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Background: Pork processing plants in the United States (US) cease operations 
for 24–48  h every six or twelve months to perform intense sanitization (IS) 
using fogging, foaming, and further antimicrobial treatments to disrupt natural 
biofilms that may harbor pathogens and spoilage organisms. The impact such 
treatments have on short-term changes in environmental microorganisms is 
not well understood, nor is the rate at which bacterial communities return.

Methods: Swab samples were collected from floor drains to provide 
representative environmental microorganisms at two US pork processing plants 
before, during, and after an IS procedure. Samples were collected from four 
coolers where finished carcasses were chilled and from four locations near 
cutting tables. Each sample was characterized by total mesophile count (TMC), 
total psychrophile count (TPC), and other indicator bacteria; their biofilm-
forming ability, tolerance of the formed biofilm to a quaternary ammonium 
compound (300  ppm, QAC), and ability to protect co-inoculated Salmonella 
enterica. In addition, bacterial community composition was determined using 
shotgun metagenomic sequencing.

Results: IS procedures disrupted bacteria present but to different extents 
depending on the plant and the area of the plant. IS reduced TPC and TMC, by 
up to 1.5 Log10 CFU only to return to pre-IS levels within 2–3  days. The impact 
of IS on microorganisms in coolers was varied, with reductions of 2–4 Log10, 
and required 2 to 4  weeks to return to pre-IS levels. The results near fabrication 
lines were mixed, with little to no significant changes at one plant, while at 
the other, two processing lines showed 4 to 6 Log10 reductions. Resistance to 
QAC and the protection of Salmonella by the biofilms varied between plants 
and between areas of the plants as well. Community profiling of bacteria at the 
genus level showed that IS reduced species diversity and the disruption led to 
new community compositions that in some cases did not return to the pre-IS 
state even after 15 to 16  weeks.

Discussion: The results found here reveal the impact of using IS to disrupt 
the presence of pathogen or spoilage microorganisms in US pork processing 
facilities may not have the intended effect.
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1 Introduction

Food processing facilities harbor a wide diversity of 
microorganisms that persist and that may interact in multi-species 
biofilms, which in turn may provide an ecological niche for pathogens 
or spoilage organisms. Multi-species biofilms thus offer these 
microorganisms opportunities to colonize and gain tolerance against 
sanitization. Biofilm formation involving foodborne pathogens poses 
a serious threat to food safety and public health, while biofilms 
harboring spoilage organisms are a major cause of lost shelf life.

Pathogens, such as Salmonella enterica, Listeria monocytogenes, 
and Shiga toxin-producing Escherichia coli (STEC), develop biofilms 
in difficult to clean areas of food processing environments such as 
drains, pipes, and the back of conveyor belts (Sofos and Geornaras, 
2010; Wang, 2019; Chitlapilly Dass and Wang, 2022). These surfaces 
attract biofilm development due to poor accessibility during 
sanitization steps (Mathijssen et al., 2016). Additionally, biofilms in 
food processing environments consist of multiple species of 
microorganisms, and the complex interactions within the community 
influences its architecture, activity, and sanitizer tolerance (Chitlapilly 
Dass et  al., 2018; Wang, 2019). The microbial community of the 
biofilm forms though synergistic interactions where the 
microorganisms adapt to their long-term coexistence allowing a 
co-evolution within the niche they share (Madsen et  al., 2016; 
Zupančič et al., 2018). Most studies related to biofilms of foodborne 
pathogens focus on single-species biofilms, which overlooks the fact 
that in the natural environment microorganisms coexist. Mixed-
species biofilms are more tolerant to sanitizers than single-species 
biofilms or their planktonic equivalents (Wang et al., 2013; Zupančič 
et al., 2018; Wang, 2019).

Guidelines and best practices for IS have been described by 
government bodies (USDA FSIS, 2016) and industry organizations 
[Mikle, 2006; National Sanitation Foundation (NSF), 2024], however, 
the optimal approach in designing and analyzing a disinfection 
program requires knowledge that can only be supplied by processors. 
When and how best to perform an IS must take into account activities 
in each area of the environment, the type of products present, and the 
management of antimicrobial sanitization (Doyle et al., 2017; Maillard 
and Centeleghe, 2023). Processing plants in the United States (US) 
periodically perform intense sanitization (IS) to disrupt biofilms that 
may harbor pathogens and spoilage organisms. This procedure 
typically involves stopping operations at the plant for 24 to 48 h while 
cleaning, foaming, and fogging of the plant environment with two 
component sanitizers takes place. Due to the necessary interruption 
of plant activities and cost, an IS is only performed every 6 or 
12 months, while in between IS, nightly cleaning and sanitization 
using more moderate sanitizers takes place.

The impact of IS on the short-term changes in environmental 
microorganisms is not well understood. When the microbial 
contamination in a Chinese pork abattoir environment was 
characterized before and after disinfection, abundant microbial 
diversity was observed with notable changes in composition 
following the disinfection (Sui et al., 2023). Disinfection effectively 
reduced microbial diversity and abundance in the processing plant, 
but bacteria were not eradicated. Some bacteria survived the 
disinfection processes while others exhibited an increase in 
abundance (Sui et al., 2023). The succession of bacterial communities 
following IS has not been described, although when the environment 

of a newly opened pork plant was monitored for one and a half years, 
an increase in total abundance and alpha diversity was detected after 
the first 2 months (Cobo-Díaz et  al., 2021). The study here was 
designed to examine the initial impact of IS on the microorganisms 
recovered from pork processing plant drains and follow their 
succession over three months following the IS. The recovered 
microorganisms were characterized for their biofilm-forming ability, 
resistance to sanitization, ability to protect pathogens if present, and 
community profile.

2 Materials and methods

2.1 Sample collection and processing

Floor drain samples were collected at two US pork processing 
plants (designated Plant H and Plant M) that were scheduled to 
perform intense sanitization (IS). In these two plants, IS involved 
ceasing operations for 48-h where first the harvest, then processing 
sides of the plant were cleaned and sanitized. The IS used foam and 
spray applications of Decon7 (D7; Coppell, TX) according to the 
guidelines of the manufacturer. Briefly, after a general cleaning of all 
plant surfaces (equipment, floors, walls, etc.) that targeted all visible 
matter, Decon7 was applied to the plant environment that was at 
approximately 20°C. DECON7 is a multi-part disinfectant, where Part 
One is described as a blend of water soluble surfactants in water: alkyl-
dimethyl-benzyl ammonium chloride (3.2% wt/vol), pentamethyl-N-
alkyl trimethylene diammonium chloride (1% wt/vol), diethylene 
glycol monobutyl ether (1.6% wt/vol), 1-Dodecanol (0.8% wt/vol), 
isobutanol (1.0% wt/vol), Propylene Glycol (20% wt/vol), potassium 
hydroxide (3.2% wt/vol), and potassium bicarbonate (10% wt/vol); it 
is activated by the addition of an equal volume of Part Two: hydrogen 
peroxide (7.98% wt/vol), and 1/50 volume of Part Three the food 
grade solvent diacetin (>99%), in a 49:49:2 final ratio. Following 
exposure to the cleaner (approximately 8 h), all surfaces were rinsed 
with hot (80°C) water. Finally, an antimicrobial rinse (400 ppm 
peroxyacetic acid, pH 3.5) was used throughout the areas to complete 
the IS. Each evening, the plants performed overnight cleaning and 
decontamination that consisted of washing all surfaces, rinsing with 
hot (80°C) water and a quaternary ammonium compound (QAC; 
300 ppm).

Samples were collected 4 to 6 h after activities (harvest, cooler 
emptying of carcasses, processing/fabrication) had begun and used 
cellulose sponges (Speci-sponge; Nasco, Atkinson WI), each wetted 
with 10 mL of buffered peptone water (BPW; Becton Dickinson, 
Sparks MD). All drains were standard industrial drains located at low 
points of the floor for the collection and removal of run off. Drains in 
separate cooler bays (4 at each plant) and in the processing room 
along different product lines: ham (2 at each plant), loin, and butt were 
selected. Appropriate drains were identified as those that were safely 
accessible and located in an area where visible run off was collected 
(i.e., not in a corner or under moving equipment). Drains were 
assigned an arbitrary type A-E (Supplementary Figure S5). Then, the 
covering grate was removed and the drain visually inspected for 
biofilm (a viscous, shiny film). The underside of the grate and interior 
surfaces were sampled to collect bacteria and biofilms if observed 
from an area of ~500 cm2 by vigorously swabbing with the sponge, 
turning it over halfway through the process. At the time of collection, 
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the temperature of each sampling area was recorded with an infrared 
thermometer (Nubee NUB8550AT, Cole-Parmer, Vernon Hills, IL).

