of 1:1:8 disinfectant:activator:water (as recommended by the
product label), which was equivalent to 137 ppm of active ingredients.
The biofilm remover was prepared in sterile 0.85% NacCl and sterilized
by filtration. Biofilms were rinsed by submersion in 0.85% NacCl for 10 s
and were transferred to a 96-well plate pre-filled with 200 pl per well of
the prepared biofilm remover. Biofilms were incubated in the biofilm
remover solution at 15 °C for 0 and 10 min, equivalent to the contact
time recommended by the product label. The amount of biofilms on pegs
before and after exposure to the biofilm remover was quantified using
the crystal violet assay as previously described (Rolon et al., 2024).
Briefly, the MBEC pegs lids containing the biofilms were rinsed for 10 s
with sterile 0.85 % NaCl solution, transferred to a sterile 96-well plate
base, and heat fixed for 40 min at 65 °C in a Multi-Therm microplate
shaker (Benchmark Scientific, Sayreville, NJ). A 1% w/v solution of
crystal violet (200 pl; Ward’s Science, Rochester, NY) was added to each
well and incubated at room temperature for 45 min, followed by two 10
s rinses with sterile 0.85 % NaCl solution and de-staining with 95 %
ethanol for 15 min. The amount of crystal violet retained by the biofilms
was quantified by measuring the absorbance of the crystal violet-ethanol
solution at 570 nm on a microplate reader (BioTek Synergy Neo2 Hybrid
Multi-Mode Microplate Reader, Thermo Fisher Scientific, Waltman, NJ).
The experiment was conducted in three independent biological repli-
cates. The total aerobic mesophilic bacteria and L. monocytogenes pre-
sent in the biofilms before and after exposure to the biofilm remover
were quantified as described in a previous section. Furthermore, the
biofilm was quantified using the crystal violet assay before and after
exposure to the biofilm remover, as described previously.

2.6. Statistical analysis

All statistical analyses were conducted in R v.4.3.2 (R Core Team,
2023). Given that the datasets did not meet the ANOVA assumptions (p
< 0.05), a non-parametric Kruskal-Wallis test was applied to assess the
effect of BAC and PAA on the total aerobic mesophilic bacteria and
L. monocytogenes in a biofilm and a planktonic culture using the R
package rstatix, followed by the Dunn’s multiple comparison post-hoc
test using the R package FSA v.0.9.5 (Ogle et al., 2023). A two-tailed
t-test was used to assess whether the presence of Pseudomonadaceae in
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multi-family assemblages affected the tolerance of L. monocytogenes to
the BAC and PAA, and to assess the effect of a biofilm remover on the
total biofilm quantity, aerobic mesophilic bacteria, and L. monocytogenes
concentration using the R package stats v.4.4.0 (R Core Team, 2023). All
results are presented as mean + standard error of the mean.

3. Results

3.1. Flavobacteriaceae were most susceptible to peroxyacetic acid and
Pseudomonadaceae were least susceptible to a biofilm remover

Minimum inhibitory concentrations of PAA for L. monocytogenes and
environmental microbiota isolates ranged between 7.8 and 250 ppm and
varied among taxonomic families. The MIC of PAA for all seven tested
L. monocytogenes strains (PS01272, PS01277, PS01278, PS01281,
PS01291, PS01293, PS01295), five strains of Pseudomonadaceae
(PS01270, PS01297, PS01301, PS01303, PS01856), and four strains of
Microbacteriaceae (PS01271, PS01859, PS02066, PS02072) was 250
ppm (Table 3). The PAA MIC for the rest of Microbacteriaceae (n = 2) and
Pseudomonadaceae (n = 3) strains, as well as three strains of Xantho-
monadaceae (PS02297, PS02299, and PS02301) was 125 ppm (Table 3).
The remaining Xanthomonadaceae (n = 5) strains had a PAA MIC of 62.5
ppm (Table 3). The PAA MIC for Flavobacteriaceae strains was the lowest
among all the tested bacteria, ranging between 31.3 ppm (PS02336,
PS02338) and 7.8 ppm (PS02337) (Table 3). The MICs for BAC were
reported in our previous study (Rolon et al., 2024). Briefly, BAC MICs for
L. monocytogenes ranged from 1.56 to 3.12 ppm, for Flavobacteriaceae

Table 3
Minimal inhibitory concentrations of peroxyacetic acid (PAA) and the com-
mercial biofilm remover for L. monocytogenes and environmental strains.

