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Abstract: Listeria monocytogenes (Lm) may persist in food processing environments (FPEs)
alongside diverse background microflora. While microbial communities in FPEs can in-
fluence Lm survival, their role in supporting or suppressing its growth remains unclear.
This study aimed to characterize the microflora in floor swabs and air samples collected
from a dairy processing facility across three seasons and assess their potential impact on
the growth of a Lm test strain previously isolated from a dairy processing environment.
A total of 167 environmental isolates, representing 30 bacterial genera, were identified.
Pseudomonas was consistently prevalent across all sample types. Seasonal shifts in bacterial
genera were observed, with differences in microbial composition and relative abundance
between production lines with and without Listeria innocua occurrence. Microflora distribu-
tion appeared more influenced by environmental and operational factors than by spatial
proximity. Co-culture growth assays revealed no competitive exclusion of the Lm test strain,
and no zones of inhibition were observed in antimicrobial assays using cell-free extract and
dialyzed cell-free extract from environmental isolates against Lm. These findings suggest
that Lm could potentially establish itself within mixed microbial communities in dairy
processing environments, emphasizing the complexity of microbial interactions in FPEs
and their potential role in Lm persistence.

Keywords: Listeria monocytogenes; food processing environment; biofilm; floor swab;
air samples

1. Introduction

Listeria monocytogenes poses a significant threat to public health, leading to illnesses
that, in severe cases, may necessitate hospitalization or even result in death. Thus, it is
crucial to prevent the contamination of food and food production environments (FPEs) by
this pathogen. Despite continuous efforts of the food industries to eliminate pathogens,
Listeria monocytogenes (Lm), a causative agent of listeriosis, remains persistent in FPEs [1-3]
and has a high fatality rate [4]. Lm has been implicated in numerous foodborne outbreaks
linked to a wide array of ready-to-eat food products, including dairy (milk, cheese, ice
cream), seafood, vegetables, and processed meats [5]. For instance, in 2024, a multistate
Listeria outbreak linked to meats resulted in multiple hospitalizations and deaths in the
United States [6]. Lm is a persistent pathogen in food processing environments (FPEs),
where it can survive for years or even decades due to its high-stress tolerance and ability to
form resilient biofilms on food contact surfaces [7,8]. Persistent strains of Lm are defined
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as genetically similar isolates that are repeatedly recovered from the same location over
extended periods, often six months or more. These isolates are typically indistinguishable
in molecular profiles, as determined by genome-based subtyping methods, suggesting
long-term adaptation to specific environmental niches [9,10]. However, it is important to
note that not all Lm strains exhibit persistence; some are recovered only sporadically and
do not show evidence of long-term establishment [11]. In FPEs, Listeria has been frequently
isolated from floors, drains, standing water, and equipment, with floor drains acting as
potential hotspots due to their difficult cleaning [3,12-15]. Lm activates diverse stress
tolerance mechanisms in response to environmental stresses, including the general stress
response regulator SigB, heat shock protein GrpE, cold shock protein D, oxidoreductase,
and glutathione reductase, further enhancing its persistence in these environments [4,16].
In food processing environments (FPEs), Lm is often found alongside background
microflora, leading to interactions that can influence its behavior and persistence [17,18].
Within multispecies biofilms, these interactions may be competitive, where Lm growth
is suppressed by other microorganisms, or cooperative, resulting in enhanced prolifera-
tion and survival; in some cases, interactions may be neutral [18]. Previous studies have
demonstrated that in mixed biofilms, such as those involving Flavobacterium spp., Lm
exhibits increased surface attachment, prolonged survival, and greater resistance to sani-
tizers compared to single-species biofilms [19]. Similarly, co-cultivation with Pseudomonas
spp- has been shown to enhance biofilm production relative to Lm monocultures [18,20].
Nevertheless, other reports indicate that Lm cell densities can decline in mixed-culture
biofilms due to nutrient competition, although certain strains may adapt by strengthening
their attachment mechanisms [2]. Additionally, associations with specific species, such
as Kocuria varians, have been found to facilitate the easier detachment and removal of Lm
during cleaning processes [2]. While multispecies communities may offer Lm protection
from environmental stress, their overall contribution to long-term persistence remains
poorly understood and requires further investigation. Beyond biofilm-specific interactions,
microbial communities in FPEs engage in broader ecological processes such as quorum
sensing, competitive exclusion, and the production of antimicrobial compounds that can
inhibit competing microflora [21,22]. For example, Bacillus subtilis isolated from Korean
fermented soybean paste has been shown to produce antimicrobial substances effective
against Lm strains [23]. A deeper understanding of these microbial interactions is essential
for developing more effective strategies to control Lm within food processing environments.
Previous studies have characterized the background microflora in FPEs [15,24], with
some examining their effect on Lm growth using samples collected over relatively short
durations [21,25]. Unlike these studies, our research investigates microbial communities
in a large-scale dairy production system across three seasons, providing a more compre-
hensive analysis. Understanding microflora composition is essential to determine whether
background microflora supports or limits Lm growth. This study analyzes microbial com-
munities in air and floor swab samples and examines their interactions with a Lm test strain
previously isolated from the dairy processing environment. These findings enhance the
understanding of microbial dynamics in FPEs and their role in Lm persistence.