Samples were collected 2–3 days prior to IS at both plants, then at 
Plant M, all drains were sampled on the day of IS, and 3 days and 1, 2, 
4, 8, 12, and 16 weeks post-IS. At Plant H on the day of IS, two coolers 
and one processing drain were sampled. Distance and travel time to 
Plant H resulted in a modified schedule of post-IS sample collection, 
where all drains were resampled 3 days, and 1, 3, 7, 11, and 15 weeks 
post-IS. Due to issues of safety, maintenance, and accessibility, some 
cooler drains at Plant H were not sampled repeatedly, but the next 
nearest drain was selected as a substitute when required. Sponges were 
sealed in their Whirl-Pak bag then transported to the laboratory on wet 
ice in a cooler. Upon receipt, each drain sample was thoroughly hand 
massaged and portions removed for bacterial enumeration, biofilm 
assays, and DNA extraction as described below. Unused portions were 
mixed with sterile glycerol (17% final concentration) and frozen. In 
total, 131 samples were collected, 72 at Plant M and 59 at Plant H. At 
plant M, each of four coolers and four processing locations (two ham 
lines, a loin line, and a butt line) were sampled pre-IS, immediately after 
IS, and during seven follow-up visits (see above). At plant H, similar 
locations were sampled (four coolers, two ham lines, a loin line, and a 
butt line); however, only coolers 3 and 4, and ham line 1 were sampled 
immediately after IS. Therefore, there were eight samples collected from 
these locations (due to altered follow-up visit schedule) and seven from 
all others (cooler 1, cooler 2, ham line 2, butt line, and loin line).

2.2 Enumeration of bacterial groups

Each sample was serially diluted to determine total mesophile count 
(TMC), and psychrophilic bacteria (PSY), as well as Enterobacteriaceae 
(EB), coliforms (CF) and E. coli (EC) using Petrifilm AC (3 M, St Paul, 
MN) for TMC and PSY; Petrifilm EB for EB; and Petrifilm ECC for CF 
and EC. Petrifilm were incubated 24 h at 37°C for EB, CF and EC; 48 h 
at 30°C for TMC and 10 days at 7°C for PSY as described previously 
(Chitlapilly Dass, 2020). All values were log transformed and presented 
as Log10 CFU/100 cm2 in Supplementary Figures S1, S2.

2.3 Screening of biofilm formation

The biofilm-forming potential of each sample was screened using 
a crystal violet (CV) assay. Ten-fold dilutions of primary drain samples 
in Lenox broth (LB, Acumedia Manufactures Inc., San Bernardino, 
CA) without salt (LB-NS) medium were transferred to a 96-well plate 
(200 μL per well). Samples were incubated at temperatures relative to 
those recorded during collection. Plant H Coolers 3 and 4 were 
incubated at 2°C for 10 days, Plant H Coolers 1 and 2 and Plant M 
Coolers 1–4 were incubated at 7°C for 7 days; all processing samples 
(Ham, Butt, and Loin lines) at Plant M were incubated at 12°C for 
5 days, while processing samples from Plant H were incubated at 15°C 
for 5 days. Then, supernatant was removed, and the biofilm was gently 
washed two times with sterile phosphate buffered saline (PBS, Sigma 
Aldrich, St. Louis, MO). Microtiter plates were dried in oven at 65°C 
for 30 min, followed by incubation with 50% crystal violet (CV; 
Millipore Sigma, Burlington, MA) for 20 min. Plates were washed to 
remove excess CV then allowed to dry at room temperature for 1 h. 
Biofilm associated CV was extracted with 200 μL of 85% ethanol and 

quantified by measuring absorbance at 570 nm. Five replicates were 
set up for each drain sample, averaged, and presented as arbitrary 
biofilm strength units in Supplementary Figures S3, S4.

2.4 Sanitizer treatment of drain biofilm 
samples

Individual drain samples were enriched as described previously 
(Chitlapilly Dass, 2020) with modifications. Briefly, primary drain 
samples were grown in LB-NS medium, with orbital shaking at 
200 rpm, for 5–10 days at temperatures as described above. When 
samples became visibly turbid (OD600 ~ 1.0), glycerol stocks of the 
enrichments were prepared and stored at −20°C until use. For 
sanitizer treatment experiments, an enriched glycerol stock was 
thawed, diluted 1:100  in LB-NS, and transferred to 10 wells of a 
96-well plate followed by incubation at their respective temperatures 
and times. At the end of the incubation period, supernatant was 
removed, and biofilm was gently washed with sterile PBS. The biofilms 
in five of the wells were exposed to freshly prepared QAC (Vanquish, 
Total Solutions, Milwaukee WI) at a final concentration of 300 ppm 
for 1 min, followed by two washings with PBS. For non-treated control, 
QAC was substituted with sterile water in the other five wells. To assess 
the viability of biofilm after QAC treatment, 200 μL of Dey-Engley 
broth (DE; BBL, Difco, Sparks, MD) was added to each well and 
incubated at 25°C for 14 h. At the end of the incubation period, optical 
densities of samples were read at 405 nm (purple color of DE broth) 
and 590 nm (yellow color due to growth). Growth was calculated as 
OD590-OD405 (Wang et  al., 2017), and the mean and standard 
deviation were determined and shown as arbitrary units in Figure 1.

2.5 Pathogen protection in biofilm

Protection of Salmonella enterica by biofilms was evaluated using 
the sanitizer treatment method described above with some 
modifications. S. enterica isolates EL262—1 (serovar Enteritidis), 
CJ1—8B (serovar Infantis), and CJ3—7B (serovar Typhimurium), 
which had been previously recovered from pork products or Plant H, 
were individually grown overnight in Tryptic soy broth (TSB, BBL, 
Difco) at 37°C. A pool of these strains was prepared by mixing equal 
volumes of each S. enterica culture. Then, the pool was added to each 
thawed drain enrichment (1:100) and biofilms were developed in four 
wells of a 96-well plate, two treated with QAC and two treated with 
sterile water as described above. Then, the levels of S. enterica protected 
by the biofilms were determined using a GENE-UP® Salmonella SLM2 
kit (bioMérieux, St. Louis MO) following the manufacturer’s 
recommended protocol for presence absence testing. Briefly, after the 
final two washings, each well was resuspended in 30 μL PBS. Template 
was prepared by transferring 20 μL of this suspension to GENE-UP® 
Lysis Kit (bioMérieux), followed by incubation at 95°C for 5 min, 
shaking at 2500 rpm. 10 μL of the lysate was used as a template. Averages 
of the Cp values reported by the GENE-UP® system at the completion 
of the SLM2 assay were used to determine the percent protection of the 
S. enterica from QAC. This was done by converting the differences of 
Cp of QAC treatment and its water control to Log2 fold change, then 
calculating the percentage of fold change. No change in Cp between 
QAC and water is equal to 100% protection of S. enterica by growth in 
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the biofilm, 1 Cp difference equal to 50% protection, 2 Cp difference 
equal to 25% protection, and so on. Percentage protection ≥75% by a 
biofilm was considered highly protective, ≤25% non-protective, and 
values between 26 and 74% considered moderately protective.