Family Strain Species MIC (ppm)
PAA  Biofilm
remover
Flavobacteriaceae PS02336  Flavobacterium spp. 31.3  0.27
PS02337  Flavobacterium spp. 7.8 0.27
PS02338  Flavobacterium spp. 31.2  0.07
Microbacteriaceae PS01271  Curtobacterium spp. 250 0.13
PS01859  Gulosibacter massiliensis 250 0.07
PS02066  Microbacterium spp. 250 0.07
PS02068  Microbacterium spp. 125 0.27
PS02072  Microbacterium spp. 250 0.13
PS02292  Agrococcus spp. 125 0.13
Listeriaceae PS01272  Listeria monocytogenes 250 0.27
PS01277  Listeria monocytogenes 250 0.27
PS01278  Listeria monocytogenes 250 0.07
PS01281 Listeria monocytogenes 250 0.13
PS01291  Listeria monocytogenes 250 0.07
PS01293  Listeria monocytogenes 250 0.27
PS01295  Listeria monocytogenes 250 0.07
Pseudomonadaceae PS01270  Pseudomonas 250 0.53
atacamensis
PS01297  Pseudomonas helleri 250 0.53
PS01301  Pseudomonas 250 0.53
coleopterorum
PS01303  Pseudomonas rustica 250 0.53
PS01856  Pseudomonas paracarnis 250 2.1
PS02288 Pseudomonas 125 0.27
kuykendallii
PS02302  Pseudomonas spp. 125 0.53
PS02303  Pseudomonas mandelii 125 0.27
Xanthomonadaceae = PS02289  Stenotrophomonas spp. 62.5 0.13
PS02297  Stenotrophomonas 125 0.07
nitritireducens
PS02298  Stenotrophomonas spp. 62.5 0.13
PS02299  Stenotrophomonas 125 0.27
maltophila
PS02300  Stenotrophomonas spp. 62.5 0.13
PS02301 Stenotrophomonas spp. 125 0.13
PS02304  Xanthomonas spp. 62.5 0.07
PS02340  Luteimonas spp. 62.5 0.13
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between 6.25 and 12.5 ppm, for Microbacteriaceae from 1.25 to 12.5
ppm, for Xanthomonadaceae from 3.12 to 25 ppm, and for Pseudomo-
nadaceae from 12.5 to 100 ppm (Rolon et al., 2024).

MICs of the commercial biofilm remover for the tested bacteria
ranged between 0.07 and 2.10 ppm of active ingredients. Pseudomona-
daceae strains generally had higher MICs compared to the other tested
isolates, with MIC values of 2.10 (n = 1), 0.53 (n = 5), and 0.27 ppm (n
= 2) (Table 3). The MICs of the biofilm remover for the tested
L. monocytogenes ranged from 0.27 (n = 1), 0.13 ppm (n = 3), to 0.07
ppm (n = 3) (Fig. 1). MICs for Flavobacteriaceae strains were 0.27 (n = 2)
or 0.07 (n = 1) ppm (Table 3), and for strains of Microbacteriaceae 0.07
(n = 3), 0.13 (n = 2) ppm, or 0.27 (n = 1) ppm. The biofilm remover
MICs for Xanthomonadaceae strains ranged from 0.07 (n = 2), 0.13 (n =
5) to 0.27 (n = 1) ppm (Table 3).