2. Materials and Methods
2.1. Sample Collection from a Dairy Processing Plant

Environmental samples were collected from a commercial dairy plant with fully au-
tomated production processes located in the Midwest region of the United States in the
fall (December 2023), spring (March 2024), and summer seasons (June 2024). Environmen-
tal samples comprising air and floor swab samples were collected simultaneously from
six production lines named PL1, PL2, PL3, PL4, PL5, and PL6, manufacturing different
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varieties of ice cream. Samples collected from production lines were categorized into
two scenarios: Scenario 1 included three production lines (PL1, PL2, PL3) showing seasonal
occurrences of Listeria species, primarily L. innocua, as confirmed by industrial scale ribo-
typing, though none recorded L. monocytogenes. Scenario 2 included three production lines
(PL4, PL5, PL6) with rare or no recorded Listeria species isolation. In total, six production
lines were sampled for air and floor microflora across three distinct seasons. Sampling was
performed only once per season for all production lines. Since Lm was not identified in any
of the samples, a previously isolated strain was used throughout this study. This test isolate
was originally isolated in May 2019 from a Zone 3 (non-food contact) surface in a dairy
processing facility. The isolate had been previously characterized by ribotyping and whole-
genome sequencing. Multilocus sequence typing analysis had been previously performed
in our laboratory by uploading the assembled FASTA file to the BIGSdb-Pasteur database
(ID: 101844), which assigned the strain to clonal complex CC5, sublineage SL5, sequence
type ST5, and phylogenetic lineage I [26]. Sampling was conducted during processing
hours at various locations along the production lines, including areas beneath the freezer,
at the filling head, near the flavor tank, around drains, and near the ingredient feeder. The
distances between the production lines were measured to study any possible relationship
with the occurrence of environmental microflora based on their spatial proximity (Figure 1).

Production lines in first floor Production line in second floor
PL1 I—o PL3
PL2

PL 4
PL 5|
PL 6

Distances between production lines in first floor |

PLl~—— PL2=5.5m PL2+—— PL4~55m PL4+—— PL5=71m PL5——PL6~=4.5m
PLl«—— PL4~=11m PL2«—— PL5=65.5m PL4«—— PL6~755m
PL1+—— PL5= 60 m PL2— PL6~70m

PL1+—— PL6=64.5m

PL1, PL2 and PL3 are production lines from Scenario 1

PL4, PL5 and PL6 are production lines from Scenario 2

Figure 1. Layout and distance (meters) between the sampled sites located on the first floor and second
floor of the processing area.

2.1.1. Collection of Floor Swab Samples

Floor swab samples were collected from five adjacent locations at each production
line using EZ Reach™ sponge samplers (World Bioproducts©, Bothell, WA, USA) pre-
moistened with HiCap neutralizing broth (World Bioproducts©, Bothell, WA, USA). Each
sample covered a 10 x 10 cm? area on the floor [27]. The five sponges from each site were
placed in sterile bags, stored in a cooler during transport, and processed within 24 h.

2.1.2. Collection of Air Samples

Airborne cultivable microorganisms were sampled using a Biotest HYCON Air Sam-
pler (RCS, SN 27617) (flow rate: 40 L/min) for 8 min with a tryptic soy agar (TSA) in flexible
foil (HYCON®, Merck KGaA, Darmstadt, Germany) [28]. Sampling was performed at a
height of 1.0 m above the floor, and HYCON® Agar Strips TC (Total Count, 1442530050)
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was used to determine the total cultivable microorganisms, following the manufacturer’s
guidelines. Samples were collected from each production line at four distinct locations
positioned in the north, south, east, and west directions relative to the processing line. The
strips were transported to the laboratory under cool conditions by overnight shipping.

2.2. Isolation and ldentification of Microflora from Environmental Samples
2.2.1. Isolation and Identification of Floor Swab Microflora

The floor swab samples were cultured on TSA. The sponge swabs were squeezed
to collect the samples in a 50 mL centrifuge tube (Fisher Scientific, Waltham, MA, USA).
Further dilutions up to the 5th were prepared using Phosphate Buffer Saline (PBS) solution
(pH 7.2) (Fisher Scientific, Waltham, MA, USA), with the 3rd to 5th dilutions spread-plated
in triplicate onto pre-poured TSA plates and incubated at 37 °C for 24-48 h. The counts
were determined as logjg colony-forming units per square centimeter of the area swabbed.
Colonies with distinct morphologies were Gram-stained and streaked individually onto
TSA plates, with each streaked colony treated as a separate isolate. Single colonies from each
isolate were then identified using Matrix-Assisted Laser Desorption/Ionization-Time of
Flight (MALDI-TOF) at the Diagnostic Lab, Veterinary and Biomedical Sciences Department,
South Dakota State University [29]. After identification, the percentage abundance of each
genus was calculated by grouping colonies on the selected dilution of TSA agar with similar
morphology to the identified isolates. The combined counts of these grouped colonies were
then divided by the total number of colonies observed on the TSA agar to determine the
percentage abundance of each genus.