2.6 Metagenomic shotgun sequencing and 
analysis

DNA was extracted for metagenomic sequencing as described 
previously (Palanisamy et  al., 2023) using Qiagen Powerlyzer 

Powersoil extraction kits and including a bead beating step 
(1,200 rpm, 3 min) in a MP Biomedicals (Solon, OH) FastPrep96 
(with modified aluminum holder) to ensure optimum lysis of 
organisms present. Purified DNA was quantified using a Qubit 4 
Fluorometer (Thermo Fisher Scientific, Waltham, MA) then 
submitted for shotgun metagenomic sequencing (Invisible Sentinel, 
Philadelphia PA). DNA from each sample (100 ng) was prepped for 
sequencing using an Illumina DNA Prep Kit (96 Samples) and 
NexteraTM DNA Indexes (96 Samples) (Illumina, San Diego, CA) 
according to the instructions of the manufacturer. Prepped DNA was 
analyzed for fragment size distribution using an Agilent BIoAnalyzer 

FIGURE 1

Resistance to 300  ppm quaternary ammonium compound (QAC) compared with a water control of biofilms formed by microorganisms recovered 
from drains located at Pork Processing Plants H and M before and after intense sanitization procedures. Time points 1–8 (Plant H) and 1–9 (Plant M) on 
X axis; 1  =  2 to 3  days pre-intense sanitization (IS); 2  =  day of IS; 3  =  2 to 3  days post-IS; 4–8  =  1, 3, 7, 11 and 15  weeks post-IS, respectively, for plant H 
and 4–9  =  1, 2, 4, 8, 12 and 16  weeks post-IS, respectively, for Plant M. *No day of IS samples were collected from Coolers 1 and 2 at Plant H, and only 
Ham Line 1  Day of IS sample was collected at Plant H.
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2,100 and an Agilent High Sensitivity DNA Kit (Agilent Technologies, 
Santa Clara, CA), and concentration was measured using the Qubit 4 
Fluorometer. The prepared DNA samples were pooled, denatured, 
diluted to appropriate concentration, and loaded into the MiSeq 
instrument (Illumina, San Diego, CA) using an Illumina MiSeq 
Reagent Kit v3 (600 cycle) per manufacturer’s instructions. The 
paired-end sequencing run was set to 2×250 cycles. The FASTQ files 
generated were used for all downstream analyses using CosmosID 
(Germantown MD) pipeline and bacteria identified filtered to the 
genus level. Relative abundance based on abundance score (equal to 
number of reads) was tabulated using Microsoft Excel to generate 
relative abundance plots (Figure  2) and organism tables 
(Supplementary Table S1).

2.7 Statistical analysis

Crystal violet biofilm formation (OD570 nm) and QAC tolerance 
DE broth growth (OD405-590) were analyzed for mean and standard 
deviation using Microsoft Excel (version 16.79.2, Microsoft Corp. 
Redmond WA), plotted and visualized. The biofilm formation and 
QAC tolerance were compared using a one-way analysis of variance 
(ANOVA) with a post-Dunnett’s multiple comparisons test using R 
Studio integrated development environment for R (R Core Team, 
2022; RStudio Team, 2022). p-values less than 0.05 were considered 
statistically significant.

To gain a greater understanding of what in the plant environment 
may predict differences in biofilm communities, we performed three 
sets of analyses on the metagenomic data. The metagenomic analyses 
and data visualizations were performed in the R Studio using the 
packages tidyr (Wickham et al., 2023), vegan (Oksanen et al., 2022), 
stats and base (R Core Team, 2022), and factoextra (Kassambara and 
Mundt, 2020). The first analysis was to determine whether the plant 
(H or M), time point of collection, treatment (IS), site sample 
collected, temperature, drain type, or location (cooler vs. processing) 
predict the species richness of the biofilm, we calculated the number 
of species per biofilm (function vegan::specnumber, Oksanen et al., 
2022). We then fit a series of linear models using each of the above 
variables as predictors of species richness. Specifically, a t-test was run 
to determine whether species richness differed significantly by plant 
(functions stats::var.test and stats::t.test, R Core Team, 2022); one-way 
analyses of variance (ANOVA) were run to determine whether species 
richness differed significantly by time, treatment, site, drain type, or 
location (function stats::aov, R Core Team, 2022); and a linear model 
was fit to determine whether temperature is a significant predictor of 
species richness (function lm::stats, R Core Team, 2022).

To determine whether these variables predict the Shannon diversity 
(Hill, 1973) of the biofilm, the Shannon diversity of each was calculated 
(function vegan::diversity, Oksanen et al., 2022). We then proceeded by 
developing linear models as above using each of the variables to predict 
differences among Shannon diversity indices. To determine whether 
any of these variables predict different community compositions of the 

FIGURE 2

Shannon diversity of shotgun metagenomic sequencing of organisms recovered from drains located in coolers and carcass fabrication rooms at 
Pork Processing Plants H and M before and after intense sanitization (IS) procedures. Time points 1–9 on x-axis; 1 = 2 to 3 days pre-intense 
sanitization (PRE); 2 = day of IS (TRT); 3 = 2 to 3 days post-IS (POST); 4–8 = 1, 3, 7, 11, and 15 weeks post-IS Plant H; 4–9 = 1, 2, 4, 8, 12, and 16 weeks 
post-IS Plant M.
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biofilms, we  ran a series of permutational multivariate analyses of 
variance [PERMANOVA (Anderson, 2017), function vegan::adonis2 
(Oksanen et  al., 2022)] using each of the variables of interest as a 
predictor for community composition. PERMANOVA tests for 
differences between community compositions based on a dissimilarity 
measurement, in our case the Bray-Curtis index (Ricotta and Podani, 
2017). It can be intuitively understood as a test in which each species 
within the biofilm is represented as a single axis or dimension, and the 
centroid of each community is the point in multidimensional space that 
describes which species are in the community. The distances between 
the centroids of each group of communities are then compared, with 
the null hypothesis that the centroids are equal for all groups (Anderson, 
2017). Here, the groups are defined by the variables of interest (plant, 
time, treatment, site, temperature, drain type, and location). Core 
biomes for each group were calculated as a function of both occurrence 
and abundance (Neu et al., 2021). Any organism which had greater 
than 1% abundance across at least 50% of samples was classified as a 
member of the core biome (Lahti et al., 2017).

3 Results and discussion

3.1 Intense sanitation impacts on indicator 
organisms

The initial measure of IS impact was determined through single 
point in time measurements of TMC, PSY, EB, CF, and EC 
(Supplementary Figures S1, S2). In coolers, PSY was the most 
abundant group of organisms measured, and in some cases closely 
matched by the TMC. IS performed at Plant H had little to no effect 
on the numbers of organisms recovered from cooler drains with only 
Cooler 3 demonstrating a reduction of 1–1.5 Log10 CFU. However, IS 
was observed to impact numbers of EB, CF, and EC more so with 
reductions of 2 to 3 Log10 CFU. In coolers at Plant M, IS introduced 
significant reductions of PSY and TMC ranging from 2 to 5 Log10 
CFU. In some cases, this was matched with a corresponding decrease 
in EB, CF, and EC. Organism counts in Cooler 1 at Plant M were 
further decreased 2 days after IS. This is likely due to the fact that this 
cooler had not gone back into use by the time the post-IS samples 
were collected, whereas Coolers 2, 3, and 4 at Plant M were full of 
carcasses when samples were collected at this point.

The impact of IS on organisms measured in drains located in 
fabrication was similar to those observed for coolers except TMC was 
more abundant in many cases than PSY. This was likely due to 
temperature differences. Temperatures recorded at cooler sample 
collection points at the two plants averaged 5 to 5.5°C, whereas those 
recorded in processing areas averaged 17°C at Plant H and 12°C at 
Plant M. PSY are not as enriched in the warmer fabrication rooms as 
compared to the coolers. Indoor microbial environments are 
influenced by occupants and their activities as well as the building 
layout and operations taking place (Adams et al., 2016), and at Plant 
M organisms in drains located near the ham processing lines were not 
as impacted by IS as drains near the butt and loin processing lines. 
Organisms recovered from drains near ham lines were reduced by 1 
to 2 Log10 CFU, whereas reductions were 4 Log10 CFU near the Butt 
Line and greater than 6 Log10 CFU near the Loin Line. A result due to 
the level of traffic around ham lines compared with the others. Drains 
near ham lines at Plant M had considerable forklift and loader traffic, 

while the drains near the Butt Line and Loin Line were located 
between processing tables and only had light worker foot traffic.