3.2. Multifamily biofilms containing Pseudomonadaceae increased the
tolerance of L. monocytogenes to 250 and 500 ppm peroxyacetic acid

To assess whether the presence of environmental microbiota atten-
uates the die-off kinetics of L. monocytogenes due to exposure to PAA, we
exposed single- and multi-family assemblage biofilms and planktonic
cultures to 250 ppm PAA and quantified L. monocytogenes and total
aerobic bacteria during a 1-h exposure. In planktonic single- and multi-
family assemblages, the concentration of total bacteria (Fig. 1A) and
L. monocytogenes (Fig. 1B) declined below the limit of quantification
within 15 min of exposure to PAA. Similarly, in L. monocytogenes biofilm
and in multi-family biofilms without Pseudomonadaceae, the concen-
tration of total aerobic mesophilic bacteria (Fig. 1A) and
L. monocytogenes (Fig. 1B) declined below the limit of quantification
within 15 min of exposure to PAA (Fig. 1A). In contrast, biofilms formed
by multi-family assemblages that contained Pseudomonadaceae exhibi-
ted an increased tolerance to PAA; a 1-h exposure to PAA was required to
reduce the total aerobic mesophilic bacteria (Fig. 1A) and
L. monocytogenes (Fig. 1B) below the limit of quantification. To assess the
tolerance of L. monocytogenes to PAA, the die-off curves in multi-family
biofilm assemblages were modeled using the log linear model with tail
or the Weibull model, and the time required to reduce the concentration
of L. monocytogenes by two logarithmic units (i.e., MDK99) was calcu-
lated based on the best fitting model (Tables S1, S2, and S3). Overall,
when PAA was applied at 250 ppm, the time necessary to reduce the
population of L. monocytogenes by two logs in the biofilms containing
Pseudomonadaceae ranged between 12 and 22 min, whereas in the as-
semblages without Pseudomonadaceae the MDK99 was less than 1 min or
below the limit of quantification within 15 min of exposure (Table 4).

To determine whether L. monocytogenes in multi-family biofilm as-
semblages can tolerate higher concentrations of PAA, we repeated the
experiment by exposing biofilms to 500 ppm of PAA (Fig. 3A). Indeed,
biofilm assemblages containing Pseudomonadaceae required a longer
exposure to 500 ppm PAA to reduce the concentration of
L. monocytogenes below the limit of quantification, compared to all other
tested biofilm assemblages (Fig. 2A). In contrast, L. monocytogenes was
reduced below the limit of quantification within 2 min of exposure to
500 ppm of PAA in biofilm assemblages without Pseudomonadaceae
(Fig. 2A). The log linear model with tail or the Weibull model were fitted
to the die-off data to determine the MDK99 for L. monocytogenes upon
exposure to 500 ppm of PAA. Between 2 and 4 min of exposure to 500
ppm of PAA was required to reduce the concentration of
L. monocytogenes by two logarithmic units in biofilms containing Pseu-
domonadaceae (Table 4).

3.3. Multi-family biofilms containing Pseudomonadaceae significantly
increased the tolerance of L. monocytogenes to 200 ppm benzalkonium
chloride