2.2.2. Isolation and Identification of Air Microflora

The agar strips were incubated at 37 °C for 2448 h to allow visible colony formation.
The colonies on each strip were counted, and the colony-forming units per cubic meter of
air (CFU/m?) were determined by dividing the colony counts by the total volume of air
sampled. For each processing line, the mean logjg CFU/m?> was calculated using counts
from four samples collected in the north, south, east, and west directions. Distinct colonies
with varied morphologies on the aerobic plate count (APC) strips were Gram-stained and
individually streaked onto TSA plates, with each streaked colony treated as a separate
isolate. Single colonies from each isolate were then selected for identification using Matrix-
Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) at the Diagnostic Lab,
Veterinary and Biomedical Sciences Department, South Dakota State University [29]. After
identification, the percentage abundance of each genus was determined. Colonies on the
agar strips exhibiting similar morphology to the identified isolates were grouped, and their
combined counts were divided by the total number of colonies observed on the strips to
calculate the percentage abundance of each genus.

For glycerol stock preparation, isolates from air and floor swab samples were sub-
cultured in tryptic soy broth (TSB) at 37 °C for 24-48 h and centrifuged at 3500 rpm for
20 min. The resulting pellets were washed twice with PBS and resuspended in PBS. The
suspensions were transferred to 1.8 mL cryogenic vials containing sterile beads and glycerol
and stored at —80 °C until further use [30].

2.3. Co-Culture Growth of Environmental Microflora with the L. monocytogenes (Lm) Test Strain
2.3.1. Multispecies Co-Growth Study
The Listeria monocytogenes (Lm) test strain previously isolated from a dairy processing

environment was used throughout this study. To evaluate direct co-exclusion of Lm using
floor swab samples, 0.1 mL of swab sample was inoculated with 2 log;oCFU/mL of Lm in
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10 mL of Tryptic Soy Broth (TSB). The mixture was incubated at 37 °C for 24 h. Following
incubation, the samples were plated on MOX agar in triplicate to enumerate L.

In a separate experiment, dominant bacterial species from the floor swab samples
were identified using MALDI-TOF analysis. Prominent species from each genus for each
sample were combined at 2 log1gCFU/mL for each species and mixed with 2 log;oCFU/mL
of Lm in 10 mL of TSB. The mixtures were incubated at 37 °C for 24 h. After incubation, the
samples were plated on MOX agar to enumerate L.

2.3.2. Single-Species Co-Growth Study

All the isolates were individually studied for co-culture growth along with the Lm test
strain. The overnight-grown individual isolates and Lm were added in a 1:1 ratio, 100 uL of
Lm and 100 pL of each isolate, 2 log1oCFU/mL each, in 10 mL Brain Heart Infusion (BHI)
broth. They were incubated at 37 °C for 24 h. At 24 h, total plate counts were taken on TSA
for co-culture counts and modified Oxford agar (MOX) for Lm counts.

2.4. Screening Isolates for Their Potential Inhibition of the L. monocytogenes (Lm) Test Strain
2.4.1. Using the Cell-Free Extract of Individual Environmental Isolates

Isolates grown individually for 24 h were centrifuged at 3500 rpm for 20 min and
micro-filtered through a 0.22 pm Millipore filter (Stericup Quick Release, Merck Millipore,
Burlington, MA, USA) to obtain cell-free extract (CFE) [31]. A 500 uL aliquot of 24 h
grown Lm (10’-108 CFU/mL) and 72 h grown Micrococcus luteus (control) [32] was added to
separate 5 mL portions of 0.75% soft agar and overlaid on TSA plates. For the spot-on lawn
method, 3 puL of CFE was spotted on the TSA plates with Lm and Micrococcus luteus (control)
in soft agar [33]. For the well assay method, wells were made with a 6 mm diameter borer,
and 20 uL of CFE was pipetted in each well [31]. To allow CFE to diffuse in the agar, the
plates were kept at 4-8 °C for 30 min and then incubated at 37 °C [33]. Bacterial lawns were
monitored at every 6 h interval until 24 h for the formation of any zone of inhibition, an
indicator of antimicrobial activity.

2.4.2. Analyzing the Antimicrobial Activity of the Dialyzed Cell-Free Extracts of
Individual Isolates

The CFE of isolates was dialyzed individually using SnakeSkin™ Dialysis Tubing with
a 3.5KMWCO, 22 mm LD. (Fisher Scientific, Waltham, MA, USA). Freshly prepared CFE
was pipetted into the dialysis tubing, secured with SnakeSkin™ Clips, and concentrated
using G-Biosciences powder (Geno Technology Inc., St. Louis, MO, USA) to reduce the
solution volume through water absorption [34]. The dialysis tube, containing the sample,
was stored at 4-8 °C, with frequent inspections to replace the wet concentrator powder as
needed until the desired volume was achieved. Once the target volume was reached, the
concentrator powder was removed, and the antimicrobial activity of the dialyzed CFE was
evaluated using the previously described spot-on-lawn and well assay methods.