Based solely on these observational indicator counts, IS, in some 
situations, can impact the levels of organisms present and in some cases 
have an impact lasting 16 weeks or more. Most studies that examine 
contamination or the impact of IS/disinfection in pork processing 
facilities do not make note of indicator organisms (Campos Calero 
et al., 2020; Zwirzitz et al., 2020; Cobo-Díaz et al., 2021; Sui et al., 2023). 
In areas such as hospitals, replacing plumbing to disrupt recurring 
outbreak of carbapenem-resistant Enterobacteriaceae (CRE) led to a 
decline in CRE in patients; however, the environment was found to 
be  rapidly recolonized by CRE and patient infections with CRE 
returned (Decraene et al., 2018). The observations in many of the drains 
examined here agree with this model, while other sample sites disagreed 
with different indicator organism groups emerging. Further follow-up 
and monitoring would be needed to learn more about these differences. 
However, organism counts alone do not reflect the phenotype of the 
biofilm the recovered organisms may produce; therefore, all drain 
samples were assessed for their ability to form a biofilm.

3.2 Biofilm formation by organisms 
recovered from drains

The biofilm-forming ability and the strength of biofilm formed by 
organisms recovered at Plants H and M showed significant differences 
(p < 0.05) in biofilm strength between sites within the plant 
(Supplementary Figures S3, S4). At Plant M, all sites showed similar 
results except Cooler 4, which formed significantly weaker biofilm 
than all other sites. At Plant H, biofilms formed by organisms 
recovered from Cooler 1 and Cooler 2, were stronger (p < 0.05) than 
biofilms formed by all other sites, while biofilms formed by organisms 
from the Loin Line and Butt Line were the weakest (p < 0.05). Biofilms 
formed by organisms from Ham Line 1 were stronger (p < 0.05) than 
those formed from Ham Line 2, but neither were different (p > 0.05) 
from biofilms formed by organisms from Coolers 3 and 4.

The IS procedure was seen to significantly disrupt biofilm 
formation in Coolers 3 and 4 at Plant H (Supplementary Figure S3), 
but the organisms collected 3 days post-IS were as strong of biofilm 
formers as the pre-IS organisms. At 1 week post-IS, Coolers 3 and 4 at 
Plant H showed a weaker biofilm-forming ability, and this may have 
correlated to the reductions in indicator counts. The patterns of results 
of biofilm formation by organisms recovered from cooler drains at 
Plant M were different in each of the cooler bays. In all cases except 
Cooler 4 at Plant M, the pre-IS organisms were strong biofilm formers. 
Organisms collected at this location were weak biofilm formers before 
and after the IS, remaining so until week 4 when the population 
shifted to one forming strong biofilm.

Organisms recovered from fabrication drains also presented 
differing biofilm formation. Despite having remarkable differences in 
organism counts in samples collected from the fabrication room at 
Plant M, the biofilm-forming ability of the recovered organisms was 
little changed following the IS (Supplementary Figure S4). However, 
at Plant H, IS resulted in various outcomes at each location. IS slightly 
weakened biofilm-forming ability by Ham Line 1 organisms that 
returned to strong biofilm-forming ability 3 days post-IS. The biofilm-
forming ability of organisms from Ham Line 2 was intermediate and 
remained so throughout the 15 weeks of follow-up. Biofilms formed 
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by organisms recovered near the Butt Line were significantly weakened 
in their ability to form biofilms post-IS, while Loin Line organisms 
were initially weak biofilm formers, but post-IS became strong biofilm 
formers that weakened over time. IS inducing strong biofilm 
formation has been described at a beef processing plant where the 
post-IS organisms were found to be strong biofilm formers (Wang 
et al., 2024). It was hypothesized that although the total number of 
organisms was reduced by IS those able to tolerate IS were stronger 
biofilm formers and then able to expand with less competition and 
reoccupy the drain environment (Wang et  al., 2024). The results 
collected at Plants H and M show that the impact of IS on organisms 
can be variable and that other factors are likely involved.

3.3 Sanitizer tolerance and pathogen 
protection of biofilms following IS

Given the varied organism levels and biofilm-forming strength of 
the recovered organisms pre- and post-IS among all the samples, all 
samples were taken forward to determine their resistance to QAC 
treatment (Figure 1). Variable results between plants and between 
locations within the same plant were again observed. At Plant H, the 
Cooler 2, Ham Line 1, and Loin Line initial pre-IS biofilms were 
tolerant to QAC, while at Plant M all pre-IS biofilms demonstrated 
some or full tolerance to QAC. The IS only markedly disrupted the 
QAC tolerance of Plant H Cooler 2 and Plant M Coolers 2, 3, and Butt 
Line biofilms with all others similar to the water wash control. While 
the biofilm QAC tolerance rapidly returned in one or two weeks to 
Plant M Coolers 2 and 3, tolerance did not return to the Plant M Butt 
Line or Plant H Cooler 2 biofilms until six and seven weeks after the IS.

The biofilm QAC tolerance measured may have been a transient 
response not related to the IS treatment. For instance, tolerance of 
QAC was decreased in biofilms formed by samples collected at Ham 
line 2 (15 weeks post-IS) and Loin Line (5 and 7 weeks post-IS) of 
Plant H, and Ham Line 1 (2 weeks post-IS) at Plant M. Furthermore, 
short lived (single collection time point) increases in QAC tolerance 
were also observed in biofilms formed by samples collected from 
Cooler 1 (3 weeks post-IS) and Cooler 3 (5 weeks post-IS) at Plant 
H. Indeed, QAC tolerance of biofilms formed by samples from Ham 
Line 2 at Plant H was observed to increase (weeks 3 and 7 post-IS) 
then decrease again, while Loin Line biofilms at Plant M varied by 
time point. These variations may have been more related to the 
community of bacteria present as well as those being introduced 
rather than a response to the IS. Differing combinations of bacterial 
species have been shown to resist disinfection (Kocot and Olszewska, 
2020; Pang et  al., 2020); and bacterial communities in a pork 
processing plant were described to be influenced by the incoming 
carcasses as well as changes in the hygienic practices of the processing 
plant (Campos Calero et al., 2020; Sui et al., 2023). Zwirzitz et al. 
(2020) tracked the likely source of bacteria in a pork processing plant 
to the carcasses. Such transient changes in the bacteria passing 
through Plants H and M as well as differing plant activities over time 
may be responsible for these unanticipated observations.

In addition to measuring the biofilm sensitivity to QAC, these sets 
of samples were inoculated with Salmonella to determine to what 
extent the biofilm protected it from QAC (Table 1). We considered 
Salmonella protection of ≥75% to be strong protection and ≤ 25% to 
be  non-protective, with the range of 26–74% being moderate 

protection. Samples from Plant M were more protective of Salmonella 
than those collected at Plant H. The Salmonella protection did not 
have any clear relationship to biofilm strength, or QAC tolerance. In 
fact, samples that showed greater QAC sensitivity appeared to offer 
increased Salmonella protection. This warrants further analysis and 
examination in light of the community profiles.

3.4 Community shifts following is 
measured by shallow shotgun 
metagenomics

The impact of changes in biofilm phenotypes such as strength of 
biofilm, sensitivity to QAC, and protection of pathogens has been 
shown to be a result of the community structure (McBain et al., 2003; 
Raghupathi et al., 2018; Chitlapilly Dass et al., 2020). A diversity of 
members has been shown to stabilize environmental microbial 
communities and prevent invasion by certain species of pathogens 
(Kennedy et al., 2002; Blaser and Falkow, 2009; Blaser, 2016). Mahnert 
et al. (2019) showed cleaning and disinfecting resulted in a loss of 
microbial diversity and a population that shifted from Gram-positive 
to Gram-negative bacteria. Although IS had variable impacts on the 
number of bacteria recovered from the various drains in our study 
(Supplementary Figures S1, S2), the progression of recolonization 
started with different organisms and in some cases a community shift 
of different organisms in the following weeks. To further elucidate 
these changes, we performed shallow shotgun metagenomics on all 
samples to determine the relative abundances of genera in each.