We previously reported the effect of 12.5 ppm of BAC on the die-off
kinetics of L. monocytogenes in single and multi-family assemblages
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(Rolon et al., 2024). Here, we assessed the effect of higher concentra-
tions of BAC (200 ppm), which is similar to the recommended concen-
trations for sanitizing food processing facilities (Merchel Piovesan
Pereira and Tagkopoulos, 2019; Mgretrg et al., 2017; Poimenidou et al.,
2016). In single-family biofilms composed of L. monocytogenes strains (i.
e., labeled as L) and in 2-family biofilms composed of L. monocytogenes
and Flavobacteriaceae (i.e., L + F), the concentration of L. monocytogenes
declined below the limit of quantification within 2 min of exposure to
200 ppm BAC and MDK99 was not possible to calculate (Fig. 2B). In
contrast, in all other multi-family assemblage biofilms, L. monocytogenes
exhibited an increased tolerance to 200 ppm BAC compared to the
biofilm comprised of just L. monocytogenes (Fig. 2B). Specifically, the
time required to reduce L. monocytogenes population by two logs (i.e.,
MDK99) in multi-family biofilms ranged from less than 1 min to 21 min,
depending on the microbial composition of the biofilm (Table 4).
L. monocytogenes had a significantly higher tolerance to 200 ppm BAC in
all biofilm assemblages that contained Pseudomonadaceae (i.e., MDK99
ranging from 9 to over 21 min), compared to the biofilm assemblages
without Pseudomonadaceae (i.e., MDK99 of less than 1-7 min) (p =
0.0001).

3.4. A commercial biofilm remover significantly disrupted all biofilms
containing Pseudomonadaceae, 2-family biofilm of L. monocytogenes and
Xanthomonadaceae, and 4-family biofilms of L. monocytogenes,
Xanthomonadaceae, Microbacteriaceae, and Flavobacteriaceae

To assess the disruptive effect of a biofilm removing product, we
exposed single- and multi-family biofilms to a biofilm remover for 10
min at the concentration recommended by the manufacturer. The
amount of biofilm disruption due to the application of the biofilm
remover was quantified with the crystal violet assay, which stains both
cells and biofilm matrix components. A 10-min application of the bio-
film remover resulted in a significant reduction of biofilm assemblages
containing Pseudomonadaceae, the biofilm composed of L. monocytogenes
and Xanthomonadaceae (i.e., L + X), and the biofilm composed of
L. monocytogenes, Xanthomonadaceae, Microbacteriaceae, and Fla-
vobacteriaceae (i.e., L + X + M + F) (p < 0.04) (Fig. 3A). Furthermore,
the biofilm remover reduced total aerobic bacteria by 4.9-6.5 logio
CFU/peg (Fig. 3B) and L. monocytogenes by 5.0-6.2 logio MPN/peg
(Fig. 3C). However, a 10-min treatment with the biofilm remover did not
reduce L. monocytogenes below the limit of quantification in 4 biofilm
assemblages containing Pseudomonadaceae (i.e., L +P,L+P +F, L+ P
+X+ M, and L + P + M + F) (Fig. 3C), suggesting a protective effect of
Pseudomonadaceae.

4. Discussion

4.1. Environmental microbiota from tree fruit packing facilities differed in
their susceptibility to peroxyacetic acid and a commercial biofilm remover

The efficacy of sanitizers is critically important for the control of L.
monocytogenes in food processing facilities. Antimicrobial susceptibility
is typically assessed using a broth microdilution assay that provides
information about the minimal inhibitory concentration (MIC) of an
antimicrobial (Bland et al., 2022; Rodriguez-Melcon et al., 2021). We
found that the MICs of PAA were similar among L. monocytogenes,
Microbacteriaceae, and Pseudomonadaceae, but were lower for Fla-
vobacteriaceae and Xanthomonadaceae. Previous studies reported PAA
MICs for L. monocytogenes ranging from 100 to 2000 ppm
(Alonso-Hernando et al., 2009; Rodriguez-Melcon et al., 2021), whereas
we found that all tested L. monocytogenes strains had an MIC of 250 ppm.
Since the maximum recommended concentration of PAA in food pro-
cessing environmental surfaces is twice the reported MIC for
L. monocytogenes strains in this study (i.e., 500 ppm) (CFR 215173,
2023), our results highlight an increased risk for sanitation failure when
controlling L. monocytogenes, since sanitizers may be inadvertently
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Table 4
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Tolerance of L. monocytogenes in multi-family assemblage biofilms after exposure to 250 and 500 ppm of peroxyacetic acid (PAA) and 200 ppm of benzalkonium

chloride (BAC).