2.5. Screening of Floor Swab Samples for Their Potential Inhibition of the L. monocytogenes (Lm)
Test Strain

Antimicrobial activity involves the ability of the floor swab samples to inhibit the
growth of Lm and M. luteus (control) and was assessed using the floor swab samples
micro-filtered through a 0.22 pm Millipore filter. Evaluation was performed using the
spot-on-lawn and well-diffusion assay methods, as described earlier in this article.

2.6. Statistical Analysis

Each experiment was conducted with three replicates for every analysis. Data analysis
was performed using Origin Pro software (Version 2024b (10.15) (Northampton, MA, USA).
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For standard plate count data, data analysis was conducted using three-way ANOVA,
where scenario, season, and production lines were compared as separate treatments. The
Tukey test with 95% confidence limits was used for comparing means. Also, the graphs
were plotted using Microsoft Excel (Version 16.87 (24071426)).

3. Results and Discussion
3.1. Characterization and Comparison of the Microflora from Floor Swabs and Air Samples

The standard plate count (SPC) for floor swab samples ranged from 3.78 to
7.09 log1o CFU/ cm?, while air samples exhibited a range from 1.51 to 1.98 log;q CFU/ m3
(Table 1). The microbial counts from the air samples were lower as compared to those reported
in a previous study conducted in commercial dairy plants (1.84-2.93 log;g CFU/m3) [27].
The floor swab count was comparable to that found in fresh-cut produce processing plants
(5.83 log1g CFU/cm?) [35].

Table 1. Standard plate counts of floor swab samples (log;g CFU/cm?) and air samples
(log1p CFU/m3) collected from the dairy processing plant during various seasons.

PL1 Floor Swab Sample Air Samples
Scenario (log19 CFU/cm?) (log19 CFU/m3)
Fall Spring Summer Fall Spring Summer
PL1 5214+ 0.01°€ 407 +003C 5784+0.15C  1.644+0.03C  1.60 & 0.31 b€ 1.88 4 0.02 2B
Scenario 1 PL2 5404+ 0.10°€ 393 +0.06P 613 +0.1528 1.65 £ 0.02 b€ 1.51 £+ 0.03 <€ 1.98 4+ 0.02 24
PL3 634 +00628  378+0.15C 511+0.15PP  1.88 +0.032A 1.87 + 0.02 24 1.64 4+ 0.03 b€
PL4 393+0.12P 571+0124 515+022PP  1.69+001°C  1.90+0.012A  1.61 £0.05PC
Scenario2  PL5 6.69+0.12  587+009PB  709+00524  1.7440.01bB 1.7 £ 0.03 bB 1.87 4+ 0.01 2B
PL6 620 £0.03PB 591 +0.044 6.85+0.032A 1.79 + 0.02 2B 1.724 0.02 2B 1.60 & 0.03 b€

1 PL = processing line in the dairy plant. CFU = colony forming unit. Lowercase superscripts within the same row
not sharing a common lowercase superscript for each season separately for floor swab samples and air samples
are significantly different (p < 0.05). Uppercase superscripts within the same column not sharing a common
uppercase superscript for each season are significantly different (p < 0.05).

A total of 167 isolates were identified from all samples, comprising 30 bacterial genera,
2 mold genera (Aspergillus and Penicillium), and yeasts. The air samples exhibited greater
genera diversity compared to the swab samples. Five bacterial genera—Enterobacter, Entero-
coccus, Klebsiella, Pantoea, and Pseudomonas—were common to both air and swab samples.
Bacillus and Micrococcus species were exclusively isolated from air samples. Bacillus, com-
monly associated with soil and plants, is likely introduced into the processing environment
through outdoor air, ventilation systems, and human clothing and footwear [27]. A higher
prevalence of Bacillus and Micrococcus in air samples compared to surface samples has also
been observed in dairy processing facilities [27]. Lactic acid bacteria, namely, Leuconostoc
spp., were found in the swab sample, and Enterococcus spp., in the air sample. The lactic
acid bacteria can act against spoilage organisms and are frequently isolated from dairy
processing environments [24]. Overall, in the floor swab samples, the three most abundant
species in the floor swab samples were Klebsiella oxytoca, Shewanella putrefaciens, and Serratia
liquefaciens. Similarly, in the air samples, the most abundant species were Micrococcus
luteus, Staphylococcus pasteuri, and Pseudomonas fulva. The twenty most predominant species
isolated from both floor swabs and air samples are given in Table 2. In this study, Lm was
not detected at any processing sites in floor swabs or air samples across all seasons.