The number of genera present post-IS was reduced but Shannon 
diversity was not different (Figure 2). Lower relative abundance and 
community complexity suggest effectiveness of disinfection, but as 
noted by others, targeted disinfection measures may be insufficient 
(Sui et  al., 2023). Analysis showed that time point, sample site, 
temperature, or location (cooler vs. processing) did not significantly 
predict a difference in how many genera were in the biofilm, nor 
predict a difference in Shannon diversity of the biofilms. Only the 
Drain type (Supplementary Figure S5), plant (H or M), and treatment 
(Supplementary Figure S6) produced significantly different 
community compositions. The contribution of the community 
structure to biofilm strength, QAC sensitivity, and pathogen 
protection is a complex system of multi-species interactions (Wang, 
2019). Previous studies suggested that disrupting or altering a 
preexisting environmental microbial community may lead to 
unintended consequences because less tolerant species are eliminated 
leaving only the more tolerant and space for colonization by invasive 
groups (Kotay et al., 2020). Furthermore, the phenomena in microbial 
ecology of pulse dynamics and disturbances (Jentsch and White, 2019; 
Burton et al., 2020) may also explain the shifts in biofilm composition 
as well as its phenotype. Further analysis and modeling are required 
to determine whether particular genera appear to have positive or 
negative influences on the biofilm formation and biofilm phenotypes. 
The inclusion of more sample sites too would aid in analysis. The 
samples examined here were limited to coolers and processing areas. 
The inclusion of samples from harvest and storage areas may provide 
additional data that reveals further interesting and useful information 
on the impacts of IS on processing plant communities.

The predominant genera (Figure 3) found in coolers at both plants 
were Psychrobacter, Acinetobacter, Arthrobacter, and Pseudomonas, 
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one of the most prevalent taxa present in food processing facilities (Xu 
et  al., 2023). Plant H coolers had more Chryseobacterium and 
Brochothrix, while Plant M coolers had more Flavobacterium, and 
Carnobacterium. At certain time points, low abundances of Yersinia 
were detected. Coolers at Plant M had fewer genera present compared 
with coolers at Plant H. Opposite to what was found for communities 
recovered from coolers, the fabrication floor drains at Plant H had 
more genera present than Plant M. IS reduced the number present in 
fabrication drain samples with the number increasing over time 
following IS. Psychrobacter, Pseudomonas, and Acinetobacter were 
again the most abundant genera found in fabrication samples; 
however, there were differences between the two plants and between 
fabrication sample sites (ham vs. butt vs. loin). Similarly, Pseudomonas 
spp. were the most frequently found and abundant among both meat 
and dairy products and their environments. However, levels of the 
same species differed by processing and type of sample, which 
suggested to the authors that strains of the same species were able to 
adapt differently to their changing environment (Stellato et al., 2017).

We observed Pseudomonas being one of the initial groups to 
reestablish itself following IS. Pseudomonas has a strong tolerance to 
harsh growth conditions such as low temperatures and high stress 
(Langsrud et al., 2016). This was reported to allow them to survive and 
outcompete companion organisms in areas of fabrication and storage 
holding areas where the temperature was low (Zhao et al., 2004; Belk 
et al., 2022). Examining microbial succession of a newly opened pork 
cutting plant showed the microbiome on different surfaces becoming 
more specific to that surface. A microbiome dominated by a limited 
number of environmental bacteria formed a core microbiome that was 
mostly shared among samples from different rooms and surfaces, but 
which evolved over time (Cobo-Díaz et al., 2021). Considering the 

core microbiomes of Plants H and M, Pseudomonas and Psychrobacter 
were members of both, with Acinetobacter also part of the Plant H core 
microbiome. Sui et  al. (2023) also identified Psychrobacter and 
Acinetobacter as the dominant flora before and after disinfection in a 
pig slaughterhouse.

The core microbiomes in coolers and processing areas differed 
(Supplementary Table S2). Core microbiomes of coolers included 
Pseudomonas, Psychrobacter, Carnobacterium, and Arthrobacter at 
both plants, with Plant H coolers also having Acinetobacter and 
Yersinia as part of its core microbiome. Processing areas had much 
narrower core microbiomes, with that of Plant H composed of 
Psychrobacter and Acinetobacter, and Plant M only Pseudomonas. 
Furthermore, individual locations had core biomes that differed from 
one another. For instance, core microbiomes of coolers 2 and 3 at 
Plant H could be distinguished by the presence or absence of Yersinia, 
Chryseobacterium, Carnobacterium, and Vagococcus. Ham lines at 
Plant M both had Pseudomonas as part of their core microbiome, but 
Ham line 1 included Stenotrophomonas, Enterobacter, Citrobacter, and 
Acidovorax while Ham line 2 include Tepidiphilus and Azospira 
instead. The Butt Line samples though in our study had 
non-informative reads at some time points and transient colonization 
at others so no identifiable core microbiome was identified.

Meat plants harbor a wide range of environmental microorganisms 
and the variations between drain sites within a plant are likely due to the 
operations and processing taking place in the nearby areas. It was shown 
that drain microbial communities in different areas of a meat processing 
facility could be differentiated from one another by the function of a 
room, the local activity taking place, temperature, and the sources of 
incoming microbes (Belk et al., 2022; Palanisamy et al., 2023). We noted 
significant differences in communities between plants and the drain types 

TABLE 1  Protection of Salmonella by biofilms formed by organisms recovered from drains located in coolers and carcass fabrication rooms.

Time point

Plant H 1 2 3 4 5 6 7 8 9

Cooler 1 67 nd 0 51 30 43 82 22

Cooler 2 72 nd 42 100 74 80 39 49

Cooler 3 74 61 87 49 42 45 83 53

Cooler 4 61 56 57 91 67 83 55 79

Ham line 1 1 0 83 10 8 15 8 1

Ham line 2 41 nd 53 74 95 42 81 59

Butt line 100 nd 100 54 2 100 63 44

Loin line 54 nd 81 54 11 16 21 49

Plant M

Cooler 1 100 100 100 98 74 35 70 19 24

Cooler 2 100 33 89 54 100 38 74 78 7

Cooler 3 53 100 76 100 100 75 0 86 62

Cooler 4 77 81 55 66 70 62 37 67 76

Ham line 1 54 73 77 98 100 12 34 82 25

Ham line 2 76 82 62 97 94 20 56 77 10

Butt line 18 78 70 66 80 7 34 66 31

Loin line 99 59 94 92 91 19 78 48 9

Values represent percent protection from quaternary ammonium compound (QAC; 300 ppm) based on log2 fold change as compared to water control as measured by quantitative PCR for the 
invA gene. Heat map shows strong Salmonella protection (≥75%; red), non-protective (≤ 25%; green), and moderate protection (26–74%; yellow). Time points 1–8 (Plant H) and 1–9 (Plant 
M) are as follows: 1: 2 to 3 days pre-intense sanitization (IS); 2: day of IS; 3: 2 to 3 days post-IS; 4–8: 1, 3, 7, 11, and 15 weeks post-IS, respectively, for Plant H while 4–9: 1, 2, 4, 8, 12, and 
16 weeks post-IS, respectively, for Plant M. nd: no data; at Plant H only Cooler 3, Cooler 4, and Ham Line 1 IS samples were collected.
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in use. The structure of the various drain types allows liquids to flow 
differently (Supplementary Figure S5). The drains with the side trap and 
clean-out accessory (Type C) hold much more liquid than those that 
drain directly into the plumbing system of the processor. The standing 
liquids in Type C drains may supply unique local environmental 
conditions and shelter communities from stresses such as those occurring 
with an IS protocol, thus allowing certain organisms to thrive and 
dominate a local community compared with the other drain types. The 
marked differences in Coolers and Processing areas are supported by a 
report that found abundance profiles of spoilage organisms and potential 
pathogens did not agree between processing and packaged pork products. 
Also noted was that daily hygiene practices did not impact the main phyla 
colonizing the plant environment (Hultman et al., 2015).