Assemblage® PAA 250 ppm PPA 500 ppm BAC 200 ppm
Best model” MDK99 (min)®© Best model” MDK99 (min)®© Best model” MDK99 (min)©

L — — — — — —
L+P Log linear 13 Log linear Log linear 9
L+X Weibull <1 - - Log linear 7
L+M - - - - Weibull <1
L+F - - - - - -
L+P+X Log linear 18 Log linear 2 Log linear 9
L+P+M Log linear 12 Log linear 2 Weibull 18
L+P+F Log linear 12 Log linear 2 Log linear 21
L+X+M - - - - Weibull 3
L+X+F - - - Log linear 2
L+M+F - - - - Weibull <1
L+P+X+M Log linear 15 Log linear 2 Weibull 14
L+P+X+F Weibull 22 Log linear 4 Weibull 19
L+P+M+F Log linear 16 Log linear 2 Log linear 17
L+X+M+F - - - - Weibull 2
L+P+X+M+F Log linear 20 Log linear 2 Weibull 17

2 Labels for microbial assemblage treatments: F, Flavobacteriaceae; L, L. monocytogenes; M, Microbacteriaceae; P, Pseudomonadaceae; X, Xanthomonadaceae.
Y Indicates whether the log linear model with tail or the Weibull model was the best fit for the inactivation data, as assessed using the Akaike’s Information Criteria

(Table S1, Table S2, Table S3).

¢ MDK99, the time required to achieve a 2-log reduction in L. monocytogenes concentration, also known as the minimum duration for killing 99% of the population.

diluted after their application in wet food processing environments. The
susceptibility of the Pseudomonadaceae strains tested in our study was
lower compared to MICs of 600 to 20,000 ppm reported for
P. fluorescens, P. lundensis, P. putida, P. libanensis, and P. veronii isolated
from a salmon processing facility (Thomassen et al., 2023).

In contrast to relatively high MICs of tested strains to PAA, our work
shows that MICs of the commercial biofilm remover for the tested strains
(i.e., 0.07-2.10 ppm of active ingredients) were substantially below the
manufacturer recommended application concentration (i.e., 137 ppm of
active ingredients) for sanitation of non-food contact surfaces (ECOLAB,
2014). In general, isolates of Flavobacteriaceae, Microbacteriaceae, Xan-
thomonadaceae, and L. monocytogenes were more sensitive to the biofilm
remover (MICs from 0.07 ppm to 0.27 ppm) compared to the Pseudo-
monadaceae strains (MICs from 0.27 ppm to 2.1 ppm). The biofilm
remover used in this study is a new-generation sanitizer based on Per-
Quat technology containing quaternary ammonium compounds (QAC)
and hydrogen peroxide as active antimicrobial ingredients (Sterilex,
2024). The MICs for QAC based-products are relatively high for Pseu-
domonas spp., typically displaying MICs above 50 ppm (Merchel Pio-
vesan Pereira and Tagkopoulos, 2019). In our previous study, we
determined that the Pseudomonadaceae strains had MICs to BAC ranging
from 12.5 to 100 ppm (Rolon et al., 2024). Thus, we hypothesize that the
resistance of Pseudomonas bacteria to QAC sanitizers may be the cause of
the increased tolerance to the tested biofilm remover.