Pseudomonas was the only genus consistently present across all sample types, with
the highest prevalence in swab samples and the fourth highest in air samples. This is
unsurprising, as Pseudomonas is one of the most reported genera found post-sanitation
across various FPEs. Pseudomonas spp. are associated with diverse environmental niches,
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likely due to their ability to withstand stress conditions such as low temperatures, nutrient
scarcity, sanitizers, and shear force, and their notable capability to utilize quaternary ammo-
nium compounds as an energy source [36,37]. Pseudomonas has been isolated from various
FPEs, including ice cream production [38,39], wooden vats for cheese [40], cheese ripening
rooms [21], ultrafiltration and reverse osmosis membranes [41], equipment surfaces [24,42],
and floor drains [15]. Their prevalence in the FPEs can be attributed to their ability to
produce extracellular DNA and exopolysaccharides, which facilitate biofilm formation.
Moreover, Lm, if present, may enhance matrix production in biofilms with Pseudomonas,
which can protect both species from desiccation and disinfection [36].

Table 2. Top twenty predominant species isolated from floor swabs and air samples, listed by
prevalence from highest to lowest.

Floor Swab Samples Air Samples

Klebsiella oxytoca Micrococcus luteus
Shewanella putrefaciens Staphylococcus pasteuri
Serratia liquefaciens Pseudomonas fulva
Pseudomonas koreensis Peribacillus simplex
Pseudomonas veronii Bacillus infantis
Pseudomonas fragi Staphylococcus epidermidis
Shewanella oneidensis Bacillus thuringiensis
Serratia marcescens Bacillus velezensis
Leuconostoc mesenteroides Paenibacillus glucanolyticus
Pseudomonas gessardii Pseudomonas synxantha
Exiguobacterium mexicanum Staphylococcus hominis
Pseudomonas gessardii Acinetobacter lwoffii
Lelliottia amnigena Staphylococcus warneri
Pseudomonas synxantha Staphylococcus saprophyticus
Citrobacter gillenii Lysinibacillus fusiformis
Serratia proteamaculans Enterococcus casseliflavus
Ewingella americana Bacillus mycoides
Leuconostoc pseudomesenteroides Stenotrophomonas maltophilia
Raoultella ornithinolytica Niallia circulans
Pseudomonas fluorescens Arthrobacter parietis

The observed differences in the genera identified between air and swab samples suggest
that aerosolization from the floor and drains within the processing area may be limited.
The findings indicate a higher diversity of microbial genera in air samples compared to
swab samples. This disparity may be attributed to the routine cleaning of floors and
drains following processing runs, which likely reduces the microbial load on surfaces.
A study conducted in dairy processing environments observed higher airborne microbial
concentrations in traditional dairies compared to commercial ones, highlighting the influence
of environmental factors on bioaerosol concentration and diversity [27]. Various factors,
including processed materials, manufacturing practices, high-pressure spraying, human
activity, air circulation, and microclimate conditions (temperature and relative humidity),
play a crucial role in shaping microbial loads in the air of food processing plants [27,43,44].

The air and floor swab sampling in this study was performed three hours into pro-
duction. However, the composition of the microflora in food processing environments
may vary significantly after extended production periods (e.g., 24 h or more), depending
on the ability of resident microorganisms to develop biofilms. This temporal variation in
microflora may also influence the attachment and biofilm formation of Lm if present as
environmental contaminants. Cleaning and sanitation practices, including their frequency
and effectiveness, also play a major role in shaping the abundance and distribution of mi-
crobial communities in dairy and food processing environments [1]. Additionally, factors
such as surface characteristics, ecological interactions, nutrient availability, and cleaning



Foods 2025, 14, 1694

8of 17

protocols contribute to the variability in resident microflora composition within a facility
and across different processing plants [24]. In this study, TSA was used as the growth
medium to cultivate the background microflora from the floor samples. Consequently, this
study was limited to culturable microorganisms and their potential influence on the growth
and survival of Lm as previously also reported in some studies [45].

3.1.1. Seasonal Variation of Microflora

Seasonal comparisons revealed significant differences in the SPC of floor swabs and air
samples (Table 1). These findings suggest that seasonal factors may influence microbial load
on floor surfaces and in the air of FPEs. The microbial load was highest in summer for floor
samples from four processing lines and air samples from three processing lines, followed
by fall and spring for both sample types. The seasonal variation in microbial load for these
processing lines aligns with local temperature fluctuations, with summer having the highest
temperatures, followed by fall and spring. This trend suggests that elevated temperatures
promote microbial proliferation in food processing environments (FPEs), a phenomenon
well-understood in other food industries, such as meat and seafood processing [46].

The composition of bacterial genera also varied seasonally in both sample types. The
genera present were compared in different seasons for both sample types (Figure 2). Out of
the total of 16 genera found in the swab microflora, including yeast, 9 were only found in
one of the three seasons, and out of a total of 23 genera, including yeast and molds found
in the air, 15 were found only in one of the three seasons. This indicates a high variation in
the microbial composition of the environment of dairy processing plants during different
seasons. Floor swab samples for each production line were collected from five adjacent
locations, ensuring spatial coverage within each line. This sampling approach provides
valuable preliminary data on seasonal variation in bacterial communities. Multi-year
studies with increased sampling frequency are needed to better assess seasonal trends in
the dairy processing environment.