Shallow shotgun sequencing as we performed here provided 
data to identify the metagenomic community and identify 
predominant organisms in each sample. Since shotgun sequencing 
sequences all the DNA available in a sample, additional information 
can be found, such as the identities of virulence factors of pathogens 
present or antimicrobial resistance and stress tolerance genes that 
persisting organism may possess. Thus shallow shotgun sequencing 
provides a picture of the genetic phenotype of the communities. Our 
focus, however, was to assess the impact of IS on the community 
members and how that changed over time. In some IS and post-IS 
samples, community structure at the genera level was not resolved 
due to the lack of informative reads for taxonomic group 
assignments. This may be attributed to the shotgun metagenomic 
approach, which requires a high-depth sequencing.

The results reflect that the IS procedure may not be efficient in 
reducing the risk associated with the formation of biofilms, nor prevent 
pathogen recolonization. Alternate forms of biofilm control are under 

investigation in or laboratory. Indeed, specific IS procedures may 
be necessary for coolers compared with the processing area of the plants, 
and each plant may require its own customized approach to IS and 
biofilm control (Mikle, 2006; National Sanitation Foundation (NSF), 
2024). The metagenomic analyses of these plants are ongoing with 
additional samples from storage and harvest areas. It is hypothesized that 
this will lead to an increased understanding of each environment and 
what approaches of IS may be best suited. It should be noted though that 
not all biofilms are unwelcome. Some biofilm communities that form in 
meat processing facilities have been found to exclude the colonization of 
pathogens (Chitlapilly Dass et al., 2020; Wang et al., 2024). Therefore, IS 
procedures may be useful to disrupt an unwelcome biofilm, allowing a 
more desirable biofilm community to be seeded in its place.

4 Conclusion

We assessed the impact of IS on bacteria recovered from floor drains 
located on the coolers and fabrication rooms at two pork processing 
plants (H and M). IS procedures at both plants disrupted bacteria 
present, but to different extents depending on the plant and the area 
studied. The impact of IS on organisms in coolers was varied, with 
reductions of 2 to 4 Log10 CFU, and required 2 to 4 weeks to return to 
pre-IS levels. The results observed near fabrication lines were mixed, with 
little to no significant changes at Plant H, while at Plant M, the Butt Line 
and Loin Line had 4 to 6 Log10 CFU reductions. The Log10 CFU 
reductions following IS often, but not always, correlated with the biofilm-
forming strength. Tolerance to 300 ppm quaternary ammonium 
compound (QAC) by the biofilms formed by the recovered bacteria 
varied between plants and among areas of the plants as well as with the 

FIGURE 3

Relative abundance of genera identified by shotgun metagenomic sequencing of organisms recovered from drain samples at pork processing Plant H 
and M before and after intense sanitization procedures. Time points on x-axis; 1–8 (Plant H) and 1–9 (Plant M); 1  =  2 to 3  days pre-intense sanitization 
(IS); 2  =  day of IS; 3  =  2 to 3  days post-IS; 4–8  =  1, 3, 7, 11, and 15  weeks post-IS, respectively, for plant H and 4–9  =  1, 2, 4, 8, 12, and 16  weeks post-IS, 
respectively, for Plant M. Open blue framed bars “N/A” are samples that failed to yield sequencing results due to low DNA recovery from organisms 
present. *No day of IS samples were collected from Coolers 1 and 2 at Plant H and only Ham Line 1  Day of IS sample was collected at Plant H.
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variations possibly due to the composition of the microbial community. 
Future studies will focus on isolating and characterizing individual 
members of the community and assessing their contributions to the 
community phenotype. Community profiling showed that IS led to new 
community compositions that in some cases did not return to the pre-IS 
state even after 15 to 16 weeks. The results here suggest that the IS 
procedure is not efficient in reducing the risk associated with the 
formation of biofilms or in preventing pathogens. Thus, alternate biofilm 
control strategies should be evaluated in these types of facilities. However, 
the desire to reduce biofilm formation and activity should be tempered, 
as there are beneficial biofilms that fill processing niches and prevent the 
establishment of problem organisms. Thus, the communities that did not 
support Salmonella need further analyses to determine what a desired 
community resembles, and experiments are needed to determine if such 
a supporting biofilm can be purposely seeded into post-IS conditions.

Data availability statement

The authors declare that the data supporting the findings of this 
study are presented within the article. The fastq.qz files of the Illumina 
paired-end sequencing and metadata are originated from meat 
processing plants, and authors are obliged to maintain confidentiality, 
preventing the public deposition of these sequences. However, in case of 
a reasonable request, the authors are fully capable and willing to make 
these data available through file sharing. The data was generated under 
a non-disclosure agreement with meat processors, and we can share data 
with those willing to be bound by the same nondisclosure agreement.

Author contributions

JB: Conceptualization, Funding acquisition, Investigation, 
Methodology, Project administration, Resources, Supervision, 
Visualization, Writing – original draft, Writing – review & editing. 
MG: Investigation, Methodology, Visualization, Writing – review & 
editing. DB: Data curation, Methodology, Resources, Writing – review 
& editing. SV: Data curation, Formal analysis, Methodology, Writing 
– review & editing. TK: Data curation, Formal analysis, Software, 
Visualization, Writing – review & editing. GL: Formal analysis, 
Writing – review & editing. RW: Investigation, Methodology, 
Resources, Supervision, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 

funded in part the Foundation for Meat and Poultry Research and 
Education (Trust Fund Cooperative Agreement 58-3040-1-006). This 
research was supported in part by an appointment to the Agricultural 
Research Service (ARS) Research Participation Program administered 
by the Oak Ridge Institute for Science and Education (ORISE) 
through an interagency agreement between the U.S. Department of 
Energy (DOE) and the U.S. Department of Agriculture (USDA). 
ORISE is managed by ORAU under DOE contract number 
DE-SC0014664.

Acknowledgments

We would like to thank the collaborating pork processing plants 
for access to sample collection. We would also like to thank Sydney 
Brodrick, Natalia Carrasquillo-Cottes, and Gregory Smith for 
technical support, and Jody Gallagher for secretarial assistance. 
Names are necessary to report factually on available data; however, 
the USDA neither guarantees nor warrants the standard of the 
product, and the use of the name by USDA implies no approval of the 
product to the exclusion of others that may also be suitable. Lastly, 
the USDA is an equal opportunity provider and employer.

Conflict of interest

DB and SV are employed by Invisible Sentinel a bioMerieux Inc. 
Company.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1379203/
full#supplementary-material

References
Adams, R. I., Bhangar, S., Dannemiller, K. C., Eisen, J. A., Fierer, N., Gilbert, J. A., et al. 

(2016). Ten questions concerning the microbiomes of buildings. Build. Environ. 109, 
224–234. doi: 10.1016/j.buildenv.2016.09.001

Anderson, M. (2017). “Permutational multivariate analysis of variance 
(PERMANOVA)” in Wiley StatsRef: Statistics Reference Online. eds. B. Colton, E. 
Piegorsch, and R. Teugels.

Belk, A. D., Frazier, A. N., Fuerniss, L. K., Delmore, R., Belk, K., Borlee, B., et al. 
(2022). A pilot study: the development of a facility-associated microbiome and its 

association with the presence of listeria Spp. in one small meat processing facility. 
Microbiol Spectr 10:e0204522. doi: 10.1128/spectrum.02045-22

Blaser, M. J., and Falkow, S. (2009). What are the consequences of the disappearing 
human microbiota? Nat. Rev. Microbiol. 7, 887–894. doi: 10.1038/nrmicro2245

Blaser, J. M. (2016). Antibiotic use and its consequences for the normal microbiome. 
Science 352, 544–545. doi: 10.1126/science.aad9358

Burton, P. J., Jentsch, A., and Walker, L. R. (2020). The ecology of disturbance 
interactions. Bioscience 70, 854–870. doi: 10.1093/biosci/biaa088

https://doi.org/10.3389/fmicb.2024.1379203
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1379203/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1379203/full#supplementary-material
https://doi.org/10.1016/j.buildenv.2016.09.001
https://doi.org/10.1128/spectrum.02045-22
https://doi.org/10.1038/nrmicro2245
https://doi.org/10.1126/science.aad9358
https://doi.org/10.1093/biosci/biaa088