4.2. The presence of Pseudomonadaceae in multi-species biofilms
increased the tolerance of L. monocytogenes to peroxyacetic acid and
benzalkonium chloride

Formation of biofilms by environmental microbiota can enhance the
survival and persistence of L. monocytogenes in food processing facilities
by shielding bacteria from the antimicrobial action of sanitizers
(Fagerlund et al., 2017; Li et al.,, 2021; Pang and Yuk, 2019; San-
chez-Vizuete et al., 2015). We observed that the presence of Pseudo-
monadaceae in multi-family assemblage biofilms increased the tolerance
(i.e., reduced the die-off kinetics) of L. monocytogenes upon exposure to
250 ppm PAA, 500 ppm PAA, and 200 ppm BAC, representing concen-
trations typically applied in food processing facilities. Similarly,
multi-species biofilms containing five strains of Pseudomonas spp.
reduced the die-off kinetics of L. monocytogenes when exposed to 500
ppm PAA for 15 min, compared to L. monocytogenes-only biofilm

(Thomassen et al., 2023). Previous studies have focused on investigating
changes in the survival of L. monocytogenes in multi-species biofilms,
without quantifying potential changes in the tolerance to sanitizer
exposure (Fagerlund et al., 2017; Saa Ibusquiza et al., 2012). For
example, biofilms made of P. putida and L. monocytogenes displayed a
significant increase in the concentration of BAC required to reduce the
population of L. monocytogenes by 90% (Saa Ibusquiza et al., 2012), and
the minimum biofilm eradication concentration (MBEC) of BAC against
Listeria monocytogenes has been reported to increase from 6.2 + 1.4 to
58.3 + 7.5 ppm when co-cultured with Pseudomonas fluorescens (Haddad
et al., 2021).

Pseudomonas spp. strains are efficient biofilm producers (Mann and
Wozniak, 2012; Sanchez-Vizuete et al., 2015; Wagner et al., 2020), and
L. monocytogenes, as a relatively poor biofilm producer, can leverage the
protection provided by a Pseudomonas biofilm matrix in stressful con-
ditions, such as under antimicrobial pressure (Rodriguez-Melcon et al.,
2021). The tolerance of multi-species biofilms to sanitizers can be
attributed to multiple factors including matrix structure and interspecies
interactions, along with transition to persister cell physiology (Knudsen
et al., 2013). However, the specific mechanisms underlying this toler-
ance are still poorly understood, due to the complexity and heteroge-
neity of biofilm structures. Generally, species residing within a biofilm
can interact through competition, coaggregation, and metabolic
cross-feeding (Burmglle et al., 2014; Ren et al., 2015; Rgder et al.,
2015b; Tuytschaever et al., 2023). For example, coaggregation of bac-
teria of different species may promote or enhance EPS matrix synthesis
and increase the biofilm population. Furthermore, the high cell density
in biofilms can promote an accumulation of the quorum sensing mole-
cules necessary for the coordination of biofilm development,
self-organization, and cell cooperation for the production of EPS matrix
and extracellular enzymes (Irie et al., 2012; Karygianni et al., 2020;
Puga et al., 2018). Given that each species in the biofilm may produce
different EPS molecules, the resulting biofilm EPS matrix may become
more viscous, reducing diffusion rates for the antimicrobial substances
used during sanitizing operations (Mann and Wozniak, 2012). Further-
more, the enzymes produced by different species may act synergistically
against antimicrobials benefiting the non-producing species (Agel et al.,
2023; Bridier and Briandet, 2022). Community-level protection in
mixed-species biofilm has been shown to be affected by the spatial or-
ganization of the community members. For example, L. monocytogenes
was able to penetrate into preestablished P. fluorescens biofilms which
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Fig. 2. Tolerance of L. monocytogenes to high concentrations of sanitizers in single- and multi-family biofilm assemblages. Reduction in the concentration of
L. monocytogenes biofilms exposed to 500 ppm of peroxyacetic acid (PAA) (A) or 200 ppm of benzalkonium chloride (BAC) (B). Data points represent the mean +
standard error of two independent biological replicates. Data for each microbial assemblage is presented in an independent panel and is color coded based on the
number of families in an assemblage. In each panel, different lowercase letters indicate statistical differences (o« = 0.05) in the bacterial concentration as determined
using the Kruskal-Wallis test followed by post-hoc Dunn’s test. The dotted grey line represents the limit of quantification of the most probable number method (0.9
log10 MPN/peg). Labels of microbial assemblage treatments: F, Flavobacteriaceae; L, L. monocytogenes; M, Microbacteriaceae; P, Pseudomonadaceae; X, Xanthomona-
daceae. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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led to matrix over-production and accumulation of Listeria cells in the
bottom layers of the biofilms (Puga et al., 2018). Due to significant gaps
in the understanding of biofilm-mediated tolerance, further research is
needed to understand the mechanisms by which the tolerance of
L. monocytogenes to sanitizers is enhanced in multi-species biofilms
containing Pseudomonadaceae.