(A) Swab v/s Air (B) Swab microflora
Fall Spring

Swab

11 5 18
(32.4%) | (14.7%) (52.9%)

Summer

(C) Air microflora
Fall Spring

Summer

Figure 2. Venn diagram of genera distribution in (A) swab and air samples, (B) swab microflora
among different seasons, and (C) air microflora among different seasons.
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Fall

Summer

0%

(B)

The highest microbial diversity was observed in the air samples collected during the
summer, followed by the swab samples from the fall season. The most abundant genera
in the swab samples were Klebsiella in the fall, Pseudomonas in the spring, and Serratia in
the summer. In contrast, the air samples were dominated by Staphylococcus in the fall,
Paenibacillus in the spring, and Micrococcus in the summer. Figure 3 shows the relative
abundance of the microflora in floor swabs and air samples across the different seasons
throughout the year. The observed shifts in genera align with findings from previous studies
in fresh produce processing facilities [47,48] and dairy processing environments [49], which
reported seasonal changes in the environmental microbiomes of food processing facilities.

Swab Microflora

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
u Aeromonas m Citrobacter u Enterobacter m Enterococcus
u Ewingella m Exiguobacterium ® Hafnei m Kiebsiella
u Lelliottia B Leuconostoc u Pantoea u Pseudomonas
® Raoultella u Serratia u Shewanella ® Yeast
Air Microflora

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
m Acinetoabcter w Arthrobacter u Aspergillus ® Bacillus m Corynebacterium
u Cytobacillus m Enterobacter m Enterococcus m Klebsiella u Kocuria
m Lysinibacillus u Metabacillus Micrococcus ® Niallia ® Paenibacillus
m Pantoea m Penicillium u Peribacillus m Pseudescherichia u Pseudomonas
u Staphylococcus m Stenotrophomonas  mYeast

Figure 3. Relative abundance of the bacterial, yeast, and mold genera in (A) swab and (B) air samples
among different seasons.

3.1.2. Scenario 1 and 2: Distribution of Microflora

The standard plate counts (SPCs) varied significantly between the two sampling
scenarios for air and floor swab samples, indicating differences in the microbial load.
Significant differences in environmental microflora and their relative abundance were
observed between the two scenarios. Comparing Scenario 1 (including sites with seasonal
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occurrences of Listeria species, primarily L. innocua) and Scenario 2 (including sites with
some or no recorded Listeria species isolation) in swab samples, Klebsiella, the most abundant
genus in Scenario 1 comprised approximately 29% of the microbial population and was
estimated to be about 9% in Scenario 2 (Figure 4). On the other hand, Pseudomonas, the
second most abundant genus in Scenario 1, estimated to be about 25%, was the most
abundant genus in Scenario 2 with a comparable value of 23%. In a similar study conducted
in an ice cream manufacturing environment, Pseudomonas was the most abundant genus in
two of the three facilities sampled, while Klebsiella was detected in only one facility [39].
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Figure 4. Comparative distribution of microbial genera in two different scenarios in (A) swab
microflora and (B) air microflora (Scenario 1 included sites with seasonal occurrences of Liste-
ria species, primarily L. innocua, and Scenario 2 included sites with some or no recorded Listeria
species isolation).

Distinct genera were detected in swabs and air samples across two scenarios. In
Scenario 1, genera like Aeromonas and Citrobacter were found in swab samples, while genera
including Acinetobacter, Aspergillus, and Corynebacterium were found in air samples; in Sce-
nario 2, additional swab genera were observed, but the air sample contained all the genera
present in Scenario 1 (Table 3). The significant differences in environmental microflora
observed between the two scenarios align with previous findings, where variations in
microbial composition were associated with differences in Lm occurrence [21,50]. A prior
study reported that facilities with higher Lm prevalence exhibited distinct environmental
microbiota compared to other facilities with lower Listeria presence. Notably, Pseudomon-
adaceae predominated in environments with Listeria, reinforcing its role as a biofilm former
that can enhance Listeria survival under cleaning and sanitation conditions [50]. Klebsiella
was also found to be the dominant microbiota in the Listeria-positive floor drains [51,52].
In a similar study conducted in food production facility drains, differences in microflora
were observed between Listeria-positive and Listeria-negative sites. One study reported an
increased presence of the genera Prevotella and Janthinobacterium in Listeria-negative drains,
while Enterococcus and Rhodococcus were more abundant in Listeria-positive drains [21].
Comparing Scenario 1 and Scenario 2 in air samples, only 6 genera were present in the
Scenario 2 samples, of which Micrococcus was most abundant (40.5%), on the other hand,
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23 genera including 20 bacterial genera, 2 mold genera, and yeast were found in Scenario
1 of which Staphylococcus (20.5%) and Bacillus (19.5%) were more prevalent. Significant
differences in air microflora composition and relative abundance were observed between
the two scenarios, likely influenced by variations in product types manufactured on the
production lines and differences in human traffic patterns.