Bosilevac et al.� 10.3389/fmicb.2024.1379203

Frontiers in Microbiology 11 frontiersin.org

Campos Calero, G., Caballero Gómez, N., Lavilla Lerma, L., Benomar, N., 
Knapp, C. W., and Abriouel, H. (2020). In silico mapping of microbial communities and 
stress responses in a porcine slaughterhouse and pork products through its production 
chain, and the efficacy of HLE disinfectant. Food Res. Int. Ottawa 136:109486. doi: 
10.1016/j.foodres.2020.109486

Chitlapilly Dass, S., Bosilevac, J. M., Weinroth, M., Elowsky, C. G., Zhou, Y., 
Anandappa, A., et al. (2020). Impact of mixed biofilm formation with environmental 
microorganisms on E. coli O157:H7 survival against sanitization. NPJ Sci. Food 4:16. 
doi: 10.1038/s41538-020-00076-x

Chitlapilly Dass, S., and Wang, R. (2022). Biofilm through the looking glass: a 
microbial food safety perspective. Pathogens (Basel, Switzerland) 11:346. doi: 10.3390/
pathogens11030346

Chitlapilly Dass, S., Wang, B., Stratton, J., Bianchini, A., and Anandappa, A. (2018). 
Food processing environment surveillance using amplicon metagenomics: assessing the 
change in the microbiome of a fluid milk processing facility before and after cleaning. 
BAOJ Food Sci. Technol. 2, 2–11,

Cobo-Díaz, J. F., Alvarez-Molina, A., Alexa, E. A., Walsh, C. J., Mencía-Ares, O., 
Puente-Gómez, P., et al. (2021). Microbial colonization and resistome dynamics in food 
processing environments of a newly opened pork cutting industry during 1.5 years of 
activity. Microbiome 9:204. doi: 10.1186/s40168-021-01131-9

Decraene, V., Phan, H. T. T., George, R., Wyllie, D. H., Akinremi, O., Aiken, Z., et al. 
(2018). A large, refractory nosocomial outbreak of Klebsiella pneumoniae 
carbapenemase-producing Escherichia coli demonstrates carbapenemase gene outbreaks 
involving sink sites require novel approaches to infection control. Antimicrob. Agents 
Chemother. 62, e01689–e01618. doi: 10.1128/AAC.01689-18

Doyle, C. J., O'Toole, P. W., and Cotter, P. D. (2017). Metagenome-based surveillance and 
diagnostic approaches to studying the microbial ecology of food production and processing 
environments. Environ. Microbiol. 19, 4382–4391. doi: 10.1111/1462-2920.13859

Hill, M. O. (1973). Diversity and evenness: a unifying notation and its consequences. 
Ecology 54, 427–432. doi: 10.2307/1934352

Hultman, J., Rahkila, R., Ali, J., Rousu, J., and Björkroth, K. J. (2015). Meat processing 
plant microbiome and contamination patterns of cold-tolerant bacteria causing food 
safety and spoilage risks in the manufacture of vacuum-packaged cooked sausages. Appl. 
Environ. Microbiol. 81, 7088–7097. doi: 10.1128/AEM.02228-15

Jentsch, A., and White, P. (2019). A theory of pulse dynamics and disturbance in 
ecology. Ecology 100:e02734. doi: 10.1002/ecy.2734

Kassambara, A., and Mundt, F. (2020). Factoextra: extract and visualize the results of 
multivariate data analyses. R package version 1.0.7, Available at: https://CRAN.R-project.
org/package=factoextra.

Kennedy, A. T., Naeem, S., Howe, K. M., Knops, J. M. H., Tilman, D., and Reich, P. 
(2002). Biodiversity as a barrier to ecological invasion. Nature 417, 636–638. doi: 
10.1038/nature00776

Kocot, A. M., and Olszewska, M. A. (2020). Interaction of Pseudomonas aeruginosa 
and Staphylococcus aureus with Listeria innocua in dual species biofilms and inactivation 
following disinfectant treatments. LWT Food Sci. Technol. 118:108736. doi: 10.1016/j.
lwt.2019.108736

Kotay, M. S., Parikh, H. I., Gweon, H. S., Barry, K., Stoesser, N., Walker, A. S., et al. 
(2020). The unintended consequences of a surge in antibiotic resistance when removing 
wastewater drain biofilm. bioRxiv 2020.11.06.372326. doi: 10.1101/2020.11.06.372326

Lahti, L., Shetty, S., Turaga, N., Anonymous, Leung, E., Gilmore, R., et al. (2017). Tools 
for microbiome analysis in R. Version. Available at: http://microbiome.github.com/
microbiome

Langsrud, S., Moen, B., Møretrø, T., Løype, M., and Heir, E. (2016). Microbial 
dynamics in mixed culture biofilms of bacteria surviving sanitation of conveyor belts in 
Salmon-processing plants. J. Appl. Microbiol. 120, 366–378. doi: 10.1111/jam.13013

Madsen, J. S., Røder, H. L., Russel, J., Sørensen, H., Burmølle, M., and Sørensen, S. J. 
(2016). Coexistence facilitates interspecific biofilm formation in complex microbial 
communities. Environ. Microbiol. 18, 2565–2574. doi: 10.1111/1462-2920.13335

Mahnert, A., Moissl-Eichinger, C., Zojer, M., Bogumil, D., Mizrahi, I., Rattei, T., et al. 
(2019). Man-made microbial resistances in built environments. Nat. Commun. 10:968. 
doi: 10.1038/s41467-019-08864-0

Maillard, J. Y., and Centeleghe, I. (2023). How biofilm changes our understanding of 
cleaning and disinfection. Antimicrob. Resist. Infect. Control 12:95. doi: 10.1186/
s13756-023-01290-4

Mathijssen, A. J., Doostmohammadi, A., Yeomans, J. M., and Shendruk, T. N. (2016). 
Hotspots of boundary accumulation: dynamics and statistics of micro-swimmers in 
flowing films. J. R. Soc. Interface 13:20150936. doi: 10.1098/rsif.2015.0936

McBain, A. J., Bartolo, R. G., Catrenich, C. E., Charbonneau, D., Ledder, R. G., 
Rickard, A. H., et al. (2003). Microbial characterization of biofilms in domestic drains 
and the establishment of stable biofilm microcosms. Appl. Environ. Microbiol. 69, 
177–185. doi: 10.1128/AEM.69.1.177-185.2003

Mikle, W. B. Meat plant sanitation. Pork Information Gateway. (2006) Available at: 
https://porkgateway.org/resource/meat-plant-sanitation/ (Accessed March 1, 2024).

National Sanitation Foundation (NSF). White paper: Seven steps to a clean and 
sanitized food processing facility. NSF Knowledge Library. (2024). Available at: https://
www.nsf.org/knowledge-library/clean-food-processing-facilities (Accessed March 1, 
2024).

Neu, A. T., Allen, E. E., and Roy, K. (2021). Defining and quantifying the core 
microbiome: challenges and prospects. Proc. Natl. Acad. Sci. USA 118:e2104429118. doi: 
10.1073/pnas.2104429118

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., et al. 
(2022). Vegan: community ecology package. R package version 2.6–4, Available at: 
https://CRAN.R-project.org/package=vegan.

Palanisamy, V., Bosilevac, J. M., Barkhouse, D. A., Velez, S. E., and Chitlapilly Dass, S. 
(2023). Shotgun-metagenomics reveals a highly diverse and communal microbial 
network present in the drains of three beef-processing plants. Front. Cell. Infect. 
Microbiol. 13:1240138. doi: 10.3389/fcimb.2023.1240138

Pang, X., Chen, L., and Yuk, H. G. (2020). Stress response and survival of Salmonella 
Enteritidis in single and dual species biofilms with Pseudomonas fluorescens following 
repeated exposure to quaternary ammonium compounds. Int. J. Food Microbiol. 
325:108643. doi: 10.1016/j.ijfoodmicro.2020.108643

RStudio Team (2022). RStudio: Integrated development environment for R. 
RStudio, PBC, Boston, MA. Available at: http://www.rstudio.com/

R Core Team (2022). R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing Available at: https://www.R-project.org/.