4.3. A commercial biofilm remover significantly disrupted all biofilms
containing Pseudomonadaceae, 2-family biofilm of L. monocytogenes and
Xanthomonadaceae, and 4-family biofilms of L. monocytogenes,
Xanthomonadaceae, Microbacteriaceae, and Flavobacteriaceae

Due to the importance of controlling biofilms in food processing fa-
cilities, we tested the ability of a commercial biofilm remover to disrupt
single- and multi-family biofilm assemblages. The biofilm remover
significantly disrupted biofilms formed by assemblages containing
Pseudomonadaceae but did not completely eliminate them. Given that
the crystal violet assay used to quantify total biofilm biomass stains cells
and EPS matrix components (Azeredo et al., 2017), it is likely that some
residual EPS components were not completely removed from the sur-
faces of the pegs. Furthermore, while the biofilm remover significantly
reduced L. monocytogenes by more than five logarithmic units in all
multi-family assemblage biofilms, the pathogen was not reduced below
the limit of detection in some biofilm assemblages containing Pseudo-
monadaceae after the recommended 10-min exposure time. Nonetheless,
the reduction in L. monocytogenes achieved by the biofilm remover
should be sufficient since it is unlikely that a food processing facility
environment would harbor over five logs of L. monocytogenes. A previous
study tested the effect of the same biofilm remover product on a 7-day
L. monocytogenes-only biofilm and showed that the use of 5% and 10%
biofilm remover (equivalent to 0.62-1.26% active ingredients) reduced
a L. monocytogenes biofilm below the limit of detection, (>6 log reduc-
tion) in 2.5 and 1-min exposure, respectively (Aryal and Muriana, 2019).
However, they did not measure the effect of other microbiota commonly
present in food processing environments along with L. monocytogenes.

4.4. Limitations

All experiments reported here were conducted under laboratory
conditions, using microbiological media that may not resemble the
conditions in tree fruit packing facilities. Further, use of the MBEC de-
vice to grow multi-family biofilms does not represent the diversity of
materials or the dynamic conditions in tree fruit processing facilities that
contribute to biofilm formation. Additional research is therefore needed
to develop a more realistic biofilm model to further characterize the
effect of environmental conditions on the tolerance of L. monocytogenes
to BAC and PAA. Furthermore, our findings need to be validated using
commercial sanitizing products.

4.5. Conclusions

Understanding the effect of environmental microbiota on the efficacy
of sanitizers is critically important for establishing effective cleaning and
sanitizing practices for the control of L. monocytogenes. Here, we
demonstrated an increased tolerance of L. monocytogenes to benzalko-
nium chloride and peroxyacetic acid at concentrations commonly used
in food processing facilities when integrated in multi-family biofilms
containing Pseudomonas spp. While it is important to assess the efficacy
of sanitizers against target foodborne pathogens, our findings highlight
the need to assess sanitizer efficacy in the context of the microbiota that
exists in food processing environments. Given the common presence of
Pseudomonas spp. in food processing environments, it is recommended
to assess sanitizer efficacy on both L. monocytogenes and Pseudomonas.
Lastly, the mechanisms underlying the observed increase in the toler-
ance of L. monocytogenes to sanitizers in the presence of Pseudomonas
spp. in biofilms warrant further investigation to inform the design of
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targeted sanitation approaches.
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