Table 3. Distinct genera present in swab and air samples across two scenarios.

Genera in Swab Genera in Air

Acinetobacter
Aspergillus
Corynebacterium
Cytobacillus
Enterococcus
Aeromonas Kocuria
Scenario 1 Citrobacter Lysinibacillus
Enterobacter Metabacillus
Niallia
Penicillium
Peribacillus
Pseudescherichia
Stenotrophomonas

Ewingella No distinct genera found in
Exiguobacterium Scenario 2 of air samples, all
Hafnei genera identified were similar
Raoultella to Scenario 1 air samples.

Scenario 2

3.1.3. Distribution of Microflora Across Production Lines (PL)

The SPC for both air and floor swab samples varied significantly across the production
lines, suggesting that localized factors, such as equipment layout, traffic patterns, or airflow,
may contribute to the distribution of microbial contamination. Similarities in the microbial
composition of floor swab samples were observed across different production lines. For
PL1 and PL2 (located 5.5 m apart, Figure 1), the dominant genera included Lelliottia and
Pseudomonas in the fall, Pseudomonas in the spring, and Serratia in the summer for floor
swab samples. For PL2 and PL4 (also 5.5 m apart), Pseudomonas was prevalent in the
fall, Pseudomonas and Serratia in the spring, and Leuconostoc in the summer. Additionally,
PL1 and PL4 (separated by 11 m) shared Pseudomonas in the spring and Lelliottia and
Pseudomonas in the fall. For sites PL 5 and PL 6 (4.5 m apart), Pseudomonas was dominant
in the spring, while Shewanella was prevalent in the summer. Their shared environmental
conditions due to proximity may explain the similarity in the microflora observed across
these processing sites. Interestingly, despite the spatial separation of PL3 from other sites,
it shared similar microbial genera with them for floor swab samples, suggesting that the
distribution of floor swab microflora was not strictly influenced by site proximity. This
observation implies that microbial dispersal within the plant might be influenced by factors
beyond physical distance, such as air circulation, personnel movement, surface type, cross-
contamination from equipment and workers, or equipment sharing [53]. The compositions
of bacterial communities in biofilms residing on high-nutrient surfaces have been reported
to differ significantly from those on low-nutrient surfaces [54]. Moreover, previous studies
indicate that persisting organisms are limited by selection due to routine sanitization [54].
As all PLs are sanitized regularly and manufacture the same type of product, only persistent
organisms can potentially survive, making the similarity in microflora justifiable.

The dominant genera identified in the air samples included Bacillus, Staphylococcus,
Micrococcus, and Pseudomonas, irrespective of the processing line. There was no apparent
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trend in the microbial composition of air samples based on the distances between the pro-
duction lines, while some genera were consistently present across all air sample locations.
This non-uniformity could be attributed to factors such as airflow patterns, ventilation
systems, or shared environmental conditions [44]. These findings provide a foundation for
future large-scale investigations across multiple processing facilities, allowing comparisons
of microbial compositions in different production lines and distant locations. In addition, a
multi-year study could offer deeper insights into long-term microbial trends.

3.2. Co-Culture Growth of Environmental Microflora with L. monocytogenes (Lm) Test Strain

The multispecies co-growth study, performed to evaluate the ability of floor swab
sample microflora to inhibit the growth of Lm, revealed no suppression of Lm growth. After
24 h of incubation, the Lm counts ranged from 4.35 to 5.5 log1oCFU/mL, indicating no
inhibitory effect of the environmental background microflora from any of the tested swab
samples on Lm. Similarly, when the dominant species identified from each swab sample
were co-cultured with Lm in TSB, the Lm counts ranged from 2.35 to 3.53 log;oCFU/mL
after 24 h of incubation. These experiments, which were also performed separately for each
swab sample, showed no evidence of suppression of Lm growth by the dominant species
identified from the air or swab samples.

Further investigation through co-culture studies with individual isolates was per-
formed to determine whether any specific isolate could limit the growth of the Lm test
strain. After 24 h of incubation, total plate counts for the mixed cultures ranged from
4.60 to 6.47 logjy CFU/mL. Meanwhile, the Lm test strain counts on MOX agar ranged
from 2.48 to 3.78 log1oCFU/mL. None of the tested isolates exhibited the ability to suppress
or inhibit the growth of the Lm test strain. Interestingly, the Lm test strain population
consistently exceeded that of the co-cultured isolates, suggesting that the Lm test strain out-
competed the other microorganisms in the co-growth system. This competitive advantage
may highlight the resilience of Lm in mixed microbial environments, particularly in the
dairy processing environment.