Raghupathi, P. K., Zupančič, J., Brejnrod, A. D., Jacquiod, S., Houf, K., Burmølle, M., 
et al. (2018). Microbial diversity and putative opportunistic pathogens in dishwasher 
biofilm communities. Appl. Environ. Microbiol. 84, e02755–e02717. doi: 10.1128/
AEM.02755-17

Ricotta, C., and Podani, J. (2017). On some properties of the bray-Curtis dissimilarity and 
their ecological meaning. Ecol. Complex. 31, 201–205. doi: 10.1016/j.ecocom.2017.07.003

Sofos, J. N., and Geornaras, I. (2010). Overview of current meat hygiene and safety 
risks and summary of recent studies on biofilms, and control of Escherichia coli 
O157:H7 in nonintact, and Listeria monocytogenes in ready-to-eat, meat products. Meat 
Sci. 86, 2–14. doi: 10.1016/j.meatsci.2010.04.015

Stellato, G., Utter, D. R., Voorhis, A., De Angelis, M., Eren, A. M., and Ercolini, D. 
(2017). A few pseudomonas Oligotypes dominate in the meat and dairy processing 
environment. Front. Microbiol. 8:264. doi: 10.3389/fmicb.2017.00264

Sui, L., Yi, Z., Xiao, X., Ma, J., Huang, H., Xu, C., et al. (2023). Investigation of 
microbial communities across swine slaughter stages and disinfection efficacy 
assessment in a pig slaughterhouse. LWT 187:115334. doi: 10.1016/j.lwt.2023.115334

USDA FSIS. Sanitation Performance Standards Guide. (2016). Available at: https://
www.fsis.usda.gov/inspection/compliance-guidance/sanitation-performance-standards-
compliance-guide (Accessed March 1, 2024).

Wang, R. (2019). Biofilms and meat safety: a mini-review. J. Food Prot. 82, 120–127. 
doi: 10.4315/0362-028X.JFP-18-311

Wang, R., Guragain, M., Chitlapilly Dass, S., Palanisamy, V., and Bosilevac, J. M. 
(2024). Impact of intense sanitization on environmental biofilm communities and the 
survival of Salmonella enterica at a beef processing plant. Front. Microbiol. 15:1338600. 
doi: 10.3389/fmicb.2024.1338600

Wang, R., Kalchayanand, N., Schmidt, J. W., and Harhay, D. M. (2013). Mixed 
biofilm formation by Shiga toxin-producing Escherichia coli and Salmonella 
enterica serovar typhimurium enhanced bacterial resistance to sanitization due to 
extracellular polymeric substances. J. Food Prot. 76, 1513–1522. doi: 
10.4315/0362-028X.JFP-13-077

Wang, R., Schmidt, J. W., Harhay, D. M., Bosilevac, J. M., King, D. A., and Arthur, T. M. 
(2017). Biofilm formation, antimicrobial resistance, and sanitizer tolerance of Salmonella 
enterica strains isolated from beef trim. Foodborne Pathog. Dis. 14, 687–695. doi: 
10.1089/fpd.2017.2319

Wickham, H., Vaughan, D., and Girlich, M. (2023). Tidyr: tidy messy data. R 
package version 1.3.0, Available at: https://github.com/tidyverse/tidyr, https://tidyr.
tidyverse.org.

Xu, S. Z., Ju, T., Yang, X., and Gänzle, M. (2023). A meta-analysis of bacterial 
communities in food processing facilities: driving forces for assembly of Core and 
accessory microbiomes across different food commodities. Microorganisms 11:1575. doi: 
10.3390/microorganisms11061575

Zhao, T., Doyle, M. P., and Zhao, P. (2004). Control of Listeria monocytogenes in a 
biofilm by competitive-exclusion microorganisms. Appl. Environ. Microbiol. 70, 
3996–4003. doi: 10.1128/AEM.70.7.3996-4003.2004

Zupančič, J., Raghupathi, P. K., Houf, K., Burmølle, M., Sørensen, S. J., and 
Gunde-Cimerman, N. (2018). Synergistic interactions in microbial biofilms facilitate the 
establishment of opportunistic pathogenic fungi in household dishwashers. Front. 
Microbiol. 9:21. doi: 10.3389/fmicb.2018.00021

Zwirzitz, B., Wetzels, S. U., Dixon, E. D., Stessl, B., Zaiser, A., Rabanser, I., et al. (2020). 
The sources and transmission routes of microbial populations throughout a meat 
processing facility. NPJ Biofilms Microbiomes 6:26. doi: 10.1038/s41522-020-0136-z

https://doi.org/10.3389/fmicb.2024.1379203
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.foodres.2020.109486
https://doi.org/10.1038/s41538-020-00076-x
https://doi.org/10.3390/pathogens11030346
https://doi.org/10.3390/pathogens11030346
https://doi.org/10.1186/s40168-021-01131-9
https://doi.org/10.1128/AAC.01689-18
https://doi.org/10.1111/1462-2920.13859
https://doi.org/10.2307/1934352
https://doi.org/10.1128/AEM.02228-15
https://doi.org/10.1002/ecy.2734
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://doi.org/10.1038/nature00776
https://doi.org/10.1016/j.lwt.2019.108736
https://doi.org/10.1016/j.lwt.2019.108736
https://doi.org/10.1101/2020.11.06.372326
http://microbiome.github.com/microbiome
http://microbiome.github.com/microbiome
https://doi.org/10.1111/jam.13013
https://doi.org/10.1111/1462-2920.13335
https://doi.org/10.1038/s41467-019-08864-0
https://doi.org/10.1186/s13756-023-01290-4
https://doi.org/10.1186/s13756-023-01290-4
https://doi.org/10.1098/rsif.2015.0936
https://doi.org/10.1128/AEM.69.1.177-185.2003
https://porkgateway.org/resource/meat-plant-sanitation/
https://www.nsf.org/knowledge-library/clean-food-processing-facilities
https://www.nsf.org/knowledge-library/clean-food-processing-facilities
https://doi.org/10.1073/pnas.2104429118
https://CRAN.R-project.org/package=vegan
https://doi.org/10.3389/fcimb.2023.1240138
https://doi.org/10.1016/j.ijfoodmicro.2020.108643
http://www.rstudio.com/
https://www.R-project.org/
https://doi.org/10.1128/AEM.02755-17
https://doi.org/10.1128/AEM.02755-17
https://doi.org/10.1016/j.ecocom.2017.07.003
https://doi.org/10.1016/j.meatsci.2010.04.015
https://doi.org/10.3389/fmicb.2017.00264
https://doi.org/10.1016/j.lwt.2023.115334
https://www.fsis.usda.gov/inspection/compliance-guidance/sanitation-performance-standards-compliance-guide
https://www.fsis.usda.gov/inspection/compliance-guidance/sanitation-performance-standards-compliance-guide
https://www.fsis.usda.gov/inspection/compliance-guidance/sanitation-performance-standards-compliance-guide
https://doi.org/10.4315/0362-028X.JFP-18-311
https://doi.org/10.3389/fmicb.2024.1338600
https://doi.org/10.4315/0362-028X.JFP-13-077
https://doi.org/10.1089/fpd.2017.2319
https://github.com/tidyverse/tidyr
https://tidyr.tidyverse.org
https://tidyr.tidyverse.org
https://doi.org/10.3390/microorganisms11061575
https://doi.org/10.1128/AEM.70.7.3996-4003.2004
https://doi.org/10.3389/fmicb.2018.00021
https://doi.org/10.1038/s41522-020-0136-z

	Impact of intense sanitization procedures on bacterial communities recovered from floor drains in pork processing plants
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and processing
	2.2 Enumeration of bacterial groups
	2.3 Screening of biofilm formation
	2.4 Sanitizer treatment of drain biofilm samples
	2.5 Pathogen protection in biofilm
	2.6 Metagenomic shotgun sequencing and analysis
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Intense sanitation impacts on indicator organisms
	3.2 Biofilm formation by organisms recovered from drains
	3.3 Sanitizer tolerance and pathogen protection of biofilms following IS
	3.4 Community shifts following is measured by shallow shotgun metagenomics

	4 Conclusion
	Data availability statement
	Author contributions

	References