Previous research suggests that non-pathogenic microflora may sometimes limit or
suppress the growth of pathogenic bacteria, including Lm, either within multispecies
biofilms or as individual strains [55]. However, some other studies have reported that the
presence of competing microflora can, in some cases, facilitate the establishment of Lm
biofilm [2,19]. For instance, a co-culture study involving Lm and other bacterial species such
as Escherichia coli, Pseudomonas fluorescens, and Lactobacillus plantarum found that Lm was
suppressed when introduced at a lower concentration relative to the competitor. In contrast,
when Lm was introduced at a higher concentration, it outcompeted the other species and
dominated the co-culture [56]. In the present study, none of the environmental microflora
from floor swab samples exhibited an inhibitory effect on the Lm test strain regardless of
their initial abundance. Instead, the Lm test strain consistently outgrew the other microbial
species in co-culture conditions. These findings indicate that Lm could potentially establish
itself in mixed microbial communities, particularly when favorable conditions support
its growth. However, it is important to note that the relative abundance of Lm compared
to the background microflora may vary under natural conditions, which could influence
the dynamics observed in this study. Moreover, this hypothesis would need to be further
validated through single and mixed species biofilm development along with the Lm test
strain, as in a natural environment, interactions among multiple bacterial species may play
a different role in inhibiting or limiting the growth of Lm [57,58]. Expanding this research to
mixed species biofilms could enhance the understanding of these microbial dynamics and
improve the environmental cross-contamination control strategies. At this point, the results
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from this study may be helpful in developing targeted cleaning and risk management
models aimed at minimizing the persistence of Lm in food processing environments.

3.3. Screening Isolates for Their Potential Inhibition of L. monocytogenes (Lm) Test Strain

The antimicrobial activity of the individual isolates was evaluated using both the
spot-on-lawn and well-diffusion assays against Lm and M. luteus (control). None of the
isolates exhibited any zones of inhibition against Lm and M. [uteus using the CFEs of
environmental microflora. Even after concentrating the CFEs by dialysis to get the dialyzed
cell-free extract, there were no zones of inhibition for any of the isolates. The protein
concentration in the dialyzed CFE was approximately 55-75 mg/mL for all the isolates.
Thus, under the test conditions and at the concentration of protein obtained by CFE dialysis,
none of the isolates exhibited antimicrobial activity. Additionally, the antimicrobial activity
of the CFE from direct swab samples was tested against Lm and M. luteus, with no zones
of inhibition observed, indicating similar results. On the other hand, a previous study
conducted on the isolates from small cheese-producing farms demonstrated that some of
the isolates gave a zone of inhibition of a maximum of 2-3 mm, indicating a weak inhibitory
effect against Lm [25]. The antimicrobial effects of microorganisms are influenced by var-
ious factors, including the specific strain, environmental stress conditions, temperature,
and inoculum level [59-61]. The assessment of potential antimicrobial activity involved
incubating swab samples in TSB for 24 h at 37 °C. While TSB supports the growth of a
broad spectrum of bacteria [62], variations in microbial metabolic activity under different
environmental conditions and growth media compositions could influence the extent of
antimicrobial interactions observed. Moreover, it would be useful to conduct studies involv-
ing single and mixed species biofilms to evaluate the Listeria persistence in the presence of
environmental microflora.

4. Conclusions

This study explored the influence of environmental background microflora on the
growth and persistence of Listeria. Significant seasonal variations in microbial composi-
tion were observed, highlighting the dynamic nature of microbial communities in these
environments. The distribution of microflora across production lines was shaped more by
environmental conditions than by spatial proximity, reflecting the influence of operational
factors on microbial presence. Despite identifying a diverse range of microbial genera,
including Pseudomonas, Klebsiella, Micrococcus, and Staphylococcus from floor swabs and
air samples, no evidence of competitive exclusion or inhibitory effects against the Lm test
strain was observed in co-culture growth assays. Similarly, evaluation of the antimicrobial
activity of the cell-free extracts and the dialyzed cell-free extracts from the environmental
isolates showed no inhibition against the Lm test strain under the test conditions and at
the protein concentration obtained by dialysis. These findings thus indicate that, under
the tested conditions, the Lm test strain can persist and grow in the presence of various
Gram-positive and Gram-negative background microflora. Given that microbial inter-
actions in biofilms may differ from those in planktonic cultures, further investigation is
recommended to assess the role of background microflora in Lm persistence within biofilms.
In view of this, single and multispecies biofilm studies are being conducted in our lab
to examine the persistence of Lm within mixed microbial communities and interactions
among species that may impact its survival. Expanding this research to mixed-species
biofilms is likely to provide a more comprehensive understanding of microbial dynamics
and develop environmental cross-contamination control strategies.

The ability of Lm to survive alongside diverse microbial communities underscores
the need for rigorous cleaning and sanitation protocols in dairy processing facilities. A
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comprehensive understanding of these microbial dynamics would aid in developing tar-
geted approaches to mitigate the persistence of Lm in dairy processing environments and
enhance food safety management practices.
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